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Abstract

This thesis primarily investigates an approach to realise a variety of functional

heterostructures based on van der Waals (vdW) nanocrystalline films produced

through the mechanical abrasion of bulk powders. This novel production technique

represents the next step in the evolution of scalable production routes which can

take advantage of vdW materials and their heterostructures whilst preserving the

high electronic and optical quality of the individual crystals. To demonstrate the

efficacy of this method, a slew of different device architectures are developed,

including photovoltaics, triboelectric nanogenerators, strain sensors, capacitive

pressure sensors and thermistors. All exhibit either superior or comparable

performance to analogous systems within the literature, and show great potential for

future optimised vdW heterostructure devices.

The secondary focus of this thesis is the incorporation of talc dielectrics as a

potentially clean and atomically flat alternative substrate to hexagonal boron nitride

(hBN) for few-layer transition metal dichalcogenide (TMDC) field-effect transistors

(FETs) and for excitonic TMDC monolayers. It is found that talc-based TMDC

FETs show small hysteresis which does not strongly depend on back gate sweep rate

as well as have negligible leakage current for the dielectric thicknesses studied.

Furthermore, it is found that photoluminescent (PL) emission from monolayer

TMDC materials using talc as a substrate have narrow linewidths reduced to as

little as 10 meV which, in addition to the high intensity PL emission, suggests that

talc can be used to preserve the intrinsic excitonic properties of the TMDC.

Additionally, the spontaneous doping properties of talc allow for the

room-temperature observation of trions in all of the TMDC/talc devices studied.
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1. Introduction

1.1 Introduction

Graphene is a two dimensional (2D) layer of carbon atoms arranged in a honeycomb

lattice structure. Although theoretically predicted since the 1940’s [1] it took until

2004 before it was first successfully isolated [2], whereby its unique electronic and

mechanical properties were soon revealed to be quite unlike any previously identified

material. This inevitably triggered an explosion of interest in the scientific community

not just within condensed matter research groups but from many different fields,

ranging from biomedical [3] through to environmental science [4].

As experimental techniques and an understanding of the necessary conditions for

clean isolation improved, a slew of new 2D materials were discovered such as TMDCs

[5], hBN [6] and many others [7, 8, 9, 10, 11]. The development of stacking technolo-

gies [12] subsequently allowed for the creation of high-quality vdW heterostructures

[13, 14] with customisable properties depending on the choice of constituent ma-

terials and layer sequence, opening up an entirely new domain of 2D physics for

exploration. Compared to conventional semiconductor compound heterostructure

devices, these new vdW structures have the potential to offer many advantages such

as being lightweight, semi-transparent and flexible, all whilst maintaining competitive

performance.

In fact, the highest quality vdW heterostructures even out-perform conventional

materials, such as those incorporating TMDC monolayers into FET architecture in

an attempt to continue Moore’s Law [15, 16, 17, 18, 19, 20], although these devices

consistently underperform when compared to their maximum theoretical potential as

a result of both extrinsic and intrinsic scattering centres [15, 21], which in turn serve
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to lower the channel carrier mobility and reduce FET performance [22]. Despite this,

the majority of research into 2D FET development continues to be skewed towards

optimisation of the channel material, with relatively little being done on identifying

the optimal dielectric outside of, for example, hBN [23, 24], Al2O3 [25], HfO2 [26, 27]

or conventional SiO2 [28, 29]. Investigation of the entire dielectric parameter space is

therefore required, and it is for this reason that in this work secondary focus is placed

on the material known as talc which, like hBN, can be exfoliated into atomically

flat monolayers in addition to possessing a number of other useful properties such

as having a large band gap and high dielectric constant [10, 30]. These properties

also give talc the potential to act as a clean substrate to isolate TMDC monolayers

from the environment and thus preserve their intrinsic optoelectronic qualities, and

so an investigation into the photoluminescent properties of a mechanicaly exfoliated

WS2/talc heterostructure is also completed.

The aforementioned devices all rely on mechanical exfoliation of bulk single crystals

which are then stacked on top of one another by mechanical transfer procedures.

However, this precise yet time-consuming method is not scalable and alternative

device manufacturing routes are urgently required to achieve widespread uptake of

these materials and the subsequent unique heterostructures that they offer. There

have been many attempts at achieving this, such as chemical vapour deposition

(CVD) [31], which relies on the growth of vdW heterostructures layer-by-layer

at high temperatures, and liquid phase exfoliation (LPE) [32, 33, 34], in which

vdW dispersions are created by ultra-sonication of material within suitable solvents

before printing onto pre-treated substrates. Unfortunately, the initial investment

required and energy cost of CVD growth is high for a given amount of monolayer

material produced, and the growth of multilayer systems are confined to a limited

number of 2D material combinations. Furthermore, CVD growth requires the use

of catalyst substrates and subsequent transfer of the heterostructure films onto

suitable substrates for device fabrication, which introduces contamination, tears

and cracks which prevent the formation of high quality heterostructure devices [31].

Likewise, LPE heterostructures often exhibit strong disorder within the films as a
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result of material oxidation, small crystallite sizes and poor interface quality between

subsequent layers of the heterostructure [35], once again limiting the performance of

the final device.

The issue of finding a high-quality and scalable vdW heterostructure production

method is the therefore the primary focus of this thesis. Here, the simplest possible

approach is used, that is the mechanical abrasion of bulk powders to produce, layer-

by-layer, a heterostructure of abritrary size whilst maintaining high electronic and

optoelectronic quality. In this work, it is demonstrated that this process not only

produces clearly defined nanocrystalline films with little-to-no material intermixing

across the interface, but also that it has the potential to produce a myriad of different

devices with comparable or superior performance to analogous systems created via

other means. Specific attention is placed on various materials including graphite,

MoS2, MoSe2, WS2 and hBN, as these are often the focus of devices produced

via CVD and LPE and therefore allows for accurate comparison between different

scalable production methods. The simplicity of the abrasive process allows for almost

complete autonomisation by simple modification of a computer numerical control

(CNC) micro engraver system, expanding the scope of potential applications to devices

using exotic and volatile materials which require isolation from the atmosphere in

addition to encouraging large-scale uptake by industry. The applicability of this novel

process is increased further by the vast array of substrates that abrasive deposition

is compatible with, all of which require no pre-treatment to ensure strong adhesion

of the films.

1.2 Thesis overview

Chapter 1 provides a broad introduction of the subject matter as well as an overview

of the contents of the other sections within this work.

Chapter 2 includes a discussion on the structure and properties of each material

used within this study, and relates this to their individual mechanical, electronic and

thermal qualities in order to provide a comparison between them. In particular, a

description of graphene (and graphite), monolayer hBN, TMDCs (from monolayer to
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bulk) and talc are given in the first four sections. This chapter also provides details

of the various interfacial phenomena which occur when said materials are stacked

into heterostructures and discusses how these alter the electrical performance of the

final device, how they determine the set and order of material combinations which

can be combined during the abrasive process and how they can be utilised to create

entirely unique devices.

Chapter 3 covers the various measurement techniques used to collect data during

the study. This includes Raman and photoluminescence spectroscopy, and how these

can be used to gather characteristic information such as the thickness and degree

of doping present for each individual material. This chapter then concludes with

a discussion on the fundamental working principles of atomic force and scanning

electron microscopy.

Chapter 4 is split into two main sections, each covering one of the two focal points

of this thesis. The first and primary focus is that of abraded films and their use in a

selection of device types, whilst the second covers the incorporation of talc into FETs.

This chapter therefore describes the manufacturing and design processes employed

to create both manually and automatically abraded vdW films and heterostructures,

mechanically exfoliated and assembled heterostructures and then the various device

architectures which were created from both.

Chapter 5 is also split into two sections in the same manner. The first includes a

comprehensive characterisation of the films produced via the abrasive method and

then a discussion of how, when incorporated into various devices, they compare to

other analogous systems present within the literature. The second section includes a

full electronic characterisation of FETs utilising talc as the dielectric barrier material,

and then compares the results to the literature on comparable devices using other,

well established dielectric materials. Within this section is also a discussion on the

photoluminescent behaviour of TMDCs bound to talc, along with an assessment of

the suitability of talc to act as an isolating substrate.
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2. Theoretical concepts

2.1 Graphene

2.1.1 Lattice and band structure

Carbon contains six electrons in the 1s22s22p2 configuration, meaning that two of

its six electrons exist within the low energy 1s orbital close to the nucleus while the

remaining four occupy the outer 2s and 2p orbitals. This is true for a solitary carbon

atom, but in the presence of others it becomes energetically favorable to have one

electron be excited from the 2s orbital into the 2p orbital in order to form covalent

bonds [36]. This corresponds to four equivalent excited states given by |2s〉, |2px〉,

|2py〉 and |2pz〉 which can interact with each other through quantum-mechanical

superposition to form new hybrid states, such that the superpositon of the |2s〉 state

with n |2pi〉 states is known as spn hybridization [36]. Graphene consists of the planar

sp2 hybridization, which is the superposition of the |2s〉 orbital with the |2px〉 and

|2py〉 orbitals. This results in the formation of three in-plane σ-bonds at angles of

120° to each other which can be tiled to form the familiar hexagonal graphene lattice

(lattice constant, agraphene ≈ 2.46 Å[36]) shown in Figure 2.1.

The remaining |2pz〉 orbital is orientated perpendicular to the plane of the σ-bonds.

These hybridise with the |2pz〉 orbitals on neighbouring carbon atoms and form

the delocalised, conducting π-bonds above and below the carbon sheet which are

responsible for conduction throughout the lattice as well as the weak vdW forces

which bind the planes of multilayer graphene and graphite together [37]. The

hexagonal structure is itself composed of two in-equivalent, triangular sublattices,

denoted A and B in Figure 2.1, which arise due to the differing possible orientations
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Figure 2.1: The orientation of the in-plane σ-bonds between the carbon atoms (a) and how
it relates to the overall hexagonal structure of graphene (b). The |2pz〉 orbital is shown
orientated perpendicular to the plane of the σ-bonds, while the two triangular sublattices
are indicated by the red (A) and green (B) filled circles and dotted lines.

of the σ-bonds between carbon atoms on each sublattice. The zigzag and armchair

directions [38] are also indicated in Figure 2.1. The carbon sheet can be modelled

as a triangular lattice with two atoms per unit cell [36, 38]. This, and the fact

that only electrons within the delocalised π-bonds contribute towards the unusual

electronic properties [39], means that graphene can be accurately modelled using

the tight-binding approximation with a two-atom basis and with only one type of

contributing orbital.

Tight-binding calculation of graphene’s electronic structure

In a system with N lattice sites the resultant Bloch state at position r due to atoms

of type j centered at atomic sites Rj, each contributing a |2pz〉 orbital, φpz , is [40]

Φj(r) =
1√
N

∑
Rj

eik·Rjφpz(r−Rj). (2.1)
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Hence the Bloch states due to the two inequivalent sublattices, which can be thought

of as composed of “type A” and “type B” atoms, are

ΦA(r) =
1√
N

∑
RA

eik·RAφpz(r−RA) (2.2)

and

ΦB(r) =
1√
N

∑
RB

eik·RBφpz(r−RB), (2.3)

respectively. Returning back to the general two-atom basis (eqn. 2.1), the overall

crystal wave function, Ψj, can be expressed as a linear combination of Bloch states

such that [40, 41]

Ψj(r) =
∑
j

cjΦj(r), (2.4)

where cj is just a coefficient used to keep track of the contributing Bloch states. The

variational principle states that the Ψj which most accurately describes the real

crystal wave function, Ψ, will be the one with the lowest energy [42]. Therefore

in order to accurately model Ψ, the energy of the system with Hamiltonian Ĥ,

〈Ψj′ | Ĥ |Ψj〉, should be minimised with respect to one such tracking coefficient. One

way to do this is through the use of Lagrange multipliers [43] with the constraint

〈Ψj|Ψj〉 = 1, giving

〈E〉 = 〈Ψj′ | Ĥ |Ψj〉 − λ(〈Φj′ |Φj〉 − 1), (2.5)

where λ is the Langrange multiplier, which in this case represents an energy E [43].

Given that

〈Ψj′ | Ĥ |Ψj〉 =

∫ ∑
j′

c∗j′Φ
∗
j′Ĥ

∑
j

cjΦjdr

=
∑
j′

∑
j

c∗j′cj 〈Φj′ | Ĥ |Φj〉 ,
(2.6)
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and

λ(〈Φj′|Φj〉 − 1) = λ(

∫ ∑
j′

c∗j′Φ
∗
j′

∑
j

cjΦjdr− 1)

= λ(
∑
j′

∑
j

c∗j′cj 〈Φj′|Φj〉 − 1),

(2.7)

then

〈E〉 =
∑
j′

∑
j

c∗j′cj 〈Φj′ | Ĥ |Φj〉 − λ(
∑
j′

∑
j

c∗j′cj 〈Φj′|Φj〉 − 1). (2.8)

To minimise eqn. 2.8 it should be differentiated with respect to a single coefficient,

say c∗m, such that ∂〈E〉
∂c∗

j′
is only finite when j′ = m. Therefore,

∂〈Ej〉
∂c∗m

=
∑
j

cj 〈Φm| Ĥ |Φj〉 − λ
∑
j

cj 〈Φm|Φj〉 = 0. (2.9)

This can be simplified by re-labeling 〈Φm| Ĥ |Φj〉 to Hmj and recognising that

〈Φm|Φj〉 =


1 if m=j

0 if m6=j,

which acts just like a Kronecka delta function, δmj. Hence we have

∂〈Ei〉
∂c∗m

=
∑
j

cj(Hmj − λδmj) = 0. (2.10)

By setting m = A and j = B to denote the two sublattices, it becomes clear that

this is a 2x2 matrix equation, where δmj is analogous to I, the identity matrix. This

matrix equation can be solved for the Langrange multiplier by taking its determinant

as

|H− λI| =

∣∣∣∣∣∣∣
HAA′ − λ HAB

H∗AB HBB′ − λ

∣∣∣∣∣∣∣ = 0, (2.11)

using HBA = H∗AB. Therefore, in order to solve for the Lagrange multiplier, and

hence the energy, all one needs to do is to determine the values of HAA′ , HBB′ and

HAB. Here, HAB represents the Hamiltonian of the superimposed wavefunction

of nearest neighbour sites on differing sublattices and HAA′ (HBB′) represents the
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Hamiltonian between two nearest neighbour sites on the same A (B) sublattice.

Calculation of HAA’ and HBB’:

Recall that Hmj = 〈Φm| Ĥ |Φj〉 and hence

HAA′ =
1

N

∑
RA

∑
RA′

eik·(RA′−RA)

∫
φ∗pz(r−RA)Ĥφpz(r−RA′)dr (2.12)

through the use of eqn. 2.1. Using x = r−RA′ and recognising that RA′ −RA is

just another lattice site, RA′′ , gives

HAA′ =
1

N

∑
RA

∑
RA′′

eik·RA′′

∫
φ∗pz(x)Ĥφpz(x−RA′′)dr

=
∑
RA′′

eik·RA′′ 〈φpz(x)| Ĥ |φpz(x−RA′′)〉
(2.13)

where a factor of N appears and then cancels due to the new lack of dependency

on RA [40]. The different terms in the summation over RA′′ can be separated by

considering the actual range over which the conducting |2pz〉 orbital is significant,

i.e. by noting that it is large when |r| is small and decays rapidly as you move away

from r = 0 [1]. When RA′′ = 0, the integral in eqn. 2.13 becomes

∫
φ∗pz(x)Ĥφpz(x)dr =

∫
φ∗pz(x)εpzφpz(x)dr

= εpz ,

(2.14)

the energy of an atomic |2pz〉 orbital on an isolated atom, due to Hφpz(x) = εpzφpz(x)

and the fact that the orbitals are normalised. When |RA′′ | � |τ |, where τ is the

nearest neighbour vector between members of the A sublattice, then HAA′ approaches

zero as the wave functions on atoms separated by a large distance do not significantly

overlap [1].

When |RA′′| ≈ |τ |,

HAA′ =
∑
τ

eik·τ 〈φpz(x)| Ĥ |φpz(x− τ )〉

=
∑
τ

eik·τγ(|τ |),
(2.15)
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where γ(|τ |) represents the hopping energy required to move between nearest neigh-

bour sites on each sublattice (i.e. A → A′). Therefore, as a whole, the hopping

between members on the A sublattice can be represented by

HAA = εpz +
∑
τ

eik·τγ(|τ |) = HBB, (2.16)

as can be seen by repeating the calculation over the B sublattice. In this calculation

only nearest neighbours (the A and B lattice sites) are considered to significantly

interact with each other, meaning that no single A-site can interact with another

(see Figure 2.1). Therefore the contribution from either sublattice, HAA and HBB,

can simply be approximated by the on-site energy εpz .

Calculation of HAB:

Similar to before, we begin with

HAB =
1

N

∑
RA

∑
RB

eik·(RB−RA) 〈φpz(r −RA)| Ĥ |φpz(r −RB)〉 . (2.17)

The contribution to HAB only comes from nearest neighbours, meaning that if an

A-site is taken as the centre then only the three nearest B-sites would need to be

considered, simplifying the summation over B-sites to
∑3
RB=1. The implied integral

in eqn. 2.17 represents the hopping energy between nearest neighbours, −γ0 , which,

in the case of neutral graphene, is independant of direction and has the same value

between each neighbouring pair of ≈ 2.8 eV [38]. Therefore

HAB = −γ0

N

∑
RA

3∑
j=1

eik·tj , (2.18)

where RB − RA = t, the nearest neighbour vector (i.e. A → B). This can be

simplified further by defining f(k) =
∑3

j=1 e
ik·tj and noting that the

∑
RA

just

contributes another factor of N [40], giving

HAB = −γ0f(k). (2.19)
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In order to evaluate HAB, first f(k) needs to be solved explicitly. Electrons within

the carbon sheet are confined to two dimensions, meaning that their momenta can

be represented by k = (kx, ky), while the nearest neighbour vectors are t1 =
(

0, a√
3

)
,

t2 =
(
a
2
, −a

2
√

3

)
and t3 =

(
−a
2
, −a

2
√

3

)
, where a ≈ 1.42�A [36, 38]. Expanding f(k) using

these vectors now gives

f(k) = exp

(
ikya√

3

)
+ 2 cos

(
kxa

2

)
exp

(
−ikya
2
√

3

)
. (2.20)

Energy dispersion of graphene

Substitution of HAA′ , HBB′ and HAB into eqn. 2.11 gives

|H − λI| =

∣∣∣∣∣∣∣
εpz − λ −γ0f(k)

−γ0f(k)∗ εpz − λ

∣∣∣∣∣∣∣ = 0. (2.21)

The on-site energy can then be chosen as the origin, allowing the value of λ, and

hence the energy distribution, E, to be calculated as

E = ±γ0|f(k)|. (2.22)

This is the electronic dispersion of graphene under the influence of nearest neighbours

only, where the positive (negative) solution represents the conduction (valence) band.

In neutral graphene, the conduction band is completely empty while the valence band

is completely full [38]. A plot of eqn. 2.22 shows certain points of interest within

the Brillouin zone where the conduction and valence band touch, as is depicted in

Figure 2.2.

As E is a linear function of |f(k)|, it is possible to find these touching points at

E = 0 by looking for the value of k which satisfies f(k) = 0. In doing so it can be

shown that within graphene the two touching points, known as the Dirac points,

coincide with the in-equivalent reciprocal lattice points at

K =

(
0,

4π

3a

)
and K′ =

(
0,−4π

3a

)
(2.23)

at the edge of the first Brillouin zone as is shown in Figure 2.2. The electronic
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Figure 2.2: The electronic dispersion of graphene calculated using the tight-binding model
with nearest neighbours only. The yellow and blue sections represent the conduction and
valence bands respectively.

dispersion passes through E = 0 at these points. In order to find the low-energy

dispersion relation here, we simply need to know how E and hence f(k) behaves

around these K or K′ points. A simple way to do this is via a Taylor expansion

[1]. Consider the function f(k) = f(kx,ky) at a small displacement δk = (δkx, δky)

away from the K/K ′-points. Applying the expansion to first order gives

f(kx + δkx, ky + δky) = f(K) + δkx
δf(K)

δkx
+ δky

δf(K)

δky
+ ... (2.24)

Evaluating this at the K-point gives the low energy form of f(k) as

f(kx + δkx, ky + δky) =

√
3a

2
(iδkx − δky)

=
vF
γ0

(iδpx − δpy)
(2.25)

by using the Fermi velocity, vF =
√

3aγ0/2~ [44] and p = ~k, the momentum as

measured from the K-point. Substituting this into eqn. 2.21, with λ = E and εpz = 0,

gives

|H− λI| =

∣∣∣∣∣∣∣
−E vF (−iδpx + δpy)

vF (iδpx + δpy) −E

∣∣∣∣∣∣∣ = 0, (2.26)
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where the modified low-energy Hamiltonian is

H = vF

 0 −iδpx + δpy

iδpx + δpy 0

 . (2.27)

Therefore, the low-energy dispersion becomes

E = ±vF
√
δp2

x + δp2
y, (2.28)

which can be simplified further using |p| =
√
δp2

x + δp2
y. Doing this gives the well

known form for the low energy, linear electronic dispersion of graphene as [45]

E = ±vF |p|. (2.29)

This shows that for low energies near the Dirac points the energy dispersion becomes

linear (see Figure 2.3), a characteristic which is indicative of massless particles

such as photons. It should be noted that these low energy particles at the Dirac

point are not ordinary electrons, but are in fact quasiparticles made from electron

contributions from both in-equivalent sublattices [46]. Although these quasiparticles

move at a Fermi velocity of vF ≈ 106 ms-1 [47, 48] rather than the speed of light,

c ≈ 3x108 ms-1, they can still be described by the relativistic Dirac equation rather

than the usual Schrödinger equation. These entities are therefore known as massless

Dirac fermions [2, 36, 38]. The conduction and valence bands of the electronic

dispersion shown in Figure 2.2 are symmetrical about E = 0 as a result of exclusion

of next-nearest neighbours from the tight-binding calculation. When next-nearest

neighbours are taken into account, they serve to shift the energy of the Dirac point

such that the electron-hole symmetry of the system is broken and the dispersion

becomes asymmetric as can be seen in Figure 2.3 [38, 41, 49].

It is important to note that this linear dispersion ultimately arises due to two things:

the existence of the two in-equivalent sublattices and the fact that the atoms of

each sublattice are identical [38, 50]. For example, consider a square array of atoms

related by two nearest-neighbour vectors. The reciprocal of these real lattice vectors
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Figure 2.3: Electronic dispersion of graphene with next-nearest neighbour interaction
included and the linear dispersion around the Dirac points highlighted [38].

still translates between lattice sites, which is not the case for the reciprocal of tj

in graphene. This results in f(k) of eqn. 2.20, and hence the resultant low-energy

Hamiltonian (eqn. 2.27) off-diagonals becoming complex, consequently making the

dispersion linear at certain momenta [46]. While it is possible to produce 2D systems

which also exist within a hexagonal lattice structure, such as hBN [51], the atoms are

non-identical and thus the sublattice symmetry is broken, inducing diagonal terms

into the eqn. 2.27 and thus forcing a band gap into the electronic dispersion [38].

Knowledge of this allows for many possible avenues for the induction of a band gap

within graphene by sublattice symmetry breaking through methods such as charge

doping [52], physical confinement of charge carriers [53, 54] and straining of the

atomic lattice [44, 55].

2.1.2 Physical properties

Electronic properties

In order to understand the origin of graphene’s unique electronic characteristics, one

must first grasp the concept of pseudospin and chirality. As mentioned in Section

2.1.1, charge carriers within graphene exists on one of two in-equivalent sublattices.
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Just as the spin degree of freedom allows an electron pair to be distinguished from

one another, so to does the sublattice to which they belong. It is for this reason

that the electrons within graphene are said to inherit a pseudospin, σ, which is

determined by the sublattice that they occupy and serves as an additional degree

of freedom [50]. Dirac particles of each psuedospin state contribute one arm of the

linear energy dispersion each [46], allowing the electrons and holes within each band

to be characterised depending on their momenta as is shown in Figure 2.4.

𝒌

𝐸(𝒌)

𝒌 =→
𝝈 =→

𝒌 =→
𝝈 =←

𝝈 =←
𝒌 =←

𝒌 =←
𝝈 =→

𝑒− 𝑒−

ℎ+ ℎ+

Conduction band

Valence band

𝑲

Figure 2.4: The relative orientations of the electron (e−) and hole (h+) momenta, k, with
respect to the pseudospin, σ, in each arm of the linear dispersion around the K point in
graphene.

The existence of this pseudospin degree of freedom facilitates Klein tunneling [56]

within graphene when the charge carriers are incident upon a potential barrier. To

understand this, consider a free electron with energy E incident on a potential barrier

V such that E < V , as shown in Figure 2.5.

As is well known, quantum mechanics predicts that the electron has a non-zero

probability of existing on the other side of the barrier, with the probability decreasing

with increasing potential barrier thickness and height [42]. Therefore, for a sufficiently

high barrier the transmission probability effectively goes to zero. Now consider a

Dirac particle normally incident upon a potential barrier where the potential is high,

so that E � V , and is smooth on the scale of the lattice parameter, such that
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Figure 2.5: Diagram showing the change in Fermi level position within the potential barrier
and how it facilitates pseudospin-based Klein tunneling.

neighbouring Dirac cones are decoupled during the interaction [57]. Upon reaching

the potential barrier the electron will attempt to backscatter and hence reverse its

momentum, k → −k, which, as can be seen from Figure 2.4, would result in it

transferring to the opposite arm of the Dirac cone, requiring σ → −σ. However, the

potential is not coupled to the psuedospin, which only exists within sublattice space

[57], meaning that pseudospin must be conserved throughout this interaction and

thus backscattering is prohibited [46, 57].

In order to understand what happens instead, one needs to consider that the Fermi

level can shift as the particle enters the potential barrier (Figure 2.5). The linear

energy dispersion offered by graphene ensures that regardless of the initial energy of

the particle there is always a state with a matching energy inside of the potential

barrier, which, for a conduction band electron incident on the potential barrier, will

correspond to a valence band state due to the shift in Fermi level. Therefore, in order

to conserve pseudospin during the scattering process, the electron shifts along its

own arm of the Dirac cone into the valence band and propagates forward unimpeded

by the barrier [57]. This is pseudospin facilitated Klein tunneling [46, 56, 57, 58, 59],

although the word “tunneling” is a misnomer as it doesn’t tunnel in the usual sense.

This phenomenon, along with the observation of unitary transmission at certain
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critical angles due to quantum interference within the barrier [58, 59], are partially

responsible for the high mobility of the charge carriers in graphene even at room

temperature by means of ballistic transport [60]. It may also be responsible for the

minimum in the conductivity observed experimentally even in the limit of vanishing

charge density [46, 57].

Mechanical properties

Graphene has an extremely high Young’s modulus of ∼ 1 TPa along with an intrinsic,

defect-free tensile strength of 42 Nm−1 [61], making it one of the stiffest, strongest

materials known. It is the σ-bonds within the lattice of graphene which are directly

responsible for this mechanical robustness [38]. Exploitation of the high intrinsic

breaking strength of graphene has already begun via incorporation of monolayers into

various materials to improve their mechanical properties [62], whilst at the same time

graphene’s superior Young’s modulus enables the production of high performance

nanoelectromechanical systems (NEMS) [63].

NEMS are a class of device which integrate electrical and mechanical functionality on

the nano-scale, and include devices such as force, mass and charge sensors which are

designed around a central resonating component. Previously, ultra-thin Si cantilevers

have been investigated as a potential NEMS, but have inferior Young’s moduli

(∼ 50 − 170 GPa) and deteriorate with decreasing thickness [61, 64]. Graphene,

being a 2D membrane of high surface area and stiffness, along with having low mass,

naturally represents the ultimate limit for nanoresonators [63]. As a result, it has

already been shown to exhibit superior responsivity to external stimuli with force and

charge sensitivities of ∼ 1 fN/Hz
1
2 and ∼ 1× 10−3 electrons/Hz

1
2 [61], respectively,

outperforming other NEMS within the literature [64, 65]. Graphene resonators also

exhibit a quality factor of ∼ 210 [63].

Furthermore, graphene monolayers only absorb 2.3% of incident light [66]. In

conjunction with the aforementioned electrical and mechanical properties, this allows

graphene to function as transparent, flexible electrodes in the next generation of

nanoelectronic devices [67, 68]
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Thermal properties

Efficient removal of heat (in particular at hot spots generated in regions of high

power density) from modern electronic devices and systems has become a critical

limiting factor in their performance and reliability [69]. Usually, a micro or nano-scale

semi-conducting heat spreader would be used to dissipate energy away from these

hot spots, but as the scale of these devices decrease this becomes less effective as the

thermal conductivity of semiconductor nanostructures diminishes with decreasing

lateral dimensions [70].

Graphene is a nanoscale material which has a room temperature thermal conductivity

of κ ≈ 3000− 5000 WmK−1 in suspended samples (it is known that κ varies with the

purity, grain size and sample size of the graphene flake [71], hence the large variation),

although this value decreases for graphene adhered to a substrate due to enhanced

phonon scattering by the inevitable defects and impurities present on the substrate

surface [72, 73]. The thermal properties of graphene are analogous to that of graphite

in that thermal conductivity is extremely high in the direction parallel to the plane

as a result of the strong sigma bonds between atoms and low atomic mass whilst at

the same time it is reduced in the direction of the c-axis due to weak van der Waal

coupling between layerszcitepop2012thermal. The difference between graphite and

graphene however arises due to enhanced phonon mean free path (itself due to the

uniquie phonon dispersion of graphene) allowing for near-ballistic phonon transport

for typical exfoliated sample sizes, leading to an increase in thermal conductivity.

Therefore, graphene offers not only high thermal conductivity for a material of this

length scale, but one of the highest known thermal conducivities in general, making

graphene a potential candidate for heat control in future nano-scale electronic devices

[69, 74].

2.1.3 Multilayer graphene and graphite

Band structure of multilayer graphene and graphite

As the number of graphene layers within the crystal increases the electronic dispersion

changes. Rather than simply being similar to that which is found in monolayer
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graphene, each type of few-layer graphene system has its own characteristic dispersion.

The band structure evolves from linear in monolayer, to parabolic in bilayer and then

to overlapping parabola in trilayer graphene [45]. This evolution continues as the

number of layers increases into the limit of bulk graphite, as is shown in Figure 2.6.

(a) (b) (c)

(d)

Figure 2.6: Evolution of the electronic dispersion of (a) monolayer, (b) bilayer and (c)
trilayer graphene along with (d) that of bulk graphite. The dotted lines in (a-c) represent
the band structure during application of a perpendicular electric field. (a-c) Adapted from
[45], while (d) was taken from [75].

The different layers can be stacked in two main different ways: Bernal stacking,

where all the atoms in one sublattice, say A, in the upper graphene sheet lie above

atoms from sublattice A in the lower sheet, while atoms in sublattice B of the upper

sheet lie directly above the hexagonal spaces in the underlying graphene sheet (in

an ABAB.. sequence), and rhombohedral stacking, which would have sublattice B

atoms in a third layer lying above atoms within sublattice A of the second (in an

ABCABC.. sequence) [76].

The addition of a second layer of graphene allows for inter-layer hopping of charge

carriers in addition to the inter/intra-sublattice hopping discussed within Section

2.1.1, transforming the low-energy Hamiltonian (eqn. 2.27) into a 4 × 4 matrix

and adding diagonal terms corresponding to the shift in chemical potential between

the two layers [38] (if such a potential change exists, for example by independant
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electrical gating of the two layers [77], otherwise the dispersion of pristine bilayer

graphene remains gapless [38]). This alters the electronic dispersion in two ways:

firstly, the introduction of diagonal terms into the low-energy Hamiltonian of impure

bilayer graphene forces a band gap into the electronic dispersion (similar to other

materials like hBN [51], see Section 2.2.1), and secondly, the additional off-diagonal

terms transform the low-energy dispersion from linear to quadratic, resulting in

charge carriers with a non-zero effective mass [38].

The addition of a third graphene layer similarly alters the system Hamiltonian, in

this case causing the top of the valence band and bottom of the conduction band to

overlap at the K-points thus leading to a finite density of states at the Fermi level

[45]. The electronic dispersion continues to change as the number of layers increases

until ∼ 10 layers are reached, at which point it has approached the dispersion of

bulk graphite [78].

2.2 Hexagonal boron nitride

2.2.1 Lattice and band structure

Bulk hexagonal boron nitride is composed of atomically thin monolayers of boron

and nitrogen in a hexagonal lattice formation. Similar to graphene, the two species

undergo sp2 orbital hybridization to form strong σ-bonds while the individual

monolayers are attracted to their neighbours via weak vdW bonding, allowing for

mechanical exfoliation of monolayers in the same manner as graphene [51]. hBN is

therefore an isomorpth of Bernal-stacked graphite with the A and B sublattices being

occupied by equal numbers of boron and nitrogen atoms arranged in a honeycomb

configuration [79, 80], see Figure 2.7, with a comparable lattice constant to that of

graphene, ahBN ≈ 2.5 Å[81] (∼ 1.7 % mismatch to graphene [79]).

Following Section 2.1.1, we can use the tight-binding approach to model the band-

structure of hBN. Unlike graphene, the sites of the two sublattices are occupied by

different species of atom which have their own on-site energies of EB and EN for

boron and nitrogen, respectively. The sublattice symmetry is therefore broken and
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Figure 2.7: The hexagonal lattice structure of monolayer hBN. The individual triangular
sublattices are indicated by the dashed pink (blue) lines corresponding to occupation of
lattice sites by boron (nitrogen) atoms.

the resultant Hamiltonian becomes

H =

EB Φ

Φ∗ EN

 , (2.30)

where

Φ

t
= 1 + exp

(
ia

(
−kx

2
+

√
3ky
2

))
+ exp

(
ia

(
kx
2

+

√
3ky
2

))
(2.31)

and t is the hopping parameter for charge carriers moving between nearest neighbours

only [82].

Following the same derivation method discussed in Section 2.1.1, one can see that

the dispersion relation for monolayer hBN is

E = E0 ±
1

2

√
E2
g + 4|Φ|2, (2.32)

where E0 = (EB + EN) /2 is the energy in the middle of the band gap and Eg =

EB + EN is the width of the band gap [83]. This is a clear example of how breaking
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sublattice symmetry can induce band gaps within these materials, along with how

the magnitude of these band gaps are related to the on-site energies of the constituent

species of the lattice [79]. In reality, this corresponds to a direct band gap of Eg ∼ 5.97

eV in pristine hBN crystals at the K-points of the Brillouin zone [51], thus making

hBN an insulator. A comparison between the bandstructures of graphene and hBN

is given in Figure 2.8. It is clear that the bandstructure of hBN is very similar

Figure 2.8: A comparison between the bandstructure of monolayer hBN (blue solid curves)
and graphene (red dotted curves). Taken from [82].

to graphene throughout most of the Brillouin zone, only markedly differing at the

K/K ′-points.

2.2.2 Physical properties

The strong in-plane ionic bonding between the boron and nitrogen ions and lack

of surface dangling bonds or charge traps causes hBN to be both relatively inert

[51, 79] and atomically flat [84]. This, in addition to having insulating behaviour and

resistance to oxidation and corrosion [80, 85], allows hBN to be used as an ideal gate

dielectric for the study of not just graphene but many other 2D materials as well

[79, 86, 87, 88]. This is due to suppression of scattering events by the substrate (e.g.

from interfacial charge traps and surface impurities/phonons from the substrate)
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and adsorbates from the environment (e.g. from contamination, oxidation and

thermally/electrically induced degredation) when used to encapsulate samples, which

in turn serves to improve device performance by increasing charge carrier mobility

[80]. Figure 2.9 compares the surface topography and charge density of hBN and

SiO2, a commonly used dielectric substrate in 2D materials research, and clearly

highlights the relative performance of each. Furthermore, hBN is also optically

transparent [80] and so does not impede optical probing measurements when used as

encapsulation.

Figure 2.9: A comparison of the surface topography and charge density for (a) a
graphene/hBN and (b) a graphene/SiO2 heterostructure. Taken from [89].
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It has been shown that incorporation of hBN crystals into graphene-based devices,

either as a substrate [79] and/or as encapsulation [90, 91] significantly improves

carrier mobility and overall device performance and is even comparable to suspended

graphene samples [91]. Moreover, hBN has an optical phonon mode energy two times

that of SiO2, a high breakdown field Vbreakdown = 0.7 Vnm−1 and high dielectric

constant of ε ∼ 3−4, allowing general 2D devices utilising hBN as a substrate to have

improved performance at higher temperatures and applied electric field strengths

compared to their contemporaries utilising SiO2 [51, 80].

Lastly, the high thermal stability of monolayer hBN (oxidation begins at 850 ◦C

in ambient conditions [92], compared to ∼ 300 ◦C for graphene [93]), high thermal

conductivity (κ = 243 WmK−1 [94]), along with excellent mechanical strength

(Young’s modulus ≈ 0.865 TPa and tensile strength of 8.8 Nm−1 [95]) serves to

drastically increase the scope of potential applications for this material in 2D device

design [80] .
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2.3 Transition metal dichalcogenides

2.3.1 Lattice and band structures

Transition metal dichalcogenides (TMDCs) are group-VI semiconducting crystals of

the form MX2, where M are transition metals (e.g. Mo, W) and X are chalcogens (e.g.

S, Se). Bulk TMDC crystals have a layered structure where each TMDC monolayer

consists of a 2D hexagonal lattice of M atoms sandwiched between two hexagonal

lattices of X atoms (X-M-X) [11, 96, 97] in two main polytypes of interest, see Figure

2.10 (a, b), respectively. These refer to the octahedral (1T) and thermodynamically

stable trigonal prismatic (2H) co-ordination geometries for describing the bulk crystal,

in specific reference to the vertical arrangement of layers within the unit cell [96]. In

the case of an MX2 monolayer however, the nomenclature is such that a 2H-MX2

(1T-MX2) monolayer refers to one which is isolated from a 2H (1T) bulk crystal [96].

Either way, each TMDC monolayer is bound together by covalent intralayer bonds

whilst being attracted to adjacent monolayers (when in a bulk crystal) by weak

vdW forces of attraction, allowing for easy exfoliation into individual monolayers.

For example, it has been shown that monolayer TMDCs can be extracted using

mechanical exfoliation [98], CVD [99] and liquid phase exfoliation [34].

The electronic band structure of pristine TMDCs are determined by the lattice

polytype and the nature of the orbital hybridization between the d -orbitals of the

transition metal atoms and the p-orbitals of the chalcogen atoms [96, 97]. The

valence and conduction bands of the 2H (1T) polytype are made by hybridization

of the dxy, dx2−y2 and d z2 [97, 100] (dxy, dxz and dyz [96, 101]) orbitals of the M

atoms with the px, py and pz orbitals of the chalcogen atoms [97], resulting in

semiconducting (metallic) behaviour as is shown in Figure 2.10 (c, d). The ability

to be either metallic or semiconducting at room temperature is true of most MX2

materials [11, 102], with the stable phase at room temperature being the 2H phase

[102], although the 1T phase can be obtained by Li-intercalation [103] or electron

beam irradiation [104] of the 2H phase as well. Stable 1T phases can also be formed

by plasma induced phase change from the 2H phase [105] as well.
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(a) (b)

(c) (d)

M

X

Figure 2.10: Atomic and electronic structure of MX2 TMDCs. (a) Top-down view of mono-
layer MX2. (b) Trigonal prismatic (left) and octahedral (right) co-ordination geometries.
(c) Filling of the non-bonding d-orbitals, band structure and Fermi energy, EF , for trigonal
prismatic (2H) phase and (d) octahedral (1T) phase. Adapted from [96].

Another key aspect of group-VI TMDCs is the effect of the number of layers on

the electronic band structure. As can be seen in Figure 2.11, 2H-MX2 materials

transition between indirect semiconductors in the bulk to direct semiconductors when

in monolayer form [96, 97, 106, 107, 108, 109]. Therefore 2H-MX2 materials have

a band gap in the visible to near infrared (1-2 eV) [96] depending on the material

and number of layers which, as will be discussed in Section 2.7.3, is responsible

for a number of interesting and useful optoelectronic properties [5, 107, 110]. The

transition from indirect to direct is a result of quantum confinement of charge

carriers in the direction perpendicular to the plane of the monolayer as the thickness

decreases [109, 111] and the resultant absence of interlayer interactions [112], causing

the indirect band gap width to increase at a faster rate than the direct gap until

eventually the material transitions into a direct band gap semiconductor [111]. This,

along with a change in the orbital hybridization between the M and X atoms [109], is

ultimately responsible for this peculiar behaviour within MX2 materials. Furthermore,

spin-orbit interactions in monolayer TMDCs split the valence band maximum at the

K-points of the Brillouin zone [112], see Figure 2.11 (c), resulting in the formation of
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two separate excitonic features within the photoluminescence spectrum [97] as will

also be discussed in Section 2.7.3. It should also be noted that the magnitude of the

spin-orbit splitting is greater in MX2 materials when X=Se than when X=S, and

when M=W than when M=Mo, due to the greater atomic mass [97].
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Figure 2.11: Bandstructures of various TMDC (a) monolayers (1L) and (b) bulk crystals as
calculated using density functional theory (DFT). The transition between states at the top
of the valence band and bottom of the conduction bands (red circles) are indicated. Adapted
from [97]. (c) Electronic band structure of monolayer TMDCs with the effect of spin-orbit
coupling included (dashed-black) compared to when it is neglected (solid blue), calculated
using DFT. Adapted from [113].

2.3.2 Physical properties

Electronic properties

The presence of a band gap in 2H-MX2 materials, along with atomic scale thickness

and lack of dangling bonds (negating the need for lattice-matching, e.g. as is

needed for graphene/hBN heterostructures) [109] is a distinct advantage compared to

graphene with regards to incorporation into vdW heterostructure devices, particularly

in the production of high performance FETs. The next generation of ultra-compact

FETs require both decreased device length scales and an increase in electrical

performance, such as having increased switching speeds, reduced energy cost per

switch and improved sub-threshold swings [114]. To meet these requirements, there
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has been significant research efforts into replacement FET channel materials which

have a large band gap (to reduce current on/off ratios), atomic scale thickness

(mitigating scaling issues such as source-drain tunneling) and have high carrier

mobility (for improved switching behaviour).

In addition to having a large band gap and atomic thickness, pristine TMDCs

can also have high field-effect carrier mobilities, with values of 30− 60 cm2V−1s−1,

∼ 50 cm2V−1s−1, 50 cm2V−1s−1 and ∼ 80 cm2V−1s−1 in MoS2, MoSe2, WS2 and

WSe2 FETs (using mono/few-layer channels, SiO2 dielectrics of similar thickness

and measured at room temperature), respectively [115, 116, 117, 118]. Compared to

other 2D materials such as graphene, these values of mobility pale in comparison

(µ ∼ 10, 000 cm2V−1s−1 for graphene on SiO2 [119]). However, pristine graphene

does not possess a band gap and can only be modified to have one under specific

circumstances [77, 120, 121], and so cannot be used to produce competitive FETs

thus preventing a meaningful comparison to TMDCs in this case.

The fundamental mobility of TMDC monolayers is limited by the high effective mass

of the charge carriers [96], although in real devices the mobility is often less than

this due to short range scattering by surface adsorbants (e.g. charged impurities,

such as water), interfacial phonons/charged defects from the substrate and TMDC

lattice defects/vacancies, as well as the amount of dielectric screening from the

environment [22, 23, 97, 122]. Furthermore, the mobility is dependant on the method

used to fabricate the monolayers. For example, in CVD-grown monolayers the charge

carriers can scatter on grain boundaries which lie perpendicular to their movement,

lowering their mobility, although if the domains are large enough then the mobility

in these devices can be even higher than in exfoliated flakes [96, 123]. These factors

explain why there is such a large variation of TMDC monolayer mobilities reported

in the literature, with values typically ranging between 1 − 1000 cm2V−1s−1 [96].

Understanding this, one can therefore improve TMDC mobilities by encapsulation (to

quench phonon modes, protect from adsorbants and electrically screen the channel)

[109, 122], careful device fabrication to limit defects and through careful selection of

the dielectric substrate to one which preferably has a large band gap and band offset
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to the TMDC to prevent leakage current, as well as having a lack of dangling bonds

and being atomically flat.

The electronic band structures of monolayer TMDCs are also highly sensitive to

external pertubations such as strain, pressure and doping as a result of their atomic

thickness [97, 109]. Strain lowers the band gap within monolayer TMDCs until a

semiconductor-metal transition occurs at around 10 % strain in addition to shifting

it back to indirect [124, 125], with similiar effects occuring for mono and few-layer

TMDCs under high pressure as well [126, 127]. Metallic behaviour can also be

induced via application of an external electric field or doping, even allowing for a

superconducting transition in MoS2 [97, 128, 129], see Figure 2.12 (a). This extreme

electrical sensitivity to the local environment allows for TMDCs to be used in a

variety of NEMS and sensing applications [130, 131, 132, 133], along with having the

potential to fine-tune the electrical properties of the material in a highly controllable

manner [102].

(a) (b) (c)

(d) (e)

Figure 2.12: (a) Temperature dependant resistivity of ionically gated few-layer MoS2. (b-d)
Schematic energy diagram representing different charge transport regimes: (b) insulating;
(c) conduction by thermal activation and hopping; and (d) band transport. (e) Density of
states diagram showing the disorder-derived band tails states (I and II), along with that of
the conduction band (III). All panels adapted from [96].

The conduction mechanism in monolayer TMDCs depends on the Fermi energy.

At low doping (low Fermi energy), there are no mobile charge carriers and so the
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monolayer TMDC is insulating (Figure 2.12 (b)). At intermediate doping levels, the

Fermi energy is shifted towards the conduction band edge and thermal activation of

charge carriers allows for hopping conduction between impurity-induced localised

edge states (Figure 2.12. (c)). Eventually, at very high doping levels, the Fermi

energy is shifted entirely into the conduction band and the TMDC has metallic

behaviour (Figure 2.12. (d)) [96].

Mechanical properties

TMDC monolayers are almost as thin, transparent and flexible as graphene [102].

MoS2 has a Young’s modulus of ∼ 270 GPa and an average tensile strength of ∼ 15

Nm−1 [134], making ultrathin MoS2 the strongest known semiconducting material

[109]. Similar behaviour can be expected of other group-VI monolayers because of

their analogous lattice structures [109], with MoSe2, WS2 and WSe2 predicted to

have Young’s moduli of ∼ 100 − 120 Nm−1, ∼ 140 − 160 Nm−1 and ∼ 110 − 130

Nm−1, respectively [135]. Moreover, MoS2 NEMS exhibit a quality factor, Q, between

∼ 100− 700 depending on its thickness [136, 137, 138], surpassing that of graphene,

whilst QWSe2
∼ 160 [139]. Unfortunately, the field of TMDC NEMS is not as

developed as graphene NEMS, and so a proper comparison cannot be completed.

Despite this, the combination of high field-effect mobility, atomic thickness, flexibility

and transparency will no doubt allow for the incorporation of ultra-thin TMDC

materials into a variety of transparent and flexible electronics.

Thermal properties

The thermal conductivity of monolayer MoS2, MoSe2, WS2 and WSe2 are ∼ 30− 90

Wm−1K−1 [140, 141], 59 Wm−1K−1 [141], 32 Wm−1K−1 [142] and 0.05 Wm−1K−1

(the lowest thermal conductivity known for a dense solid) [143], respectively. These

low thermal conductivities and, in MoS2, large and tunable Seebeck coefficient (from

−4× 102 to −1× 105 µVK−1 [144]), make monolayer TMDCs promising candidates

for future thermoelectronic applications [145].
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2.4 Talc

2.4.1 Lattice and band structure

Talc is a crystalline hydrated magnesium silicate with the general unit cell chemical

formula Mg3Si4O10 (OH)2 [10], although some deviation may be present due to

substitution by small amounts of Al, Ti, Fe and Mn. Depending on the concentration

of these impurities, talc is usually green, white, grey, brown or colourless in its

bulk form, however many people would be more familiar with the material in its

white powdered state where it is known as talcum powder (“baby powder”). It is a

phylosilicate mineral with a monoclinic crystal symmetry [146], meaning it possesses

a layered structure held together by vdW forces of attraction [147]. It has a small

interlayer binding energy per unit area (∼ 0.1 − 0.3 Jm−2) and tensile strength

(∼ 29 − 33 Nm−1 for uniaxial deformation of monolayers), both of which make it

amenable to mechanical exfoliation into monolayer sheets [10] in the same manner

as other layered materials [2]. The crystal structure of monolayer talc is illustrated

in Figure 2.13, while a comparison between the bulk and monolayer band structures

is given in Figure 2.14.

Mg

Si

O

H

Figure 2.13: The crystal structure of monolayer talc.
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(a) (b)

Figure 2.14: Electronic band structures of (a) bulk and (b) monolayer (ML) talc calculated
using density functional theory. Adapted from [10].

As can be seen in Figure 2.14, both monolayer and bulk talc are insulators with a

band gap Eg ≈ 5.3 eV, with conduction band minima and valence band maxima

located at the Γ-point of the Brillouin zone [10]. Furthermore, in addition to having

a sizeable band gap, monolayer talc is also atomically flat like hBN [30], and so offers

an interesting alternative substrate for fabrication of high quality 2D devices.

2.4.2 Physical properties

Bulk talc is the softest material known with a rating of 1 on the Mohs hardness

scale, and has a number of interesting properties such as high electrical and thermal

shock resistance, chemical inactivity, heat resistance, hydrophobicity [148] and oil

absorption properties [149], all of which have resulted in its use in many industrial

applications such as cosmetics, pharmaceuticals, paints, papers, ceramics and as a

solid lubricant [150].

So far, hBN stands out as the ultimate substrate material for investigating the

intrinsic properties of 2D materials such as the quantum properties of graphene

near the charge neutrality point [151]. However, this begs the question of whether

any interesting phenomena occur in graphene at Fermi energies away from the
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neutrality point, such as the expected phase transition to superconducting behaviour

at high doping levels in graphene [152]. Furthermore, the presence of high doping

concentrations in other 2D materials is also sometimes desired, for example as in

high-performance lateral MoS2 p-n junctions [153]. It has recently been shown

that monolayer talc can be used as a substrate to spontaneously induce p-doping

in graphene whilst maintaining high carrier mobility [30], therefore circumventing

the need for other doping methods (such as ionic gating [154]) which considerably

deteriorate device performance [30]. Therefore it is within this niche, that of a

substrate which allows for controlled doping of 2D materials whilst preserving their

electronic qualities, which monolayer talc crystals occupy. Also, in addition to being

an insulator, having monolayer thickness and being chemically inert, talc is also

orders of magnitude cheaper than hBN [10].

Important for incorporation within electronic devices, especially in FETs, is the

dielectric constant, εr, which in talc is εr ≈ 2.5 [30]. This, in conjunction with

its sizeable band gap, allows talc to compete with SiO2 as an insulating substrate

especially in the formation of ultra-compact FETs [148].

Finally, mono and few-layer talc has also been shown to possess some surprising

mechanical properties such as negative compressibility, meaning it expands when

subject to external pressure, and flexural rigidity, D, which is the stiffness of the

monolayer to flexural deformations. It has been calculated that Dtalc = 68× 10−19 J

while Dgraphene = 2.2× 10−19 J, and thus talc is ∼ 30 times stiffer than graphene [10].

It is also surprisingly resilient to uniaxial deformations with a theoretical defect-free

intrinsic tensile strength between 29 Nm−1 - 33 Nm−1 [10], which is comparable to

that of graphene (42 Nm−1 [61]), one of the strongest known materials. Therefore,

to summarise the mechanical properties, talc is almost as strong as graphene for

uniaxial deformations, but significantly stiffer to flexural deformations.
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2.5 Interfacial physics

The very nature of 2D materials inevitably results in most, if not all in the case of

graphene and its isomorphs, of their constituent atoms being located on the surface.

As a result, their physical properties are uniquely sensitive to external pertubations

such as strain and doping from the substrate to which they are mounted. Therefore,

it is for this reason that gaining an understanding of the interfacial physics between

a sample and its mount is of crucial importance when it comes to device design and

experimental repeatablility.

2.5.1 Self-cleaning

Direct stacking of vdW materials to create a heterostructure inevitably leads to the

presence of residues such as water and hydrocarbons between the individual layers

[155, 156, 157]. Even after thermal annealing in high vacuum samples often remain

densely covered in residue, and as a result one cannot be said to have a true vdW

heterostructure but rather two loosely coupled layers glued together by contamination

[155]. However, it has been found that certain combinations of materials lead to

a “self-cleaning” phenomena, whereby the contaminants diffuse along the interface

and become concentrated into pockets, leaving large areas of clean, strongly coupled

heterostructure available for measurement [155, 156]. In order for this to occur

the vdW materials to be stacked must have a degree of hydrophobicity – if one or

both of them are hydrophillic, or they do not experience strong vdW coupling, then

self-cleansing cannot happen [157].

This useful property is a result of dewetting induced hydrophobic collapse of the

material/residue/material structure [157]. It has been found that confinement of

water between two nanometre scale hydrophobic planes leads to the liquid becoming

metastable at its vapour state under certain conditions [158]. The energy barrier

for this dewetting (i.e. evaporation) transition depends upon temperature and the

hydrophobicity of, and gap size between, the two planes. An increase in temperature

and hydrophobicity, or a decrease in gap size, lowers the transition energy barrier and

encourages dewetting. Therefore, under certain conditions, evaporation of residual
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water occurs leading to hydrophobic collapse and vdW stacking of the two planes of

material, expelling the residue at this point of contact. The area in transition between

the point of contact and the fully separated layers forms an ascending slope in the

upper material plane. The gap size is therefore reduced here, leading to dewetting

once again and thus the process repeats, creating a front of hydrophobic collapse

which propagates away from the initial point of contact and forces the water, plus

any other residue, along the interface and into confined pockets [157]. Another way

of picturing this process is that if the affinity between the two 2D crystals is larger

than between the crystals and the contaminants, then the energetically favourable

situation is when the two crystals have the largest possible common interface. This

condition is thus achieved when contaminants are pushed along the interface into

pockets [14].

However, in particularly contaminated samples residue can remain between the

planes. This can be removed by either: thermal annealing [155], where the increase

in temperature facilitates dewetting; or through the “squeegee” method [157, 159],

which involves using an atomic force microscope (AFM) tip to compress the planes

together, reducing the gap size and hence initiate the self-cleaning process. The

latter of these is illustrated in Figure 2.15.

Figure 2.15: Schematic of the squeegee interface cleaning method using an atomic force
microscope (AFM) tip to expel residual contaminants. Adapated from [157]
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The self-cleaning process results in the formation of residual pockets which can lead

to charge inhomogeneity and thus scattering [156], degrading sample-wide device

performance. The squeegee method allows for the removal of these although, as

the AFM must be used in contact mode, unwanted sample damage may occur (see

Section 3.4.1). Likewise, thermal annealing of the sample can induce strain and a

change in the relative rotation of the two vdW planes [157]. It is therefore apparent

that one must decide whether investigation of a self-cleaned domain is sufficient or

if further treatment is needed using the above processes in an attempt to achieve

sample-wide cleanliness.

2.5.2 Surface roughness

The use of SiO2/Si-based substrates for the manufacture of 2D devices has been

popular since the discovery of graphene due to the ease with which suitable flakes

can be identified as well as the high dielectric constant of the SiO2 overlayer [2].

Unfortunately it was soon discovered that graphene devices produced in this manner

were highly disordered and exhibited electronic qualities far inferior to that which was

theoretically predicted [79]. As mentioned in Section 2.2.2, this reduction is largely

due to carrier scattering from charged surface states and impurities, but it is also

due to the roughness of the underlying SiO2. Being a flexible membrane, graphene

partially conforms to the SiO2 and thus its surface morphology is determined by that

of the substrate [160]. This manifests in the formation of corrugations within the

graphene sheet which, in turn, act as scattering centres and lower the charge carrier

mobility [161]. In fact, this phenomena extends beyond graphene and it has been

observed that many thin films deposited onto any rough surface, not just SiO2, also

undergo wrinkling [161, 162, 163].

It is for this reason that atomically flat substrates such as hBN [79] and mica [162]

have been increasingly used to produce high quality devices, as conformation to these

results in a significant reduction of surface roughness of the 2D material, see Figure

2.16 (a-c) and Figure 2.9 (a, c). As can clearly be seen, in each case the 2D material

partially conforms to the underlying substrate, resulting in a reduction in surface
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(b)

(c)

(d)

(e)

(f)

Figure 2.16: Histograms of the height distribution (surface roughness) measured by AFM
for (a) graphene/hBN, bare hBN and bare SiO2. Inset: high-resolution AFM image showing
comparison of graphene and hBN surfaces, (b) monolayer MoS2/hBN and bare hBN and
(c) monolayer MoS2/SiO2 and bare SiO2. Solid lines are Gaussian fits to the distributions.
(d) Line profiles of the height, band gap, valence band maximum (VBM) and conduction
band minimum (CBM) for an area of monolayer MoS2/SiO2. (e, f) STM topographic
image of graphene/hBN and graphene/SiO2, respectively. (a) was adapted from [79], (b, c)
were adapated from [162], (d) was adapted from [164] and (e, f) were adapted from [165].

roughness. This reduction is most evident in the STM topographs illustrated in

Figure 2.16 (e, f). In graphene, conformation to a rough surface introduces strain into

the lattice [165]. This local curvature can, in turn, lead to inadvertant doping of the

lattice [165, 166] and pseudo-magnetic fields [167], both of which can be detrimental

to device performance. In monolayer TMDCs this locally induced strain results in

variation in the electronic band gap with position via a change in lattice constant,

even leading to a direct-indirect transition across much of the sample [164]. Figure

2.16 (d) illustrates the effect of surface roughness on the band gap of monolayer

MoS2, and clearly demonstrates the importance of a suitable choice of substrate in

order to accurately measure the intrinsic properties of TMDCs.

Although rough substrates should be avoided, it has been noted that the use of atom-

ically flat substrates which lack the ability to self-clean does not always correspond

to an increase in device quality, indicating that having an atomically clean and sharp

interface should be a greater priority than minimising substrate roughness [156].
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2.5.3 Charge transfer and band alignment

As discussed previously, mounting onto a substrate can alter the electronic properties

of a 2D material via interfacial roughness and cleanliness. This section is devoted

to the discussion of another process, that is the intrinsic charge transfer across the

interface either into or out of the system.

Graphene/metal interface: Electronic transport measurements through graphene

require contacts to metal electrodes, and so it is essential to have a full understanding

of the physics of the metal/graphene interface [168]. For instance, it is now known

that when graphene is bound to Co, Ni or Pd, the graphene band structure is

significantly perturbed as a result of the strong bonding which could potentially

result in the removal of the conical structure at the K/K ′-points of the Brillouin

zone [168, 169], whilst bonding to metals such as Al, Ag, and Cu is significantly

weaker and thus the intrinsic properties of graphene are preserved [168]. In both

cases the difference in Fermi level between the metal and graphene drives charge

carriers between the two in order to equilibriate their Fermi levels, resulting in either

n or p-type doping within the graphene depending on whether its Fermi level is

shifted to higher or lower energies, respectively, see Figure 2.17 (b). More precisely,

the charge transfer is driven by the disparity in average energy between carriers

occupying states at the Fermi level in each material - those occupying a higher Fermi

level have a higher average energy, and so they naturally migrate to the material with

lower Fermi energy once contact is established [170]. As the density of states around

the Dirac point in graphene is much lower than that of the metal conduction band,

equilibrium is essentially achieved by shifting the Fermi level of the graphene alone.

Once equilibrium has been achieved, the transfer of charge across the interface and

the subsequent separation between the two charged sides results in the formation of

an interfacial dipole layer with an associated potential step [168], leading to charge

scattering at the interface and an increase in contact resistance [171]. Ideally, contact

resistance should be minimised within an experiment in order to properly characterise

a given device, and so an appropriate choice of contacting metal is required.
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(a) (b)

Figure 2.17: (a) Calculated Fermi energy shift with respect to the Dirac point, ∆EF (dots),
and change in work function, W−WG (triangles), as a function of WM−WG, the difference
between the metal and graphene work functions. The insets illustrate the position of the
Fermi level with respect to the Dirac point of graphene. (b) Illustration of the interface
dipole and potential step formation at a graphene-metal interface. Zd is the effective charge
separation distance, d is the metal-graphene separation distance and ∆V is the potential
step height at the interface. Adapted from [168].

Graphene/substrate interface: Similar to a graphene-metal interface, graphene

also becomes doped when bound to an insulating substrate. It is known that graphene

bound to SiO2 promotes the formation of electron-hole “puddles” [172], which are

regions which have a pronounced positive or negative charge as a result of extrinsic

adsorbates present along the interface [173], see Figure 2.9. Furthermore, it has

been predicted that graphene experiences a net gain in charge when placed onto

SiO2 due to the formation of a partially occupied state above the Dirac point. This

pins the Fermi level above the Dirac point and thus the graphene becomes n-doped

[174]. The magnitude and type of doping depends upon the substrate, which can

force a positive or negative shift in the Fermi level of graphene and thus induce

n or p-doping, respectively [175, 176]. This can be further tailored via the use

of functional molecules/groups adhered to the substrate before exfoliation of the

graphene, which can serve to increase carrier concentrations (up to ∼ 1012 cm−2) or

change the carrier type entirely [176].
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Graphene/TMDC interface: Contact between graphene and a semiconducting

2H-MX2 TMDC crystal results in the formation of a Schottky barrier at the interface

[170], see Figure 2.18, with potential (approximately) equal to the energy difference

between the conduction band minimum of the TMDC and the Fermi level of graphene,

as is shown in Figure 2.18 (b) [177]. As a result, this barrier to charge transfer between

the two layers also depends on the individual doping of the layers as well. This,

in addition to temperature (via thermal excitation of carriers across the Schottky

barrier), allows for a measure of control over the number of carriers which can

move between the layers [177]. Upon initial contact, charge moves between the two

materials in order to equilibriate the Fermi levels as previously described, leading to

doping in both of the layers [170].

(a) (b) (c)

Figure 2.18: (a) Illustration of the electronic band structure at a graphene/MoS2 inter-
face. EC , EV and EV ac are the conduction, valence and vacuum energies, respectively.
(b) Influence of an external bias voltage, Vg, on the graphene Fermi level and overall
Schottky barrier height, ΦB. (c) Schottky barrier height as a function of bias voltage for a
MoS2/graphene and MoS2/Ti junction. Adapted from [178, 179].

Rather than comprehensively considering each TMDC material in turn, a monolayer

MoS2/graphene heterostructure will be used as a representative example. In this

case, the graphene becomes p-doped and the MoS2 becomes n-doped [170]. It has

been predicted that the small binding energy and large separation between the two

layers corresponds to only a weak interlayer interaction, preserving the linear band
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structure of the graphene along with its unique properties [180]. As TMDCs have a

large band gap, metal/TMDC contacts typically have a large Schottky barrier and

thus high contact resistance. The highly tunable Fermi level of graphene allows for

an excellent work function match between it and the MoS2, lowering the Schottky

barrier and consequently reducing the contact resistance by ∼ 10 times compared

to conventional metal/MoS2 contacts, see Figure 2.18 (b, c) [170, 179]. As a result,

graphene is often incorporated into TMDC devices as simply a transparent and

flexible electrode if not for any higher purpose.

TMDC/metal interface: In the same manner as TMDC/graphene interfaces,

metallic contacts to semiconducting TMDC materials results in the formation of a

Schottky barrier at the interface [181]. The carrier type moving through the TMDC

depends on the relative position of the Fermi level of the metallic contact to either

the conduction or valence band of the TMDC. For example, a metal with a Fermi

level aligned close to the TMDC conduction band (i.e. one with a low work function)

facilitates electron injection whereas alignment close to the TMDC valence band (i.e.

a metal with a high work function) facilitates hole injection [182]. In either case, the

Schottky barrier limits the charge transfer into the TMDC and thus increases contact

resistance, and so significant effort has been made to reduce the metal-TMDC Fermi

level disparity in order to produce ohmic contacts. Other than using graphene as

a mediation material between the metallic contacts and the TMDC, one can dope

the TMDC material present beneath a metal contact in order to locally tune the

Fermi level in this region [182]. This is usually done through the introduction of

a surface dopant before the contacts are deposited, such as potassium (for n-type

doping) or NO2 (for p-type doping), although other, more damaging methods exist

such as plasma doping of the contact area as well [182, 183, 184, 185].

It should be noted that, specifically, the Schottky barrier height, ΦSB, is not precisely

determined by the difference in metal work function, ΦM , and semiconducting electron

affinity, χS, such that the Schottky-Mott equations,

ΦSB−n = ΦM − χS and ΦSB−p = EG + χS − ΦM , (2.33)
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are erroneous [181]. Instead, the real Schottky barrier height lies between the Schottky

and Bardeen limit, with the latter describing the pinning of the metal Fermi level at

some interface state energy, ΦIS, within the TMDC band gap [181, 182]. If these

states are metal induced gap states (from superposition of metal and semiconducting

surface atomic orbitals [181]) then the Fermi level is pinned at the semiconducting

charge neutrality level (the Fermi level position which ensures no net surface charge).

In this case, the Schottky barrier height is approximated as

ΦSB−n = (S × ΦM − χS) + (1− S) ΦIS, (2.34)

where the Schottky pinning factor, S = ∂ΦSB−n/∂ΦM , modulates the strength of

energy level pinning with S = 0 (1) indicating strong (weak) pinning [181, 182].

Figure 2.19: Schematic of the band gap, electron affinity, ionisation potential and charge
neutrality levels (CNL) for a selection of monolayer 2D materials along with the work
functions of common contact metals. Adapted from [182].

Figure 2.19 illustrates the calculated band alignments using density functional theory

for a variety of 2D materials along with the work function of commonly used contact

metals. Were the Schottky barrier height determined via eqn. 2.33, we would expect

∼ ΦSB = −0.7 eV for MoS2 with Sc contacts, although it is actually much closer to

∼ 30 meV due to Fermi level pinning, as is shown in Figure 2.20. Likewise, WSe2
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(a) (b)

Figure 2.20: ( a) The expected (top-right, grey bars) and actual (top-middle, coloured
lines) metal/MoS2 band alignment showing pinning near the TMDC conduction band. (b)
The expected and actual band alignment for Ni and Pd with WSe2 showing mid-gap Fermi
level pinning. Adapted from [182].

should have a Schottky barrier height of ∼ 1.7 eV which is reduced to ∼ 540 meV due

to Fermi level pinning towards the centre of the TMDC band gap. This also explains

the FET behaviour of these TMDCs, as metals pin close to the conduction band of

MoS2 [186], leading to electron injection and n-type behaviour [187], and close to the

middle of the band gap in WSe2, allowing choice of either electron or hole injection

and thus ambipolar behaviour [182]. It should be noted that the exact mechanism

behind Fermi level pinning is unknown as of yet, although it has been shown that

it is possible to de-pin the Fermi level via chemical doping [187]. Previously, Fermi

level pinning severely restricted the choice of carrier type in FETs, and so it would

appear that de-pinning via chemical doping would once again allow for control of

the charge carrier type in traditionally unipolar TMDC FETs through careful choice

of the contacting metal (and thus the metal work function).

TMDC/substrate interface: As will be discused in Section 3.3.1, the direct-gap

semiconducting nature of 2H-MX2 TMDC monolayers allows for the formation of

neutral quasiparticles called excitons upon the absorption of a photon. In TMDCs,

these have a binding energy ∼ 1-2 orders of magnitude greater than in conven-
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tional materials such as GaAs [188] which allows for strong light-matter coupling

at room temperature. This, along with having high optical absorption (∼ 5%) [25],

makes monolayer TMDCs appealing candidates for the next generation of efficient

optoelectronic devices.

Unfortunately, like graphene, it has been observed that placement of monolayer

TMDCs onto substrates such as SiO2 results in the loss of key properties of the

material such as a stark reduction in photoluminescence [189, 190, 191]. Charge

transfer into the TMDC alters the number of neutral (charged) excitons (trions)

present, modulating the intensities of the corresponding PL emissions, as well as

broadening their full-width half-maxima due to increased exciton-carrier scattering

and subsequent reduction of excitonic recombination times [190], see Figures 2.21

and 2.22. It is thought that charge transfer from the substrate is due to the energy

difference between the charge neutrality point of the substrate and the vacuum being

less than the work function of the TMDC, thus driving electrons into the latter [190].

Fortunately, the PL emission intensity can be recovered through the use of substrates

such as hBN and SrTiO3 which minimise doping of the TMDC [189, 190].

Figure 2.21: Normalised PL spectra of monolayer MoS2 on SiO2, LaAlO3 (LAO), Gel-film
and SrTiO3 (STO) substrates. Adapted from [190].
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Figure 2.22: For monolayer MoS2 on different substrates: Top panel: Integrated intensity
of neutral exciton emission (A0) and trion emission (A−). Second panel: The PL emission
intensity ratios IA−/IA0 and IA−/ (IA0 + IA−). Third panel: The FWHM of the neutral
exciton and trion emission peaks. Bottom panel: Estimated electron density within the
MoS2 monolayer. Adapted from [190]

Figure 2.23: Experimentally measured exciton ground state (n = 1) and first excited state
(n = 2) transition energies, as well as estimated shifts in band gap energy for a variety of
heterostructures. Adapted from [192].

It has also been demonstrated that both the exciton binding energy and electronic

band gap of monolayer TMDCs can be tuned by engineering the surrounding dielectric

environment through proper substrate selection (see Figure 2.23 and Section 3.3)
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[192, 193]. Therefore, careful substrate selection is required not just to prevent

external doping but also to preserve the intrinsic electronic and optical properties of

the monolayer TMDC.

TMDC/TMDC interface: Contact between two semiconducting TMDC crystals

inevitably results in the exchange of charge between them due to the formation of

a type-II band structure across the interface. Here, the energy offsets between the

conduction and valence bands of the two TMDCs means that it becomes energetically

favourable for electrons (holes) to move from the material with the higher (lower)

conduction (valence) band into the material with the lower (higher) conduction

(valence) band, see Figure 2.24 (a) [194].

(a)

(c) (d)

(a) (b)

Figure 2.24: (a) Representative type-II band alignment across a MoS2/WSe2 interface. (b)
Calculated band alignment for MX2 monolayers. (c) Charge density at the valence band
maximum (VLM) and (d) conduction band minimum (CBM) for monolayer WX2/MoX2

heterostructures with common X. (a) was adapted from [195], whilst (b-d) was adapted
from [194].

This spontaneous separation of free electrons and holes proves to be a useful attribute

of these 2D systems as it encourages the break up of neutral intralayer excitons which

diffuse to the interface which can prove to be useful for photovoltaic applications

such as solar cells [194]. Furthermore, interlayer, spatially separated excitons (where

the electron and hole reside on opposite sides of the heterostructure interface, see
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Figure (c, d), can form [194, 195], which manifests as the appearence of an additional

peak in the PL spectra of the TMDC heterostructure [195]. Spatial (and momentum,

when lattice mismatch between the layers is present as recombination is now indirect

and requires the involvement of an external phonon) separation of the constituent

electron and hole improves recombination times by an order of magnitude, from ∼

picoseconds in intralayer excitons to ∼ nanoseconds in interlayer excitons [195, 196].

Therefore, exploitation of these interlayer excitons facilitates exciton diffusion over

micrometre length-scales [195] which, in addition to having high binding energies,

bodes well for the use of monolayer TMDCs in the next generation of opto-electronic

devices.

2.5.4 Triboelectric effect

The triboelectric effect is a type of contact-induced electrification, owing to which

a material would become electrically charged after it comes into frictional contact

with another dissimilar material, whereby the materials become oppositely charged

after contact with the strength of the charges being different for different materials

[197]. Despite being first observed over 2600 years ago [198], a conclusive model for

explaining this phenomenon has not yet been reached. Until recently the general

consensus was that electrification was due to either electron or ion transfer across

the interface upon contact of two materials [199], although one can now tentatively

assert the former [200]. Figure 2.25 illustrates a proposed electron cloud/potential

well model which can be used to explain triboelectric charging between two dissimilar

materials.

For two materials, A and B, the electrons within each atom occupy a potential well

due to the Coloumb interaction between the electrons and the positively charged

nucleus, see Figure 2.25 (a). When material A contacts material B, the electron

clouds of the surface atoms (two, in this example) overlap and the initial two single

potential wells become one asymmetric double-well. Electrons occupying states of

higher energy in the potential well of one material, say A, can then hop into the

lower energy states of material B, resulting in charge transfer across the interface
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(a) (b)

(c)(d)

Figure 2.25: An electron-cloud-potential-well model proposed for explaining the triboelectric
effect via charge transfer between two materials. Shown is a schematic of the electron
cloud and potential energy profile (2D and 3D) of two atoms belonging to two different
materials, A and B, respectively, when they are: (a) initially separated, (b) in contact and
(c) separated after contact, showing electron transfer between atoms after forced overlap
of the corresponding electron clouds. (d) Charge release from an atom at an elevated
temperature T once the thermal energy of the electrons, kT , approaches the barrier height.
d is the nuclei separation distance, EA,B is the occupied energy levels, E1,2 is the height of
the potential well and k is the Boltzmann constant. Adapted from [200].

as is shown in Figure 2.25 (b). This is why the two materials must be dissmilar to

ensure that there is always a disparity between the energy levels of the two potential

wells. Upon separation, Figure 2.25 (c), most of the electrons transferred to the

atom within material B will remain bound to that site due to the potential barrier

to escape, and so the two materials are left with a net surface charge (positive for

A, negative for B). As the temperature, T , increases, the fluctuations in electron

thermal energy, kT , where k is the Boltzmann constant, become larger and thus

make it easier for electrons to hop out of the potential well and either move back

to material A (if A and B are still in contact), or escape to the environment via

thermionic emission, as is shown in Figure 2.25 (d) [200].

The total amount of charge transferred between two materials depends on a number

of external factors such as the surface roughness, temperature, applied force and

strain, as well as the intrinsic electron affinity of the two materials [197]. When

considering just the intrinsic properties of a material it is possible to place it within
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the triboelectric series, which is a list of different materials ranked by their tendency

to either gain or lose an electron when in contact with each other, with the maximum

(minimum) total charge transfer occuring between materials far apart (close to) each

other in the series [197]. Usually, the build up of static electricity is undesirable

although, if controlled, can provide an efficient means of converting mechanical

agitations into electrical signals using a triboelectric nanogenerator (TENG).

Triboelectric nanogenerator:

The operating principle of a TENG is illustrated in Figure 2.26.
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Figure 2.26: Schematic showing the evolution of charge within a typical TENG charg-
ing/discharging cycle. (a) Material A and B are brought into contact before (b) separating,
inducing current flow. (c) Material A and B are fully separated and the current reduces
to zero, after which they are (d) brought into contact again, inducing current flow in the
opposite direction. Black arrows indicate the progression direction, orange arrows indicate
the movement of material and blue arrows indicate the direction of current flow.

Upon contact, the surfaces of materials A and B become triboelectrically charged,

with one becoming positively charged and the other negatively charged. As the charges

are confined to the same plane, charges on opposite sides of the interface coincide

with each other and there is no net electric field between the two materials [197].

When A and B are separated, the positive charge within material A electrostatically

induces negative charge within an attached electrode, pulling charge from material
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B and thus driving a current through the circuit. Eventually, the triboelectrically

induced charge within material B is fully transferred into the electrode and the

current reduces to zero. Moving material A and the electrode back towards material

B similarly induces negative charge within B and current flows in the opposite

direction. It is this conversion between mechanical movement and electricity which

allows for energy to be harvested from the system by, for example, simply using the

TENG to charge a capacitor.

Recently, it has been demonstrated that one strategy for enhancing the power output

of a TENG devies relies on the use of multilayered structures [199]. For the devices

studied here, this involves the introduction of charge trapping layers such as MoS2

into the TENG which increases the magnitude of induced charge per unit area and

leads to enhanced power output [199, 201].

2.5.5 Material hardness

The hardness of a material is used to describe its ability to withstand localised

deformations induced by either mechanical indentation or abrasion. The key to

understanding the mechanism behind hardness lies in understanding the structure

and arrangement of atoms within the crystal lattice, or more specifically, the structure

and arrangement of atoms within the many constituent grains of the material and in

how these grains interact with their neighbours.

Each grain inevitably contains irregularities within its lattice which are classified as

either point or line defects, with point defects including sites where atomic vacancies,

substitution and interstitial defects occur, while line defects refer to irregularities

throughout an entire crystal plane. From a macroscopic point of view, application of

an external force allows for these planes of atoms to slip (i.e. become dislocated – a

line defect) causing the material to undergo plastic deformation, with the material

hardness controlling its resistance to said deformation.

However, in reality this force is first applied to one initial grain (the nucleus) of

the specimen which results in a dislocation propagating out from the point of

contact towards the grain boundary. The difference in lattice orientation between
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the nucleus and the neighbouring grains act as a potential barrier to the dislocation

when propagating across the boundary due to the energy required to realign the

dislocation, resulting in the “pile-up” of dislocations at the boundary of the nucleus

[202, 203, 204]. The dislocations themselves generate repulsive stress fields [205],

and so each successive dislocation arriving at the boundary applies a repulsive force

to the first, increasing its potential energy until eventually it realigns to match the

neighbouring grain and can propagate across the grain edge [202, 203]. This process

repeats within each grain, resulting in a wave of plastic deformation (known as a

Lüder wave) propagating outwards from the point of contact throughout the entire

specimen.

The dislocations have a physical size associated with them [203], and so if the grains

within the speciment are small then the number of dislocations which can pile-up at

the boundary is reduced. Therefore, as the grain size is reduced the magnitude of

external force which needs to be applied in order to give the dislocations enough energy

to overcome the individual grain boundaries increases, which in turn is associated

with an increase in material hardness as can be seen by the initial definition given.

This is known as the Hall-Petcher effect [202], which can be mathematically described

via

σ = σ0 +
k√
d
, (2.35)

where σ is the yield stress (the force needed to cause plastic deformation), σ0 is the

resistance to dislocation motion in the grain interior, k is a measure of the local

stress needed to cause plastic deformation at the boundary and d is the grain size

[203, 206].

The Hall-Petcher equation is an empirical fit to data collected from materials with

micron-sized grains or larger [202], and implies that a material’s hardness will continue

to increase as the grain size decreases. However, observations [207] indicate that

grain sizes less than ∼ 1 µm yield values of hardness significantly less than that

predicted by eqn. 2.35. This is known as the inverse Hall-Petcher effect due the

hardness now being inversely proportional to grain size, and may be the result of

either grain boundary sliding [208] or Coble creep [207]. Grain boundary sliding
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refers to the deformation of two grains along their interface as they pass across one

another [209], whilst Coble creep refers to the diffusion of point and line defects

within the grain towards the boundary when under tensile strain. Both of these

represent a transition from dislocation controlled deformation to deformation by

other means [203], and may be used to explain the inverse Hall-Petcher effect.
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3. Measurement techniques

3.1 Raman spectroscopy

Raman scattering is the inelastic scattering of a photon through either the emission

of an excitation of the system (Stokes) or through absorption of an excitation (anti-

Stokes) [210], resulting in the scattered photon being red or blue-shifted accordingly,

as is depicted in Figure 3.1. These excitations are typically lattice phonons of the

material under investigation, and whilst the majority of incident laser light undergoes

Rayleigh scattering, a small amount of the excited electrons couple to these phonons

and lead to a shift in frequency of the light emitted upon de-excitation. The difference

in energy between the incident and scattered light is known as the Raman shift. This

directly corresponds to the energy of the emitted or absorbed excitation and, in the

case of phonons, provides information on which vibrational modes are present within

the sample. As phonons are sensitive to both the lattice structure and electronic

characteristics of the material, Raman spectroscopy provides an excellent and non-

destructive method for investigation of the structural and electronic properties of a

given system.

Figure 3.1 illustrates resonant Raman scattering, although the process does not

explicitly require a resonant transition into a real energy state in order to occur. In

non-resonant Raman scattering, an electron within the valence band of a material

can be excited into a transient “virtual” state before subsequent de-excitation and

emission of the inelastically scattered photon, thus removing the need to tune the

frequency of the incident light to match the band gap of each individual sample.

These virtual states are not eigenstates of the system in that they do not correspond

to a solution of the time-independant Schrödinger equation and thus a well-defined
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Figure 3.1: Energy level diagrams showing resonant (a) Stokes and (b) anti-Stokes scattering,
where ωi and ωf are the initial and final photon frequencies, and ωp is the frequency of the
lattice phonon.

energy level [211]. Instead, the virtual states can be thought of as a superposition

of the allowed excited states into which electrons can temporarily transition into.

Eventually the virtual state collapses causing the electron to de-excite and emit the

scattered radiation [212] such that one of the following processes occur: if the virtual

state collapses back to the initial ground state, Rayleigh scattering occurs; if the

virtual state collapses causing the electron to transition into an excited vibrational

state before further emission of a phonon, then Stokes Raman scattering occurs; if

the initial state occupied by the electron was a vibrationally excited state, and the

virtual state then collapses into a state of lower energy than this, then anti-Stokes

Raman scattering occurs. Non-resonant Raman spectroscopy therefore allows the

use of incident light of a lower energy than the material band gap, as well as allow

for measurement of multiple materials simultaneously. However, the probability of

a transition into a real state is higher than transitions into a virtual one, meaning

that the frequency of occurrence increases. As a result, the intensity of a resonant

Raman peak can increase by up to a factor of 106 compared to that produced by

non-resonant emission [213].
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3.1.1 Graphene and graphite

Phonons are responsible for many of the properties of solids such as the heat capacity

[214], the speed of sound throughout the material and for contributions towards the

thermal conductivity [215]. They are divided into two types, labelled acoustic and

optical, depending on whether the members of the unit cell oscillate in phase or out

of phase, respectively. Although graphene is a 2D material, it exists within a three

dimensional world and thus flexural phonon modes can also occur which oscillate

perpendicular to the graphene plane [216]. A result of this three dimensionality is

that the optical and acoustic arms of the phonon dispersion each split into three

separate branches as is shown in Figure 3.2.

Figure 3.2: Calculated phonon dispersion relation of graphene throughout the Brillouin zone
showing the iLO, iTO, oTO, iLA, iTA and oTA phonon branches. Adapted from [217].

This results in a total of 6 possible phonon modes, denoted by xYZ within Figure 3.2,

where x represents whether the mode is in-plane (i) or out-of-plane (o), Y represents

whether the oscillations of the unit cell atoms are longitudinal (L) or transverse (T)

to the line joining them and Z describes whether the mode is acoustic (A) or optical

(O) [218]. When multiple phonon modes share the same frequency and momentum

they are said to be degenerate, such as the iLO and iTO modes at the Γ-point of

Figure 3.2.
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Each material has its own unique phonon dispersion which, through the use of

Raman spectroscopy, can be investigated to elicit information on both the phononic

and electronic properties of that system. It should be noted that all low energy,

inelastic light scattering events situated near the Dirac points within graphene are

resonant in that they always involve transitions between real states (a result of the

linear electronic dispersion at the K/K’ points of the Brillouin zone), in contrast

to the non-resonant Raman processes involving excitation into virtual states which

often occur in other systems [218]. Raman scattering of phonons within graphene is

largely dominated by the environment in which the electrons exist, meaning that

any variation in the electronic properties due to the presence of defects, doping,

stress/strain, temperature or the presence of external electromagnetic fields all also

affect the position, width and/or intensity of the peaks within the Raman spectrum

[218, 219, 220, 221, 222, 223, 224]. Figure 3.3 highlights a typical Raman spectrum

of monolayer graphene.
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Figure 3.3: A typical Raman spectrum of monolayer graphene.

As can be seen, there are typically three main features of interest in the Raman

spectrum of monolayer graphene, labelled the D, G and 2D peaks. The G peak

occurs when a valence band electron near the Brillouin zone centre (Γ-point) absorbs

a photon and is excited into the conduction band. Shortly afterwards, de-excitation
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occurs via emission of an iTO or iLO phonon of frequency ∼ 1582 cm−1 [218]. This

is followed by further de-excitation of the electron back into the valence band and

subsequent emission of the Raman-shifted photon, as is depicted in Figure 3.4. This is

a first-order Raman scattering process (as it involves one phonon) and only includes

phonons with momenta q ≈ 0 in order to conserve momentum, hence why this

transition occurs at the Γ-point of the Brillouin zone [225]. The degeneracy of the

two contributing phonon modes results in a relatively intense G peak as two separate

processes contribute towards the same Raman shift.

iTO phonon at Γ

(a)

iLO phonon at Γ

(b)

iTO/iLO phonon 

interaction

ℎ+

𝑒−

(c)

Figure 3.4: Lattice vibrations associated with the (a) iTO and (b) iLO modes, along with
the (c) G-peak Stokes Raman scattering process. The A and B sublattices are represented
by the red and green circles, respectively.

The D and D′ (not shown) peaks both represent breathing modes within the lattice,

and both involve an interaction with a defect within the system [218, 226]. They

differ in that the D peak is due to an inter-valley scattering process whilst the D′

peak is strictly an intra-valley process. Defect scattering allows the involvement of

zone-edge phonons whilst maintaining conservation of momentum, and thus these

events take place at the K/K’ points of the Brillouin zone. They both occur when

an electron in the vicinity of one of the Dirac points is excited by absorption of a

photon into the conduction band before scattering off of a lattice defect into the

conduction band of a neighbouring Dirac cone (e.g. K → K’). This is then followed
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by an emission of a Brillouin zone edge phonon (ωD ≈ 1350 cm−1, ωD′ ≈ 1620 cm−1

[218]), transferring the electron back to the initial Dirac cone, which then de-excites

back into the valence band and emits the Raman-shifted photon. The D and D′

processes are depicted in Figure 3.5. Both of these processes require a defect in order

to occur, and thus the intensity of their associated Raman peaks can be used as a

measure of how disordered a particular graphene sample is, with the Raman spectra

of perfect, single crystal graphene lacking a D peak entirely [218, 226].

(a)

K K’

Defect

iTO phonon

D

(b)

Defect

K

iLO phonon

D'
(c)

Figure 3.5: Lattice vibrations associated with the (a) phonon breathing mode along with the
Stokes Raman processes corresponding to the (b) D and (c) D’ peaks.

The 2D peak is an overtone of the D peak in that it no longer requires a defect

in order to occur and is instead the result of two ∼ 1350 cm−1 zone-edge phonons

inelastically scattering across the Brillouin zone between Dirac cones [221, 226]. It is

therefore a second-order Raman scattering event as it involves two phonons [225]. The

2D peak within the Raman spectra of graphene is typically situated at ∼ 2700 cm−1

[218]. Since the 2D peak originates from a process where momentum conservation

is obtained by the participation of two phonons with opposite wavevectors, it does

not require the presence of defects for its activation and thus it is always present

within the Raman spectra of graphene [221]. In this double-resonant inter-valley

scattering process, shown in Figure 3.6, the photo-excited electron is scattered by

an iTO phonon across the Brillouin zone before being scattered back by a second
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iTO phonon [218]. As both initial excitation and the second inter-valley scattering

events both cause the electron to transition into a real state, the process is known as

double-resonant. Furthermore, as both processes involve transitions into real states,

the interaction probability increases and hence the 2D peak intensity is enhanced.

K K’

iTO phonon

iTO phonon

Figure 3.6: Image showing the double-resonance process which produces the 2D Raman
peak.

It should be noted that there are variations in the D and 2D peak positions reported in

the literature, even between comparable experiments. This is due to the peak positions

being a function of the energy of the incident photons such that δωD/δElaser ≈

50cm-1eV−1 and δω2D/δElaser ≈ 100cm-1eV−1 [218, 220]. This is because the iTO

phonons associated with these two processes are known to preferentially couple to

electronic states such that k = 2q [218, 226], where k and q are the electron and

phonon momenta when measured from the Dirac points, respectively. As the energy

of the incident photon increases it has the potential to excite valence-band electrons

situated further away from the Dirac points due to the linear nature of the energy

dispersion. This changes the magnitude of k and hence which phonons take part in

the process, changing the amount of Raman shift measured during the experiment.

Another useful application of Raman spectroscopy is in determination of the number

of monolayers present within a sample. As the number of graphene layers increases

the electronic bandstructure evolves as a result (see Section 2.1.3). As the thick-
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ness increases, the number of possible avenues through which double-resonant 2D

scattering can occur changes accordingly, resulting in the number of contributions

(at different frequencies) towards the 2D peak of the Raman spectrum changing.

For all multilayer systems this serves to broaden the 2D peak relative to that of

monolayer graphene as well as alter its intensity and position, which allows one to

differentiate between samples of different thicknesses by the number of Lorentzian

curves required to fit the measured 2D peak lineshape [218]. The evolution of the

2D peak lineshape with increasing number of layers is shown in Figure 3.7. Another

method to determine sample thickness is through the ratio of 2D/G peak intensities,

as the G peak intensity scales almost linearly with the number of graphene layers

[227]. However, the intensity of the 2D peak also scales with the amount of doping

present [228], and so the ratio of 2D/G peak intensities should not be used as a

definitive indicator of the number of layers present.

(a)

(b) 

(c) 

(d) 

(e) 

2550 2600 2750 2800 28502650 2700

Raman shift (cm-1)

Figure 3.7: Evolution of the 2D peak lineshape with increasing number of graphene layers
for (a) monolayer, (b) bilayer, (c) trilayer, (d) 4-layer and (e) highly ordered pyrolitic
graphite (HOPG). The inner, smooth curves are the Lorentizian fits and the outer curves
represent the measured spectrum. Adapted from [218].

Throughout the remainder of this section emphasis will be placed on the use of

Raman spectroscopy to identify 2D material thickness as it is this variable which is

most important to consider during device design.
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3.1.2 Hexagonal boron nitride

As hBN has a large band gap it exhibits very little optical contrast, < 1.5 % [6],

and so alternative methods of flake thickness identification must be used. Raman

spectroscopy of bulk hBN reveals a prominent peak at a Raman shift of ∼ 1366 cm−1

[229], attributed to the doubly-degenerate in-plane optical phonon mode where the

boron and nitrogen atoms vibrate out of phase to each other (the E2g mode) [230],

see Figure 3.8 (b), left inset.

As the thickness decreases from bulk to monolayer, the intensity, position and

FWHM of the E2g Raman peak changes accordingly. The peak is blue-shifted by 3

- 7 cm−1 in monolayer samples comprared to bulk as a result of increased in-plane

strain and reduced interlayer interaction [92], whilst at the same time a reduction

towards monolayer thickness coincides with increased lattice straining from substrate

interactions and stronger surface scattering of phonons, reducing the phonon lifetime

and thus increasing the FWHM via the [92]. Furthermore, the intensity of the E2g

Raman peak increases linearly with an increasing number of layers present within

the sample [6], see Figure 3.8 (b).

0 2 4 6
0

3

6

9
(b)(a)

Figure 3.8: (a) Raman spectra of hBN of different layer number, N , from monolayer (1L)
to bulk. (b) The change in integrated intensity, IT , with respect to the number of layers, N,
for the E2g Raman peak. Left inset: Illustration of the E2g phonon mode. (a) Taken from
[92], (b) adapted from [6].
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(b)(a)

Figure 3.9: (a) Position of the E2g peak for different values of N . (b) FWHM of the E2g

peak for different values of N . Taken from [92].

Overall, the E2g Raman peak is blue-shifted in monolayers with respect to the bulk

peak position, while the FWHM is inversely proportional to N. This, in combination

with the peak intensity dependance on N, allows for accurate identification of the

thickness of a given hBN sample.

3.1.3 Transition metal dichalcogenides

As discussed in Section 2.3, semiconducting TMDCs belong to the 2H polytype. In

general, this corresponds to four possible Raman active modes of vibration (as can be

seen in Figure 3.10), although only the E1
2g and A1g modes are usually experimentally

accessible as the E2
2g is at very low frequencies (at ∼ 30 cm−1, shifts less than 100

cm−1 are often filtered out) and the E1g is forbidden during backscattering events

which occur perpendicular to the c axis [231, 232].

The evolution of the Raman spectra for MoS2, WS2 and WSe2 as a function of the

number of layers is given in Figure 3.11. The E1
2g and A1g modes are clearly visible

as two low-frequency Raman peaks, and upon closer inspection it can be seen that

the positions of these depend upon the number of layers in the sample as is shown in

Figures 3.12 and 3.13.
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Figure 3.10: Illustration of Raman active modes within TMDCs. The black (red dashed)
lines represent covalent (vdW) bonding between the atoms. Adapted from [231].
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Figure 3.11: Example Raman spectra for (a) MoS2 (λ = 488 nm ), (b) WS2 (λ = 514 nm)
and (c) WSe2 (λ = 532 nm). Adapted from [233, 234, 235], respectively.

Overall, as the number of layers increases, the E1
2g (A1g) mode softens (hardens).

The contrasting behaviour of these modes are thought to be due to the balance

between increased vdW forces resulting in a blue-shift of the modes (due to increased

restoring forces by adjacent layers), whilst at the same time they are red-shifted by a

combination of long range Coloumb interactions and stacking induced changes in the
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Figure 3.12: Thickness-dependant peak position shifts for the E1
2g and A1g modes of (a)

MoS2 and (b) WS2, The 2LA(M) peak within (b) is a second-order mode which can appear
within WS2. Adapted from [233] and [236], respectively.
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Figure 3.13: Thickness-dependant peak position shifts for the E1
2g and A1g modes of WSe2.

The left axis represents the frequency difference between the bulk and sample E1
2g and A1g

modes. Adapted from [237].

lattice structure [238]. Therefore, in a similar manner to hBN, Raman spectroscopy

can easily be used to identify the thickness of a given TMDC sample by comparison

of the E1
2g and A1g peak positions in both the sample and in bulk.
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3.1.4 Talc

Because of the large number of atoms and complex structure of this material, talc

has an extremely rich Raman spectrum as is shown in Figure 3.14. [239].

Figure 3.14: Typical Raman spectrum for talc with λ = 457nm. Taken from [239].

Table 3.1 details the myriad of peaks present within the spectrum.

Table 3.1: Raman peak positions of talc and their relative intensities. The most intense
peaks are highlighted in bold. Adapted from [239].

Raman shift (cm−1) Intensity (a.u)

204 Weak
298 Weak
342 Weak
369 Strong
388 Weak
440 Medium
475 Medium
516 Weak
528 Weak
684 Very strong
797 Medium
3667 Medium
3684 Strong

As can be seen, there are three prominent peaks at 369 cm−1, 684 cm−1 and 3684

cm−1. However, there is little literature regarding the interpretation of the Raman
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spectrum of talc and so clear identification of the responsible vibrational modes

cannot be given here. Furthermore, as talc has only recently been considered a useful

2D material there have been no investigations into the use of Raman spectroscopy

for the identification of sample thicknesses.

3.2 Photoluminescence spectroscopy

Photoluminescence (PL) is light emission from matter after the absorption of photons.

In the case of semiconducting materials, an electron in the valence band absorbs a

photon of energy equal to or greater than the band gap energy, Eg, and transitions

into the conduction band, leaving behind a positively charged hole in the valence band.

The excited electron and hole undergo energy and momentum relaxation towards the

band gap edge (typically through either electron-electron or electron-phonon scatter-

ing), whereby they can then recombine and emit the scattered photon. Intra-band

relaxation of carriers generally happens before inter-band radiative recombination

can occur (∼ picosecond compared to ∼ nanosecond timeframes, respectively) [240],

meaning that radiative recombination always involves carriers at the band gap edge

and thus the wavelength of the emitted photon is independant of the initial excitation

energy. Therefore, in the simplest sense, PL spectroscopy can be used to determine

the band gap width of a given material through analysis of the scattered photon

wavelength. However, one often finds a number of other emission peaks unexpectedly

correlating to states within the band gap itself, and it is these peaks which are a

result of the interesting quasiparticles known as excitons.

3.2.1 Excitons

In materials with a sufficiently high (low) dielectric constant (effective carrier masses),

the absorption of an external photon may result in the formation of a bound electron-

hole pair known as an exciton, a neutral quasiparticle which can trasmit energy but

not charge throughout the crystal [241, 242, 243]. The electron-hole pair are bound

together via their attractive Coloumb interaction, and thus the total energy of the

exciton is lower than its unbound counterpart by an amount equal to this binding
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energy, Eb, as is illustrated in Figure 3.13.
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Figure 3.15: An illustration of the exciton energy level positions within the bandstructure
of an idealised semiconducting material.

Excitons are usually considered under two limiting approximations, one where they

are tightly bound together and are known as Frenkel excitons, and the other where the

bond between the electron-hole pair is very weak and they are known as Mott-Wannier

excitons.

Frenkel excitons: In a material with a relatively small dielectric constant, the

Coloumb interaction between the electron and hole may be strong and thus the

resultant exciton tends to be small. These excitons are tightly bound together and

localized on or near a single atom due to the small orbital radius of the electron-hole

pair [241]. Because of this, they are usually confined to a single unit cell of the

crystal and can only propagate throughout the crystal by means of hopping between

nearest-neighbours by virtue of the electronic coupling between them [241, 243].

Frenkel excitons are typically found in alkali halide crystals and molecular crystals,

and do not appear in any of the devices covered within this thesis.

Mott-Wannier excitons: In semiconductors the dielectric constant is generally

quite large. This screens the electron-hole Coloumb interaction and serves to increase
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the size of the overall exciton such that it has a radius many times larger than the

lattice spacing of the material and, to a good approximation, allows the exciton to

be modelled as hydrogen-like with the electron and hole orbiting their centre of mass

[243]. This results in a Coloumb potential term of

U (r) =
−e2

4πε0r
, (3.1)

where r is the electron-hole separation and ε is the dielectric constant of the semi-

conductor [241]. For a simple parabolic band structure at the conduction (valence)

band minima (maxima), this results in an excitonic energy dispersion, Eb (ni,K),

given by

Eb (ni,K) = Eg −Ry∗
1

n2
i

+
~2K2

2M
, (3.2)

where

ni = 1, 2, 3 ... (3.2a)

is the principle quantum number,

Ry∗ = 13.6 eV
µ

m0

1

ε2
(3.2b)

is the Rydberg energy, with µ = (memh) / (me +mh) being the reduced exciton mass

and

M = me +mh and K = kr + kh (3.2c)

are the translational mass and wave vector of the exciton, respectively [243].

The value of ni within eqn. 3.2a determines whether the exciton is found in the

ground state or in an excited state, as depicted in Figure 3.13, with the excited states

being situated closer to the conduction band edge. For ni = 1, eqn. 3.2 represents

the ionisation energy of the excition - that is, the energy required to separate the

electron-hole pair into free charges [241].

These equations represent the allowed energy levels of an exciton within a bulk

semiconductor and accurately reproduce many of the observed excitonic features

within the PL spectra of these materials [241]. However, it has also been observed
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that the basic excitonic properties of 3D semiconductors differ markedly from their

2D counterparts [193]. The real-space origin of this is shown in Figure 3.14.

(a) (b)

(c)

Figure 3.16: (a) Real-space representation of electrons and holes bound into excitons within
bulk and monolayer semiconductors. The dielectric constant of the environment for bulk,
monolayer and vacuum are indicated by ε3D, ε2D and ε0, respectively. (b) Schematic of the
impact of the reduced dimensionality and dielectric screening on the electronic and excitonic
properties manifested within optical absorption spectra. (c) Illustration of electron-hole
pairs forming 1s and 2s excitonic states in a non-uniform dielectric envrionment. Adapted
from [193].

Confinement of the excitons to two dimensions increases the binding energy by a

factor of four compared to the bulk [244], resulting in a 2D excitonic dispersion given

by [193]

Eb (ni) =
µe4

2~2e2 (ni − 1/2)2 . (3.3)

However, in addition to this confinement effect, the dielectric screening of excitons

within 2D materials is significantly reduced compared to the bulk, which further

warps the excitonic dispersion away from hydrogenic (eqn. 3.3) for small values of

ni. More specifically, the excitons in an excited state have a larger radius and thus

a greater proportion of the electric field joining the electron-hole pair is situated

outside of the atomic plane. Therefore, for large values of ni the dielectric screening

is effectively constant and the excitonic dispersion is represented by eqn. 3.3, see

Figure. 3.14 (c), whilst at low values of ni the dielectric screening is increased. This
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changes the electron-hole interaction potential from eqn. 3.1 to

U (r) = −πe
2

2r0

[
H0

(
r

r0

)
− Y0

(
r

r0

)]
, (3.4)

where H0 and Y0 are Struve and Bessel functions, respectively, and r0 is the screening

length, which defines the crossover length scale between the the 1/r Coloumb inter-

action at large electron-hole separations and a log(r) interaction at small separations

[193]. This modified interaction potential is responsible for the non-hydrogenic

excitonic dispersions observed in the PL spectra of some 2D materials.

The manipulation of excitons in solid-state devices holds great promise for the

realisation of efficient interconnects between optical data transmission and electrical

processing systems [195]. Although proof-of-principle exciton-based optoelectronic

devices have been demonstrated [245], they typically relied on the use of bulk

materials and cryogenic temperatures in order to function, being limited by the

small binding energy of the excitons present. In order to produce devices which can

operate at room-temperature, materials exhibiting excitons with both high binding

energies and long recombination lifetimes (i.e. diffusion lengths of the same order as

the device scale) are needed. The use of 2D materials, with their strong geometric

confinement and weak dielectric screening, has the potential to fill this niche [188].

3.2.2 Graphene and graphite

Graphene absorbs light in the near infrared to visible range, although the absence of a

band gap in prinstine samples means that when light is absorbed electron-electron and

electron-phonon interactions fully relax the system before exciton recombination can

occur, preventing any meaningful information from being gathered by PL spectroscopy

[246]. However, PL emission can be induced in graphene through the use of high

intensity laser pulses, which excite the carriers enough to allow them to thermally

stabilise amongst themselves, essentially becoming decoupled from phonons and

thus allow radiative recombination to take place [246]. Other means of inducing PL

from graphene involve the introduction of a band gap into the system through the

methods mentioned in Section 2.1.1, with resultant PL quantum yields ranging from
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0.5− 28 % depending on the method used [247].

3.2.3 Hexagonal boron nitride

The band gap width and exciton binding energy of multilayer (monolayer) hBN

was measured as 5.97 (6.1) eV and 0.7 (1.9) eV, respectively, using PL spectroscopy

[248, 249, 250]. Although having a large band gap makes hBN suitable for devices

such as high-efficiency ultraviolet emitters [251], excitonic excitation typically requires

the use of wavelengths outside the spectral window of most readily available laser

sources [250], limiting the practicality of hBN as an active medium in optoelectronic

devices.

3.2.4 Transition metal dichalcogenides

As discussed in Section 2.3.1, 2H-MX2 monolayers are semiconductors with a direct

band gap at the K/K’ points of the Brillouin zone. The valence band maximum here

is split into two branches (v1 and v2) due to spin-orbit coupling, allowing for two

primary optical excitations into the conduction band (c) to occur (i.e. Kv1 →Kc,

Kv2 →Kc). These “valley” excitons, labelled the “A” and “B” excitons depending

on which arm of the valence band maxima they originate from, eventually recombine

and result in two emission features within the PL spectra of TMDCs [97, 107] as is

illustrated in Figure 3.15.

It should be noted that the PL spectra of monolayer TMDCs within the literature

is varied and contradictory, with some authors reporting only a single PL peak

(corresponding to the transition between the highest valence band maximum and

conduction band minimum - the A-exciton) [107, 231, 253, 254, 255], whilst others

report two peaks [5, 252, 256, 257], with the relative intensities and subsequent inter-

pretation [255, 257] of these also showing significant variation between experiments.

This is due to two factors: firstly, the lowest energy transition channel, from the

highest split valence band to the conduction band minimum, is dominant within the

PL spectra and so the B-exciton peak is difficult to resolve; and secondly, both A-

and B- emission intensities can vary wildly between samples as a result of differences
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Figure 3.17: (a, b) Photoluminescence (PL) from monolayer MoS2 plotted in ct/ms and
normalised to the maximum emission intensity, respectively. (c) PL from monolayer WS2

where the inset shows emission from the B-exciton. (d, e) PL from monolayer MoSe2

plotted in ct/ms and normalised to the maximum emission intensity, respectively. (f) PL
from monolayer WSe2, where the inset shows emission from the B-exciton. Adapted from
[252].

in non-radiative recombination associated with the density of defects present [252].

Specifically for the latter, the PL quantum yield is expected to be proportional to

the ratio of radiative to nonradiative recombination times, where the second of these

depends heavily on defect density and thus a significant sample-to-sample variation

in the quantum yield is expected [252, 258]. Therefore, evaluation of the ratio of

A- and B-exciton emission intensities, I(A) and I(B), respectively, allows one to

qualitatively assess the sample quality, with low I(B)/I(A) indicating a prolonged

A-exciton lifetime and thus low (nonradiative) defect density [252]. Furthermore, the

indirect-to-direct band gap transition when moving from multilayer to monolayer

films facilitates a sudden enhancement of the PL quantum yield as phonon-mediated

excitonic recombination is no longer required for emission, therefore also provid-

ing qualitative information on the number of layers within a given TMDC sample

[107, 109].

To summarise the main features within the PL spectra of TMDCs, Table 3.2 highlights

the calculated band gaps (Eg), exciton emissions (A, B) and binding energies (EbA,
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EbB) for monolayer MoS2, MoSe2, WS2 and WSe2.

Table 3.2: The band gap, exciton emission and binding energies for monolayer MoS2,
MoSe2, WS2 and WSe2. All energies are given in eV. Theoretical values are given here to
provide a consistent comparison between materials. This is to compensate for absent data
in the literature as well as to remove variation in results arising from experimental design.
Data taken from [259].

Material Eg A EbA B EbB

MoS2 2.82 1.78 1.04 1.96 0.86
MoSe2 2.41 1.50 0.91 1.75 0.66
WS2 2.88 1.84 1.04 2.28 0.60
WSe2 2.42 1.52 0.90 2.00 0.42

The high binding energy of excitons within monolayer TMDC materials, which is

∼ 1− 2 orders of magnitude greater than conventional materials such as GaAs [188],

allow for strong light-matter coupling at room temperature and thus make TMDC

monolayers appealing candidates for future optoelectronic devices.

Environmental effects on the properties of TMDC PL spectra:

A high (low) effective dielectric constant in the environment surrounding the excitons

screens the Coloumb interaction between the constituent electron-hole pair and

decreases (increases) the exciton binding energy. This manifests as a change in peak

position for exciton emission within the PL spectra [260] as is shown in Figure 3.16

(a). Additionally, it has been observed that the direct band gap energy of TMDCs

depends on both the sample thickness and dielectric constant of the surrounding

medium [261], see Figure 3.16 (b).

Figure 3.16 (c) highlights the temperature dependance of the A-exciton and nega-

tively charged trion PL peak positions in monolayer MoSe2 [262]. As can be seen,

both features are red-shifted with increasing temperature reflecting the standard

semiconductor band gap dependance on temperature [265] (where thermal excitation

of phonons influences the amount of electron-phonon coupling present, thus influ-

encing the electronic dispersion). Furthermore, the relative intensities of these two

features also depends on temperature, with the trion emission becoming negligible

at moderate temperatures (> 50 K) due to electrons escaping the bound trion state

via thermal excitation [262]. Figure 3.16 (d) presents the shift in monolayer MoS2
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Figure 3.18: (a) The effect of dielectric screening on exciton binding energy within mono-
layer MoS2, where a trion is simply a positvely (negatively) charged exciton with an
additional hole (electron). (b) MoS2 theoretical direct band gap energy as a function of
the number of layers (1-4L) and adjacent dielectric screening where BN and G represent
monolayer hBN and graphene, respectively. BSE and GW represent two different theoretical
methods used to produce the data, whilst Expt. represents measured data points. (c) Neutral
A-exciton (black) and trion (red) peak positions versus temperature with fits (solid lines)
for monolayer MoSe2. (d) Evolution of the A-exciton peak position with uniaxial tensile
strain for monolayer MoS2 overlayed onto the expected theoretical shift (dashed line). (e)
Dependance on gate voltage of the source-drain current (dashed) and PL intensity of the
exciton and trion features for monolayer MoS2. Adapted from [260, 261, 262, 263, 264].

A-exciton peak position with applied uniaxial tensile strain. The feature undergoes

a linear red-shift at a rate of ∼ 45± 7 meV/%, reflecting a strain-induced reduction

of band gap width for this system [263]. Furthermore, the application of strain also

leads to a reduction in both the indirect and direct band gap widths at a rate of 94

meV/% and 59 meV/%, respectively. This in turn leads to an eventual direct-indirect

optical band gap transition at applied strains of ∼ 1.3± 0.6% and thus a subsequent

reduction in the intensity of the PL features [263]. Finally, Figure 3.16 (e) presents

the evolution of monolayer MoS2 PL spectra as a function of doping. This can

easily be achieved through the use of an applied back gate voltage and, as can be

seen, depending on the doping concentration new PL features may emerge. Positive

(negative) doping results in the formation of positively (negatively) charged trions,

each with their own peaks within the PL spectra [264]. Furthermore, the relative
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intensities of these emissions depend upon the doping concentration, with trion

emission only occuring at significant doping levels. Therefore, qualitative assessment

of sample purity can be done by comparison of the peak intensities with that of an

undoped flake [264].

Clearly, like Raman spectroscopy, the PL spectroscopy of TMDCs is affected by

a wide variety of external factors. This can allow for further insight into these

systems or simply be a detriment. In order to mitigate these variables and get insight

into intrinsic system properties, careful experimental design such as the choice of

substrate, device encapsulation and general purity controls must be used.

3.2.5 Talc

Talc is an insulating crystal with a large band gap of Eg ∼ 5 eV. Although information

regarding the PL spectra of both bulk and monolayer talc within the literature is

scarce, it can be assumed that it offers similar behaviour to hBN. Despite this, it

should be noted that the complex lattice structure of this material allows for easy

substitution by impurity atoms, see Section 2.4.1, which in turn introduce mid-gap

defect states into the electronic dispersion [239].

Subgap excitation, where the excitation energy is less than the band gap width, allows

these defect states to be detected using PL spectroscopy. Unlike the aforementioned

PL processes, where electrons are excited high into the conduction band before

relaxing to the band edge to recombine, in this case the electrons are first excited

into a virtual energy level (see Section 2.7.2) before subsequent decay into defect

states and eventual recombination.

This atom-like PL emission differs from conventional crystal PL in two ways: firstly,

the peak linewidth is reduced to reflect the discrete nature of the mid-gap states

and secondly, the peak intensity has a sublinear dependance on excitation energy

[239]. The former is a result of obedience to the uncertainty principle whilst the

latter reflects saturation of the defect levels due to their limited density of states as

opposed to the high density of states present in the crystal band structure (which

leads to linear dependance) [239]. The subgap PL spectrum of bulk talc along with
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its sublinear peak intensity dependance is shown in Figure 3.17.
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Figure 3.19: (a) Subgap PL spectrum of bulk talc and (b) the sublinear peak intensity
dependance on excitation energy. Solid lines represent a y = axα fit to the data, where
α < 1 indicates sublinear behaviour. Adapted from [239].

3.3 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy providing

sub-nanometre resolution of a material surface allowing the optical diffraction limit

to be bypassed without the need for expensive equipment or risk of damage to the

sample [266]. The AFM probe consists of a sharpened tip (typically with a radius

of curvature < 10 nm) mounted onto the free end of a Si or Si3N4 cantilever [267],

while the fixed end is mounted onto a motorized stage. The sample to be measured

is then fixed to the stage and positioned beneath the cantilever tip. When the probe

is brought into close proximity with the sample surface, forces (vdW, electrostatic

and magnetic dipole [268]) between the foremost atom of the tip and the surface

lead to a deflection of the cantilever which can then easily be detected through the

use of interferometry in conjunction with a laser focussed onto the free end of the

cantilever. A schematic of a typical AFM set-up is shown in Figure 3.18.

This gives AFM three major applications: force measuremeant, topographic imaging
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Figure 3.20: Schematic depicting the optical level detection system used in AFMs. Light is
reflected off of the cantilever and read on a detector as the probe is raster scanned across
the surface. Taken from [267].

and atomic manipulation. In force measurement, AFMs can be used to measure the

forces between the probe and sample as a function of distance (force spectroscopy).

This can be used to gather information about the mechanical properties of the sample

such as the Young’s modulus [61, 95, 134]. For topographic imaging, the probe can

be raster scanned across the sample surface. The deflection of the probe as a function

of its position can then be used to produce a three dimensional image of the sample

surface. Finally, atomic manipulation can be achieved by exploiting the attractive

forces between the tip and atom when they are in close proximity, allowing for control

over individual atomic positions even at room temperature [269].

There are three main modes of AFM measurement: contact mode; non-contact mode

and tapping mode.

3.3.1 Contact mode

In contact mode, the probe-tip is raster scanned across the sample surface whilst being

in physical contact with it. The resulting deflection of the cantilever therefore directly

corresponds to the surface topography. However, this method of measurement is

usually avoided for 2D systems as both the tip and sample experience high compressive

77



(due to tip-sample contact) and shear (due to lateral scan movement) forces which

can damage the sample, blunt the AFM tip and distort the topographic image [270].

3.3.2 Non-contact mode

Both contact and tapping modes result in sample damage. If this must be avoided

entirely then the non-contact mode of measurement should be used. This requires

the cantilever to be driven at its resonant frequency through the use of a piezoelectric

element in the cantilever holder. As the tip approaches the surface, attractive forces

between the two begin to take effect. The gradient of the force between the tip

and the sample modifies the compliance of the cantilever, inducing a change in

resonance frequency and thus a shift in oscillation amplitude. Measurement of this

vibration amplitude provides a feedback signal which can then be used to keep the

tip-sample distance constant as it is scanned across the sample surface, therefore

allowing topographic information about the surface to be extracted without contact

with the tip and thus preventing sample damage [271]. However, the use of this

technique in ambient conditions requires extremely responsive peizoelectric servos in

order to track the changes in tip-sample distance and prevent the tip from contacting

the sample accidentally, thus tapping mode is often chosen for ambient measurements

instead.

3.3.3 Tapping mode

Samples often develop a thin liquid meniscus layer across their surface when kept in

ambient conditions. If the performance of the peizoelectric servo is not sufficiently

high, then the tip will accidentally stick to the surface due to these meniscus forces.

To overcome this, the tip is vibrated at or near its resonant frequency and then

deliberately tapped against the sample before detaching again on each oscillation cycle,

provided that the oscillation amplitude is large enough to overcome the meniscus

forces present on the sample surface [270]. This changes the oscillation amplitude

of the cantilever, which can then be detected and used to modify the height of

the cantilever above the stage in order to keep the amplitude constant. Therefore,
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topographic information is inferred from changes in oscillation amplitude and thus

surface height with lateral position. As this is done with only periodic tip-sample

contact, sample damage is minimised.

3.4 Scanning electron microscopy

The scanning electron microscope (SEM) utilises electron scattering to form an image

of a sample surface and relies on the small de Broglie wavelength [272] (compared to

the wavelength of optical light) of the electrons to surpass the diffraction limit of

light and thus produce extremely high resolution micrographs. A schematic of an

SEM is shown in Figure 3.19.

(a) (b) (c)

Figure 3.21: Schematic of a typical (a) scanning electron microscope along with (b) the
sample-beam interactions which take place within it. Taken from [273]. (c) The mechanisms
for emission of secondary electrons (top), back-scattered electrons (middle) and x-rays
(bottom).

An electron gun (which is usually a W wire heated to ∼ 2500 ◦C [274]) undergoes

thermionic emission and provides a source of electrons which are then accelerated

towards the positively charged anode under high vacuum. A small proportion of

these electrons will move through the anode and be focussed to a small point just

a few nanometres in diameter on the sample surface by a series of magnetic lenses.

In addition to magnetic lensing of the electron beam, they also pass through a set
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of scanning coils which provide lateral deflection and allow the beam to be raster

scanned across the sample surface.

The electrons then penetrate the surface in a tear-drop shaped volume (known as

the interaction volume) whose dimensions depend upon the energy of the incident

electrons, the atomic masses of the elements within the sample surface and the

angle of incidence [274]. These high-energy electrons lose energy through repeated

scattering and absorption upon interaction with the sample, which in turn results

in the production of secondary electrons, Auger electrons, x-rays, heat and back-

scattered electrons, as is depicted in Figure 3.19 (c).

Of these emissions, secondary electrons are primarily used to produce micrographs

as they tend to be highly localised to the point of impact of the initial electron-beam

on the sample surface, and so allow images to be collected with an extremely high

resolution of ∼ 5 nm (when using a W source, although it can be as low as ∼ 1 nm

in certain situations) [274]. Back-scattered electrons are those incident electrons

which approach the atomic nucleus sufficiently closely to be scattered through a

large angle and re-emerge from the sample surface. They come from deeper within

the sample and so provide less resolution than the secondary electrons, although

they can be used to gain information about the elemental distribution within the

sample as elements of higher atomic mass produce points of higher contrast within

the micrograph [274]. This, in addition to x-ray and Auger electron emission (both

the result of ionisation of an electron from an atomic inner shell), can be used to

gather complete information on the distribution and identity of the different elements

present within the sample, respectively.

80



4. Experimental techniques

4.1 Abraded films

4.1.1 Manual abrasion

The general approach used to abrade thin films is shown in Figure 4.1.

(a) (b)

Figure 4.1: Fabrication routes used to produce heterostructures through mechanical abrasion
of vdW powders via a manual, direct write method.

Essentially, I make use of a viscoelastic polymer, namely polydimethylsiloxane

(PDMS), which is cut into 1 cm × 1 cm squares and then pressed into a bulk

vdW material powder (graphite, TMDCs or hBN). This ensures full adhesion of the

micron-sized powder particles to the PDMS surface and allows it to be used as a

writing pad. All of the powders investigated during this study adhere equally well to

the surface of the PDMS. The PDMS pad is then oscillated back and forth against

the substrate with vdW materials embedded between it. The key parameters which
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govern the abrasion process on different substrates include the surface roughness, vdW

material hardness (see Section 2.5.5) [275] and relative position on the triboelectric

series [276] between the vdW material and the substrate (electrostatic charging).

Subsequent deposition of material is then due to a friction-facilitated basal cleavage

of micro-crystallites within the bulk material powder as it is rubbed against layers

already adhered to the substrate, overall resulting in the deposition of a thin, abraded

nanocrystalline film. The thickness of the deposited material is controlled by the

rubbing time and force applied to the writing pad, as is discussed within Section

4.1.2.

To ensure that the vdW material is only written at selective locations, a tape mask

(using Nikko cleanroom tape) can be applied to the substrate before writing (although

this is not necessary with automated abrasion, unless < 5 mm pattern resolution

is required). After the design has been written, the tape mask is removed leaving

only the unmasked region coated in the vdW material, see Figure 4.1 (Steps 1-3).

This process can then be repeated using different vdW powders to build up bespoke

heterostructures, as is shown in Figure 4.1 (Step 4). An example of a set of vertical

heterostructures produced in this manner is shown in Figure 4.2.

(b)(a)

Figure 4.2: (a) An example of multilayered vertical junction photodetectors based on a
graphite/WS2/graphite architecture produced through fabrication route 1. (b) The same
architecture as (a) but this time produced through fabrication route 2, with the top graphite
electrode transferred from PMGI, which leads to a higher device yield.
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A limiting factor on device yield when directly applying a top graphitic electrode layer

was short circuiting, caused by deposition of the top graphitic electrode breaking the

barrier material layer underneath (i.e. WS2 for the devices in Figure 4.2). Moreover,

it appears that direct abrasion of graphite onto TMDCs and hBN frequently damages

the barrier material, likely due to the different materials’ mechanical properties,

while the reverse combination, e.g. TMDCs on graphite, are non-damaging. Recent

calculations [275] predict that graphite is significantly harder than MoS2, WS2 and

hBN, which may explain why the former so easily penetrates barrier layers made

out of the latter. In order to overcome this, I developed a separate fabrication route

(fabrication route 2 within Figure 4.1 (b)) allowing successful transfer of the final

abraded graphite top electrode. This is achieved by first abrading the graphite onto

a polydimethylglutarimide (PMGI) polymer layer, before spin-coating with 500 nm

polymethyl methacrylate (PMMA). The sacrificial PMGI layer is then subsequently

dissolved in a bath of MF319 developer leaving the graphitic film attached to the

underside of the PMMA layer, which can then be transferred directly onto the target

heterostructure.

After device fabrication, the films were characterised through a combination of optical

and Raman spectroscopy, electron transport, AFM and SEM in order to indentify the

surface roughness, film thicknesses and transport characteristics (see Section 5.1). The

entire fabrication process was always performed under ambient conditions, although

it could easily be reproduced in a controlled inert gas or high vacuum environment,

widening the scope of compatible vdW materials. It should be noted that not

all substrates are compatible with direct abrasion of graphite, although successful

abrasion can be achieved on a wide variety of substrates including (but not limited to)

polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), PMGI, PDMS

(both purchased films (Sigma Aldrich) and sheets made in-house), polyethylene

napthalate (PEN), PMMA, porous polyurethane (TegadermTM, available from 3M ),

aluminium, steel and paper. The approximate thickness (t) and average molecular

weight (〈Mw〉) of the polymers used are given in Table 4.1. The molecular weight of

the TegadermTM and PEN films are unknown as it is proprietary information.
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Table 4.1: Physical characteristics of the various polymer substrates used within this study.

Polymer t (µm) 〈Mw〉
PET 100 31,000

PTFE 100 60,000
PDMS (purchased) 100 95,000
PDMS (in-house) 1000 95,000

PEN 125 N/A
PMMA 500 950,000

TegadermTM 100 N/A

However, all other materials investigated in this study were compatible with SiO2

as well. This is likely due to the surface chemistry and roughness of the different

substrates, and particularly in how these parameters interact with the hardness of

the material being deposited. It should also be noted that no prior treatment of the

substrate is required for strong adhesion of the vdW material.

4.1.2 Automated abrasion

To better quantify the abrasion process, a CNC micro engraver system was modified

to study the effect of force, feed rate and the sheet resistance as a function of the

number of write passes. Figure 4.3 (a) shows the modified CNC 3018 Pro milling

machine used.

The CNC drill bits were enveloped in a thin cap of PDMS covered in the vdW material

of choice and then used to abrade onto a PET substrate in a pre-programmed pattern.

To do this, PDMS was created in-house by mixing a 10:1 ratio of silicone elastomer

base to reactive fluids, respectively. The mixture is left for one hour in order to

degas. It can then be covered in several layers of Al foil through which the drill

bits are pressed. The tension in the Al foil serves to keep the drill bits upright and

suspended in the PDMS mixture during the curing process, see Figure 4.3 (b). The

PDMS is then baked at 80 ◦C for three hours until cured. Afterwards, a scalpel is

used to remove the drill bits and shape the PDMS cap (typically cut to be ∼ 2 mm

thick on all sides), see Figure 4.3 (c). The PDMS cap is then covered in a vdW

material (by pressing the PDMS into the bulk powder), as is shown in Figure 4.3 (d),

and then used to write the pattern of choice. Subsequent layers of material can be

84



(a) (b)

(c) (d)

(e)

Figure 4.3: (a) Modified CNC 3018 Pro milling machine. (b) Method used to produce a
PDMS-capped drill bit. (c, d) PDMS-capped drill bit before (c) and after (d) covering with
graphite powder. (e) Image showing the colour of the abraded graphite as the thickness
increases (indicated by the number of write passes, 1-7).

abraded by simply exchanging the PDMS-capped drill bit for another and repeating

the process, allowing for the formation of a heterostructure. The drill was set to 100

rpm in the production of all devices. As in the manual abrasive method, the entire

procedure was conducted in ambient conditions.

Calibration procedure: Figure 4.4 (a) illustrates the abraded graphite sheet

resistance as a function of the “number of passes”, N . This refers to the number of

times that each abraded film was patterned in order to increase its thickness. As

expected, the sheet resistance generally decreases as the thickness of the abraded

graphite increases, to as low as 50 Ω/sq at 7 passes. However, it should be noted

that a single pass alone is not enough to abrade a continuous graphitic film and

thus no conduction is seen in these samples, similar to how the writing pad must

be continually oscillated across the substrate for a prolonged period of time during

the manual abrasion process. For both samples the sheet resistance spikes at 3

passes. This may be due to damage of the initial abraded film upon the second and

third pass, which is then repaired as more graphite is added on subsequent passes.

Figure 4.4 (b) illustrates sheet resistance as a function of force applied between the
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Figure 4.4: (a) Sheet resistance, Rs, as a function of the number of write passes, N , used
to abrade a set of graphite films. (b) Sheet resistance as a function of force applied by the
PDMS-capped drill bit to the PET substrate and feed rate (in mm/min).

PDMS-capped drill bit and the PET substrate, F, for two different feed rates. For

each feed rate the sheet resistance spikes for an intermediate applied force of ∼ 0.75

N. Application of forces larger than ∼ 1 N consistently caused the underlying PET

substrate to tear, and was particularly present for feed rates > 300 mm/min.

Calibration of the automated abrasion process in this manner allowed for the pro-

duction of complex device architectures without damage to the heterostructure, see

Section 5.1.

4.2 Abraded device designs

4.2.1 Photodetectors

The photodetector device architectures investigated during this study are illustrated

within Figure 4.5.

Figure 4.5 (a) shows a simple photodetector device made entirely from abraded

vdW powders. It consists of a graphite channel abraded onto a PET substrate

(which is optically transparent). The centre of this channel is then thinned down

by back-peeling with specialist tape in order to increase the transparency in this
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Figure 4.5: (a) A simple double-layered photodetector consisting of a transparent graphitic
channel overlaid with TMDC nanocrystals. (b) A complex multilayer heterostructure with
a top graphite electrode produced via fabrication route 2. (c) A third device architecture,
this time using a transferred, CVD-grown graphene layer as the transparent top electrode.

region (to ∼ 40 %) and allow light to reach the graphite/TMDC interface. A TMDC

layer (MoS2, MoSe2 or WS2) is then abraded on top of the graphite channel. Upon

illumination, photoexcited carriers within the abraded TMDC layer transfer into the

abraded graphite layer, resulting in a change of the free charge carrier density and

thus a change in the electrical conductivity. Application of a voltage, V , between

the ends of the electrode allow the current through the sheet to be measured, and

thus the photoresponsivity of the entire device to be determined.

A more complex, multilayer heterostructure is shown in Figure 4.5 (b). Here, a second

TMDC is abraded onto the first with a secondary top electrode transferred on top of

the stack (via fabrication route 2) to produce a graphite/TMDC/TMDC/graphite het-

erostructure. Finally, a third architecure was utlised with the form Au/TMDC/graphene.

By replacing the bottom and top electrodes with Au and transferred, highly trans-

parent and conductive CVD-grown graphene, respectively, characterisation of the

abraded TMDC alone can be achieved. The CVD grown graphene is monolayer,

and purchased from 2D Semiconductors. The fabrication was carried out as follows:

PMMA was spin coated onto CVD graphene on copper, a tape window was then
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attached and the copper etched away in a 0.1 M aqueous solution of ammonium

persulfate (APS), which nominally took 6 h. The CVD graphene was then trans-

ferred through two beakers of deionised (DI) water (>8 M Ohm cm) to remove excess

APS. The graphene/PMMA membrane was then transferred onto the target device

completing the heterostructure. The device along with CVD graphene/PMMA was

baked for 1 h at 150 °C to improve the mechanical contact of the CVD graphene

with the abraded nanocrystal films. In both of these architectures, the presence of a

secondary electrode allows for the application of a back gate voltage, Vb, between

the two. This can be used to modulate the charge transfer rate through the device

and thus optimise the photoresponsivity.

The parameter of interest for these devices is the photoresponsivity, general measure-

ment technique used is as follows: in order to characterise the photoresponsivity of

these devices a fibre coupled white light source with an output power of 1.4 W at

the fibre tip is used to excite the photoactive layers. The incident white light power

density at the sample surface depends on the separation distance between the fibre tip

and the surface, and is listed for each experiment in the relevant section of Chapter

5. Electron transport measurements both with and without white light excitation

were carried out using a KE2400 source-metre which simultaneously applies a bias

across the source and drain electrodes (and gate electrodes where relevant) whilst

measuring the current. Photoexcitation of carriers within the active layer of the

abraded photodetectors results in modulation of the charge carrier density (with

the mechanism depending on device architecture, see Section 5.1.2) which in turn

increases the current measured by the source-metre. The difference between the

current both with and without white light excitation is known as the photocurrent, Ip,

and, when used in conjunction with the known incident power, P , allows calculation

of the device photoresponsivity, R, with

R =
Ip
P
. (4.1)
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4.2.2 Triboelectric nanogenerators

As discussed within Section 2.5.4, triboelectric nanogenerator (TENG) devices rely

on the use of two materials at opposite ends of the triboelectric series [197]. Recently,

it has been demonstrated that one strategy for enhancing the power output of a

TENG relies on the use of multilayered structures. In the case of abraded films, this

involves the introduction of charge trapping layers such as MoS2 which increase the

magnitude of the induced charge per unit area and thus enhance the power output

[199, 201].

Figure 4.6 shows a schematic for the operation of a simple abraded TENG charg-

ing/discharging cycle. Here, the TENG electrode is comprised of a PET substrate

and an abraded nanocrystal film or multilayer stack of abraded 2D materials. The

entire TENG is then composed of an Al hammer (wrapped in PTFE tape) with a

fluorinated PDMS polymer placed on top of the abraded vdW electrodes. PDMS

and PET were chosen as the triboelectrically active layers due to their positions on

the triboelectric series; fluorination of the underside of the PDMS was completed in

order to increase its electronegativity and thus enhance the triboelectrically-induced

surface charge density [199] (which was done using a reactive ion etcher (see Section

4.3.4) with CHF3 as the active gas, at 30 mTorr gas pressure, 50 W rf level and

a 6 minute etch time); the induction layer was being investigated and was chosen

as any semiconducting abraded TMDC and abraded graphite was chosen as the

electrode in order to keep the entire device as scalable as possible. Manual abrasion

of graphite followed by the chosen TMDC layer was completed on a PET substrate.

The graphite layer was then contacted using Ag epoxy and Cu adhesive tape to allow

for measurement of TENG characteristics. A pre-made and fluorinated PDMS layer

was then placed on top of the stack before the PTFE-coated hammer was brought

into contact.

The operation of the device can be explained as follows: contact between the PTFE-

coated hammer and the PDMS layer results in charge transfer via the triboelectric

effect. Whilst they are in contact the system remains electrically neutral (Figure 4.6,

process 1). Upon release and separation, the abraded electrode (a graphite/MoS2
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Figure 4.6: Schematic showing the evolution of charge within an abraded triboelectric
nanogenerator during a charging discharging cycle. Central inset: schematic of the circuitry
used to measure the TENG power output.

multilayer) is electrostatically induced by the negatively charged PDMS layer, and at

this moment free electrons within the electrode move towards ground corresponding

to a negative current (Figure 4.6, process 2). After a short while, when the PTFE-

coated hammer has come to a standstill, electrostatic induction of the abraded

electrode ceases and the current returns to zero (Figure 4.6, process 3). Finally, when

the PTFE-coated hammer re-approaches the PDMS layer, electrons are drawn from

the ground back into the TENG electrode and thus a positive current is observed

(Figure 4.6, process 4), and so the cycle repeats. The abraded electrode can then be

used to charge a capacitor placed in series and thus store energy, as is shown in the

central inset of Figure 4.6.

4.2.3 Strain sensors

A thin, abraded graphite film consists of discrete micron-sized particles spread out

across a substrate surface. In order to conduct electricity, there must be a continous

conduction pathway from one end of the film to the other. This can generally be

accomplished in one of two ways: (1) the abrasion process can continue until sufficient

graphite has been deposited to form a continous film or (2) force the graphite crystals
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to make contact with each other by physically moving them. The latter can be

accomplished by straining the system. If the unstrained film already has sufficient

graphite to conduct then the application of compressive strain will open additional

conduction pathways and thus enhance the conductivity of the film. Likewise, if

tensile strain were to be applied instead, then the graphite crystals would be forced

apart, removing conduction pathways and hence lowering the conductivity of the

sheet.

Figure 4.7 (e, f) shows the bespoke bending rig set up (designed using SolidWorks, a

computer assisted design and modelling software, see Appendix) which was used to

apply uniaxial strain to the devices within this study.

Fixed 

clamp

Free 

clamp

(a)

(c)

(b)

(d)

(e)

(f)

Figure 4.7: (a) Image showing an abraded graphite/MoS2 heterostructure on a PET
substrate under tensile strain. (b) The same device as in (a) but under compressive strain.
(c) An example of a device strained beyond the elastic limit and (d) the resultant plastic
deformation. Inset: damage to the abraded heterostructure.

These devices were typically a graphite/TMDC heterostructure adhered to a 0.5 mm

thick, flexible PET substrate. They were held in place by two clamps, one of which is

fixed in position to the underlying plate while the other is free to move. An Actuonix

L16 Micro Linear Actuator is used to push the free clamp forwards in order to bend

the sample and apply strain. Dovetail grooves are used to ensure the free clamp can

only move parallel to the direction of the actuator arm. The actuator is driven by a
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DC voltage pulse controlled by the VI software (LabVIEW) and the distance moved

by the clamp can then be measured and used to calibrate the rig. The distance

moved and therefore strain applied can the be accurately controlled by tailoring

the duration of the voltage pulse applied to the actuator, with the direction moved

also being controlled by the polarity of the applied potential. Conducting copper

tape, pressed firmly onto the devices by the clamps, is used to provide electrical

contact for two-terminal measurements. A KE2400 source-metre is used to apply a

bias potential between the source and drain electrodes (with the magnitude applied

given in the relevant results section) and measures the resultant current moving

through the abraded channel. The strain applied to the channel is controlled whilst

measuring said current, allowing the current-strain response to be measured for the

device of interest.

4.2.4 Pressure sensor

Recently, there has been significant research effort into creating portable, lightweight

and comfortable pressure sensors, with the primary goal being the creation of wearable

heart rate monitors for the diagnosis of disease [277, 278, 279]. Many of these rely

on the use of single crystal transistors [280], structured piezoresistive sensors [281] or

commercially available carbon-based resistive rubber [282]. This study instead opts

for capacitive pressure sensing via abraded graphite powder on TegadermTM film (a

flexible polyurethane substrate, 0.1 mm thick), which can then be directly mounted

onto a wrist in order to detect a pulse. A schematic of the abraded capacitor design

is illustrated in Figure 4.8.

Bulk graphite powder was abraded onto two separate TegadermTM membranes using

the automated abrasive method described in Section 4.1.2 to serve as the upper and

lower electrodes of the capacitor. The graphite electrodes were then contacted using

copper tape along with conductive silver epoxy to improve the electrical contact

between the tape and the abraded graphite. The two individual TegadermTM films

were then stacked with a separating dielectric barrier layer made from either a PDMS

sheet (produced in house, see Section 4.1.2) or another TegadermTM membrane. A
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(a)

(b)

Figure 4.8: (a) Illustration of a wearable, abraded capacitor. (b) Architecture of the
capacitors, where the barrier layer was chosen as either a thin sheet of PDMS or another
TegadermTM film.

final TegadermTM layer was then added to encapsulate the entire capacitor device

and protect it from the environment. Capacitance spectroscopy was performed

using a Rhode and Schwarz, Hameg HM8118 LCR Bridge. In order to measure the

responsivity of the capacitors to external pressure, steel discs of mass m = 3.56 g

and contact area A = 12.56 cm2 were stacked onto surfaces of the capacitors whilst

measuring the resulting change in capacitance.

4.2.5 Thermistors

Using the automated abrasion process it is possible to produce flexible, wearable

thermistors as well. Bulk MoS2 powder was mixed with graphite powder in varying

concentrations, specifically MoS2:graphite ratios of 10:90, 30:70, 50:50, 70:30 and

90:10. The composite powders were abraded into strips and contacted at either

end using copper tape and conductive silver epoxy. Using a hotplate to control the

temperature of the abraded film the current-voltage characteristics were measured

at a number of different temperatures (ranging from ∼ 30− 70 ◦C). The tempera-

ture was monitored using an ADS1115 16-Bit ADC chip connected to a standard

thermistor bonded to the samples using thermally conductive tape, whilst electrical
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measurements were carried out using a KE2400 source-meter. This data could then

be used to extract the change in sheet resistance as a function of temperature It

should be noted that the sample with a 90:10 ratio of MoS2:graphite did not conduct

within the applied bias range used throughout this study, and so the temperature

response for this mixture was not taken.

The bulk MoS2 powder used is an n-type semiconductor and thus provides a tem-

perature dependant conductivity which can, with a graphite-facilitated reduction in

channel resistance, easily be exploited to produce a significant temperature response

within the abraded films. This is because transfer of charge carriers from the MoS2

conduction band into the conduction band of graphite at the MoS2/graphite flake

interfaces within the abraded films serves to modulate the driven current as a function

of temperature. Therefore, the addition of conductive graphite powder allows for

an amplified temperature response at significantly lower bias voltages. For each

mixture investigated, the channels were contacted using conductive Ag epoxy and

adhesive Cu tape. This in turn allowed for application of a bias potential across the

channel using a KE2400 source-metre whilst measuring the resulting current, allowing

the thermistor devices to be electrically characterised. Temperature measurements

were taken using an ADS1115 16-Bit ADC chip connected to a standard thermistor

bonded to the samples using thermally conductive tape.

4.3 Exfoliated heterostructures

4.3.1 Mechanical exfoliation

The graphene, hBN, TMDC and talc samples used within this portion of the study

were produced by mechanical exfoliation as this method consistently produces large,

high-quality single-crystal flakes with length scales between 1-100 µm. To begin

with, the substrate, which is usually a 0.5 mm thick Si base with a 300 nm thick

SiO2 oxide layer on the top and bottom surfaces, is cleaned first in acetone and then

isopropyl alcohol (IPA) within a sonicator, for 10 minutes at each step, before drying

with nitrogen gas. Acetone is required in order to remove unwanted hydrocarbons
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from the substrate surface, although if left to dry the solvent can leave hard-to-

remove residue behind. This is why immediate transfer of the substrate into the

IPA bath is required, to disperse the acetone and to ensure that after the second

step of cleaning the substrate returns to its normal state. Once the substrate is

dried it is immediately transferred into a reactive ion etching (RIE) machine which

pre-treats the SiO2 surface with an oxygen-argon plasma to remove any remaining

contaminants. Afterwards the substrate is heated to 90 ◦C on a hot plate and, whilst

this is happening, crystal fragments of the material of choice (graphite, hBN etc.)

are cleaved away from the bulk material using two sheets of low-tack cleanroom tape.

The tape is repeatedly pressed together and separated (∼10 times) to disperse the

material across a large area before being pressed down onto the substrate surface

for one minute. Slow removal of the tape exfoliates the material onto the substrate

ready for identification. The time between plasma treatment and exfoliation should

be minimised in order to reduce the density of contaminants present on the substrate

surface beneath the sample.

4.3.2 Flake identification

Suitable flakes are initially identified using an optical microscope. On a generic

substrate identification of monolayer and few-layer samples would be difficult due

to having a reduced optical contrast as a result of their thickness. This is why

Si/SiO2 substrates with a controlled oxide layer thickness are often used during the

initial identification step, as the reflective Si and transparent SiO2 creates thin film

interference at visible wavelengths, resulting in constructive interference between

light which reflects off of the flake and that which reflects from the underlying Si, see

Figure 4.9 (e), increasing the contrast and allowing for approximate identification

of flake thicknesses by eye [283, 284, 285]. However, the presence of contaminants

can alter the separation distance and alter the contrast [6, 286], and so contrast

measurements should not be used to conclusively determine sample thicknesses.

Figure 4.9 (a), (b) and (c) highlight the change in optical contrast with thickness

for graphene, MoS2 and WSe2 on a Si/SiO2 substrate with similar oxide thicknesses,
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Figure 4.9: Variation in optical contrast for 2D materials on Si/SiO2 substrates. The
number of layers present in each case is indicated below the image (monolayer being 1L,
and so on). (a) Graphene of different thickness on a Si/SiO2 substrate with a 285 nm thick
oxide thickness. (b) MoS2 of different thickness on a Si/SiO2 substrate with a 300 nm thick
oxide. (c) WSe2 of different thickness on a Si/SiO2 substrate with a 300 nm thick oxide
thickness. (d) Calculated optical contrast as a function of the wavelength of the incident
light and thickness of hBN for a 282 nm thick oxide layer. (e) Optical path length, L, and
its difference, ∆h, between light reflecting from the surface of an exfoliated 2D material
and that which is reflected from the underlying Si. (a), (b, c) and (d) were adapated from
[283], [285] and [284], respectively.

respectively. Figure 4.9 (d) shows the calculated optical contrast as a function of

incident wavelength and hBN thickness. In all four cases, as the exfoliated material

becomes thicker the contrast increases, which can be enhanced further through

an appropriate choice of wavelength for the incident light. Although initially the

difference between mono- and bilayer materials, for example, is difficult to see,

with experience the eye can be trained to quickly identify flake thicknesses by their

contrast. This is useful as, due to the large number of flakes exfoliated and random

distribution of thicknesses, characterising each flake precisely using methods such as

Raman spectroscopy (see Section 3.1) or AFM (Section 3.3) becomes impractical.

Optical contrast identification therefore allows one to quickly create a subset of

potentially suitable flakes from the set of all exfoliated flakes, which can then be

further reduced using the aforementioned, more precise, identification methods. In

particular, Raman spectroscopy was carried out using 532 nm excitation at 1 mW
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laser power, which was focussed into a 1 µm diameter spot.

4.3.3 Transfer processes

In order to build high quality vertical heterostructures an all-dry transfer process

was used [12]. Mechanical exfoliation of the bottom layer of the heterostructure onto

an acceptor substrate is completed as discussed in the Section 4.3.1. Additional

layers are built up by first exfoliating each individual material onto a transparent

polymer layer, namely PDMS, which is in turn adhered onto a glass slide. The

PDMS is a viscoelastic material, meaning that it behaves as an elastic solid when

deformed over short timescales and can flow when deformed over long timescales. An

optical microscope is used to identify appropriate flakes from their contrast, although

this is more difficult due to the transparent nature of the PDMS. Once a suitable

flake has been identified, the glass slide is mounted upside down onto a motorised

stamping stage in order to allow sub-micrometre control of movement in the x-, y-

and z-directions, along with that of lateral rotation. The acceptor substrate is then

fixed in position on the stamping stage. A secondary optical microscope is used

in conjunction with the motorised stage to align the flake adhered to the PDMS

with that adhered to the acceptor substrate by looking through the transparent

PDMS, and the two are carefully brought into contact. By slowly peeling off the

PDMS from the surface, the viscoelastic material detaches and releases the secondary

flake which preferentially adheres to the flake on the acceptor substrate. The entire

dry-transfer technique is illustrated within Figure 4.10 (b). Repeating the transfer

process allows for the creation of bespoke vertical heterostructures with atomic-layer

thicknesses. As discussed in Section 2.5.1, self-cleaning along the interface ensures the

production of high-quality devices, although the process is extremely time-consuming

and cannot be scaled up. All transfer procedures during this study were completed

in a cleanroom at 23 ◦C ± 1 ◦C with a humidity of 55 % ± 5 %. This stacking

technique was chosen as wet-transfer methods often results in contamination and

sample damage due to capillarily forces upon removal of the transfer polymer [12].
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(a) (b)

Figure 4.10: Dry-transfer setup and process. (a) Schematic diagram of the experimental
setup employed during the all-dry transfer process. (b) Diagram of the steps involved in the
preparation of the viscoelastic stamp and the deterministic transfer of an atomically thin
flake onto a user-defined location. Image taken from [12].

4.3.4 Etching and contact deposition

Electrical contacting of the sample first requires spin-coating of ∼ 200 nm of PMMA

(950K) across the substrate surface, sample included, which is then cured by heating

to 130 ◦C for 10 minutes on a hot plate. PMMA resist is chosen as it allows for

high (∼ 1 nm) resolution patterning via electron beam lithography. A computer

aided design software (AutoCAD) is used, in conjunction with optical micrographs

collected during the identification and assembly stage, to create an electron beam

writing pattern scaled to the substrate using Au calibration markers which are used

to define the contact geometry, see Figure 4.10 (a). The contacts edges are designed

to run parallel with each other as well as having at least 1 µm of overlap between

the metal and material to ensure good electrical contact. The PMMA-coated sample

is then placed in an electron beam lithography machine which accelerates electrons

towards the surface (in the same manner as SEM, see Section 3.4) with an 80 kV

potential and beam current of ∼ 10 nA through a vacuum. Bombardment by these

high-energy electrons depolymerises the long-chain PMMA molecules in the regions

specified by the writing pattern (as PMMA is a positive resist) and allows for the
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PMMA here to be removed in a developer composed of IPA and methyl isobutyl

ketone (MIBK) in a 15:1 ratio, leaving it exposed to the environment whilst the

remainder of the substrate is covered in PMMA, as is shown in Figure 4.11 (b). To

prevent overdevelopment the substrate is submerged in the developer for one minute

before transferring into an IPA bath and then drying with nitrogen gas.

(a) (b) (c)

(d) (e) (f)

Figure 4.11: Etching and contact deposition process for a graphite/talc/MoS2 vertical
heterostructure. (a) AutoCAD image of the device (taken under a green light filter), with
graphite, talc and MoS2 outlined in red, blue and orange, respectively. The writing pattern
used to designate contact geometry is shown in yellow. (b) The device after electron
beam lithography and removal of depolymerised PMMA in the contact regions. (c) After
deposition of Cr/Au metal used to contact the MoS2 layer, with the PMMA sacrificial layer
removed. (d) AutoCAD image showing the designated region to be etched in yellow. (e)
Exposed etch region after electron beam lithography. (f) After etching the MoS2, with the
sacrificial PMMA layer removed.

Once the contact regions are exposed the sample is placed within a thermal evaporator.

This machine is composed of a large vacuum chamber (∼ 10−6 mbar is required in

order to reduce evaporation temperatures, and to ensure ballistic travel towards

the sample and thus even deposition), a crucible which holds the material to be

evaporated and a quartz crystal microbalance (QCM). Current is passed through the

crucible which Joule heats the contacting metal, causing it to evaporate and diffuse

across the vacuum chamber towards the sample whereby it cools and forms a thin

film. The rate of diffusion is controlled by the temperature and thus applied current,

whilst the film thickness is monitored via the change in resonant frequency of the
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QCM as the metal adheres to it. When the desired thickness is achieved a shutter is

closed across the sample to prevent further deposition and the current applied to

the crucible is slowly reduced to zero in order to prevent crucible damage through

thermal shock.

Gold is both chemically inert and has high electrical conductivity, making it an ideal

contacting metal. However, it is well known that it does not adhere well to SiO2 and

so a wetting layer, usually just a few nanometres thick, must be used as well. It is

for this reason that Cr/Au contacts are used within this study with thicknesses of

5/50 nm. After deposition, the entire substrate is then submerged in acetone and

left for ∼ 24 hours in order to dissolve the remaining PMMA and allow for the thin

metallic film, which covers the entire substrate and not just the exposed regions,

to be lifted off. As the contact metals adhere strongly to the substrate, the lift-off

process does not remove material from the exposed regions. The final result is shown

in Figure 4.11 (c).

To selectively etch away a region the process is repeated (see Figure 4.11 (d, e)),

but after development of the PMMA the sample is placed within a reactive ion

etcher (RIE) which uses a mixed plasma (typically composed of O2 and Ar ions)

to bombard the exposed flake. This causes the sample surface to sublimate, with

the amount removed depending on the incident energy of the plasma (controlled

via an accelerating electric field), the exposure time and the constituent ion species.

This is shown in Figure 4.11 (f), where an area of MoS2 monolayer has been etched

away in order to isolate the active region. Additonal uses of RIE include removal

of heavily contaminated areas and shaping of the sample to aid in future electrical

characterisation (such as in resistivity measurements).

4.3.5 Device designs

Field-effect transistors

The field-effect transistor is the fundamental building block of modern integrated

circuits in which they are used for information processing and storage [287]. FETs

typically have at least three contact terminals designated as source, drain and gate,
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and in principle rely on controlling the current flow through a channel material by

applying a potential to the gate electrode through a separating dielectric barrier in

order to modulate the channel conductivity. As discussed within Section 2.3.2 and

2.4.2, respectively, the creation of the next generation of FETs requires optimisation

of both the channel and dielectric barrier materials in order to improve electrical

performance. It is for this reason that this study investigates the use of TMDC channel

materials in conjunction with the promising alternate dielectric barrier material known

as talc in order to characterise and compare their electrical performance against

recent 2D FETs within the literature. The general FET structure used is illustrated

within Figure 4.12.

Vg

A

Vsd

TMDC

Talc

Graphite

Au contacts

Figure 4.12: Illustration of the back-gated FET structure used within ]this study.

It is a graphite/talc/TMDC vertical heterostructure assembled using the dry-transfer

technique discussed within Section 4.3.3. The TMDC channel materials chosen

were MoS2 and MoSe2 in order to measure both unipolar and ambipolar transport

behaviour. In all cases a talc dielectric barrier layer is used in addition to a conductive

graphite flake to allow for application of the potential between the channel and

graphite layers. The TMDC channel and graphite layers were then contacted using

the method described in Section 4.3.4. Electrical measurements were performed using

two KE2400 sourcemeter in a two-terminal configuration in an inert He atmosphere,
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one to provide source-drain bias and another to bias the graphite gate electrode. In

order to reduce noise within the measurement signal a 7265 DSP Lock-in amplifier

(operating frequency of 1 kHz) was used.

Photoluminescence

In order to investigate the photoluminescence (PL) properties of talc, the PL emission

spectra of TMDC/talc heterostructures were compared to that of exfoliated TMDC

on a standard SiO2/Si substrate. Micro-PL measurements were carried out at 300 K

and 4 K using 532 nm laser excitation with varying laser power. The samples were

placed within an Attocube positioner inside of a He flow cryostat, while the incident

laser was focussed using a 50x Attocube objective lens within the cryostat resulting

in a 4 µm diameter spot size at the sample surface. The incident laser would then

result in the formation of excitons within the TMDC material, which then recombine

and release PL emission. This PL emission is then collected and focussed onto a

Spectra Pro 300i spectrometer coupled to a PyLon Princeton instruments Si CCD

in order to build up the recorded spectrum, while reflected laser light is filtered out

using a band pass filter.

4.4 Photodetector operating principles

The operating principle of the abraded photodector devices rely on either the

photoconductive or photovoltaic effect, depending on the architecture of the device

in question. The difference between the two is simple: photoconductive detectors

use the increase in electrical conductivity resulting from increases in the number of

free carriers generated when incident photons are absorbed; photovoltaic detectors

use separation of photoexcited excitons in the vicinity of a p-n junction due to the

inherent electric field at this location to modulate a current moving through the

device.

Planar architecture: An example of a planar abraded photodetector is given in

Figure 4.5 (a). Here, incident photons pass through the transparent PET substrate
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and thinned graphite channel and are absorbed in the TMDC layer, whereby an

exciton is created and, in the presence of an applied potential, is in split into its

constituent electron/hole and injected into the graphite/Ag epoxy, respectively. This

is illustrated within Figure 4.13.

(a) (b)

(c) (d)

Φgraphite ~ 4.6 eV

ΦTMDC ~ 5.2 eV
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Figure 4.13: Illustration photoconductivity-based detection of light using a planar abraded
photodetector composed of graphite/TMDC and an Ag epoxy contact. (a) The band diagrams
of the component layers before contact, (b) after contact with Vb = 0, (c) after contact with
Vb < 0 and (d) after contact with Vb > 0.

As can be seen, the inherent differences in work function for the component materials

in this example lead to charge transfer into the TMDC at the interfaces with both

the abraded graphite and the Ag epoxy. This leads to the formation of a p/n/n/p

structure across the device, shown in (b), and thus there is no intrinsic electric

field, Ēin, present across the TMDC. Therefore, absorption of an incident photon

within the TMDC layer leads to the creation of an exciton as usual, but the lack

of Ēin prevents the electron-hole pair becoming separated in space and thus they

quickly recombine and re-emit the light. If a negative bias is applied across the

device, the TMDC band structure is re-aligned as shown in (c). In this situation

the photoexcited electron-hole pair are separated by the external electric field which

permeates the device and are injected into the graphite or Aq epoxy, respectively,

leading to a negative photocurrent. Conversely, if a positive potential is applied then
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a positive photocurrent is obtained. As this modulation of photocurrent is due to a

change of charge carrier density, it is a photocondutive effect which allows for the

detection of light.

Vertical architecture: An example is a vertical photovoltaic device is shown in

Figure 4.5 (c). In this device, photons pass through the CVD graphene and are

absorbed in the abraded TMDC layer. As is shown in Figure 4.14, unlike in the

previous example the inherent work function difference at each interface facilitates

the creation of a intrinsic potential difference across the TMDC layer even when

Vb = 0, as is shown in (b).
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Figure 4.14: Illustration photovoltaic-based detection of light using a vertical abraded
photodetector composed of graphene/TMDCAu. (a) The band diagrams of the component
layers before contact, (b) after contact with Vb = 0, (c) after contact with Vb > 0, (d) after
contact with Vb < 0 and (e) after contact with Vb << 0.

Therefore, a zero-bias photocurrent should be expected and is indicative that the

device has an intrisic electric field present as a result of the p/n/p/n junctions, thus

photoexcited excitons are separated upon creation and the component electrons/holes

drift towards the graphene and Au, respectively.. If an external bias is applied

parallel to this intrinsic field, then magnitude of the total electric field throughout

the device, Ētot, increases and thus the carrier velocities of these separated electrons

and holes increases, meaning that a greater number of them reach the electrodes
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before recombination and a larger photocurrent is observed for a set amount of

incident light power, see Figure 4.14 (c). Conversely, if the external bias is applied

anti-parallel then Ētot decreases, eventually reaching zero when Ēin = Vb. This

prevents separation of photoexcited carriers, resulting in the photocurrent and

subsequent photoresponsivity dropping to zero, shown in (d). If the magnitude of

the anti-parallel bias is increased beyond this point then the polarity of Ētot flips,

meaning that exction separation once again occurs but with carriers moving in the

opposite direction with electrons/holes injecting into the Au/graphene, respectively.

Therefore the direction of the photocurrent is reversed, but the device once again

becomes photoresponsive, see (e). Absorption of light in a photovoltaic serves to

produce a photocurrent even in the absence of an applied bias, although application

of such a bias can be used to modulate this current as per the definition given at the

beginning of this section.
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5. Results

5.1 Abraded heterostructures

5.1.1 Materials characterisation

Structural

In order to better understand the measured behaviour of the abraded films a full

characterisation is needed. Information such as the distribution of film thicknesses and

lateral sizes, their Raman behaviour and especially the configuration of crystallites

at the interface of abraded heterostructures is crucial. Raman spectra were taken of

six graphite, MoS2, MoSe2, WS2 and hBN abraded films, see Figures 5.1-5.5, and

used to calculate the average peak positions of the relevant modes for each material.

0 500 1000 1500 2000 2500 3000
0

20000

40000

60000

80000

100000

120000

6
3
2
.1

1
6

8
5
8
.9

9
9

9
9
9
.2

4
2

1
0
9
4
.8

7
1
1
8
6
.2

3
1
2
9
1
.9

5
1
4
1
8
.0

1
1
4
6
2
.6

6
1
6
1
6
.1

5
1
7
2
8
.0

4

2
9
6
5
.8

5
3
0
8
3
.9

6
 

 

In
te

n
s
it
y
 (

a
.u

)

Raman Shift (cm-1)

(a) (c) (e)

(b) (d) (f)

Figure 5.1: Raman spectra for (a, b) graphite powder, (c, d) graphite abraded onto a PET
substrate and (e, f) bare PET.
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Figure 5.2: Raman spectra for six MoS2 samples abraded onto SiO2/Si substrates.
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Figure 5.3: Raman spectra for six MoSe2 samples abraded onto SiO2/Si substrates.
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Figure 5.4: Raman spectra for six WS2 samples abraded onto SiO2/Si substrates.
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Figure 5.5: Raman spectra for six hBN samples abraded onto SiO2/Si substrates.

Raman spectroscopy was carried out using 532 nm excitation at 1 mW laser power

which was focussed into a 1 µm spot at the sample surface. Graphite was abraded

onto PET whilst all other materials were abraded onto SiO2. The normal Raman

modes (see Section 3.1.1) are observed in graphite, with the 2D, G and D peaks

being found at ∼2711 cm−1, ∼1581 cm−1 and ∼1350 cm−1, respectively. It should

be noted that the split peak seen in the G mode is an artefact of the removal of

the PET background emission, which has very closely positioned Raman peaks to
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the graphite signal. The ratio of the intensity of the G peak (IG) to the D peak

(ID), ID/IG, gives a measure of the disorder within the graphite sample. For graphite

powder, ID/IG = 0.2 compared to ID/IG = 1.43 for the abraded film. The increase in

disorder corresponds to a reduction in nanocrystallite size [288], which in the case of

the abraded films may be due to basal cleavage of the material during the abrasion

process. Specifically, ID/IG is related to the nanocrystallite size, La, with

ID
IG
∝ 1

La
=

C

La
, (5.1)

where C is a constant [288, 289]. The bulk graphite powder used within this study

(graphite (282863), purchased from Sigma-Aldrich) has a maximum particulate size

of La,powder ≤ 20 µm, corresponding to a maximum abraded film nanocrystallite

size of La,abraded ≈ 2.8 µm. The Raman spectra for the abraded TMDC and hBN

films were all found to be comparable to the literature values for the bulk crystals

[6, 219, 290, 291]. The average Raman shift for the relevant modes within each

material (excluding graphite) is available within Table 5.1.

Table 5.1: Average Raman shift for the E1
2g and A1g modes for MoS2, MoSe2, WS2 and

hBN.

Material 〈E1
2g〉 (cm−1) Error (cm−1) 〈A1g〉 (cm−1) Error (cm−1)

MoS2 383.426 0.035 408.771 0.035
MoSe2 288.638 3.912 243.038 0.036
WS2 351.297 N/A 421.726 0.409
hBN 1367.590 0.919 N/A N/A

The root mean square (RMS) roughness of each abraded film was estimated using

AFM. For each material, six samples were produced by manually abrading onto a

PET substrate. As graphite does not abrade onto SiO2, PET substrates were used

to allow for accurate comparison between the materials as it was assumed that the

roughness of the final film would be influenced by the topography of the underlying

substrate. AFM measurements were conducted using Nanosensors AFM tips with a

radius of curvature < 10 nm, a spring constant of 42 Nm−1 and a nominal operating

frequency of 330 kHz. Figures 5.6-5.10 show representative tapping mode AFM scans

of each abraded material, clearly illustrating the change in surface roughness (height
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variations are shown on the z-axis) between each.
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(a) (b) (c)

(d) (e) (f)

Figure 5.6: (a-e) Tapping mode AFM scans for six graphite samples abraded onto PET
substrates.

(a) (b) (c)

(d) (e) (f)

Figure 5.7: (a-e) Tapping mode AFM scans for six MoS2 samples abraded onto PET
substrates.
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(a) (b) (c)

(d) (e) (f)

Figure 5.8: (a-e) Tapping mode AFM scans for six MoSe2 samples abraded onto PET
substrates.

(a) (b) (c)

(d) (e) (f)

Figure 5.9: (a-e) Tapping mode AFM scans for six WS2 samples abraded onto PET
substrates.
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(a) (b) (c)

(d) (e) (f)

Figure 5.10: (a-e) Tapping mode AFM scans for six hBN samples abraded onto PET
substrates.

(a) (b)

(c) (d)

Figure 5.11: (a-d) Tapping mode AFM scans of smooth regions of abraded hBN taken from
(b-d) of Figure 5.10, respectively.

Calculation of the RMS roughness was completed using Gwyddion analysis software

[292] and allows for a quantitative comparison between materials. More precisely,

the RMS roughness, ξ, was calculated using

ξ =

√√√√ 1

N

N∑
n=1

(zn − z̄)2, (5.2)
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where N is the total number of data points within a given line profile through the

AFM data, zn is the height of the nth data point and z̄ is the average height of all

the data points taken along the line. The results of these calculations can be found

within Table 5.2, along with data present within the literature for inkjet printed

materials. A general lack of comprehensive study on the surface topology of the

latter prevents an accurate comparison.

Table 5.2: Estimates of surface roughness and thickness of various manually abraded and
inkjet printed films.

Material ξ (nm) Error (nm) Thickness (nm) Error (nm)

Graphite 22.7 10 61 38
MoS2 26.4 5 68 36
MoSe2 4.2 2 52 40
WS2 6.0 2 284 176
hBN 9.4 (rough) 3 152 118
hBN 0.019 (smooth) 0.004 – –

Printed rGO [293] ∼ 40 – ∼ 450 –
Printed MoS2 [294, 295] ∼ 80 – 177 15

Printed MoSe2 [296] 146 – ∼ 810 –

There is very little information regarding the surface characteristics of inkjet printed

WS2 and WSe2, but comparison with printed reduced graphene oxide (rGO), MoS2

and MoSe2 makes it apparent that abrasive deposition allows for the creation

of functional nanocrystalline films whilst maintaining low thickness and surface

roughness.

The variation in roughness between different abraded materials is likely due to how

well the final film “conforms” to the underlying substrate. As these thin films are

composed of discrete nanocrystallites rather than a continuous sheet (such as in

graphene), they cannot be thought of as a membrane suspended across the substrate

topography, but instead as particulates infilling the surface indentations until a

continuous film is formed. As the material is deposited evenly across a large area

of the substrate, this should in turn lead to a variation in surface height loosely

correlated to the topography of the substrate, as is illustrated within Figure 5.12.
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Rough substrate Rough substrate

Abraded film

2D membrane
(a) (b)

Figure 5.12: Illustration of (a) conformation of a 2D membrane, such as graphene, and (b)
an abraded film to a rough underlying substrate.

The degree of conformation may therefore be a result of how well each material cleaves

into smaller crystallites, with easy-to-cleave materials able to infill the substrate

topography more closely which in turn corresponds to a reduced roughness manifesting

at the surface, although a comprehensive investigation into exactly which variables

control ξ is beyond the scope of this work. Furthermore, it appears that hBN has the

tendency to abrade into regions of extremely low roughness (see Figure 5.10 (b-d)

and Figure 5.11) surrounded by areas of relatively high roughness. Although hBN

as a whole is far from the smoothest abraded film, as can be seen within Table 5.2,

an investigation into the cause of these smooth regions would be of interest as, if

it could be controlled, it would allow for the abrasion of extremely flat, large scale

dielectrics which would be highly suitable for the formation of sharp heterointerfaces.

However, atomically-flat, exfoliated hBN crystals have a surface roughness of ξ ∼ 0.4

nm [80], an order of magnitude greater than for the smooth regions of these abraded

films. Moreover, the roughness of these smooth regions is less than the diameter of a

typical atom (∼ 1 �A), and so it is likely that these regions are in fact simply errors

within the AFM measurements of these samples.

In addition to the surface roughness, the typical thickness of the manually abraded

films were also measured using an Alpha-Step D-100 Stylus Profiler, see Table 5.2

and Figure 5.13. Here, two samples were produced for each material which were then
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Figure 5.13: Surface profile measurements of abraded (a) graphite, (b) MoS2, (c) MoSe2,
(d) WS2 and (e) hBN films on PET substrates. Scalpel marks associated with samples 1
and 2 are highlighted in the light and dark green boxes, respectively.

scored using a scalpel. This creates a clean step between the substrate and the film

surface which can easily be measured using the profiler. It should be noted that a

surface profiler was required as the thicknesses of the abraded films exceeded the

vertical movement range of the available AFM system. This, along with the fragile

nature of the films with respect to the stylus tip and variation in film thickness across

the substrate lead to significant uncertainty in these measurements. Regardless, these

still provide general insight in that it is now known that the abraded films, regardless

of material, have thicknesses in the 101-102 nm-regime. The large uncertainties in

thickness given within Table 5.2 are a result of the significant variation in height

when measured over large distances (hundreds of microns), see Figure 5.13.

To better quantify the distribution of individual nanocrystallite lengths and thick-

nesses, scanning transmission electron microscopy (STEM) was used to investigate

abraded WS2, graphite and hBN films, see Figure 5.14.

As can be seen, the dimensions of the mechanically abraded crystallites are similar

regardless of which material is used (in agreement with the surface profiler measure-

ments), with thicknesses of ∼ 10− 40 nm and lateral sizes of ∼ 10− 600 nm (well

within the upper bound of La,abraded ≈ 2.8 µm calculated using Raman spectroscopy
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Figure 5.14: Thickness and length distribution of WS2, graphite and hBN nanocrystallites
deposited through mechanical abrasion using STEM. This analysis is performed with a spatial
resolution of ∼10 nm in order to sample a sufficiently large number of nanocrystallites,
although higher magnification imaging reveals that many thinner flakes are also present in
the deposited material. The error bars correspond to statistical variation observed within
repeated manual measurements of each flake. Data collected by a collaborator, S. J. Haigh.

of abraded graphite). Almost all of the measured crystallites have lateral sizes <

1 µm and so occupy the same inverse Hall-Petcher regime of material hardness.

Therefore, penetration of the barrier layers of an abraded heterostructure produced

via fabrication route 1 when applying a top graphitic electrode is a result of the

intrinsic hardness of the materials themselves rather than due to a significant differ-

ence in crystallite sizes (e.g. nanocrystallites in different layers occupying different

Hall-Petcher regimes), and thus this effect should be universal to all heterostructures

produced this way and will not depend on the details of the initial bulk material

powder. This bodes well for application of the abrasive method for future large scale

device production as cheaper and more readily available sources of bulk powder are

found, although a complete repeat of this study using different source materials (i.e.

powders with different purities and particulate sizes) is needed in order to confirm

this. The large variation in lateral dimension can clearly be seen within SEM images

of the manually abraded films, such as those shown within Figure 5.15.

The SEM data was collected on a dual-beam xT Nova Nanolab 600 focussed ion
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beam (FIB) SEM system (10 kV accelerating voltage), whilst the STEM data was

collected on a FEI Titan g2 80-200S/TEM system (200 kV accelerating voltage).

Another important feature to be investigated is the type of interface present within

abraded heterostructures - such as whether a sharp divide between adjacent layers is

present or if there is a zone of intermixing between materials. Unlike in exfoliated

heterostructures the answer to this is not intuitive, and so STEM energy dispersive

X-ray spectroscopy (EDS) elemental maps were produced on a cross-sectional lamellar

of a collection of abraded heterostructures, see Figures 5.16 - 5.18.
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Figure 5.15: SEM images of abraded (a) graphite (on a PET substrate) and (b) hBN, (c)
MoS2, MoSe2 and WS2 abraded films on SiO2/Si substrates.
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Figure 5.16: STEM analysis of a hBN/graphite/WS2/MoSe2 manually abraded heterostruc-
ture on a SiO2/Si substrate. (a, b, c, d) Cross-sectional bright field (left) and annular dark
field (right) images displaying the (a, b) WS2/MoSe2 interface, (c) the graphite layer and
(d) the hBN layer, respectively. (e) Annular dark field image and STEM-EDS elemental
map of the WS2/MoSe2 interface region. Data collected by a collaborator, S. J. Haigh.
Adapted from [297]

Figures 5.16 and 5.17 show the STEM analysis for a pair of hBN/graphite/WS2/MoSe2

manually abraded heterostructures produced through fabrication route 1 on a SiO2/Si
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Figure 5.17: STEM analysis of a second hBN/graphite/WS2/MoSe2 manually abraded
heterostructure on a SiO2/Si substrate. (a-d) Bright field (left) and annular dark field
(right) STEM images. The different layers indicated within (a) were identified via elemental
mapping. (e) STEM cross-sectional image of the hBN/graphite/WS2 interface region, with
elemental mapping shown in the bottom row of images. (f) STEM cross-sectional image of
the WS2/MoSe2 interface region, with elemental mapping shown in the images adjacent to
the right. Data collected by a collaborator, S. J. Haigh. Adapted from [297]

 
(a) (b)

(c)

2 μm 1 μm

0.5 μm

Figure 5.18: STEM analysis of a hBN/graphite/WS2 manually abraded heterostructure on
a SiO2/Si substrate. (a) Bright field STEM image of the full heterostructure, with (b, c)
annular dark field STEM images for the rectangular regions indicated within (a). Data
collected here was used to produce Figure 5.3. Data collected by a collaborator, S. J. Haigh.
Adapted from [297]
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substrate. Figure 5.18 shows STEM analysis of a hBN/graphite/WS2 manually

abraded heterostructure. STEM-EDS elemental mapping of a cross-section through

these structures reveal that, despite the number of layers, there is no material in-

termixing across the interfaces, allowing for the formation of sharp heterointerfaces.

This enhances the charge transfer across the interface throughout the entire device by

enhancing the potential difference between two contacted layers, as well as preventing

short circuit during electrical measurements (e.g. in a graphite/TMDC/graphite

heterostructure, material intermixing would short the two graphite layers). The

latter of these effects serves to improve the performance of both photovoltaic and

TENG devices investigated within this study.

Electrical

Important for use in potential applications are the electronic and dielectric properties

of the abraded films, such as graphite and hBN, respectively.
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Figure 5.19: (a) Gate dependance of a tape-thinned graphite channel using a LiClO3

electrolyte (scale bar = 2.5 cm). Top left inset: Contour map of the ISD-VSD for different
applied gate voltages. Bottom right inset: Optical image of the device. (b-d) ISD-VSD

curves for graphitic films of different thicknesses achieved by back-peeling with specialist
tape (b) one, (c) two or (d) three times. The number of peels is indicated by TX within the
inset of (b). (e) Transparency of the films measured in (b-d). (f) Transparency vs sheet
resistance for different abraded graphite samples.

To begin with, the electrical characteristics of abraded graphite films were determined.
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Figure 5.19 (a) shows the gate dependance of a tape-thinned graphite channel using

an electrolyte (LiClO3) gate drop-cast over the channel region. The source, drain and

gate contacts were themselves made from thicker abraded graphite. An electrolyte

dielectric was used in order to allow for super capacitive behaviour from the device

and thus induce extreme charge carrier densities. At this point in the investigation it

the thickness of the abraded films was not known. If the abraded films had thicknesses

of only several atomic layers, then ambipolar behaviour would be observed in the

I-V characteristics of the device due to direct tuning of the Fermi level between

conduction and valence bands - which is not possible in bulk material due to

electrostatic screening from surface charges. Therefore, observation of such behaviour

would be indicative of the number of layers present in the films.

The electrolyte dielectric functions as follows: as the back gate voltage changes, the

Fermi level is shifted into either the conduction or valence band of the material,

resulting in n- and p-type doping, respectively. This charge draws oppositely charged

ions from within the electrolyte towards the material surface but remain separated

from the surface by the presence of a single layer of neutral electrolyte molecules,

preventing charge transfer between the two. This region is highly polarised and

screens the electric field between the two electrodes, and so the electrolyte acts as a

normal dielectric material but of atomic thickness.

When the Fermi level passes through the point where the bands touch the material

becomes electrically neutral (see Figure 2.6 (d)). Therefore, depending on the sign

of back gate voltage required to reach the electroneutrality point, the type of doping

already present can be inferred. As can be seen within the top-left inset of (a),

the sheet resistance (calculated from ISD) depends strongly on the applied gate

voltage, with the electroneutrality region existing at large positive Vg. This indicates

that graphite films abraded in an ambient atmosphere naturally become p-doped,

likely the result of adsorption of water from the atmosphere [2, 298]. The presence

of ambipolar behaviour in these measurements is indicative of film thicknesses of

only several atomic layers. In order to investigate the exact film thickness, optical

transmittance spectra were also taken.
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The use of specialised tape to thin an abraded channel allows for control over both

the sheet resistance and transmittance, T , as is shown in Figure 5.19 (b-f). A fibre

coupled halogen white light source was used to pass light through the samples (which

were abraded onto transparent PET) and onto a iDus 420 charged coupled device

(CCD). The intensity of the transmitted light, Isample, can then be compared between

samples, along with the intensity through bare PET, IPET , and in darkness, Idark, to

calculate the transmittance via

T =
Isample − Idark
IPET − Idark

. (5.3)

For a particularly thick film (T ∼ 0%), the resistance can be as low as ∼10 Ω. The

resistance increases by approximately an order of magnitude per peel of the specialist

tape, with the transparency increasing to as high as ∼ 80 % after three peels, see

Figure 5.19 (f). For comparison, we find the electrical and optical properties of our

abraded graphite films are comparable to transparent electrodes produced through

shear force exfoliation [299], which is an alternative graphene production method

utilising graphite powder suspended within a liquid medium, which can then be used

to exfoliate the graphite into graphene via turbulent shear forces (achieved by forcing

flow between two closely separated surfaces) [300].

Next, an investigation into the transport quality of the abraded TMDC films was

completed. Table 5.3 compares the resistivity of an abraded TMDC film (WS2 in

this case) to exfoliated, CVD and LPE TMDC systems.

Table 5.3: Comparison of the bulk in-plane resistivity of our films compared to films produced
through other methods.

Device type and reference In-plane Resistivity at Vg = 1 V (Ωm)

Abraded WS2 17-50
Printed MoS2[301] 4×106

Printed WS2[302] 1×105

Printed graphene [303] 4× 10−5

Exfoliated graphene [304] ∼ 10−2 − 10−5

Exfoliated WS2 [117] 0.1-1
Exfoliated MoS2 [305] ∼ 0.01− 0.1
CVD grown WS2 [306] 5-15

It should be noted that this comparison could be erroneous due to different conditions
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(e.g. charge carrier density, temperature, environment and so on). Despite this,

effort has been made to compare only measurements taken under similar conditions

and device type. Overall, the resistivity of the abraded TMDC film is found to be

comparable to mechanically exfoliated [117] or CVD grown crystals [306], whilst at

the same time showing significantly lower resistivity by a factor of ∼104-105 compared

to LPE films [301, 302]. This implies the formation of a continous layer of material

within the abraded films, without significant boundaries or scattering centres within

each nanocrystallite, and thus bodes well for the electronic quality of abraded TMDC

devices.

Important for any integrated electronic application is the development of dielectric

barriers. To investigate the suitability of the abrasive process for the production

of large scale dielectrics, a hBN film was abraded over evaporated Au electrodes.

In order to increase the film thickness the abrasion process was carried out for

significantly longer than is required to create a continous layer, overall resulting

in a film thickness, d, of 5± 2 µm. This was confirmed using a surface profiler as

is shown within Figure 5.20 (a). Following the deposition of the hBN dielectric, a

strip of CVD grown graphene was dry-transferred onto the hBN film subsequently

followed by the deposition of two Au electrodes to act as the source and drain for the

graphene channel, see inset of Figure 5.20 (b). CVD grown graphene was used as the

capacitor top electrode (the underlying Au acts as the bottom electrode) to allow

for electrostatic gating of the hBN, as these measurements were taken before the

development of fabrication route 2 (Section 4.1.1) and so an all-abraded capacitor

could not yet be investigated. The monolayer CVD grown graphene was purchased

from 2D Semiconductors and is transferred via the same technique introduced in

Section 4.2.1. This also demonstrates that abraded films are compatible with CVD

grown materials and their subsequent transfer. The device is now essentially a

parallel plate capacitor, with a total capacitor area, A, of ∼ 2× 106 m2.

Figure 5.20 (b) shows the impedance spectrum recorded for this device using a Rhode

and Schwarz, Hameg HM8118 LCR Bridge. The impedance spectrum can be well
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Figure 5.20: (a) Profilometry of an extremely thick abraded hBN film. The scalpel mark
used to create a groove within the film for measurement is highlighted in the dark green box.
Top left inset: optical image of the hBN capacitor with the CVD graphene strip outlined in
red. (b) Impedance spectroscopy for a hBN dielectric capacitor produced using the 5 µm
thick hBN film. Top left inset: schematic of the capacitor device. (c, d) Phase diagram
and equivalent circuits for an ideal (c) and lossy (d) capacitor.

described by the capacitive contribution,

|Zc| =
1

iωC
=

1

2πfC
, (5.4)

at low frequencies. The right axis of Figure 5.20 (b) shows the phase angle between

the charging current and the voltage across the capacitor. In an ideal capacitor this

angle is always 90◦, as is shown in (c), and so a measurement such as this not only

allows one to monitor the capacitive behaviour of the device but also to identify the

optimum frequency at which to operate it. The gradient to the linear fit for this

portion of the curve gives 1/C, yielding a capacitance of C = 9.8 pF. As the system

is essentially a parallel plate capacitor, the capacitance is related to the dielectric

constant of the hBN barrier layer, εr, through

C =
εrε0A

d
, (5.5)

where ε0 is the permittivity of free space. This allows the dielectric constant of
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the abraded hBN film to be estimated as εr ≈ 3 ± 1, with the error arising from

uncertainty in film thickness. Previous reports have found widely varying values

for the dielectric constant of nanocrystal hBN dielectrics ranging from ∼ 1.5 - 7.5

[307, 308], whilst single crystal hBN is known to possess a value of ∼ 4 [309]. The

lower value for this abraded layer could be due to air voids within the film lowering

the effective capacitance of the whole barrier.

Optical

The optical transmission spectra for each type of abraded material used within this

study is shown in Figure 5.21. The spectra were recorded using an Andor Shamrock

500i spectrograph with 300 lines/mm grating resolution and an iDus 420 CCD. A

fibre coupled halogen white light source was used to excite the photoactive samples

which generates 1.4 W at the fibre tip. The white light is then collimated onto the

sample surface to give a uniform excitation of 70-100 mWcm−2.
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Figure 5.21: Optical transmission spectra for abraded materials on PET substrates. Right
insets: optical image of the respective abraded films, along with an illustration of their
lattice structures.
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For the TMDCs, strong optical absorption associated with the A and B excitons are

observed, indicating that the films retain their bulk optical properties [97, 107].

5.1.2 Photodetection devices

As discussed within Section 2.3, bulk TMDCs are indirect semiconducting materials

and thus have some potential to be used within future flexible photovoltaic and

photodetection applications. Such devices have already been created using atomically

thin TMDC crystals [310, 311], although in this case the materials have a direct band

gap and thus allow for enhanced photodetection via the absence of phonon-mediated

transitions. The creation of photovoltaic heterostructures using bulk TMDC crystals,

such as in those produced via LPE, typically display poor photoresponsivity in the

order of 10-1000 µAW−1, restricting their use in practical applications [32, 301, 302,

307, 312, 313].

The use of abraded TMDC materials for photodetection applications in a variety

of device architectures, both planar and vertical, were therefore investigated. The

simplest of these is depicted within Figure 4.4 (a), and consists of a tape-thinned

graphite channel abraded onto a PET substrate, with a subsequent layer of TMDC

material abraded on top. Upon illumination, photoexcited carriers within the

semiconducting TMDC transfer into the graphite layer, resulting in a change of

free charge carrier density leading to a subsequent change in electrical conductivity.

These planar photodetectors use either MoS2, MoSe2 or WS2 abraded onto an ∼ 40

% transparent graphite channel. The same optical measurement set-up described

previously was used, but this time the white light source was blocked using a

mechanical shutter with a response time of 10 ms, allowing for the temporal response

of the photocurrent to be measured. Additionally, the spectral dependance of the

photocurrent was carried out using 10 nm band pass filters to filter the halogen

white light source with the power at each wavelength measured using a Thorlabs

photodiode S120C.

Figure 5.22 (a) shows the temporal response of the photocurrent for the three different

heterostructures with a white light power density of 55 mWcm−2 and a bias voltage

128



of Vb = 2 V, with the optical excitation aimed through the transparent backside of

the PET substrate (to enhance the light incident on the graphite/TMDC interface).

Figure 5.22 (b) shows the I-Vb characteristics for the WS2-based device within (a)

both with and without optical excitation. This was recorded for each TMDC material

which, for a given bias voltage, allows the photoresponsivity, R, of each device to be

calculated using

R =
Ip
P
, (5.6)

where Ip is the photocurrent and P is the incident power on the device from the

white light source. The first devices were found to yield responsivities up to 24

mAW−1 for WS2 (with an active area of ∼ 0.5 cm2), constituting more than a 102-103

improvement over comprable LPE photodetectors [301, 302, 312, 314]. Comparisons

to LPE devices are made throughout this study as both the abrasive process and

LPE offer a solution to the problem of how to produce high-quality, large-scale

heterostructure devices.

(a) (b)

Figure 5.22: (a) Temporal response for three planar photodetectors abraded onto PET
substrates, consisting of graphite/MoS2 (black), graphite/MoSe2 (blue) and graphite/WS2

(red). (b) I-Vb characteristics for the WS2 planar photodetector device within (a) with (red
curve) and whitout (blue curve) white light excitation. Inset: optical image of the device
with the graphite, tape-thinned graphite and optically active TMDC layers highlighted in
blue, red and yellow, respectively.

The next device to be considered was a vertical heterostructure geometry consisting
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of an Au bottom electrode, a TMDC semiconducting barrier and a CVD-grown

graphene top electrode, as is illustrated within Figure 4.4 (c). The I-Vb characteristic

curve for this device (with WS2 TMDC) without optical excitation is given in Figure

5.23 (a), while the same curve both with and without optical excitation is given

in Figure 5.23 (b), indicating a peak response at a bias voltage of Vb ∼ −1 V.

(a) (b)

Figure 5.23: (a) I-Vb for an Au/WS2/CVD-grown graphene heterostructure with device
area of 1 mm × 1mm and WS2 film thickness of ∼ 300 nm. (b) I-Vb curve of the same
device as in (a) with (red) and without (blue) optical excitation.

The asymmetry in the I-Vb curves for this device is due to the difference in the

work functions of the graphene layer (4.6-4.9 eV) [169] and Au (∼5.2 eV) [315]

with the conduction band edge of WS2 which is closely aligned with the neutrality

point of graphene [316]. This means that at Vb = 0 V, the conductivity is high as

charge transport occurs through the conduction band of the WS2, whilst at negative

bias voltages the energy difference between the chemical potential of graphene and

the WS2 conduction band increases [317], raising the potential barrier to transport

between the two and reducing the conductivity - hence the nonlinear transport

characteristics.

Figures 5.24 (a) and (b) shows the spectral dependance of the photoresponsivity on

incident wavelength and power, respectively. The peak photoresponsivity (∼ 0.15

AW−1) occurs at an incident photon energy of 2.0 eV and a bias voltage of Vb =
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(a) (b)

m
A

Figure 5.24: (a) Spectral dependance of the photoresponsivity. Inset: the temporal response
of the photocurrent with biexponential decay fitted (red curve). (b) Photoresponsivity
measured using a 10 nm bandpass filter centred at 650 nm for increasing excitation power.

-1 V, consistent with the peak in absorption associated with the formation of an

A-exciton (see Figure 5.21 and Section 3.2.4). The peak photoresponsivity can be

enhanced to as high as 0.2 AW−1 by modulating the incident power as is shown in

Figure 5.24 (b). This once again constitutes a 102-104 improvement compared to

LPE photodetectors [32, 307, 312]. The temporal response to incident white light is

shown in the inset of Figure 5.24 (a), with peak photocurrent values of ∼ 100 mA at

Vb = -1 V.

The enhanced photoresponsivity likely arises from using graphene as the top con-

tact as the low carrier density of states near the Dirac point results in a tunable

Schottky barrier which is extremely sensitive to external modulation, allowing for

easy enhancement (and control) of the induced photocurrent. Furthermore, its high

transparency ensures that most of the incident light reaches the graphene/TMDC

interface, promoting exciton formation and thus photocurrent generation.

Similar architecture was used to produce photodetectors with n or p-type Si electrodes.

To produce these devices, a 1 cm2 region of SiO2 was etched away in sodium bifluoride

solution [318], leaving the exposed doped Si beneath. WS2 was then abraded over

n/p-type Si (labelled n-Si and p-Si, respectively) until no pinholes could be observed
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under a 50 × objective. CVD graphene was then transferred onto the abraded WS2

film before baking at 100 ◦C for 30 minutes to ensure the remaining PMMA adheres

well to the WS2. During transport measurements this PMMA was left on which may

have helped to bridge any pinholes within the WS2 film, preventing short circuit

between the doped Si and CVD graphene. The I-V transport characteristics of both

n and p-doped Si/WS2/CVD-graphene heterostructures are shown in Figure 5.25 (a,

c), respectively. Improved performance was observed for p-Si based devices, due to

the bulk WS2 being n-type (determined via the same technique discussed in Figure

5.19 (a)), which facilitates charge transfer into the p-Si bottom electrode. However,

overall this device architecture did not perform as well as the others investigated in

this work due to the WS2 being rather thick (∼ 0.3−1 µm), preventing incident light

from reaching the WS2/Si interface and resulting in RpSi ∼ 3 mA/W and RnSi ∼ 1

mA/W at Vb = -2 V.

Next, more complex multilayer vertical heterostructures formed through fabrication

route 2 (see Section 4.1.1) where the entire device comprises abraded films were

investigated, with particular focus being placed on graphite/WS2/MoS2/graphite

heterostructures. Figure 5.26 (b) shows the I-Vb curves of three separate devices.

In total, 12 junctions were fabricated and measured, with 10 showing similar electron

transport properties. The inset of Figure 5.26 (b) shows the I-Vb curves of the top

and bottom abraded graphite electrodes, showing Ohmic behaviour with typical

resistances of a few kOhms. Figure 5.25 (c) shows the I-Vb curve for device D2

within (b), with and without white light illumination with the inset showing the

temporal response of the short circuit photocurrent at Vb = 0 V. These multilayered

devices offer typically offered photoresponsivities between 4-10 mAW−1 at Vb = -1 V,

lower than the first device architecture due to fabrication route 2 producing a thicker

graphite top electrode. As the white light measurements were obtained when globally

illuminating the device, it is important to rule out photocurrent generation from the

contacts or elsewhere. To demonstrate this, photocurrent mapping measurements

using a 405 nm laser beam focussed to a spot size of 5 µm were taken, see Figure

5.26. Here, the laser spot is scanned over the sample and the resultant photocurrent
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Figure 5.25: (a) Vertical I-Vb curves for a n-Si/WS2/CVD-grown graphene heterostructure.
Inset: (bottom right) I-Vb curve of the CVD graphene top electrode, with a measured
resistance of 650 Ω, (top left) optical image of the device and (top right) schematic of the
measurement circuit. (b) Short circuit current and open circuit voltage for the device shown
in (a). (c) Vertical I-Vb curves for an p-Si/WS2/CVD-grown graphene heterostructure.
Both (a) and (c) were taken with (red) and without (black) optical excitation.

(a) (b) (c)

|I
| 

(A
)

Figure 5.26: (a) Optical image of a typical all-abraded, multilayer photodetector with
the bottom graphite, top graphite and TMDC layers highlighted in red, blue and orange,
respectively. (b) I-Vb curves for three representative graphite/WS2/MoS2/graphite devices,
labelled D1, D2 and D3. Inset: (top) schematic of the measurement circuit and (bottom)
I-Vb curves for the top and bottom graphitic electrodes. (c) I-Vb curves for the devices
D2 shown within (b) with (red curve) and without (blue curve) white light excitation of 74
mWcm−2. Inset: temporal response of the short circuit photocurrent at Vb = 0 V.
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is recorded as a function of laser spot position.
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Figure 5.27: (a-d) Photocurrent open voltage maps of several all-abraded, multilayer
photodetectors measured using a focussed laser (E = 3.05 eV) with a power output of 0.5
mW and a spot size diameter of 5 µm.

A peak open circuit voltage, Voc, is only ever observed in the region where all layers

overlap, indicating vertical electron transport as the dominant mechanism in these

devices. The inhomogeneity in the photovoltage maps arises due to variation in

the contact quality between the top graphitic electrodes and the underlying TMDC

layers (a result of fabrication route 2), which can be seen as “bubbles” within Figure

5.26 (a). The variation in contact quality also likely explains the reduction in photo

current for device D3 within Figure 5.26 (b). The device within Figure 5.27 (a)

was annealed to 150 ◦C for 60 minutes to allow for greater adhesion of the PMMA

remaining on the top graphitic electrode, and thus consequently shows more uniform

photovoltage over the entire device.

The planar devices shown in Figure 5.22 rely on charge injection into the graphite

layer to enhance its conductivity, and is thus a photoconductive device. Those shown

in Figures 5.23-5.27 rely on the separation of photoexcited charge carriers across

a junction of two dissimilar materials via the in-built electric field here in order

modulate the photocurrent, and hence are photovoltaic devices.

The stark difference in performance between vertical and planar architectures is
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directly related to the dimensions of the abraded nanocrystals. Consider the planar

devices shown in Figure 5.22. Here, photoexcitation occurs at the surface of the

TMDC layer and charges are generated which then propagate towards the graphite

layer, whereby they quickly move towards the contacts due to the high conductivity

of graphite. The majority of the distance travelled when moving to the contacts

occurs laterally through the graphite - the direction in which the nanocrystallites

are large - and thus relatively few hopping incidents are required for the carriers to

move through nanocrysallite film to reach the contacts and thus the carrier mobility

is enhanced. By comparison, for vertical architecture, photoexcited carriers must

move vertically between contacts - the direction in which the nanocrystallite size is

reduced - increasing the number of hopping incidents required to reach the contacts

and hence lowering the carrier mobility. The two device architectures operate in two

different mobility regimes which affect the efficiency with which photoexcited carriers

can reach the contacts, and the vastly different photoresponsivities reflect this.

The variation in the performance of the vertical photovoltaic devices can be attributed

to the ease with which incident light can reach the relevant active regions due to their

distance from the device surface. For example, this is why the graphene/WS2/Si and

graphite/WS2/MoS2/graphite devices performed poorly, due to the thick TMDC

layers in both inhibiting light penetration.

A comparison of the photoresponsivity of the highest performing all-abraded pho-

todetector (the tape-thinned graphite/WS2 heterostructure on a PET substrate, see

Figure 4.4 (a)) to similar devices produced through LPE is available within Table

5.4.
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Table 5.4: Comparison of the photoresponsivity of abraded devices compared to those
produced in the literature through LPE.

Active
material/
detector
type/
method

Key
parameters:
environment/
bias/
power

Photo-
responsivity

Our
like-for-like
photo-
responsivity

Abraded
device
enhance-
ment
factor

WS2/Vertical/
LPE [32]

Ambient/-0.5
V/2.76 mW
(Laser)

36 µA/W 24 mA/W 667

WS2/Vertical/
LPE [314]

Ambient/
-0.5 V/∼ 334
mW/cm2

∼ 10 mA/W 5 mA/W 0.5

Graphite-WS2-
graphite/
Vertical/LPE
(with exfoliated

graphene and Au

contacts, and a

WS2 thickness of 30

nm. Non-scalable

production route)

[307]

Ambient/-1 V/
37 mW (Laser)

0.7 mA/W 0.15 A/W (The

Au/WS2/CVD-grown

graphene device is used

for comparison, as

this has the thinnest

WS2 barrier of all the

studied devices, as well

as having monolayer

graphene as the top

electrode)

214

WS2/Planar/
LPE [312]

Ambient/
-1 V/
< 800
mW/cm2

0.1 µA/W 10 mA/W 1.0 × 105

WS2/Planar/
LPE [302]

Ambient/-1 V/
12.5 mW

0.56 µA/W 10mA/W 1.7 × 104

As previously mentioned, LPE offers a solution to the production of scalable vdW

heterostructures. Clearly, devices produced via the abrasive method consistently offer

enhanced photoresponsivities compared to LPE devices, and even outperform similar

devices produced through non-scalable means (i.e. those which consist of mechanically

exfoliated materials as well [307]). However, the responsivity of the abraded devices

is still significantly lower than that which is observed in comparable devices entirely

composed of mechanically exfoliated films [310], although the production of these

devices cannot be scaled up and so have little chance of industrial uptake. It is

expected that the performance of the all-abraded photodetectors can be improved by

optimisation of post-fabrication annealing of the devices, which should improve the

interfacial contact quality between the different nanocrystalline layers. Additionally,
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fabrication within an inert environment (e.g. by using a glovebox) should also limit

the amount of contaminants present along the interfaces and thus improve device

performance (see Section 2.5.1).

The importance of a sharp interface in the performance of abraded, multilayer

photodetectors was investigated next. Previously, all device architectures utilised

charge transfer between clearly defined layers (Figures 5.16-5.18) to enhance the

conductivity of an electrode and thus detect incident light. Instead, a composite

film composed of varying amounts of MoS2 and graphite was abraded onto PET

substrates (using the automated method, Section 4.1.2), contacted using Cu tape and

Ag epoxy and then exposed to white light. I-Vb measurements were then taken with

and without white light exposure and used to determine the photoresponsivity of the

abraded composite films. The production of these devices follows the same method

as described in Section 4.2.5 for the creation of abraded, wearable thermistors. In

total, five devices were created with graphite:MoS2 ratios of 10:90, 30:70, 50:50, 70:30

and 90:10. The I-Vb curves for these devices both with and without white light

excitation are presented within Figure 5.28, while their temporal current response

curves are shown in Figure 5.29.
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Figure 5.28: I-Vb curves for abraded films with graphite:MoS2 ratios of (a) 10:90, (b) 30:70,
(c) 50:50, (d) 70:30 and (e) 90:10 both with (black) and without (red) white light excitation.
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Figure 5.29: Temporal current response curves for abraded films with graphite:MoS2 ratios
of (a) 10:90, (b) 30:70, (c) 50:50, (d) 70:30 and (e) 90:10 under white light excitation. Vb

is indicated above the graph in each case.

Naturally, as the graphite concentration within the abraded films increases so too

does the conductivity, with resistance varying between ∼ 16 GΩ - 2.5 kΩ for films

with graphite:MoS2 ratios of 10:90 and 90:10, respectively, see Figure 5.30 (a). The

white light power density incident on each device was once again 55 mWcm−2 and,

using eqn. 5.6 with a spot size of diameter ∼ 1 cm, allows the photoresponsivity
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for each film to be determined as is shown in Figure 5.30 (c). A linear fit to the

10:90 I-Vb curve for small Vb (-1 V < Vb < 1 V) was used in order to calculate the

resistance of this film, while standard procedure was used for the other devices. The

data collected for each device was smoothed using a 25-point moving average before

fitting.

0 10 20 30 40 50 60 70 80 90 100
10

3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

 

 

 Light

 Dark

R
e
s
is

ta
n
c
e
 (


)

Graphite concentration (%)

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35

 

 


R


 (

%
)

Graphite concentration (%)

0 20 40 60 80 100

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

 

 

R
 (

A
/W

)

Graphite concentration (%)

(a)

(b)

(c)

Figure 5.30: (a) Resistance of the abraded composite films for varying graphite concentration.
(b) Percentage change in resistance, ∆RΩ, with and without white light excitation for varying
graphite concentration. (c) Photoresponsivity of the abraded composite films for varying
graphite concentration. All of the data displayed here corresponds to a bias voltage of Vb =
5 V.

As the concentration of graphite within the composite films increases so does the

photoresponsivity, see Figure 5.30 (c), with an approximate inverse proportionality

to the resistance of the device. Although the percentage change in resistance, ∆RΩ,

with and without white light excitation peaks for a graphite:MoS2 ratio of 30:70, this

is not reflected in the photoresponsivity. Comparison between Figure 5.30 (a) and (c)

indicates that the photoresponsivity is dominated by the resistance of the film, and

that the effect of MoS2 addition on the conductivity due to photoexcitation is obscured

by the general reduction in resistance achieved by increasing the concentration of

graphite, thus facilitating the detection of any incident light. Despite this, it would

appear, from Figure 5.30 (b), that the greatest increase in photoresponsivity occurs

for graphite concentrations of approximately 30%, although, as mentioned, this
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is dwarfed by devices with a larger inherent conductivity due to having a higher

concentration of graphite. Overall, the highest photoresponsivity yielded by these

composite films was 0.58 mA/W, an order of magnitude less than the worst performing

abraded heterostructures (Figure 5.26). This highlights the importance of having a

clear separation between the conducting graphite layer and the photosensitive TMDC

layers, as in this case photoexcited carriers transition into the graphite (which always

has a low resistance, unlike many of the composite films) and move towards the

source and drain electrodes for detection. Furthermore, the presence of a large and

unbroken TMDC layer allows for large scale exposure to incident light, whereas in

the composite films only TMDC nanocrystallites at or near the exposed surface will

contribute to the photoresponse due to the opacity of the film. Additionally, in the

previous multilayered devices the transparency of the graphite layer can be reduced

by back-peeling with specialist tape, increasing the amount of light incident on the

interface with the TMDC layer. This is only possible because both the graphite

and TMDC are confined to their respective planes, allowing one to focus light at a

particular location to improve the photoresponsivity without severely hampering the

conductivity of the graphite layer. This is not possible with a composite film, where

both the graphite and TMDC are thoroughly mixed and thus prevent control over

the light reaching the many graphite/TMDC interfaces laced throughout the film.

Both of these effects lead to a significant reduction in the photoresponse of abraded

composite films compared to their multilayed counterparts.

5.1.3 Triboelectric nanogenerators

The basic operating principle of a triboelectric nanogenerator (TENG) was discussed

in Section 2.5.4, whilst an illustration of the evolution of charge within these devices

was provided within Figure 2.23. Here, it was described how, although TENG devices

typically rely on the use of two materials at the opposite end of the triboelectric

series to induce charge separation, the output power could potentially be increased

by the introduction of charge trapping layers such as MoS2.

Therefore, to investigate the use of abraded films within TENGs, two device types
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were created. The devices consist of a fixed conductive electrode, made from either

abraded graphite or an abraded graphite/n-type MoS2 multilayer on a thin PET

substrate, with a fluorinated PDMS polymer layer placed on top. An Al hammer is

then wrapped in PTFE tape and repeatedly brought into contact with, and separated

from, the electrode/PDMS stack, as is shown in Figure 4.5. The PDMS was created

in-house using the method described in Section 4.1.2. PDMS was chosen due to

its position on the triboelectric series relative to PTFE along with the ease with

which it can be produced. The charge induction effect between the abraded graphitic

electrodes and the PDMS is further accentuated by fluorination of one side of the

PDMS (the side in contact with the electrode) using CHF3 plasma within a RIE, see

Section 4.2.2, which introduces extremely electronegative fluorine ions to the surface

of the polymer and thus increases the charge induced per unit area upon contact

with the electrodes.

Figure 5.31: Current response through a 1 MΩ resistor for an abraded graphite TENG
electrode (black) compared with an abraded graphite/n-type MoS2 TENG heterostructure
electrode (red). Inset: PTFE hammer connected to a linear actuator used to generate the
voltage pulses.

The operation of the TENGs can be explained as follows: after several contacts

between the PTFE-wrapped hammer and the PDMS pad, the hammer is completely

released from the pad which is in turn attached to the graphitic electrodes. During
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the contact process, triboelectrification of the PTFE hammer and the PDMS pad

occurs due to their relative positions within the triboelectric series. Upon separation,

the negatively charged PDMS forces electrons from the adjacent graphitic electrode

towards ground in order to electrically neutralise the stack, and a negative current is

observed. As the PTFE hammer re-approaches the stack and makes contact with

the PDMS, electrons are drawn back into the electrode for the same reason, and a

positive current is observed. The direction of the observed current during each of

these phases was used to infer the charging cycle presented within Figure 4.5.

To quantify any performance enhancement due to the addition of a MoS2 charge

trapping layer, the response of a simple graphitic electrode to the same electrode

after abrasion of an additional MoS2 layer was recorded (all other experimental

parameters were kept constant). Figure 5.31 shows the current generated through a

1 MΩ resistor connected in series with the TENG electrodes, for the bare graphitic

electrode (black) and the graphite/MoS2 electrode (red) over several cycles. It was

found that the introduction of an additional MoS2 layer yields an enhancement of

∼ 50 % for the output current compared to the bare graphite electrode.

After confirming the enhancement due to charge trapping within the MoS2 layer,

incorporation of the abraded TENG into a practical device was considered. Figure

5.32 (a) displays the open circuit voltage and short circuit current for three cycles of

a secondary, larger (∼ 25 cm2) device which yields an open circuit voltage in excess

of Voc =15 V and short circuit currents of Isc = 0.38 µA, giving a peak power output,

P = IscVoc, of 5.7 µW, which is comparable to more complex LPE TENG electrodes

[319, 320].

This larger electrode was then used to charge a 10 µF capacitor to 9 V, shown

in Figure 5.32 (b). The inset shows the energy stored on the capacitor per cycle

(∆E ∼ 10 nJ) when connected via a rectifying diode bridge. This is required as the

current produced by the TENG is necessarily AC, and so must first be converted

to DC in order to power a circuit. From the circuit schematic within Figure 5.32

(b), it can be seen that when the TENG output voltage is positive, diode D1 is

forward biased and charge is pulled from the upper plate of the capacitor. Likewise,
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D4

Figure 5.32: (a) Top: temporal response of the open circuit voltage and bottom: temporal
response of the short circuit current, for the graphite/n-type MoS2 electrode. (b) Voltage
accumulation on a capacitor vs time (hammer frequency ∼ 3 Hz). Inset top: rectifying
circuit used to charge the capacitor. Inset middle left: Three glowing LED’s during capacitor
discharge. Inset right: zoomed in region of the capacitor charging curve highlighting the
energy stored on the capacitor per TENG discharge cycle.

when the TENG output is negative, diode D4 becomes forward biased and charge

is forced onto the lower plate of the capacitor. Over the course of one AC cycle,

a net charge is therefore added to the capacitor. When discharge is required, the

switch is closed and, as all four diodes are reverse biased against current backflow

from the capacitor, and current flows through the LEDs instead. As the capacitance,

C, is known, the energy stored per cycle, dE can be calculated (beginning with

E = CV 2/2→ dE/dV = CV ) as

dE = CV dV = C
(
V 2

2 − V 2
1

)
, (5.7)

where V is the voltage on the capacitor. The discharge from this capacitor was then

used to light three LED’s, see the inset of Figure 5.32 (b).
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5.1.4 Strain sensors

Electrical characterisation of abraded vdW heterostructures and films under strain

was also performed. As discussed within Section 4.2.3, a bespoke bending rig was

used to apply uniaxial strain to manually abraded MoS2/WS2 heterostructures with

abraded graphite contacts adhered to a thin (0.5 mm) PET substrate. As the abraded

films are adhered to the upper surface of the substrate, tensile or compressive strain

can be applied by introducing positive or negative curvature to the PET, respectively,

as is shown in Figure 5.32 (c). A LabView virtual interface was designed to pulse

the voltage output from a ELC AL991S power supply which, in turn, allowed for

accurate control of the actuator extension distance and thus the amount of strain

applied to the abraded film. Between each extension step, a photograph of the

device was taken and used to calculate the PET radius of curvature, R. In order

to accurately determine R, the number of pixels between the bending rig clamps

was measured using vector graphics software (Inkscape) and compared to the actual

measured distance, L, allowing for a conversion between the pixels within the image

and an actual physical distance. Next, a circle with curvature matching that of

the PET was overlaid onto the image and used, with the aforementioned px → cm

conversion, to determine the radius of curvature of the PET. This, in conjunction

with the known PET thickness, d, allows the magnitude of the strain applied to the

abraded films, β, to be approximated as

β =
d

2R
. (5.8)

Figure 5.33 (a) shows an illustration of a PET substrate under strain, while (b)

shows the process used to calculate the radius of curvature.

It should be noted that usually the thickness of any additional layer present on the

substrate would need to be considered whilst calculating β. However, as determined

within Section 5.1.1, the thickness of the abraded films are typically of the order of

50-500 nm. This is negligible compared to the thickness of the PET substrate, and

so its effect on the calculation of strain can be ignored.
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Figure 3. Strain dependent properties of abraded films. (A) Typical I-Vb for a 5 mm x 0.025 mm two 

terminal device based on MoS2-WS2 powder abrasion with an average film thickness of 1 mm for different 

levels of applied uniaxial strain. Inset: VB is held at 0.5 V and the device is subjected to reversible uniaxial 

tensile strain. (B) Compressive and tensile strain dependent changes in the current through a vertical graphite-

MoS2-WS2-graphite junction for over 103 bending cycles at a strain level of 4%.  
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(c)

Figure 5.33: (a) Illustration of a strained PET substrate, with the radius of curvature and
thickness, R and d, respectively, indicated. (b) Optical image of a graphite/MoS2/WS2

heterostructure abraded onto a PET substrate under tensile strain. A circle with radius
of curvature matching that of the substrate has been overlaid onto the image to indicate
the process used to calculate R and thus the applied strain at each step during the strain
cycle. (c) (left to right) Images of abraded films on a PET substrate under tensile, zero
and compressive applied strain.

Figure 5.34 shows typical I-Vb curves for these devices under increasing strain.

Figure 5.34: Typical I-Vb curves for a manually abraded graphite/MoS2/WS2 heterostructure
for different levels of applied uniaxial strain. Top inset: optical image of one such device
on a flexible PET substrate. Bottom inset: Vb is held at 0.5 V and the device is subjugated
to reversible uniaxial tensile strain, showing the evolution of I with time.
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Figure 5.35: (a) Change in current with tensile strain at Vb = 5 V. (b) The same data as
(a), but zoomed in and modified to show the percentage change in current at each strain
interval. At this scale, the individual strain cycles can be seen. (c) Change in current with
compressive strain at Vb = 5 V. (d) The same data as (c), but zoomed in and modified to
show the percentage change in current at each strain interval. The magnitude of applied
strain at each point within the cycles are indicated by the red arrows.

As tensile (compressive) strain is applied to the device the films constituent nanocrys-

tals are forced further apart (closer together). This in turn reduces (increases) the

number of available conduction pathways and thus raises (lowers) the film resistance.

Figure 5.35 (a) and (c) show the change in current moving through the device (at

Vb = 5 V) for tensile and compressive strains, respectively, over ∼103 strain cycles.

As can be seen, initial strain cycles lead to an irregular current response which

eventually levels out and becomes highly reproducible. Figure 5.35 (b) and (d) show

the percentage change in current moving through the device at each step within

the strain cycle, where each step manifests as a shoulder in the current response

curve. These graphs are a zoom-in of the data presented within (a, c), taken shortly

after the current response stabilises, and once again highlights the potential for these

abraded films to act as accurate and robust strain sensors.
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Figure 5.36 shows a histogram of the current response to an applied tensile and

compressive strain of 3.2 %. The data was collected in two phases. First, the device

underwent ∼ 103 compressive strain cycles (indicated by the blue and cyan data),

followed by ∼ 103 tensile strain cycles (orange and yellow data). In both cases, the

histogram reveals that the current response to applied strain is highly reproducible.

However, the slight increase in the range of the tensile response data compared to the

compressive response may indicate that either the abraded film or PET substrate is

damaged when the same sample transitions between tensile and compressive applied

strains.

The current response of simple abraded graphite films on the same PET substrates

to applied tensile and compressive strains were also recorded, as is shown in Figure

5.37. In all of the samples, the response to compressive strain was significantly

greater than for tensile strain. This is also true for the abraded graphite/MoS2/WS2

heterostructures, as can be seen within Figure 5.35 (b, d), implying that the abraded

films are more sensitive to compressive strains than tensile strains regardless of

composition. This, in turn, implies that the process of separating the nanocrystallites

within the films by a set amount has a weaker impact on the conductivity than

the reverse process under compressive strain, although an explanation of why this

asymmetrical behaviour occurs at all is beyond the scope of this study. Furthermore,

this analysis relies on the assumption that strain applied to the PET directly

translates to strain within the abraded films, although without a full investigation it

is impossible to confirm this. For example, it may be that the abraded films undergo

crumpling or similar deformations which serve to ease the strain throughout the film,

reducing it compared to the strain measured for the PET substrate. However it is

evident from Figures 5.35 and 5.36 that the abraded films provide a clear current

response to the application of strain, regardless of what the exact magnitude of said

strain is, and thus still have potential for use in future scalable and flexible strain

sensors.
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Figure 5.36: Histogram of the compressive and tensile strain dependant changes in current
(δI) through an abraded graphite/MoS2/WS2 heterostructure on a PET substrate for over
103 cycles at an applied strain of ε = 3.2 %.
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Figure 5.37: Typical I-Vb curves for manually abraded graphite under different levels of
applied (a) tensile and (b) compressive uniaxial strains. Inset of (a): zoom-in of data to
highlight the effect of tensile strain on the I-Vb curves.

5.1.5 Pressure sensors

The use of abraded films in the creation of wearable pressure sensors was discussed

within Section 4.2.4. This study opts to use capacitive pressure sensing via abraded

graphite powder on TegadermTM film (using the automatic abrasion method, see
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Section 4.1.2) to act as the upper and lower electrodes of the capacitor, whilst the

dielectric barrier layer was chosen as either thin PDMS sheets produced in-house or

simply another TegadermTM film. As the underside of each TegadermTM is adhesive,

it allows for easy attachment to a wrist in order to act as a portable pressure sensor.

In total, eight pressure sensors were fabricated, four of which used PDMS as the

dielectric barrier whilst the others used a TegadermTM film. Current-voltage (I-Vb)

measurements of the graphitic electrodes revealed an average film resistance of

∼ 5528± 342 kΩ. As discused within Section 4.2.4, steel discs were loaded onto the

devices and the resultant change in capacitance, C and capacitive reactance, Xc,

was recorded, see Figures 5.38 and 5.39. As the capacitor is being charged by an

AC current, the rate of charging of each abraded graphite layer is determined by

the frequency of said current. As the frequency, f , increases then the magnitude

of the charge transfered between layers increases also, and the impedance of the

circuit is reduced. As a result, both the capacitance and the capactitive reactance,

which are related by Xc = 1
2πfC

, decrease as the supply frequency increases. Spectra

such as these are important for device design as, depending on the choice of supply

frequency, the device will exhibit behaviour which may not be desired.

(a) (b) (c)

X
c
(Ω
)

Figure 5.38: Characterisation of an abraded graphite capacitor using a PDMS dielectric.
(a) Capacitive response to applied pressure. (b) Percentage change in capacitance as a
function of applied pressure. (c) C-Xc spectrum between 20-250,000 Hz.
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(a) (b) (c)

X
c
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)

Figure 5.39: Characterisation of an abraded graphite capacitor using a TegadermTM

dielectric. (a) Capacitive response to applied pressure. (b) Percentage change in capacitance
as a function of applied pressure. (c) C-Xc spectrum between 20-250,000 Hz.

The total pressure exerted by the addition of n discs, Pn, is given by

Pn =
nmg

A
, (5.9)

where g is the acceleration due to gravity, 9.81 ms−2. It should be noted that as the

discs are stacked on top of one another the contact area remains constant throughout.

Although the overall capacitance of the devices utilising TegadermTM dielectrics is

greater than those using PDMS (see Figures 5.38 and 5.39 (a)), which is simply

a result of the decreased dielectric thickness (∼ 0.1 mm compared to ∼ 1mm,

respectively), the responsivity to external pressure of the PDMS-based capacitors

exceeds that of the TegadermTM-based capacitors, as can be seen within Figure 5.38

and 5.39 (b). This is likely the result of the compression modulus of the PDMS (∼ 187

MPa [321]) being less than that of TegadermTM (∼ 5 MPa - 2 GPa [322]). As a result,

an equal applied pressure yields a greater compression of the PDMS dielectric than

the TegadermTM one, resulting in a greater percentage change in capacitance. This

also provides insight into why the capacitors using PDMS dielectrics give a linear

trend in capacitive response to applied pressure, whilst those using TegadermTM
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dielectrics saturate at higher applied pressures – the thinner, stiffer Tegaderm barriers

approach maximum compression within the range of pressure applied, leading to

saturation within the response (see Figure 5.39 (a)). Furthermore, varying degrees

of interface conformity between the dielectric and the electrodes may lead to the

formation of micro-air pockets of varying number density at the electrode-dielectric

interface, resulting in differing responsivity to applied pressure as said air pockets

are displaced during compression.

Figures 5.38 and 5.39 (c) show the full spectrum of capacitance and resistance, R,

as a function of supply frequency for the PDMS and TegadermTM-based capacitors,

respectively. The most ideal capacitive performance occurs between ∼ 0.1 - 7 kHz

(∼ 0.1 - 10 kHz) when a PDMS (TegadermTM) dielectric barrier is used.

These abraded capacitors can easily detect pressures as low as 100 Pa, two orders of

magnitude lower than other other wearable pressure sensors within the literature

[277, 278, 280, 281, 323]. As discussed in Section 4.2.4, there has been significant

research effort into creating portable, lightweight and comfortable pressure sensors,

with the primary goal being the creation of wearable heart rate monitors for the

diagnosis of disease. The pressure sensitivity offered by abraded films is far above

the minimum threshold required to detect phenomena such as heat rate [278] and,

due to the scalable nature of the automated abrasion process, these devices have

significant potential for application within this field.

5.1.6 Thermistors

As discussed within Section 4.2.5, the use of abraded films within portable thermistors

were also investigated. Bulk material powder (namely graphite and MoS2) was mixed

in varying concentrations (MoS2:graphite ratios of 10:90, 30:70, 50:50, 70:30 and

90:10) and then abraded onto TegadermTM film using the automated abrasion process.

In total, five devices were produced for each mixture, all of which showed similar

behaviour to other devices within their set. Electrical characterisation of these

composite films is available within Figure 5.40.
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(a) (b) (c)

(d)

Figure 5.40: (a) I-Vb curves for the abraded thermistor devices. (b) Change in thermistor
sheet resistance, Rs, as a function of temperature at Vb = 0.5 V. In (a, b) the ratio of
MoS2:graphite (Gr) associated with each measurement is indicated to the right of the curves.
(c) Thermistor sheet resistance as a function of graphite concentration. (d) Rate of change
of sheet resistance, Rt, with temperature as a function of graphite concentration.

Figure 5.40 (a) shows a set of typical I-Vb curves for abraded thermistors of varying

composition. As the concentration of conductive graphite within the films increases

the resistance decreases, likely a result of additional graphitic conduction pathways

becoming available within the films. This is summarised within Figure 5.40 (c), which

shows an approximately exponential decrease in sheet resistance with increasing

graphite concentration.

The temperature response of the thermistors were recorded by continually monitoring

the I-Vb characteristics of each device as they were heated on a hot plate. The

temperature was monitored using an ADS1115 16-Bit ADC chip connected to

a standard thermistor bonded to the samples using thermally conductive tape,

whilst electrical measurements were carried out using a KE2400 source-meter. This

data could then be used to extract the change in sheet resistance as a function of

temperature, as is shown in Figure 5.40 (b). The rate of change in sheet resistance with

temperature, Rt, increases in the abraded thermistors with greater concentrations of

MoS2. Overall, the thermistors have a negative temperature coefficient of resistance

between -0.3 - 0.5 %K−1, an order of magnitude lower than other composite-film
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thermistors within the literature [324, 325, 326]. At 90 % graphite concentration Rt

saturates, which is most probably the result of the low MoS2 concentration inhibiting

the temperature response of the film. In the case of composite films such as this,

one would expect a negative temperature coefficient of resistance as a result of

either (a) charge injection from the semi-conducting MoS2 or (b) by modulation

of hopping conduction through the graphite nanocrystals [327, 328]. The latter of

these mechanisms arise from the formation of a Schottky barrier at the interface

between the conductive graphite and semiconductive MoS2. Electrons within the

conduction band of MoS2 here will tunnel into the graphite conduction band provided

the width and height of the Schottky barrier is not too great. As the temperature

increases, these electrons gain energy and the tunneling probability increases, leading

to an increase in charge injection and thus a subsequent increase in current. The

I-V characteristics of this transport method is known to be non-linear [329], and

therefore the absence of non-linearity within Figure 5.40 (a) is indicative of direct

charge injection rather than modulation of the tunneling probability.

5.2 Exfoliated heterostructures

5.2.1 Field-effect transistors

State of the art FETs have been scaled down to the nanometre regime and are

now approaching their fundamental size limitations [330]. Moore’s law has shown

an exponential increase in FET number density with time and, in turn, requires

that the length scales associated with the device decrease accordingly. Furthermore,

as discussed within Sections 2.3.2 and 2.4.2, future FETs need to show continual

improvement in their electrical performance which may be addressed by optimising

both the channel and dielectric barrier materials within the device, such as through

the incorporation of TMDCs and atomically flat dielectrics, respectively. Previous

TMDC-based FETs have already been shown to have competitive switching behaviour

[15, 16, 17] and sub-threshold swings [18, 19, 20] compared to the theoretical limit of

traditional Si-based FETs [331, 332]. Despite this, they consistently underperform
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when compared to their maximum theoretical potential [15, 21], a direct result of

both extrinsic (adsorbents, lattice vacancies, etc) and intrinsic (channel and channel-

dielectric interfacial phonon) scattering, both of which lower the channel carrier

mobility and reduce FET performance [22]. As a result, the choice of dielectric

material is a crucial component in reducing the gap between the real and theoretical

maximum performance of these devices.

It is for this reason that the secondary focus of this study investigates the use of talc

as a dielectric in mechanically exfoliated TMDC-based FETs, in order to compare

device performance against those using conventional 2D dielectrics such as hBN and

Al2O3. Figure 4.11 shows an illustration of the back-gated FET architecture used

within this study, with the TMDC chosen as either MoS2 or MoSe2. The TMDCs,

talc and graphite were mechanically exfoliated from their corresponding bulk crystals

and transferred onto SiO2/Si substrates with an oxide thickness of 270 nm. Once

suitable flakes had been identified by optical contrast measurements (see Section

4.3.2), the FET heterostructures were then fabricated using the PDMS-based dry

transfer technique (Section 4.3.3) along with standard lithography and metallisation

procedures (Section 4.3.4). Optical micrographs of both device types are shown in

Figure 5.41.
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Figure 5.41: Optical micrographs of two representative talc-based FETs using (a) MoS2 and
(b) MoSe2 as the channel materials. The graphite, talc and TMDC layers are highlighted
in red, green and pink, respectively. The scale bars (white) in each represent 10 µm.
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Figure 5.42: AFM topographic images of TMDC/talc/graphite FET heterostructures. (a,
b) and (c, d) are the AFM images and line profiles of the MoS2 channel material and talc
dielectric within the MoS2/talc FET, respectively. (e, f) and (g, h) are the AFM images
and line profiles of the MoSe2 channel material and talc dielectric within the MoSe2/talc
FET, respectively.

In order to understand the following FET electrical transport measurements, it

is necessary to measure the physical dimensions of the individual layers of the

heterostructure, in particular that of the talc dielectric as this is needed to calculate

the field-effect mobility, µ, for each device type. AFM was used to determine the talc
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thicknesses, see Figure 5.42, which were measured for two devices, dtalc = 18.4± 1.9

nm and 29.4 ± 3.3 nm in the MoS2 and MoSe2-based FETs, respectively, with an

average roughness of ξtalc = 0.76 ± 0.18 nm, comparable to mono- and few-layer

hBN [79]. The AFM images and line profiles presented within Figure 5.40 were

computed using Gwyddion analysis software [292]. In addition to this, AFM was also

used in conjunction with Raman microscopy to determine the thickness [231, 233] of

the MoS2 and MoSe2 channels, which were measured using AFM to be 4.5 ±0.3 nm

and 40.1 ±6.9 nm, respectively. The large uncertainty in the thickness of the MoSe2

channel material is a result of inhomogeneous channel thickness across its length, as

is shown by the blue line profile within Figure 5.42 (f). Raman spectroscopy of these

channels are available within Figure 5.43.
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Figure 5.43: Raman characterisation of TMDC/talc FET heterostructures. (a, b) Full
Raman spectra of the MoS2/talc and MoSe2/talc FETs, respectively. (c) The same Raman
spectrum as (a) between 360 cm−1 and 440 cm−1, highlighting the characteristic Raman
emission of MoS2. (d) The same Raman spectrum as (b) between 220 cm−1 and 280 cm−1,
highlighting the characteristic Raman emission of MoSe2.
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The Raman spectra indicate that both channels are present in the bulk, as was

confirmed using AFM. The peaks at ∼ 520 cm−1 and ∼ 960 cm−1 correspond to the

Si substrate, whilst those present at ∼ 1350 cm−1, ∼ 1580 cm−1 and ∼ 2710 cm−1 are

the D, G and 2D Raman mode emissions, respectively, from the underlying graphite

contact layer. Only the intense Si peak at ∼ 520 cm−1 is present in the MoSe2

spectra due to the thickness of the material obfuscating the underlying substrate,

along with the noise present in the spectrum obscuring lower intensity peaks. This

is also why the D peak of the underlying graphite is missing. .

Figure 5.44 (a, b, d, e) shows, for both channel materials, the typical I-Vb sweeps

taken at different values of back gate voltage, Vg, in each device, whilst (c, f) shows

I-Vg curves at a bias voltage of Vb = 0.03 V. The MoS2 and MoSe2 FETs show

unipolar and ambipolar behaviour, respectively, as is shown in (b, d). All data was

recorded at room temperature.

(a) (b) (c)

(d) (e) (f)

Figure 5.44: (a, b, c) Electronic transport measurements on the MoS2/talc FET. (d, e,
f) Electronic transport measurements on the MoSe2 device. (a, d) I-Vb sweeps for select
values of Vg, with complete contour plots shown in (b, e), highlighting ambipolar behaviour
within the MoSe2 channel. (c, f) Representative I-Vg with Vb = 0.03 V, where Fs and Bs
represent the forwards and backwards sweep directions, respectively.

Hysteresis can be seen within Figure 5.44 (c, f), likely the result of defects at the

channel-dielectric interface charging as Vg is swept [333] which then act as scattering

centres for carriers within the channel material, altering the transport characteristics.
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This is in turn a consequence of both surface adsorbates and natural impurities

within the composition of our talc crystals (expected to be Fe and Al [334]) as the

material was not artificially synthesised but rather taken from a mine in the Ouro

Preto region of Brazil. The magnitude of the hysteresis width (the difference between

forward and backward-sweep threshold voltages, ∆Vth) can be controlled by the back

gate sweep rate, and shows a small increase above ∼ 0.5 Vs−1 in both MoS2 and

MoSe2 FETs. ∆Vth is approximately constant for both device types for sweep rates

less than this, see Figure 5.45, and ∆Vth,e ∼ 2 V for electron conduction in both FET

types and ∆Vth,h ∼ 0.75 V for hole conduction within the MoSe2 FET for sweep

rates > 0.5 Vs−1.
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Figure 5.45: The change in threshold voltage between forwards and backwards sweeps in
Vg, ∆Vth, for electron conduction in the MoS2 FET and both electron and hole conduction
within the MoSe2 FET as a function of Vg sweep rate.

There is a wide range of hysteresis widths reported in the literature for both MoS2

and MoSe2 FETs utilizing either SiO2 or hBN as a dielectric, a result of several factors

such as the measurement conditions, dielectric material used and whether or not the

devices were encapsulated [24, 29, 86, 335]. Table 5.5 presents the hysteresis widths of

comparable devices within the literature and contrasts them to our talc-based devices.

The lack of available data within the literature prevents a like-for-like comparison,

and thus Table 5.5 serves only as an approximate guide into the performance of talc
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compared to other commonly used dieletrics.

Table 5.5: Comparison of hysteresis widths for a number of MoS2 and MoSe2-based FETs
using different dielectrics within the literature.

FET
architecture

Key parameters:
environment/
production/
encapsulation/
annealing/
sweep rate (Vs−1)

Hysteresis
width
(V)

Talc
diminu-
tion
factor
(∆Vth,x/
∆Vth,talc)

Comments

MoS2/SiO2/Si
[28]

Ambient/exfoliated/
none/none/0.5

15 6.67

MoS2/SiO2/Si
[24]

Vacuum/exfoliated/
none/thermal/0.1

∼ 0.5 ∼ 0.29 Annealed at 85 ◦C for

12 hours.

MoS2/hBN/Si
[24]

Vacuum/exfoliated/
none/thermal/0.1

∼ 0.5 ∼ 0.29 Annealed at 85 ◦C for

12 hours.

hBN/MoS2/
hBN/SiO2/Si
[86]

Ambient/exfoliated/
yes/none/2

∼ 7.5 ∼ 4.3 ∆Vth increases for

decreasing sweep rate

[24, 28, 29, 86, 336],

and so the talc

diminution factor

at comparable

sweep rates to those

presented within

Figure 5.29 would be

even higher

hBN/MoS2/
SiO2/Si [86]

Ambient/exfoliated/
yes/none/2

∼ 22.5 ∼ 12.9 ∆Vth increases for

decreasing sweep rate

[24, 28, 29, 86, 336],

and so the talc

diminution factor

at comparable

sweep rates to those

presented within

Figure 5.29 would be

even higher

MoSe2/SiO2/Si
[29]

Vacuum/exfoliated/
none/none/0.1

∼ 1.5 ∼ 2
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All of these factors determine the concentration of adsorbates both on the surface

of the channel material and at the channel dielectric interface [24, 287] which can

become charged and introduce hysteretic effects into the measurements.

The MoS2 FET is unipolar across -5 V ≤ Vg ≤ 20 V with a forward sweep threshold

voltage, Vth,f ∼ 3 V at room temperature. At a bias voltage of Vb = 0.03 V, the

MoS2 FET had an on/off ratio of 4 x 103 for electron conduction at Vg = 20 V, an

off-state current, Ioff < 100 pA, a sub-threshold swing, SS = 1.60 ± 0.07 Vdec−1 and,

using ε = 3 as the permittivity of talc, an electron mobility of ∼ 0.81 cm2V−1s−1.

This electron mobility is less than reported for MoS2/hBN and MoS2/Al2O3 FETs

[23, 25], and is comparable to MoS2/SiO2 FETs [25]. The low mobility is well

known to be due to the presence of Schottky barriers at the interface between the

TMDC channel and the Cr/Au contacts [182], see Section 2.5.3. These manifest as

an increase in the contact resistance present at each electrode, although without

four-terminal measurements it is impossible to unequivocally explain the reduced

field effect mobility. The large value of sub-threshold swing is a result of the thickness

of the talc dielectric used, because as the dielectric becomes thicker its ability to

screen incident electric fields increases. Therefore, a greater bias potential is required

to modulate the channel carrier density by a given amount for a thick dielectric

than for a thin dielectric of the same material, which manifests as an increased

sub-threshold swing for the FET.

The MoSe2 FET shows typical ambipolar behaviour [337, 338] across -15 V ≤ Vg ≤ 15

V with a forward sweep threshold voltage, Vth,f ∼ −2.5 V (7 V) and a backwards

sweep threshold voltage of Vth,b ∼ −0.5 V (8 V) for hole (electron) conduction at

room temperature. At a bias voltage of Vb = 0.03 V, the MoSe2 FET had an on/off

current ratio of 1 x 105 (5 x 103) for hole (electron) conduction at Vg = -15 V (15

V), an off state current Ioff < 10 pA, sub-threshold swing SS = 1.39 ± 0.12 Vdec−1

(1.17 ± 0.15 Vdec−1) and, with ε = 3, a carrier mobility of ∼ 5.1 cm2V−1s−1 (∼ 3.3

cm2V−1s−1). Similar to the MoS2 FET, the carrier mobilities in this device are lower

than those reported for MoSe2/hBN and even MoSe2/SiO2-based FETs [339].
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In both devices the SS was calculated using

SS =

(
d (log10 (I))

dVg

)−1

(5.10)

by taking data from the linear region of the log10 (I)-Vg curves. Similarly, the

field-effect mobility, µFE, is given by

µFE =
dI

dVg

L

WCiVb
, (5.11)

where L and W are then channel lengths and widths, respectively, Ci is the area-

normalised capacitance of the particular talc crystal within a device and Vb is the

applied bias voltage.

The ability of talc to act as a barrier material between the channel and back gate

was also investigated. The barrier material must be sufficient to prevent leakage

current between these two elements so that the channel can be effectively modulated

by the back gate. Therefore, the current moving between the channel and graphite

electrode was measured for various back gate sweep rates and magnitudes, see Figure

5.46.
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Figure 5.46: Data presented in (a, c) and (b, d) were collected from the MoS2 and MoSe2

FETs, respectively. (a, b) Gate leakage current vs Vg at various back gate sweep rates. (c,
d) Representative leakage current vs Vg during electrical measurements, where the sweep
rate was � 0.1 Vs−1.
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Figure 5.46 (a, b) shows hysteretic behaviour within the leakage current for sufficient

back gate sweep rates (> 0.5 Vs−1), while (c, d) illustrates typical leakage current

values which would be present during device characterisation measurements. Ad-

ditional electrical characterisation of these FET devices were completed at various

temperatures ranging from ∼ 300 K - 4 K, as is shown within Figure 5.47.
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Figure 5.47 (a, b) shows the current moving through the FET channel as a function

of Vg for a range of temperatures, with Vsd = 30 mV. Freeze-out of the charge carriers

can clearly be seen in both devices by the reduction in current magnitude and the

drift of the activation voltages, as is also illustrated within (c, d).
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Figure 5.47: Data presented in (a, c) and (b, d) were collected from the MoS2 and MoSe2

FETs, respectively. (a, b) I-Vg curves for the two device types at various temperatures.
(c, d) Temperature dependance of the threshold voltage where Vth,f,e (Vth,b,e) and Vth,f,h

(Vth,b,h) are the threshold voltages corresponding to electron and hole conduction during
the forwards (backwards) sweeps of the gate voltage, respectively.

5.2.2 Photoluminescence

Attention is now placed on the optical performance of TMDCs placed on talc

dielectrics. Similar to the talc used within the FETs, these have an average roughness

of ξtalc = 0.65± 0.16 nm, comparable to mono- and few-layer hBN [79]. Monolayer

TMDC thickness was required in order to enhance the photoluminescence quantum

yield as discussed in Section 3.2.4. The fabrication procedure for these devices is much

the same as before, beginning with mechanical exfoliation from bulk crystals onto

a SiO2/Si substrate followed by optical identification and subsequent dry-stacking

into heterostructures. Monolayer WS2 was initially investigated due to it having

increased chemical stability compared to other TMDCs as it was unknown how the

talc substrate might affect the PL properties [310].
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WS2 photoluminescence: Figure 5.46 (a) shows an optical micrograph of the

monolayer WS2/talc heterostructure investigated within this study. Figure 5.46 (b)

shows a typical PL spectrum of a WS2 monolayer at room temperature, whilst (c)

shows PL spectra taken at 4 K for various laser power excitations.

(a)

(b)

(c)

Figure 5.48: (a) Optical micrograph of a monolayer (1L) WS2/talc heterostructure. (b)
Typical PL spectrum of a WS2 monolayer on talc at 300 K. (c) PL spectra at 4 K for
different incident laser powers. Data collected by collaborators, G. Prando and Y. Galvão.

In (b), a PL peak is observed at 2.008 eV. This is blue-shifted from the value of

∼ 1.84 eV given in Table 3.2, which is often seen in monolayers which have been

transferred from one substrate to another due to a reduction in the magnitude of

strain acting on the lattice [340], with similar PL spectra to ours being observed

for monolayer WS2 on other analogous dielectrics such as hBN [341]. Furthermore,

this room-temperature emission has a FWHM of ∼ 30 meV, approximately ∼ 5

meV less than comparable samples on SiO2/Si substrates [340]. This is reduced

further as the sample is cooled, with the typical FWHM of the neutral exciton

emission peak reaching as low as ∼ 10 meV. This could be reduced further by using

standard thermal annealing techniques already used in TMDC/hBN stacks [342].

The observed small FWHM and strong PL intensity suggests that talc can serve as

an effective material for isolating TMDC monolayers from SiO2 and consequently

preserve the intrinsic properties of the TMDC.
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Both the neutral exciton (X) and charged trion (T T , T S) emission peaks are observed

within Figure 5.46 (c) at 2.086 eV and 2.056 eV, respectively. Moreover, it can

be seen that the trion peak presents a clear asymmetry which is associated with

unresolved PL emission from different trion states (see Figure 3.13 and Section 3.2.1).

Therefore, the trion peak was deconvolved into two separate peaks, one at 2.053

eV and the other at 2.060 eV which are associated to singlet (TS) and triplet (TT )

states formed via the Coloumb exchange interaction [341]. As with the neutral

exciton emission, the charged trion peaks are also blue shifted relative to that found

in comparable works within the literature [341], although unlike the former this is

likely due to the effect of having talc as a substrate, whereas comparable works

utilise hBN. In addition to these, another strong PL peak at 2.034 eV was observed,

which, by measuring the energy shift with incident laser power (Figure 5.46 (c)),

was determined to be due to emission from biexcitons (XX−) [343, 344], which is a

four-particle state composed of a pair of excitons, via the superlinear relationship

between incident laser power and peak position [341, 343], see Figure 5.47. In order

to further analyse these peaks, the PL spectra were fitted with Voigt functions. This

was necessary as each peak undergoes homogeneous (e.g. due to finite lifetimes of

occupied excited states) and inhomogeneous (e.g. due to local defects) broadening,

which produce Lorentzian and Gaussian profiles, respectively. A Voigt function is

a convolution between these two functions, and so is ideal for fitting PL emissions

such as these. Figure 5.47 shows the PL intensity, I, of each peak as a function

of incident laser power, P . This dependancy can be expressed as I ∝ Pα, yielding

α = 1 for the neutral exciton emission, α = 1.19 and α = 1.02 for the T T and T S

states, respectively, and α = 1.30 for the biexciton emission, as is shown within

Figure 5.47. As the the neutral and biexcitons are known to exhibit a linear and

superlinear relationship to incident laser power [341, 343], respectively, fitting the

peaks in this manner allows the various peaks within the PL spectra to be identified.

With these values in mind, the observed laser power dependencies for all emission

peaks are consistent to previous interpretations of the PL spectra measured from

WS2 monolayers reported in the literature which use hBN as an isolating substrate
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[341, 343, 344]. The identity of the charged trion peaks are further confirmed by

their relative increase in intensity to the neutral exciton emission as a function of

increasing laser power, see Figure 5.46 (c). This is because a higher incident laser

power results in an increased amount of laser-induced doping present within the

TMDC [344], in turn encouraging the formation of charged trions via combination of

a neutral exciton with an excited charge carrier.

Figure 5.49: Double logarithmic representation of integrated PL intensity as a function of
laser power. Data collected by collaborators, G. Prando and Y. Galvão.

MoS2 and MoSe2 photoluminescence: Figure 5.48 shows optical micrographs

of two more talc-based photoluminescent devices with MoS2 and MoSe2 active layers.

Unlike the previous WS2-based device, these have an underlying layer of graphene to

facilitate the application of a back gate voltage and thus allow for investigation into

the formation of trions within these materials.

These were fabricated with the same procedure as used for the WS2 device, detailed

within Section 4.3, although additional gold pins were necessary (see Figure 5.48) in

order to pin the heterostructure to the substrate during the lift-off step. PL spectra

were recorded using the set up described previously, with the application of a back

gate voltage provided by a Keithley 2400 sourcemeter. This data is presented within

Figure 5.49.
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Figure 5.50: Optical micrographs of two talc-based PL devices using (a) MoS2 and (b)
MoSe2 as the active materials. The graphene, talc and TMDC layers are highlighted in red,
green and pink, respectively. The scale bars (white) in each represent 10 µm.
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Figure 5.51: PL spectra of monolayer (a) MoS2 and (b) MoSe2 on talc under application
of a back gate voltage, Vg. Inset: zoom-in of data highlighting the presence of B-exciton
emission. Measurements taken at 300 K.

As can be seen, both materials exhibit a single prominent peak along with adjacent

shoulder peaks. In order to identify the physical processes associated with the

formation of each, an external back gate potential was applied to the MoS2 and

MoSe2 active layers between -10 V ≤ Vg ≤ 10 V and -4 V ≤ Vg ≤ 4 V, respectively.

167



The smaller range of Vg applied to the MoSe2 was chosen in order to prevent dielectric

breakdown of the thinner talc used within this device.

In bulk TMDC materials, trions typically have a lower binding energy than their

neutral exciton counterparts as a result of their greater orbital radius leading to

increased dielectric screening from the surrounding medium [345]. Therefore it would

seem that the low-energy shoulders within the PL spectra of MoS2 and MoSe2 are

the result of trion recombination whilst the remaining peak corresponds to neutral

exciton recombination (from either A- or B-excitons, which will be determined later).

As discussed in Section 3.2.1, excitons within 2D materials behave very differently,

with excitons of larger orbital radius showing an increase in binding energy due

to a reduction in dielectric screening associated with the 2D nature of the crystal

[193, 345]. This is also true of trions within these materials, and so the low energy

shoulders are still attributed to trion emission at first glance [346, 347].

In order to confirm this, PL spectra were recorded throughout the applied back

gate range and then deconvoluted to gain information on the individual features.

Details of the deconvolution process are given in the Appendix. Application of

Vg in this manner will lead to an increased dopant concentration throughout the

TMDC active layers which in turn facilitates the formation of trions. Therefore, by

increasing Vg, the trion formation rate (and subsequent recombination rate) will

increase accordingly, enhancing the intensity of the corresponding peak within the

PL spectra and allow for its identification. Figure 5.50 (a, b) shows the ratio of peak

intensities as a function of Vg.
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Figure 5.52: (a, b) Ratio of PL peak intensities for MoS2 and MoSe2, respectively, as a
function of Vg. (c, d) Intensity of the A-peak as a function of Vg for MoS2 and MoSe2,
respectively.

Barring the anomalous point for Vg = 0 V in Figure 5.50 (a), both devices show a

clear inverse proportionality in the peak intensity ratio as a function of Vg, indicating

that the intensity of the peak used within the denominator increases with increasing

Vg. In both devices, this peak is labelled A’ within Figure 5.49 and, as both lie at

lower energies than the remaining features, likely correspond to trion recombination

within the devices. The identity of this peak can be further confirmed by plotting

the intensity of the other feature, labelled A in Figure 5.49, as a function of Vg

as is shown within Figure 5.50 (c, d). As can be seen, the A-peak intensity shows

little variation with Vg and thus indicates that it does not originate from trion

recombination.

The PL spectra of MoSe2 presents an additional feature, labelled A” within Figure

5.49 (b), whose behaviour shows no clear correlation with increasing back gate

potential. The cause of this is unknown and would require further study to elucidate,

although it is likely due to significant disorder within this device. Both MoS2

and MoSe2 devices lack encapsulation and thus a significant amount of doping by

adsorbants should be expected, and is observed here through the low I(A)/I(A’)

ratios even in the absence of an applied back gate potential which in turn indicates a
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high initial doping concentration. This is most prevelant in the MoSe2 device and so

a high dopant concentration may explain the anomalous feature. Additional sources

may include other factors such as strain, damage to the TMDC crystal lattice during

device manufacture or PL emission from adsorbants. In fact, a clear difference in

the quality of the interfaces of the two devices can be seen by examination of Figure

5.48, with the MoSe2-based device having a high density of bubbles, likely filled with

hydrocarbons, present across the MoSe2/talc interface. It could be this additional

material, or the strain that this induces within the MoSe2 lattice, which produces

the A” feature within the MoSe2 PL spectra.

Following identification of the peaks within the PL spectra, a comparison of their po-

sitions to devices within the literature utlising alternate dielectrics can be completed.

The positions of these peaks are given in Table 5.6.

Table 5.6: Peak positions within the PL spectra of MoS2 and MoSe2 on talc.

Material A (eV) ± (eV) A’ (eV) ± (eV) A” (eV) ± (eV)

MoS2 2.026 0.003 1.812 0.019 N/A N/A
MoSe2 1.631 0.002 1.599 0.005 1.659 0.005

The peak position of the A-exciton emission of the MoS2 and MoSe2 are blue-shifted

by approximately 0.1 eV and 0.08 eV [264, 348], respectively, when using talc

substrates compared to when using SiO2/Si substrates. Likewise, the MoS2 and

MoSe2 A-peak positions are blue-shifted by approximately 0.07 eV and 0.06 eV

[346, 347], respectively, compared to devices using hBN substrates.

Photoluminescent spectra of both MoS2 and MoSe2 are known to exhibit secondary

peaks due to B-exciton emission (see Section 3.2.4) which are usually ∼ 0.1-0.15 eV

[252] and ∼ 0.15-0.2 eV higher in energy than the materials corresponding A-peak

positions [252, 348], respectively, due to originating in the lower split valence band

at the K-point of the Brillouin zone. The peak corresponding to B-exciton emission

should therefore be present at higher energies than this, although no feature could

be found within the data for the MoS2-based device. The absence of a B-peak often

occurs within the literature and an explanation for this is given within Section 3.2.4.

For MoSe2 on talc, a small feature is observed which is centered at ∼ 1.79 eV, 0.16
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eV higher in energy than the A-exciton emission, and is therefore identified as being

due to B-exciton emission (see Figure 5.49 (b) inset).

The dependancy of the FWHM of the PL peaks as a function of the back gate

potential was also investigated, as is shown within Figure 5.51.
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Figure 5.53: (a, b) FWHM of the A and A-peaks within the PL spectra of MoS2 and MoSe2,
respectively.

Once again barring the anomalous data point at Vg = 0 within Figure 5.51 (a), the

MoS2 A-peak FWHM shows a weak correlation with the applied back gate potential,

whilst the same peak within the MoSe2 spectrum does not. The A’-peaks of both PL

spectra do not seem to depend upon Vg. As the A’-peaks within the spectra of both

TMDCs arise from trion recombination, one would assume that they would exhibit

similar responses to external stimuli. The lack of this once again indicates that

an external differing factor between the two devices, as opposed to a difference in

fundamental physics, is obscuring the inherent PL behaviour of the devices. Despite

this, the FWHM of both peaks within the individual PL spectra are clearly separated

into two groups – with those belonging to MoS2 having FWHM in the range of

∼90-250 meV, whilst the MoSe2 peaks have FWHM of ∼20-60 meV. These values

of FWHM for MoS2 are significantly larger than for comparable devices using both

SiO2/Si [264] and hBN [349] substrates. This is likely due to both a lack of talc

encapsulation as well as interfacial contamination, both of which introduce charge

171



scattering centres and thus reduce the excitonic lifetimes. It is expected that these

two factors could be mitigated via the use of encapsulation and thermal annealing,

respectively. Surprisingly, despite the disorder apparent within the PL spectra of the

MoSe2-based device, it yields low FWHM values less than those found in comparable

devices using SiO2/Si substrates by ∼ 60 meV [348], but still greater than is found

in devices using hBN substrates [347]. The variation in the FWHM of these spectral

features when compared to devices within the literature suggest that, with further

optimisation of production techniques, talc substrates have the potential to greatly

outperform conventional SiO2/Si substrates, and potentially compete with hBN,

with regards to preserving the intrinsic PL properties of TMDC monolayers.
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6. Conclusions

The results presented within this thesis demonstrate a novel approach to the pro-

duction of scalable vdW heterostructures utilising graphite, TMDC and hBN bulk

powders as the source material. An abrasion-based procedure was developed to

allow for the creation of sharp interfaces between layers as well as the deposition of

abraded graphite top electrodes via a PMGI sacrificial layer. Since the first isolation

of graphene and its analogues there has been significant research into production

methods which allowed for the creation of scalable, multilayered devices. These

have included CVD growth, which allowed for atomic layer thicknesses within the

heterostructure and could be scaled over many square centimetres, but are typically

limited in terms of electronic performance due to the presence of domain boundaries,

and LPE, which produces robust and scalable heterostructure devices at the cost of

leaving monolayer thicknesses, and the associated phenomena, behind, in addition to

generally having sub-par electronic performance. The abrasive method represents

the next step in the evolution of the latter, as it offers a means to produce robust,

scalable heterostructures whilst maintaining electrical performance comparable to

many LPE/exfoliated and strictly exfoliated devices.

This was demonstrated through the creation of a plethora of device types including

photovoltaics, TENGs, strain sensors, capacitive pressure sensors and thermistors,

all through the use of abraded vdW powders. To summarise: abraded photovoltaic

devices displayed responsivities far exceeding comparable LPE devices; the TENG

devices had a power output comparable to equivalent LPE devices, although, given

the wide variety of 2D material combinations, it should be expected that further

work could easily be completed to optimise the architecture and improve performance

beyond this; abraded strain sensors proved to be extremely robust, showing a
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consistent response to external strain over thousands of cycles without the need for

prior substrate treatment, and offered additional sensitivity to compressive strain

compared to tensile strain; the capacitive pressure sensors offered sensitivities far

greater than the threshold needed to detect a human heart beat, opening avenues for

the creation of future wearable, flexible and robust heart rate monitors; and finally

the abraded thermistors were able to easily detect external changes in temperature,

and may allow for the creation of flexible and robust thermometers, although they

displayed temperature coefficients roughly an order of magnitude lower than other

composite-film devices within the literature.

Overall, abraded films and devices offer superior performance to LPE whilst main-

taining robustness and scalability, all while using a simple and easy production

technique. In fact, the abrasive method is simple enough to be almost entirely

automated, as was done to produce the capacitive pressure sensors and thermistors,

requiring only the bare minimum of human interference. This not only increases

repeatability for future experiments by removing human error and providing an

accurate control over the dimensions of the abraded film (through knowledge of

applied pressure, drill bit RPM, feed rate and the number of passes), but would also

allow for the creation of devices using exotic and volatile materials, as the entire

procedure could be completed in a clean and inert environment whilst controlled

from afar. Moreover, abrasive deposition of the investigated materials is compatible

with a large number of substrates including (but not limited to) SiO2, PET, PTFE,

PMGI, PDMS, polyethylene napthalate, polyurethane, Al, steel and paper, further

extending the possibilities for future device design.

In addition to this, investigation into the use of mechanically exfoliated talc as a

dielectric barrier material within TMDC-channel FETs was completed. This was to

explore the entire dielectric parameter space in the hopes of yielding improved FET

performance, as heavy attention is already given to optimisation of channel materials

in exfoliated FET heterostructures. Despite the lack of encapsulation within the

talc-based devices they offer comparable hysteresis widths to devices using hBN as a

dielectric. As hBN is already well established as a near-ideal barrier material due to
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having an atomically flat surface and providing a clean interface, this would suggest

that future devices utilising talc could be optimised to one day outperform hBN - at

least in terms of interfacial cleanliness. Furthermore, the magnitude of the leakage

current was consistently < 0.5 nA throughout the back gate potential range applied,

showing that talc of sufficient thickness is suitable as a barrier material due to its high

dielectric constant. However, both talc-based architectures displayed significantly

reduced field-effect mobilities and thus a severe reduction in electronic performance,

such as having increased sub-threshold swings and reduced current on/off ratios when

compared to hBN-based FETs within the literature, although these may stem from

the aforementioned lack of encapsulation and the resultant presence of impurities on

the surface of the channel material. Therefore, future devices utilising encapsulated

channel materials along with a reduction in dielectric thickness (preferably down to

mono- or few-layer) would be needed in order to thoroughly compare talc to other

established materials such as hBN, Al2O3 and SiO2.

Finally, the photoluminescent properties of TMDCs using talc as a substrate was

investigated. The high intensity of the PL peaks within the emission spectra of

these devices, along with having a narrow FWHM, suggests that talc can be used as

an isolating substrate to preserve the intrinsic PL properties of monolayer TMDC

materials in the same manner as hBN. This is also evidenced by the formation of

biexcitons within our WS2/talc heterostructure, typically only seen in clean and/or

hBN-encapsulated systems. This was achieved without encapsulation by either talc

or hBN, and so it should be expected that doing so within future experiments would

yield PL behaviour even closer to that of the intrinsic TMDC. Furthermore, the

spontaneous doping properties of talc when used as a substrate allowed for room-

temperature observation of trion emission in all of the PL devices measured, opening

up new avenues of research into high carrier density optoelectronics without the need

for the application of a back gate potential.
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SolidWorks design for bespoke

bending rig

The SolidWorks design used to create the bespoke bending rig is shown below within

Figure 1.

(i)

(ii)

(iii)

(iv)

(v)

(a) (b) (c)

Figure 1: SolidWorks design of the bespoke bending rig. (a) Exploded schematic of the rig
showing the (i) linear actuator, (ii) clamps to hold the flexible substrate in place (purple),
(iii) movable clamp, (iv) fixed clamp and (v) the base plate, which can be securely fixed to
a tabletop. (b) Image of the schematic from above. (c) Image of the schematic from below.
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Spectral deconvolution

An example of a deconvolved photoluminescent spectrum is given below within

Figure 2. The data, shown in black, clearly contains two overlapping features which

can be deconvolved using QtiPlot analysis software. By first selecting the number of

peaks required to fit the spectra and then approximating the peak positions, this

software can easily be used to derive the positions and form of the A and A’-peaks

within this spectrum. Each spectra is fitted by an appropriate number of Lorentzian

curves to identify the obscured features, as is detailed within [252].

Figure 2: The PL spectrum for monolayer MoS2 on talc. The data is shown in black whilst
the total Lorentz fit along with its component peaks are shown in red and green, respectively.
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