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University of Southampton
Abstract

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
School of Physics and Astronomy

Doctor of Philosophy

Vibrational and Electronic Excitations in TMD Monolayers and

Heterostructures Probed by Resonance Raman Spectroscopy

by Jacob John Scotchford Viner

This thesis presents the results of a resonance Raman study of TMD monolayers and
heterostructures. These measurements allow the 2s Rydberg excitons to be characterised
in heterostructures for the first time. This data is used in conjunction with a model of
the Coulomb potential in heterostructures to allow the effects of exciton binding energy
and the single particle band gap to be measured in the monolayers and heterostructures.
This showed shifts in single particle band gap of -25 +5 meV and -31 +5 meV for WSe,
and MoSes respectively and with corresponding changes in exciton binding energy of
-8 £0.5 meV and -19 +1 meV on formation of a heterostructure. Hyperbolic phonon
polariton (HPP) states are also probed in hBN encapsulating TMD layers via resonance
Raman spectroscopy. Excitons in the TMD layers excite HPPs in the hBN. The high
resolution Raman measurements of the lineshape of the HPP modes were compared with
a model of the dispersion relation. This revealed large momenta were being accessed,
>50 000 cm™ which requires a breaking of momentum conservation in the HPP Raman

scattering process.


http://www.southampton.ac.uk




Contents

List of Figures

List of Tables

Declaration of Authorship

Acknowledgements

1 Introduction

1.1

Organisation . . . . . . . . . . . e

2 Theoretical Background

21

2.2
2.3
2.4

2.5

TMDs . . . o e
2.1.1 Physical Properties . . . . . . . . .. .. o
2.1.2 Electronic Band Structure . . . . . . . .. ... oo
2.1.3 Excitons . . . . . . . .. e

2.1.3.1 Keldysh Potential . . . ... ... ... ... . ......
2.1.4 Bilayers and Heterostructures . . . . . . . ... ... ... .....
2.1.5 Encapsulationin hBN . . . .. ... .00 0oL
Phonons . . . . . . .o
Hyperbolic Materials . . . . . . . .. .. . oo
Raman Spectroscopy . . . . . . . . .. e
2.4.1 Resonance Raman Spectroscopy . . . ... ... ... ... ....
Reflectivity and Photoluminescence Spectroscopy . . . . . . . . . . . ...

3 Experimental Methods

3.1

3.2

3.3

Sample Fabrication . . . . . . . ... . o o
3.1.1 Mechanical Exfoliation . . . . . . . .. ... ... ... .......
3.1.2 Stamp Transfer . . . . . .. ... o
Resonance Raman System . . . . . . .. .. .. L Lo oo
3.2.1 Laser SOUrces . . . . . . . . it e e e e e
3.2.2 Polarisation Control . . . . ... ... ... ... ... ...,
3.2.3 Sample Positioning and Temperature Control . . . . . . . ... ..
3.2.4 Acquiring Spectra . . . . . ... Lo
3.2.5 Spot Size Measurements . . . . . . . ... ..o
Data Analysis and Fitting . . . . . ... ... ... .. 0L
3.3.1 Resonance Raman . . . . ... .. ... ... ............

3.3.1.1 Background Subtraction. . . . . .. ... ... ... ...

ix

xiii

XV

xXVii



vi

CONTENTS

3.3.1.2 Calibration of Raman Shift . . . . ... ... ... ..., 31

3.3.1.3  Absolute Scattering Cross Section . . . . ... ... ... 32

3.3.1.4 Fitting Raman Spectra . . . . .. ... ... ... ..., 32

3.3.1.5  Fitting Resonance Profiles . . . . ... ... ... ..., 33

3.3.2 Photoluminescence . . . . . . . ... ... o 34
3.3.3 Reflectivity . . . . . . .. 35

4 Resonance Raman Spectroscopy of Exciton Rydberg States in WSe,

/ MoSez Heterostructures 37
4.1 Literature Review . . . . . . . . .. . 37
4.2 Results. . . . . . . e e 38
4.2.1 Sample Characterisation . . . . . . . . . .. ... ... .. ... .. 38
4.2.1.1 Monolayer WSes Photoluminescence and Reflectivity . . 38

4.3

44

4.2.1.2 Monolayer MoSe; Photoluminescence and Reflectivity . . 41
4.2.1.3 57° Twist Heterostructure Photoluminescence and Re-

flectivity . . . . . . Lo 43

4.2.1.4 20° Twist Heterostructure Photoluminescence and Re-
flectivity . . . . . ... 46
4.2.2 Characterisation of Excited State Raman Peaks in Monolayer WSey 48
4221 WSes Als. . . . . . . . 48
4222 WSey A2s. . . . . . 50
4223 WSey Bls. . . . . .. . o 54
4.2.3 Characterisation of Excited State Raman Peaks in Monolayer MoSey 56
4231 MoSey Als . . . . . . 56
4.2.32 MoSey A2sand Bls . . . . ... ... ... .. .. ... . 59
4233 MoSe; B2s . . . ... 62
4.2.3.4 Conclusions . . . . . . . . . . e 65
4.2.4 Identification of Excited States in MoSey/WSes Heterostructures . 65
4.2.4.1 57° Twist Heterostructure MoSes Als . . . . . . ... .. 65
4.2.4.2 57° Twist Heterostructure WSey Als . . . . . . ... .. 67
4.2.4.3 57° Twist Heterostructure MoSey A2s and Bls . . . . .. 69
4.2.4.4 57° Twist Heterostructure WSeg A28 . . . . . . ... .. 72
4.2.4.5 57° Twist Heterostructure MoSe; B2s . . . . . . ... .. 74
4.2.4.6 57° Twist Heterostructure WSeg Bls. . . . . . . ... .. 76
4.2.4.7 20° Twist Heterostructure MoSey Als . . . . .. ... .. 79
4.2.4.8 20° Twist Heterostructure WSeg Als . . . . . .. .. .. 81
4.2.4.9 20° Twist Heterostructure MoSep A2s . . . . . . ... .. 83
4.2.4.10 20° Twist Heterostructure MoSe; Bls . . . . . . . .. .. 85
4.2.4.11 20° Twist Heterostructure WSeqg A2s . . . . . ... ... 86
4.2.4.12 20° Twist Heterostructure MoSe, B2s . . . . . . ... .. 88
4.2.4.13 20° Twist Heterostructure WSeos Bls. . . . . . . . .. .. 90
4.2.4.14 Summary of Exciton Energies . . . . .. ... ... ... 91
Comparison with Theoretically Calculated Exciton Binding Energies . . . 92
4.3.1 Theoretical Model . . . . . . . . . .. ... 93
4.3.2 Energy Comparison . . . . . .. .. ... oo 95

Conclusions . . . . . . . s 96



CONTENTS vii

5 Resonance Raman Spectroscopy of Hyperbolic Phonon Polaritons in

hBN Encapsulated TMDs 97
5.1 Literature Review . . . . . . . . . . . . e 97
5.2 Results. . . . . . e e e e 98
5.2.1 hBN Modes Identification . . . . . . ... .. ... ... ...... 99

5.2.2 WSey; hBN Resonance Behaviour . . . . . . . . ... ... ..... 102

5.2.3 MoSes hBN Resonance Behaviour . . . ... ... .. ... .... 109

5.2.4 'T-Matrix Modelling of HPPs . . . . . . . .. ... ... ... ... 113

5.3 Conclusions . . . . . . . . e 116

6 Conclusions 117
6.1 Perspectives and Outlook . . . . . .. ... ... ... ... ........ 119

References 121






List of Figures

2.1 TMD atomic structure. . . . . . . . .. .. L
2.2 TMD stacking structures. . . . . . . .. .. ... Lo
2.3 TMD Brillouin zone diagram. . . . . . . . . . . .. ..o
2.4 TMD band diagram. . . . . . . . .. . L
2.5 TMD band diagram showing dark excitons. . . . . .. .. ... ... ...
2.6 TMD energy diagram showing hybrid excitons. . . . . . ... ... .. ..
2.7 Phonon vibrations for monolayer TMDs. . . . . . . . . ... ... ... ..
2.8 Parallel and perpendicular permittivity of hBN. . . . . . . . ... ... .
2.9 Isofrequency surfaces of HPP in hBN. . . .. .. ... ... ... .....
2.10 Feynman diagram of Raman scattering. . . . . .. ... ... ... ....
2.11 Feynman diagram of additional Raman scattering processes. . . . . . . . .
2.12 Mechanism for resonance Raman enhancement. . . . . . . . .. ... ...
2.13 Examples of resonance Raman profiles. . . . . . . . ... .. ... ...

3.1 Stacking diagram and optical microscope images of the heterostructure
samples. . ...
3.2 Schematic of the stamp transfer technique for assembling a TMD vdW
heterostructure. . . . . . . . ...
3.3 Diagram of the setup of the laser sources. . . . ... ... ... ......
3.4 Diagram of the Raman spectroscopy system. . . . .. ... ... ... ..
3.5 Measurement of the spot size on the sample. . . . . . . . .. .. ... ...
3.6 Polarised Raman spectra of MoSes at 1.652eV . . . . . .. ... ... ..
3.7 Raman spectra of MoSes at 1.652 eV before and after background sub-
traction . . . . . . L. L

4.1 WSes monolayer differential reflectivity spectrum. . . . ... .. .. ...
4.2 WSes monolayer PL spectrum. . . . ... ... ... .. .00
4.3 MoSes monolayer differential reflectivity spectrum. . . . . . . .. ... ..
4.4 MoSes monolayer PL spectrum. . . . . . . ... ..o
4.5 HS5H7 heterostructure differential reflectivity spectrum. . . . . . . . . . ..
4.6 HSbH7 heterostructure PL spectrum. . . . . . . . .. ..o
4.7 HS20 heterostructure differential reflectivity spectrum. . . . . . . . . . ..
4.8 HS20 heterostructure PL spectrum. . . . . . . .. . ... ... ...
4.9 Monolayer WSey Als Raman colour-map. . . . . . ... ... ... ....
4.10 Monolayer WSey Als resonance Raman profile. . . . . . ... ... .. ..
4.11 Monolayer WSes A2s Raman colour-map. . . . . . .. ... ... .....
4.12 Monolayer WSey A2s Raman waterfall plot. . . . . . ... ... ... ...
4.13 Monolayer WSey A2s resonance Raman profiles. . . . . . .. ... ... ..

ix

42

50



LIST OF FIGURES

4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23
4.24
4.25
4.26

4.27
4.28
4.29
4.30

4.31
4.32
4.33
4.34
4.35

4.36
4.37
4.38
4.39

4.40
4.41
4.42
4.43
4.44
4.45
4.46
4.47
4.48
4.49

4.50
4.51
4.52

5.1
5.2

Energy diagram for 2s associated two-phonon Raman scattering. . . . . . 54
Monolayer WSes Bls Raman colour-map. . . . . . .. .. ... ...... 55
Monolayer WSes Bls resonance Raman profiles. . . . . . . .. .. ... .. 56
Monolayer MoSez Als Raman colour-map. . . . . . . . . ... ... .... 57
Band diagrams for intervalley two-phonon Raman scattering. . . . . . . . 58
Monolayer MoSes Als resonance Raman profile. . . . . . . . .. . ... .. 58
Monolayer MoSe; A2s/Bls Raman colour-map. . . . . . . ... ... ... 60
Monolayer MoSe, A2s/Bls resonance Raman single and two state fits. . . 61
Monolayer MoSes A2s/Bls resonance Raman profiles. . . . . . ... ... 61
Monolayer MoSes B2s Raman colour-map. . . . . . .. ... ... ... .. 63
Monolayer MoSey B2s resonance Raman profiles. . . . . . .. .. ... .. 64
57° twist MoSea/WSes heterostructure resonance Raman colour-map. . . 66
57° twist MoSey/WSes heterostructure MoSe, Als resonance Raman pro-

files. . . . e 67
57° twist MoSey/WSes heterostructure resonance Raman colour-map. . . 68

57° twist MoSea/WSes heterostructure WSey Als resonance Raman profiles. 69
57° heterostructure resonance Raman colour-map at the MoSez Bls / A2s. 70
57° twist MoSey/WSes heterostructure MoSey A2s resonance Raman pro-

files. . . . e 71

57° twist MoSes /WSey heterostructure MoSe, Bls resonance Raman profile. 72

57° heterostructure resonance Raman colour-map at the WSey A2s.. . . . 73
57° twist MoSes/WSes heterostructure WSey A2s resonance Raman profile. 74
57° heterostructure resonance Raman colour-map at the MoSes B2s. . . . 75
57° twist MoSey/WSes heterostructure MoSes B2s resonance Raman pro-

files. . . . e 76
57° heterostructure resonance Raman colour-map at the WSe, Bls. . . . . 77
57° twist MoSes /WSey heterostructure WSe, Bls resonance Raman profile. 78
20° heterostructure resonance Raman colour-map at the MoSes Als. . . . 79
20° twist MoSes/WSes heterostructure MoSea Als resonance Raman pro-

files. . . . e 81
20° heterostructure resonance Raman colour-map at the WSey Als. . . . . 82
20° twist MoSes/WSes heterostructure WSey Als resonance Raman profile. 83
20° heterostructure resonance Raman colour-map at the MoSes A2s. . . . 84
20° twist MoSes /WSes heterostructure MoSey A2s resonance Raman profile. 84
20° heterostructure resonance Raman colour-map at the MoSes Bls. . . . 85
20° twist MoSea /W Sey heterostructure MoSes Bls resonance Raman profile. 86
20° heterostructure resonance Raman colour-map at the WSes A2s.. . . . 87
20° twist MoSea/WSes heterostructure WSey A2s resonance Raman profile. 87
20° heterostructure resonance Raman colour-map at the MoSes B2s. . . . 89
20° twist MoSey/WSes heterostructure MoSes B2s resonance Raman pro-

files. . . . e 89
20° heterostructure resonance Raman colour-map at the WSes Bls. . . . . 91
20° twist MoSey/WSey heterostructure WSes Bls resonance Raman profile. 91
Comparison of Rytova-Keldysh and Coulomb potentials. . . . . .. .. .. 94
First report of hBN modes in WSes. . . . . . . . . ... ... ... ... 98

Monolayer WSes hBN Raman spectrum. . . . . .. .. .. ... ... ... 99



LIST OF FIGURES xi

5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19

Monolayer MoSes hBN Raman spectrum. . . . . . .. .. .. .. ... .. 100
hBN permittivity in the infrared. . . . . . . . ... ... .00 100
Monolayer WSes hBN Raman lineshapes. . . . . . ... ... ... .... 101
Monolayer MoSe; hBN Raman lineshapes. . . . . . . . .. ... ... ... 102
Monolayer WSes hBN Raman colour-map. . . . . . .. .. .. ... .... 103
Zoom of monolayer WSes hBN Raman colour-map. . . . . . . ... .. .. 104
Monolayer WSes hBN HPP Raman resonance profiles. . . . . . . .. . .. 105
Monolayer WSes hBN Raman HPP + phonon resonance profiles. . . . . . 105
Monolayer WSe; hBN Raman 815 cm™ lineshapes. . . . . . . ... .. .. 107
Monolayer WSe; hBN Raman 1050 cm™ lineshapes. . . . . .. ... ... 108
Resonance adjusted HPP Raman at different resonance conditions. . . . . 109
Monolayer MoSes hBN Raman colour-map. . . . . .. ... ... ..... 110
Monolayer MoSes hBN Raman resonance profile. . . . .. .. .. .. ... 111
Parameter correlation matrix for MoSe, hBN fit. . . . . . . ... .. ... 112
First 3 HPP modes H field vsdepth . . . . . . ... ... ... ... .. 114
Dispersion relation and Raman lineshape of HPPs in hBN . . . . . . . .. 114

Dispersion relation and Raman lineshape of HPPsin hBN . . . . . . . .. 115






List of Tables

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16

5.1
5.2

Monolayer WSey PL fit coefficients. . . . . . . . ... ... ... ... ...
MoSey PL fit coefficients. . . . . . . . . . .. ..
HS57 PL fit coefficients. . . . . . . . . . . .. . ... ... ...
HS20 PL fit coefficients. . . . . . . . . . . . . . . ... .
MoSes A2s Bls resonance Raman fit coefficients. . . . . . . . . ... ...
MoSes B2 resonance Raman fit coefficients. . . . . . . . . . . . ... ...
57° heterostructure WSey Als resonance Raman fit coefficients. . . . . . .
57° heterostructure MoSes A2s resonance Raman fit coefficients. . . . . .
57° heterostructure MoSey B2s resonance Raman fit coefficients. . . . . .
HS57 WSey IX* and A2s resonance Raman fit coefficients. . . . . . . . . .
HS20 WSey Als resonance Raman fit coefficients. . . . . . .. .. ... ..
20° heterostructure MoSey A2s resonance Raman fit coefficients. . . . . .
20° heterostructure MoSes B2s resonance Raman fit coefficients. . . . . .
Table of resonance Raman exciton energies. . . . . . . . ... ... ....
Model parameters used to calculate the exciton energies. . . . . . . . . ..
Measured and theoretical 1s-2s exciton energy spacings. . . . . .. .. ..

WSes hBN HPP resonance profile fit parameters. . . . . . .. .. .. ...
MoSes 800 cm™! resonance parameters. . . . . . ... ...

xiii






p.q%

Declaration of Authorship

I declare that this thesis and the work presented in it is my own and has been generated

by me as the result of my own original research.

I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree

at this University;

2. Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated;

3. Where I have consulted the published work of others, this is always clearly at-
tributed;

4. Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work;
5. I have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

7. None of this work has been published before submission






xvii

Acknowledgements

First of all, I would like to first thank my PhD supervisor Prof. David C. Smith, whose
patience and breadth of theoretical and practical knowledge were an invaluable help
during my PhD. I am greatful for his support and direction over the past few years. I
want to also give thanks to Kath Leblanc for her help and training in the cleanroom as
well as Justin Harris and Cameron Murray for supplying the liquid helium and nitrogen

needed to run the experiments at a moment’s notice.

I would also like to thank Dr Liam McDonnell, who recently complted his PhD and left
the group, for training me in the operation of the resonance Raman system, especially
for his help at the times where the dye laser needed realignment. I would also like to
thank him for his help in developing the code and procedures for correcting and fitting
the reflectivity and resonance Raman data. I also want to aknowledge the other students

and academics in the QLM group for all of our interesting physics discussions during
my PhD.

I would also like to thank my friends Ben Allen, Darren and Cris for their support and
excellent sense of humour. Finally I want to thank my parents Nigel and Sue, and my

brother Sam for all of their help and support over the years.






To my family. ..

Xix






Chapter 1

Introduction

Transition metal dichalcogenides (TMDs) have been the subject of great interest recently
after the reports of the graphene [1] had brought the technique of mechanical exfoliation
to popular attention. This same technique has been applied to a variety of layered
materials including phosphorene [2], hexagonal boron nitride (hBN) [3] and TMDs [4].
One of the reasons for the interest in TMDs is the large exciton binding energies, which
results in excitons dominating the optical properties. Unusually, excitons have been
observed all across the band structure, not just at the band gap [5, 6]. The main reason
for the strength of excitons in monolayer TMDs is the reduction in dielectric screening
of the Coulomb interaction in the system as a result of the 2D nature of the layers.
This leads to a greatly enhanced Coulomb interaction which is significantly different
in form from a standard potential in a 3D system [7, 8]. The direct band gap nature
of monolayer TMDs also means that the excitons are bright. This combined with the
fact that the band gap is in the visible range makes TMD monolayers particularly
interesting for optoelectronic devices. Symmetry breaking in the monolayer case also
leads to a coupling between valley and polarisation [9] which allows for exciting excitons
in a chosen valley [10]. This could be applied in ’valleytronics’ which involves the optical

control of charge carrier momentum [11].

The weak van der Waals forces between the layers of these materials allow more complex
samples to be made by picking up and placing down flakes of multiple different 2D
materials [12]. This creates a multitude of additional effects. These can be as simple as
a modification of the dielectric environment tuning the binding energies. Stacking of two
layers with similar lattice constants with a twist angle between the two layers can create
moiré patterns which add another level of periodicity. This can lead to zone folded moiré
phonons [13, 14]. Moiré superlattice minibands and hybrid excitonic states [15, 16] are
also possible in TMD heterostructures. Excitons trapped in the moiré potentials are

also observed [17].



2 Chapter 1. Introduction

1.1 Organisation

This thesis reports on resonance Raman measurements made on hBN encapsulated WSes
and MoSes monolayers and two van der Waals heterostructures made from stacks of those
monolayers. The first experimental chapter discusses the range of excitonic states that
are identified using resonance Raman, most notably the energies of the 2s excitons are
determined in the heterostructures for the first time. The second experimental chapter
explores the behaviour of hyperbolic phonon polaritons in the hBN layer created by the
TMD excitons.

Before these chapters, an overview of the required theory is given with a review of the
relevant literature. This thesis also details the experimental methods which were used
to ensure the Raman spectra were repeatable and could be corrected to absolute Raman
scattering rate, including correction for differences in electric field in different layers in

the sample stack.



Chapter 2
Theoretical Background

This chapter will provide an overview of the theory required to understand the experi-
mental results and interpretations in this thesis. The main focus is the physics of tran-
sition metal dichalcogenides (TMDs) and their electronic and optical properties. The
most widely used optical techniques for studying TMDs are also discussed alongside the
more specialised resonance Raman spectroscopy which is the main technique utilised in
this work. The physics of hyperbolic phonon polaritons is also discussed which becomes

relevant in the second experimental chapter.

2.1 TMDs

TMDs are semiconductor crystals of the form MXs where M is a transition metal and X
is a chalcogen (group 16 of the periodic table). The most commonly discussed of these
is MoSes, which is naturally occurring but TMDs made with Mo or W as the metal and

S, Se or Te as the chalcogen also feature significantly in the literature.

2.1.1 Physical Properties

Similarly to graphite, TMDs are made up of covalently bonded atoms in layers which
are held together by Van der Waals interactions. Each of these layers is a hexagonal
lattice which is three atoms thick. In one of these layers, the centre plane of transition
metal atoms is flanked by two planes of chalcogen atoms as shown in Figure 2.1. Each
metal atom is bonded to six chalcogen atoms a trigonal prismatic configuration. This

means that the monolayers belong to the Ds), space group [18-21].
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FIGURE 2.1: Sketches of the crystal structure of a TMD monolayer. The chalcogen
atoms (e.g. Se) are shown in gold and the transition metal atoms (e.g. Mo) are shown

in blue. These are shown as observed from a) the side (as seen from within the plane)
and b) top-down.

In addition to the trigonal prismatic structures, an octahedral structure is possible [22].
In this case the chalcogen atoms are not directly above each other in the monolayers
and this has D3q point group. However, none of the TMDs discussed in this thesis are
stable in this 1T structure [23].

If a second layer is introduced to the stack to form a bilayer, it can be rotated in-
plane relative to the first layer by any angle from 0 to 60°. Angles greater than 60°
are equivalent under reflection to those less than 60°, with 120° being the same as 0°
thanks to the three-fold rotational symmetry of the individual layers. Examples of
stacking configurations are shown in Figure 2.2. The 0° AA stacking in a) is the least
energetically favourable. AC and AB stacking shown in b) and c) are more favourable
in samples with 0° twist and are also referred to in literature as 3R structure. The most
energetically favourable configuration is AA’ stacking which occurs at 60° and is shown
in Figure 2.2d). This is also called 2H structure and is what is observed in 'natural’
bilayers, which are those produced directly from bulk TMD crystals. Bulk crystals of
TMDs belong to the Dgy, space group and have 2H structure where each layer is rotated
60° from the layer below [18-21].
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FIGURE 2.2: Sketches of the crystal structure of different stacking in TMD bilayers.
The chalcogen atoms (e.g. Se) are shown in gold and the transition metal atoms (e.g.
Mo) are shown in blue for the top layer and purple for the bottom layer. A side and
top-down view are given for each configuration. Different in-plane offsets between the
two layers are shown and labelled. a)-c) have a twist angle of 0° and d)-f) have a twist
angle of 60° between the two layers. Dashed lines between the layers indicate the atoms
that are aligned vertically in each case [21, 24, 25].

The layers are weakly held together by Van der Waals forces. This fact means that
mechanical exfoliation techniques such as ultrasonication in a solvent [26] or the ’sticky-
tape method’ [27, 28] can be used to separate the layers and produce monolayers and
bilayers with areas on the order of 100 square microns. More complex techniques can be
used to synthesize larger area monolayers. However, these usually result in lower quality
flakes than those produced with the sticky-tape method [29]. These monolayers can be
identified using a standard optical microscope if the substrate is chosen correctly. Using
a smooth Si wafer with 90 or 290 nm thick SiOs produces enough contrast under the

microscope to allow monolayers, bilayers and bulk crystals to be distinguished [30].

With a mechanically exfoliated TMD monolayer, hot pick-up techniques [12] can be used
to manipulate individual flakes as discussed in section 3.1. The flakes can be stacked to
produce heterostructures with different TMDs or homobilayers with any desired twist
angle between the layers. The twist angles can be estimated under a microscope by
the angles of the edges of the crystals or more accurately determined through polarised

second harmonic scattering measurements [31-33].
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The different symmetry of various TMD stacking configurations can lead to different
interlayer scattering [34]. Additionally, inversion symmetry, which is present in natural
bilayers, can be broken by different bilayer stacking [35]. This alters the optical selection
rules and leads to the notable spin-valley-locking effect which is also present in the

monolayer case, as discussed in the following section.

a) « K b)

K' K

FIGURE 2.3: Sketches of the Brillouin zone of a TMD. a) 2D Monolayer case and b)
3D bulk case. The notable high symmetry points are labelled.

2.1.2 Electronic Band Structure

The hexagonal 2D lattice gives a corresponding hexagonal Brillouin zone, as shown in
Figure 2.3a). Density-functional theory (DFT) calculations [36-38] and direct ARPES
measurements [39-42] have been used to study the TMD band structures. These have
shown that bulk TMDs have indirect band gaps, with band edges at the I point and at
the Q point, half way between the I' and K. Additionally, tight binding models, which
consider the contributions from the electron orbitals, have shown that the p orbitals,
which contribute more to the bands near the centre of the Brillouin zone, are much more
affected than the d electron orbitals by the adjacent layers. Confinement to the plane
of the monolayer then results in an increase in the band gap around the Brillouin zone
centre [43]. This means the conduction band minima and valence band maxima both

fall at the K points in monolayers [4, 44].

In addition to confinement effects, the inversion symmetry that is present in bulk TMDs
and natural TMD bilayers is broken in the monolayer case. This inversion symmetry
breaking makes the K and K’ points no longer equivalent [9, 20, 45], which is made
more significant by the large valence band spin-splitting [20]. For example, in WSy the
bottom of the conduction band has a splitting on the order of 30 meV and the top of the
valence band is split by 450 meV [46]. Figure 2.4 shows a sketch of the spin splitting at
the band edges for the K points, with the associated spin marked with an up or down
arrow. At the K’ points, the spin splitting is the opposite, such that spin up and spin

down are swapped.
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FIGURE 2.4: Sketch of the valence band (VB) maxima and conduction band (CB)
minima for monolayers of MoSes and WSes at the K high symmetry points. The solid
parabolas indicate the bands associated with spin up and the dashed parabolas indicate
spin down - as marked with arrows.

The inversion symmetry breaking also results in transitions at the K and K’ points cou-
pling to right and left circular polarisations respectively [9, 28, 45]. This means states
can be excited in a chosen valley. Circularly polarised photoluminescence emission has
been observed with polarisation predominantly in the same direction as the excitation
polarisation [10, 28, 34, 47, 48]. This shows that the states excited in one valley are
long lived enough to make these TMD monolayers promising candidates for use in val-
leytronics [11, 49].

2.1.3 Excitons

An exciton is an excited state consisting of an electron and a hole. They are generally
divided into Wannier-Mott or Frenkel exitons. The latter corresponding to excitons
with sizes smaller than the atomic spacing in the material and therefore high binding
energies. Excitons in crystalline semiconductors are usually of the Wannier-Mott type.
Wannier-Mott excitons are larger, on the scale of several times the atomic spacing with
a smaller binding energy [50]. The excitons observed in TMDs are of the Wannier-Mott

type and generally follow Wannier-Mott models [36].

2.1.3.1 Keldysh Potential

Excitons in monolayer (and few layer) TMDs experience reduced screening of the Coulomb
interaction compared to bulk crystals as the charge carriers which are present in the ad-
jacent layers in the bulk TMD case, are not present in the monolayer case. This reduced
screening results in an enhanced electron-hole interaction which gives both a larger quasi-

particle band gap and a greatly enhanced exciton binding energy [51]. Exciton binding
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energies on the order of 300 meV are commonly observed in TMD monolayers, which is
much greater than the 15 meV of more typical Wannier-Mott excitons in Si [52]. This
means excitons dominate the optical properties of TMDs, being observed at more than
just the band gap. The high binding energy has also allowed for observation of excitons

by optical spectroscopy even at room temperature [53].

The simplest model of an exciton in a TMD monolayer follows that of a hydrogen atom,
in which the Coulomb interaction between two charges is considered. For a hydrogen
atom, the electron mass is a factor of approximately 2000 less than the proton mass.
The case of the exciton differs in that the masses of the electron and hole are on the same
scale, so the same approximations cannot be used. A reduced mass for the electron and
hole must be used and the dielectric screening from only the environment is considered
[54]. When considering the possible excitonic states, Like the hydrogen atom, in addition
to the 'ground state’ 1s excitons, excited exciton states (2s, 3s, etc.) are also present,
in a Rydberg series. Such a series of excited states has been observed in bulk MoSs
crystals as early as 1967 [22, 55]. The hydrogenic nature of the Rydberg series does not
hold for the few layer and monolayer cases however, due to the confinement and reduced
dielectric screening modifying the effective Coulomb interaction [51, 56, 57]. Instead,
the Coulomb interaction is better modelled by a Rytova-Keldysh potential, which was
developed 1967 and describes the interaction of a pair of point charges in an infinite
thin semiconductor sheet of known polarizability [7, 51, 58, 59]. This Rytova-Keldysh

potential takes the form:

wo- )]

Where ) = 27k, /¢ is the the screening length for the excitons. This is defined by
the in-plane polarizability of the TMD layer k). As the layer is thin, the electric field
associated with the exciton exists entirely in the environment outside the TMD layer,
with permittivity e. Hy is the zeroth Struve function and Yy is the zeroth Bessel function

of the second kind. The simpler Coulomb potential has the form:

2

Ux(p) = ) (2.2)
The Coulomb potential gives predicted binding energies for the TMD monolayer exci-
tonic states that overestimate the values by around 20% vs experiment for the higher
order (4s, bs) states, but for the more tightly bound 1s exciton, the model overestimates
by a factor of five. This is because the energies of the most tightly bound excitons are
much more affected by the polarizability of the TMD layer rather than the dielectric en-
vironment further from the layer. The Keldysh potential gives much better agreement,
with only a few percent deviation from experiment for all states in monolayer TMDs
[51, 60, 61]. The form of this potential is discussed in more specific detail in section 4.3
of this thesis.
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Reflectivity measurements of TMD monolayers have shown that the oscillator strength
of the excited excitonic states drops by about an order of magnitude for each increase in
principal quantum number [57, 62, 63]. The reduction in oscillator strength is a result
of the increased size of the dipole in excitons with larger quantum number, resulting
in a reduced overlap of the electron and hole wave-functions. Measurements at 4 K of
the widths of the excitonic states, which are inversely proportional to their lifetimes,
show that the WSes Als is broader than the A2s. This is despite the fact that the A2s
and higher states can non-radiatively decay to the Als, whereas the Als does not have
an equivalent non-radiative decay channel. This increased width of the Als is a result
of the very strong dipole interaction, which allows it to rapidly radiatively decay and
produce intense photoluminescence [64—66]. For example, in WSes at 4 K, Als and A2s
line widths of 5 and 3 meV respectively have been reported [65]. Reports of the lifetimes
of the Als excitons are on the order of a few ps at 4 K [64, 67].

The spin splitting of the conduction and valence bands at the K points leads to the
formation of two classes of bright direct excitons. The lower energy of these, called
A’ excitons correspond to a hole in the the highest energy branch of the valence band
and an electron in the conduction band of the same spin. The 'B’ excitons are then
resulting from a hole in the lower energy of the split valence bands and an electron in
the conduction band of the same spin [68]. In addition, broader, higher energy excitonic
states are also observed. These are ’C’ excitons and are due to nested bands nearer to
the gamma point [5, 6]. The energies at which the excitons are observed are the single

particle band gap energy minus the exciton binding energy.

An exciton can also be composed of an electron and hole in the bands associated with
different spins as is shown in Figure 2.5a). Photons do not couple directly to these
excitons as it is spin-forbidden. Since they cannot directly be optically accessed, they
are called ’dark’ excitons. The same is also true of the momentum-dark intervalley
exciton shown in Figure 2.5b). Both of these dark excitons can be lower or higher in
energy than the bright A exciton, depending on the band alignment [66]. Dark excitons
can still impact the lifetimes of the bright excitonic states as scattering with phonons
can provide the momentum required to scatter between valleys [53, 69-71]. The dark

states themselves can be very long-lived as they cannot radiatively decay [72].
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FIGURE 2.5: Sketch of the electron (shown in red) and hole (blue) configurations of
a) A spin-dark exciton. b) A momentum-dark exciton. The the valence band (VB)
maxima and conduction band (CB) minima are shown for a WSes monolayer at the K
high symmetry points. The solid parabolas indicate the bands associated with spin up
and the dashed parabolas indicate spin down.

In addition to excitons, states with three charge carriers called trions have been observed
in TMD monolayers [73, 74]. These can be both positively and negatively charged and
their relative population can be manipulated by charging the TMD layer [75, 76]. The
trion states typically fall 20-40 meV below the Als exciton as their binding energies are
less than those of excitons. In addition, states with four (biexcitons) or more charge
carriers have also been observed with populations that can be tuned by charging the
TMD monolayers [77-79]. Further adding to the complexity of these trion states that
are observed below the Als exciton, trions can have one of the charges in a different
K/K’ valley to the other two, forming intervalley and intravalley versions of the trions
[75, 80]. In addition to states associated with 1s excitons, 2s trions have been observed
in WSs 22 meV below the 2s exciton [81].

As well as interactions of individual particles, interaction between excitons and a Fermi
sea of charges are possible [82, 83]. At the limit of higher charge density, the interaction
of excitons with the Fermi sea follows an exciton-polaron model rather than a trion
model. This leads to an attractive and a repulsive polaron, where the cloud of screening
electrons are either attracted or repulsed repulsed from an exciton respectively [84, 85].
These polaronic states can be identified in electrically gated measurements by a shift in

their energy with charge density [84, 86].
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2.1.4 Bilayers and Heterostructures

In TMD bilayers and heterostructures, interlayer excitons can form with a hole in one
layer and an electron in the other. These have lower binding energy and much lower
dipole matrix element than the intralayer excitons due to the physical separation of the
charges. Despite these facts, interlayer excitons have been observed in TMD bilayers at
room temperature [87]. In homobilayers, the lower binding energy means that the inter-
layer excitons fall above the intralayer excitons in energy. In heterostructures however,
the band alignment can allow for interlayer excitons with much lower energies than the
intralayer excitons [88, 89]. The interlayer excitons in TMD heterostructures have long
lifetimes, on the order of 10 times that of monolayers [90]. Interlayer excitons also show

the valley polarisation effects that are present in monolayers [88].

Whilst natural TMD bilayers with a twist angle of 60° do not have broken inversion
symmetry, the symmetry is broken for bilayers with other twist angles, and heterostruc-
tures made from stacked different monolayers. This means that the spin splitting and
valley polarisation effects from monolayers are also present. The misalignment between
the layers creates a moiré pattern, with a periodically varying potential. This can create
additional trapped excitonic states [91, 92]. The moiré potential has a corresponding
wavevector in reciprocal space, the moiré wavevector. This leads to additional Raman

peaks in the spectrum of TMD heterostructures [13, 93].

The stacked TMD layers are not entirely rigid so do not hold their shape perfectly
when stacked. The twisted stacked layers can relax into a more energetically favourable
arrangement. This reconstruction process creates domains of different stacking arrange-
ments with size dependant on twist angle. The domains can be are orders of magnitude
larger than a unit cell and are largest near 0° and 60° of twist [94, 95]. These can lead

to strain induced shifts of existing Raman peaks [96].
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FIGURE 2.6: Sketch of the electron (shown in red) and hole (blue) configuration of
the hybrid excitons in a TMD heterostructure resulting from the tunnelling of holes
(double headed arrow) between inter- and intra- layer excitons. The energies of the
valence band (VB) maxima and conduction band (CB) minima are marked with solid
and dashed horizontal lines which correspond to opposite spins.

Hybridisation of inter- and intra- layer excitons states can occur in TMD heterostructures
with certain twist angles [97]. This works by tunnelling of electrons or holes between
the layers as shown in Figure 2.6. This kind of hybridisation has been observed for both
A and B excitons in different heterostructures [16, 97, 98]. The excitons which hybridise
are dependant on the band alignment of the two constituent layers which is affected by

twist angle and chosen monolayer materials.

2.1.5 Encapsulation in hBN

TMDs can oxidise in air [99]. This is a significant concern for monolayers, as they have
a large surface area. Encapsulation of the monolayers can prevent this by providing a
physical barrier. Hexagonal boron nitride is the most commonly used material for this
as it has a large band gap of 6 eV which prevents the hBN from strongly interacting
with light in the visible range [100]. Encapsulation in hBN also narrows the exciton
linewidths due to exclusion of molecules at the surface which lead to inhomogeneities in
unencapsulated layers. The reduced inhomogeneities lead to fewer trapped states and
localised defects in the TMD [62, 65, 101-103]. In addition, hBN encapsulation adds
additional dielectric screening as compared to unencapsulated TMD samples which leads

to lower exciton binding energies and a smaller single particle band gap.

2.2 Phonons

Phonons are quantized modes of vibration of an elastic structure. Physically, phonons

are collective oscillations of atoms in a material about their equilibrium positions. They
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contribute strongly to the thermal and electrical properties of materials [50, 104—106].
For materials with more than one atom in the unit cell, such as TMDs, phonons can
be grouped into acoustic and optical. Acoustic phonons involve the adjacent atoms in
the lattice vibrating in-phase and show a characteristic linear dependence of frequency
on wavevector near zero momentum. Optical phonons involve adjacent atoms in the
lattice vibrating out of phase (in opposite directions) from each other. These are at

higher frequencies than acoustic phonons and their frequency does not tend to zero at

.

2

zero momentum.

EEyFE

LA, TA A,

F1GURE 2.7: Sketch of the displacements of the atoms in a TMD monolayer for each
of the different vibrational modes near the gamma point [107, 108].

To understand the phonons in TMD monolayers, the crystal symmetry is considered.
The reduction of the D3, symmetry group of the TMD monolayers gives the symmetries
of the different TMD phonons [19, 109]. A sketch of these is shown in Figure 2.7. The
lowest frequency phonons are the acoustic phonons LA, TA and ZA. The LA and TA
are longitudinal and transverse in-plane waves and the ZA is an out of plane vibration.
The rest of the phonons are optical. Of these, the A} and A} are both out of plane
vibrational modes. The E’ and E” are both in-plane, where each of the E phonons
has both a transverse or longitudinal variant, e.g. E{O and EfO which are equivalent
at zero momentum. Phonon dispersion relations, calculated using DFT, are available
in literature which show the frequencies of all the TMD phonons at the various high
symmetry points for MoSes [110] and WSey [111] amongst other TMDs [112, 113].
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2.3 Hyperbolic Materials
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FIGURE 2.8: The real part of the permittivity of hBN in the parallel and perpendicular
directions, using two Lorentzian oscillators. hBN is hyperbolic in the lower Reststrahlen
band between the TO frequency of ~ 760cm™! and the LO frequency of ~ 825cm 1.
hBN is also hyperbolic in the opposite sense in the higher Reststrahlen band which
ranges from 1360 — 1620cm ! .

Birefringent materials are those with a different values of dielectric permittivity along
different crystal axes. Hyperbolic materials go beyond this by having permittivity with
a different sign in different directions. One example of this is hBN, which has two bands
in which the permittivity in-plane and out-of-plane are of opposite sign [114]. These
are called the reststrahlen bands and fall in the infrared range as shown in Figure 2.8.
Within these bands, hyperbolic phonon polaritons (HPP) can be excited in the hBN.
Polaritons are mixed states arising from electromagnetic waves strongly coupled with
matter. For these phonon polaritons, the oscillating dipoles from the acoustic phonons
in hBN can couple strongly to photons. The "hyperbolic’ name comes from the shape of
the isofrequency surface of the HPPs in k space, which takes the form of a hyperbola as
shown in Figure 2.9. The figure shows three different surfaces for different frequencies,
increasing from red to green to blue. The angle of the surface to the z axis tends to a
constant value as momentum increases, with different frequencies tending to different
angles. The angle is defined by the ratio of the in-plane and out-of-plane permittivity
at that frequency and defines the out-of-plane propagation angle of the HPP through
the hBN. This means, assuming the momentum is large, the angle of propagation de-
pends only on the frequency. In contrast, for a simple isotropic medium the equivalent

isofrequency surfaces would be concentric spherical shells, allowing propagation in any
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direction. For HPPs, the hyperbola extend to infinity with increasing k, meaning an exci-
tation with a set frequency can have arbitrarily large momentum and propagate through
the hBN (provided there are no losses). Arbitrarily large momentum also corresponds
to arbitrarily small photonic confinement. This has allowed for volume confinement of
radiation in the infrared range by a factor of 86 smaller than in free space [114-116].
This means hyperbolic materials can be used for subdiffractional imaging [117]. They
are also of interest as the confinement can lead to strong-coupling effects [118] such as

second-harmonic generation [119-121].

0
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X

FIGURE 2.9: Cross-section of the isofrequency surfaces of HPP of three different fre-
quencies, increasing going from red to green to blue, in the lower reststrahlen band in
hBN. The three axes are wavevector in each direction (in arbitrary units).

Generating and measuring these HPP with high momentum is not trivial. The standard
methods are Fourier transform infrared spectroscopy (FTIR) which has limited accessible
momentum. This can be augmented with prism coupling or gratings to allow access to
higher momenta [122, 123]. Scattering-type scanning near-field optical microscopy (s-
SNOM) can be used to measured HPP with even higher momenta. It involves scanning a
sharp point across the sample and illuminating it with infrared of the energy of interest.
This allows an image of the HPPs to be built up in real space. The spacing of the peaks

in intensity of the signal can then be used to calculate the momentum [124-126].

2.4 Raman Spectroscopy

In contrast to the elastic Rayleigh scattering of light, Raman scattering is the inelastic
scattering of a photon by a material. This results in the scattered photon being of
a different energy to the incoming photon. The Raman process involves the creation
(Stokes) or absorption (anti-Stokes) of a low energy excitation in that material. This can
be any state such as a polariton, magnon or plasmon, but in literature Raman scattering

is generally via phonons [104].
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The Raman scattering processes depend on the phonon population of the material, N.
The scattering rate for Stokes Raman is proportional to N + 1 whereas for anti-Stokes
the rate is proportional to N. The phonon population is related to temperature by the
Bose-Einstein distribution. This means that as temperature (and therefore N) becomes

small, only Stokes Raman is observed.

Raman spectroscopy is the main technique used in this thesis. It is a non-destructive
technique which probes the phonons and electronic states in a material [127]. Raman
spectroscopy involves exciting the sample with light of a narrow wavelength distribution
(i.e. from a laser) and measuring the spectrum of scattered light. Since the Raman
scattering rate is generally less than 107¢ the rate for Rayleigh scattered light, the
Rayleigh-scattered light must be filtered out for the signal from Raman scattered light
to be observed. This results in a Raman spectrum with peaks shifted by different
amounts from the excitation energy. The Raman shifts then correspond to the energies
of the phonons in the material. Strain in materials effects the phonons. As a result,
Raman spectroscopy can probe strain in 2D materials [128]. Shifts in TMD associated

phonons have been reported due to strain in the TMD layer [129].

Since phonons and visible photons couple so weakly that they cannot directly scatter
at any reasonable rate, Raman scattering occurs via intermediate electronic states [104,
105]. A Feynman diagram of a Raman scattering process is shown in Figure 2.10. In this
TMD case, the incoming photon excites an electron to create an exciton in the TMD.
The excitonic state then propagates and scatters creating a phonon. The lower energy
excitonic state propagates until it recombines to emit a photon. This is a coherent
process which means that the polarisation of the Raman scattered light is the same as

the incoming beam.
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FI1GURE 2.10: Feynman diagram of a Stokes Raman scattering process with 1 phonon.
The scattering process proceeds from left to right. The labels below each of the prop-
agating states are their energies. The interaction Hamiltonians are also marked above
each of the three scattering events.
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In addition to the simplest case shown in Figure 2.10, Raman scattering processes are
possible in which two phonons are emitted. This can involve simultaneous or sequential
Raman scattering as shown in Figure 2.11. Generally in single phonon Raman, only
phonons with little momentum (ie near the I' point) can be created due to conservation
of the small momentum provided by the photon. By contrast, two phonon Raman allows
scattering to phonons with much greater momentum. This is because two phonons with
higher momentum can be emitted in opposite directions, such that the total momentum
is still conserved. This creates additional peaks in the Raman spectra at Raman shifts
equal to the sum of the shifts of the two phonons. In warm samples, combinations
of Stokes and anti-Stokes can also occur, leading to Raman peaks at shifts equal to
the difference between the two phonon energies. Single phonon Raman scattering with
large momentum is also possible in the case where a defect is present in the crystal
lattice of the material. The first excited state can elastically scatter from such a defect,
providing additional momentum which then allows for emission (or absorption) of a large

wavevector single phonon [71, 130].
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FIGURE 2.11: Feynman diagram of Stokes Raman processes. a) Simultaneous 2 phonon
emission. b) Sequential 2 phonon emission. c¢) Single phonon Raman with defect
scattering. The labels below each of the propagating states are their energies.

Raman spectroscopy can be used to identify TMD monolayers from bilayers or bulk
flakes by changes in the shifts of the main single phonon A} and E’ optical Raman
modes [113, 131-134] or by measuring low frequency layer breathing phonon modes
[127]. Other than these more common uses of Raman spectroscopy of TMDs, Raman

measurements have also been used to identify moiré phonons in twisted bilayers [13, 14],
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probe hybrid excitonic states in TMD heterostructures [98] and access dark excitonic
states [71]. The latter reports make use of resonance Raman spectroscopy, which gives
additional information about the excitonic states. This more complex technique has had

less use in literature, and is discussed in the following section.

2.4.1 Resonance Raman Spectroscopy

Resonance Raman spectroscopy involves taking multiple Raman spectra with the excit-
ing photons at different energies. This is usually achieved using wavelength-tunable laser
sources. The variations in intensity of the Raman scattering from each of the phonons
can then be analysed to give extra information about the electronic states involved in
the Raman scattering processes. This is possible as the Raman scattering rate is en-
hanced when the incoming or outgoing photon energy matches the exciton energy. These
are called the incoming and outgoing resonances respectively. These two conditions are
sketched in Figure 2.12.

a)_ — b) _T¥e.

0 0

FI1GURE 2.12: Diagram of the conditions for resonant Raman scattering with an elec-
tronic state. The horizontal line for 0 marks the ground state and for 1 marks the
energy of the excited state. The dashed horizontal lines are virtual excited states. The
black arrows indicate the absorbed (up) and emitted (down) photons and the red arrow
indicates the emitted phonon energy. a) Shows the incoming resonance. b) Shows the
outgoing resonance.

In order to understand these resonances and the response of the Raman scattering over
the energy range of an electronic state, a functional form for the intensity of the scatter-
ing is needed. This can be found using third order perturbation theory by considering
the Feynman diagram in Figure 2.10 [105, 135]. The Fermi golden rule shows that
the matrix elements for the three scattering events contribute to the numerator of the
fraction. Examining Equation 2.3, the right-most term in the numerator comes from
the first scattering event in the Feynman diagram, where the ground state (with no

phonons) |0) is excited to the state |p). The middle term is then from scattering from
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the excitonic states |p) to |g) and the left term from scattering from |g) to the electronic
ground state with 1 phonon |1). The Hj is the electric dipole Hamiltonian and I:ng_ph

the exciton-phonon interaction Hamiltonian.

(11 Halq) (q|Hex—pnlp) (p| HalO)

ARamLm(E) & (2.3)

The denominator of the equation comes from the energy differences between the initial
state and the states present after each interaction [105]. The left term in the denominator
of Equation 2.3 comes from the first interaction, where the photon of energy E scatters
to the first excitonic state with energy E, and linewidth I', = %/t, where T, is the
lifetime of the state. The right term in the denominator is from the difference between
E and the phonon of energy E,, plus the second excitonic state with energy E; and
width I';. The third interaction contributes a delta function which enforces conservation
of energy, such that the outgoing photon energy to be equal to E — E,. When either of
the two terms in the denominator approaches zero, the scattering rate becomes large.

This gives rise to the incoming and outgoing resonances.
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FIGURE 2.13: Plot of Equation 2.3 for a phonon (E,, = 0.1) scattering with a single
excitonic state of energy 1.0 with different excitonic linewidths. a) I', = 0.02. b) I'y =
0.04. c) I', = 0.08.

The numerator in Equation 2.3 does not change with energy so can be replaced with
a constant amplitude term proportional to the product of oscillator strength of the
excitonic states squared and exciton phonon coupling for each of the Raman peaks of
interest. Plots of this function for the simplest case of a single excitonic state (E, = E;
and I', = Ty) are given in Figure 2.13. Two clearly separated resonance peaks are visible
in a) near to E = E, and E — Eyh = E;,. When the exciton linewidth is larger, the two
resonance peaks move closer together and merge into a single peak at the midpoint of
the two resonance energies. In addition to the lineshape changes, the peak amplitude of

the Raman scattering signal drops significantly with increasing linewidth.

Resonance Raman spectroscopy has been used to observe resonances at A, B and C
excitonic states in multiple TMDs [136-138]. The observation of Raman peaks that
shift with excitation energy has revealed inter-valley scattering in TMDs [139]. Reso-

nance Raman has also revealed scattering with dark excitons [71] and excited excitonic
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states in few-layer and bulk TMDs [140]. Resonance Raman scattering is therefore a
technique that can provide deep insights into the physics of the excitonic states in TMD

monolayers.

2.5 Reflectivity and Photoluminescence Spectroscopy

A mode direct probe of the oscillator strengths of the electronic states is reflectivity [105].
This has been used extensively in TMDs to identify the excitonic states [62, 87, 141-143].
Reflectivity allows for the determination of the dielectric function of TMDs [144].

Photoluminescence (PL) spectroscopy has also been widely used to probe the excitonic
states in TMDs [60, 145]. This technique involves exciting states in the material of
interest with light of higher energy than the states to be probed. This creates excited
electronic states which repeatedly scatter non-radiatively towards the lowest energy
states before radiatively recombining, emitting light. The spectrum of the emitted PL
then has peaks corresponding to the excitonic states [104]. Since PL is incoherent, it is
generally not polarised. This is however, not true for samples with valley-spin locking
such as TMD monolayers for which the emitted PL maintains the sense of circular

polarisation of the exciting beam [28, 48, 146].

In addition to the oscillator strength of the electronic states, the PL signal is sensitive
to the population of the states. This means that generally PL gives the strongest signal
from the lower energy exciton states, leading to significantly stronger A exciton PL than
that from the B [147] despite their similar oscillator strengths. This also enables the
detection of lower oscillator strength trions, biexcitons and other multi-particle states
[79] as well as detection of interlayer excitons, which have near zero dipole matrix element
but still show significant PL [17].
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Chapter 3
Experimental Methods

This chapter details the methods used in fabrication of the samples in this thesis, as well
as all of the measurement techniques and apparatus used. All of the corrections applied
to the experimental data are then discussed for each of the techniques followed by an

explanation of the data fitting and analysis methodology.

3.1 Sample Fabrication

The samples used in this thesis were produced by Pasqual Rivera and Xiaodong Xu at
the Nanoscale Optoelectronics laboratory in the University of Washington and can be
considered as ’state of the art’, featuring in previous publications by that group [63, 91].
The heterostructures were assembled bottom-up using a dry stamp-transfer technique
from mechanically exfoliated monolayer flakes. Whilst the fabrication of these samples
was not performed by me, the procedure that was used is detailed in the following two

sections.

Figure 3.1a) and d) show schematics of the stacked layers in the van der Waals (vdW)
heterostructure samples discussed in this thesis. The substrates used to hold these
samples were 280 nm SiOs coated Si wafer chips. This oxide thickness is chosen because
it gives the best contrast when examining monolayer flakes of graphene or TMDs [30,
148]. The MoSe; and WSey layers are encapsulated within exfoliated flakes of hBN.
The hBN acts as a dielectric insulator allowing for electrical gating by charging the
graphite or TMD layers independently. Figure 3.1b) and d) show microscope images of
the samples with the constituent exfoliated flakes outlined in black, dark blue, light blue
and red for graphite, hBN, WSes and MoSes respectively. Where multiple flakes of the

same material are present, dashed outlines indicate the upper layers in the stack.

The position of the laser spot for optical measurements on the vdW heterostructure

areas are indicated by white stars in Figure 3.1b) and d). These heterostructures have
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twist angles of 57 * £ 1 ° and 20 ®* £ 1 ° respectively and are referred to as HS57 and
HS20. These twist angles were determined during fabrication via polarisation-resolved
second harmonic generation (SHG) spectroscopy of the constituent monolayers prior to
stacking [31-33, 149-151] and confirmed via phase-resolved second harmonic generation
spectroscopy of the resultant heterostructures [152, 153]. The phase resolved SHG is
needed as the polarisation resolved measurement can not distinguish angles near 60 °
from those near 0 °. The blue and red stars in Figure 3.1b) and d) indicate respectively
the positions upon which the laser was focussed for optical measurements of the hBN

encapsulated monolayer WSes and MoSes areas.

In addition to the exfoliated flakes, the sample shown in Figure 3.1b) has gold electrical
contacts, visible at the top and bottom of the image. The two at the bottom of the image
are attached to the two few layer graphite layers and the one at the top of the image
is attached to the WSes monolayer. One of these became disconnected and they were
not used in the main measurements reported this thesis. The contacts were fabricated
using standard e-beam lithography and are gold atop a vanadium layer to aid adhesion

to the sample surface.

3.1.1 Mechanical Exfoliation

Mechanical exfoliation is the technique by which graphene was first famously synthesised
in 2004 [1, 27]. A high quality single crystal of the desired material is brought into contact
with adhesive tape and peeled away, leaving flakes of a range of thicknesses adhered onto
the tape. The tape is then folded onto its self and peeled back repeatedly to thin the
flakes and increase the likelihood of producing a monolayer. Finally the flake-covered
tape is stuck down onto the desired substrate and then peeled off to deposit the flakes.
Heat can be applied to the substrate before peeling at this step to increase the number of
flakes deposited. The final stage is identification of monolayers which can be achieved by
atomic force microscopy (AFM) or more rapidly by optical microscopy with thicknesses

determined from their contrast.

Mechanical exfoliation can be applied for any material which is composed of layers bound
only by weak van der Waals (vdW) forces and was first applied to TMDs in 2010 [4, 44].
Despite its simplicity, this technique can produce monolayers of excellent optical quality
from a range of TMDs thanks to the availability of high quality single crystals grown
by chemical vapour transport (CVT) [154] or flux growth methods [155]. It is only
in the most recent reports that bottom up techniques such as molecular beam epitaxy
(MBE) [156-158] or chemical vapour deposition (CVD) [29, 159] have been able to
produce monolayer TMD flakes with optical quality approaching the level of mechanical

exfoliation.
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a)

Graphite ~2 nm
hBN ~ 36 nm
MoSe, Monolayer
WSe, Monolayer
hBN ~ 27 nm
Graphite ~ 20 nm

hBN ~ 30 nm
WSe, Monolayer
MoSe, Monolayer

hBN ~ 20 nm
Graphite ~ 4 nm

FIGURE 3.1: a) Illustration of the cross section of the 57° twist heterostructure. c)
Tllustration of the cross section of the 20° twist heterostructure. Layer thickness are
given for each of the layers in the stack as determined by fitting reflectivity spectra taken
at multiple positions on the sample. b) Microscope image of the sample containing a
large WSeo monolayer and the 57° twist heterostructure. The position of the laser spot
for the spectra taken on those areas are marked with blue and white stars respectively.
d) Microscope image of the sample containing a large MoSes monolayer and the 20°
twist heterostructure. The position of the laser spot for the spectra taken on those
areas are marked with red and white stars respectively. The black scale bars in b) and
d) are 20 pm.

3.1.2 Stamp Transfer

Whilst exfoliating monolayer TMD flakes can be achieved without too much difficulty,
assembling them to create van der Waals (vdW) heterostructures requires the ability to
accurately pick up and place down flakes without introducing contamination. There are
two widely used methods for this in literature. The first is a wet technique in which
potassium hydroxide (KOH) is used to etch away the SiOg substrate, which allows the
flakes to be picked up and transferred by a PMMA stamp [129]. The second is a dry
stamp transfer [12, 40, 160], which was used to produce the samples in this thesis. Each
of the layers that make up the stack are individually exfoliated from bulk crystals onto

their own SiOy coated Si chips.
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FIGURE 3.2: Schematic of the stamp transfer technique for assembling a TMD vdW
heterostructure in order from a) to j). A stamp, consisting of a glass slide with a
flexible PDMS layer and a thin polycarbonate film is used to pick up flakes that have
been exfoliated onto SiO9 coated Si substrates, forming the heterostructure stack. h)
Finally, the stack is deposited on the bottom graphite layer, i) the stamp is detached,
and j) the polycarbonate is dissolved with chloroform.

Figure 3.2 Illustrates the steps in the stamp transfer process; first the stamp is formed,
which consists of a polycarbonate (PC) layer on an elastic polydimethylsiloxane (PDMS)
layer (~1 mm) atop a glass slide. This is used to pick up the layers that make up the
sample in turn. For the sample in Figure 3.1a) and b) the first layer to be picked up
is the top graphite layer. The SiOg coated Si chip is held in a temperature controlled
stage, above which is the stamp in a translation stage. A microscope looking through the
stamp aids in positioning the flake for pickup. Figure 3.2b) illustrates the how stamp is
brought into contact with the flake which is then heated to 110 °C, causing the flake to
adhere to the PC. The stamp is then lifted away, picking up the flake. This is repeated
with the next layers which adhere to the previous layer (or the PC if they extend past
the edge of the previous layers) to form the stack on the stamp. The stack is positioned
on top of the bottom graphite layer as shown in Figure 3.2h) and heated to a higher
temperature of 150 °C which releases the glass slide and PDMS layer, leaving the stack
with the PC layer on top. The PC is removed with a 6 hour wash in chloroform followed

by 1 hour in acetone.

3.2 Resonance Raman System

The experimental setup discussed here was used for all of the optical measurements on
the samples discussed in this thesis, including PL, resonance Raman and reflectance

spectroscopy.

3.2.1 Laser Sources

Resonance Raman spectroscopy requires a sharp, background free CW laser source which

is continuously tunable over the range of energies of the excitonic states in the samples. A
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Coherent Mira 900 Titanium Sapphire laser, optically pumped by a 15W Laser Quantum
Finesse 532nm diode laser, was used to cover 1.240 eV to 1.766 eV. Its output was
filtered by a Photon etc. laser line tunable filter to remove the unwanted Ti:Sapphire
photoluminescence. The filter has a passband width of <0.45 nm over its full range,
corresponding to 9.2 cm™ at worst. A Coherent CR-599, pumped by an 8W 532nm
Coherent Verdi, with three different dyes was used to cover the rest of the accessible
range (DCM: 2.033 - 1.734 eV; Rhodamine 6G: 1.968 - 2.175 eV; Rhodamine 110: 2.101
- 2.275 e€V). The photoluminescence background from the dye laser is filtered from the
beam by reflecting it off of an Optigrate volume Bragg grating, with the angle adjusted
to control the reflected wavelength as shown in Figure 3.3. Multiple gratings were
required to cover the full range of the dye laser and these all have passband widths
of <10 cm™. For the reflectivity spectra, a Fianium WhiteLase supercontinuum fiber
laser (0.564 - 2.755 eV) is used. Figure 3.3 Illustrates how all three of these sources are
coarsely aligned down the path at the top of Figure 3.4 and are selectable via flipper
mirrors. For each of these sources a telescope, consisting of a pair of lenses, is used to
expand the beam such that it covers the whole of the back of the microscope objective.
These telescopes are set such that they also minimise divergence (or convergence) of
the beam. An achromatic half wave plate and polariser were used to control the power
of the beam. For the dye laser, a noise eater (Thorlabs NELO1) was used to remove
fluctuations in beam power over time. The power of the beam transmitted by the cube
beamsplitter was measured by a Newport 2832-C power meter and is used to define the
power incident on the sample. For all measurements, the incident power on the sample

was kept below 100 pW, to avoid any laser heating [161, 162].

/ Laser /
— Noise
[ Eater
Titanium \
Sapphire d <
Laser P / Plate Beamsplitter == Waveplate
<O Lens /Flipper Mirror

—] Diode Laser @ Polariser

FIGURE 3.3: An illustration of the three laser sources in the resonance Raman setup
used to take the resonance Raman, PL and reflectivity spectra. All of the beams are
aligned such that they end up down the same path.
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3.2.2 Polarisation Control

A diagram of the measurement section of the setup is given in Figure 3.4. The laser
beam enters from the top of the diagram with a coarse alignment. T'wo piezoelectrically
driven mirrors (Newport AG-M100N) are used to align the beam under computer control
in conjunction with a pair of broadband monochrome cameras. The cameras image the
beam with beam samplers and proper alignment is achieved only when the beam is
in the centre of the sensor for both cameras. This corrects for any deviation in both
angle and offset of the beam, isolating any changes in alignment of the laser source from
the experiment, such as those from changing source or tuning the wavelength. After
passing the beam sampler for the second alignment camera, the beam enters a linear
polariser (Thorlabs LPVIS100) which is adjusted to set the polarisation to either vertical,
defined as being normal to the surface of the optical bench, or horizontal. The beam
is then directed onto the sample in backscattering geometry with a (Thorlabs BS019)
30:70 cube beamsplitter and onto the 50x 0.5 NA microscope objective. The returning
beam passes through a second polariser which controls the polarisation measured by the
spectrometer. A broadband superachromatic half wave plate (Thorlabs SAHWP05M-
700) after this second polariser is used to rotate the polarisation such that the light
entering the spectrometer always has the same polarisation, thus eliminating any effects
from the spectrometer. With this set-up the polarisation purity, measured by the ratio
of the desired polarization component to the undesired component, was 3000:1. Exciting
with, or measuring, circular polarisation was achieved by inserting a superachromatic
quarter wave plate (Thorlabs SAQWP05M-700) with its fast axis at 45 ° in between
the polariser and cube beamsplitter for the laser, or spectrometer, side of the cube
beamsplitter respectively. When exciting with and measuring circular polarisation the
quarter wave plate is placed in between the microscope objective and cube beamsplitter.
The sense of circular polarisation is controlled by the direction of the linear polarisers.

The polarisation purity for the circular case was measured at 90%

3.2.3 Sample Positioning and Temperature Control

The sample was attached by silver conductive paint to the copper cold finger of a (Oxford
Instruments MicrostatHires) liquid helium flow cryostat and kept under high vacuum
(10 - mbar) by a turbomolecular pump (Pffeifer HiCube). During the measurements
the sample was held at 4K and the temperature was monitored via a RhFe sensor in
the cold finger. The temperature varied by no more than 0.4 K during an experimental
run after the cryostat reached equilibrium. The laser was focussed on the sample by
a long working distance (Olympus LMPLFLN50X) 50x 0.5 NA microscope objective
placed outside the cryostat’s sapphire window. When the flipper mirror is in place as
shown in Figure 3.4 it directs light from the tungsten halogen lamp (Thorlabs SLS301)

to illuminate the sample. This produces an image the of the sample and the laser spot
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F1cURE 3.4: An illustration of the spectroscopy setup used to take the resonance
Raman, PL and reflectivity spectra as well as image the sample.
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on the final camera via a tube lens. The cryostat is mounted on translation stages which
provide motion in X, Y and Z, aided by motorised linear actuators (Newport LTA-HL).

This allows positioning of the laser spot on the sample with a precision of 0.2 pm.

3.2.4 Acquiring Spectra

The Raman spectra were taken with a liquid nitrogen cooled CCD (Roper Scientific
PyLoN LN/400 BR) and a triple spectrometer system (TriVista 555) as illustrated in
Figure 3.4. Light from the sample is coupled into the entrance slit of the spectrometer
by a lens. The first two stages were operating in subtractive mode, where they act as

a highly selective tunable bandpass filter. The first stage disperses the incident light
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onto the wide slit at the entrance of the second stage. This slit acts as a bandpass
filter, passing only the desired spectral window. The second stage, using and identical
900 1/mm grating to the first, recombines the dispersed light onto the narrow slit at
the entrance to the third stage, which rejects any stray scattered light. The final stage
then disperses the light onto the CCD to produce the spectrum. This configuration
allowed for Raman spectra to be taken to within 15 cm™! of the laser energy. The final
stage uses a 1500 1/mm grating for wavelengths longer than 700 nm (<1.77 eV) and
1800 1/mm otherwise. For PL spectra, the same setup was used, with multiple spectra
taken and stitched together to cover the desired energy range. Reflectivity spectra were
taken using an alternate spectrometer (Princeton Instruments FERGIE) shown in teal
in Figure 3.4, with the flipper mirror in place. This spectrometer covers 460 - 800 nm
(1.55 - 2.71 €V) without the need for stitching.

3.2.5 Spot Size Measurements
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FIGURE 3.5: Spot size was determined from knife-edge intensity profiles for a) single
wavelength and b) broadband illumination of the sample. The fitted Gaussian step
functions are shown in blue.

The spatial resolution of the system is ultimately limited by the size of the laser spot on
the sample. It was characterised independently for excitation by a single wavelength,
as used in Raman and PL measurements, and by the broadband spectrum as used for
reflectivity. For the former case, the intensity of the 520 cm™ Si Raman peak was
measured at a series of positions as the beam was translated off of the sharp cleaved
edge of a Si chip, moving normal to the edge. A laser wavelength of 702 nm (1.766 eV)
was used. For the broadband spectrum provided by the Fianium, the mean intensity of
the reflected spectrum was taken while translating off the edge of a Si chip in the same
way. For both cases, the intensity profile was fitted to a Gaussian step function, as shown
in Figure 3.5. This function corresponds to the integral of the intensity distribution of

a single mode Gaussian beam with intensity I given by:

I(r) = Iyexp <_2r2) (3.1)

1’02
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to find the beam radius ro. This gave beam widths (2r¢) of 2.0 £ 0.2 pm and 3.3 £ 0.2

pm for single wavelength and broadband illumination respectively.

3.3 Data Analysis and Fitting

This section details all of the processing of resonance Raman, PL and reflectivity spectra.
For the Raman case, this includes the corrections applied to the spectra for uncertainties
in Raman shift, removal of unwanted background signals and conversion of the spectra
to absolute Raman scattering probability. The procedure for fitting the spectra and
extracting intensity profiles of the Raman peaks as a function of excitation energy is
then presented. Finally, the methods used for fitting these resonance profiles to extract
the energies, widths and scattering rates of the excitonic states of interest is discussed,

along with the simpler PL and reflectivity cases.

3.3.1 Resonance Raman

The following sections describe, in the order in which they are applied, all of the methods
and corrections used to avoid the pitfalls of unwanted background signal in the Raman

spectra as well as uncertainties in spectrometer throughput and calibration.

3.3.1.1 Background Subtraction

Due to the low-strength nature of Raman scattering, especially when off-resonance,
a significant exposure time is required to achieve a good signal to noise ratio. The
exposure time used for each Raman spectra was typically between one and five minutes.
During the exposure, cosmic rays can strike the CCD and create additional peaks in
the spectrum. These peaks are sharp, in most cases being a single pixel wide which is
narrower than the diffraction limited resolution of the spectrometer. These are manually
identified by both their width and by observing that they are not present in both spectra
when comparing Raman spectra taken with the same or similar laser energies. Any pixels

found to be associated with cosmic rays were excluded from the spectra.

In addition to cosmic rays, unwanted signal was present from photoluminescence from
the sample as well as stray light from the lab can appear in the spectra. This was
mitigated by always taking pairs of alternately polarised Raman spectra. The sample
was illuminated with light polarised horizontally (H), i.e. with the electric field parallel
to the plane of the optical bench. Two spectra were taken, one with the spectrometer
measuring the scattered light with H polarisation and the other with vertical (V) po-
larisation (with the electric field normal to the optical bench). This produced a crossed

polarised spectrum (HV) and a parallel polarised spectrum (HH), equivalent to z(xy)z
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and z(xx)Z respectively in Porto’s notation. The two orthogonal principal polarisation
directions to excite an exciton in the TMD samples are right and left circular. These
are notably associated with the K and K’ valleys in the Brillouin zone due to inver-
sion symmetry breaking in monolayers [9, 10, 28, 146]. The incoming linearly polarised
photons are equivalent to a coherent superposition of right and left handed circular po-
larisations which then excite an equal amount of states in the K and K’ valleys. The
emission of a Raman scattered photon occurs before these states have time to decohere,
so the resultant Raman scattered light has the same polarisation as the incoming beam.
Photoluminescence emission occurs after the the coherence has been lost, so for this case
of linear excitation the emission is unpolarised. Thus, the HH and HV spectra should
contain equal photoluminescence background and only the HH spectra should contain

Raman scattering.

This was found to be true as expected [163—-165] the majority of the time, with some
exceptions. For Raman scattering, some peaks were observed in the both the HH and
HV spectra. A MoSe; peak at 584 cm™ was found to have the greatest depolarisation
ratio, defined as the intensity in the HV spectrum over that in the the HH spectrum
[164, 166]. This was measured at 0.22 at 1.93 eV, which is at the Bls outgoing resonance
in monolayer MoSey. It is likely that this is a result of scattering between valleys
changing the phase difference between the emitted left and right circular polarisations.
Only multi-phonon processes allow enough momentum for intervalley scattering and a

1

peak at 584 cm™ must be multi-phonon as phonon dispersion calculations show that

single phonons in MoSey can only have shift up to 350 cm™ [110].

To extract only the Raman signal, the HV were subtracted from the HH spectra as shown

in Figure 3.6. In cases where the signal from the photoluminescence was multiple orders
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FIGURE 3.6: Raman spectra of MoSes at 1.652 eV taken with parallel (HH) and perpen-
dicular (HV) illumination and measurement polarisation. A strong photoluminescence
background makes the Raman peaks difficult to resolve.
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of magnitude greater than the Raman signal, such as those when exciting just above the
Als exciton, residual PL signal remained at the 8% level. A significant amount of this
was likely from the fluctuations in laser power between taking the HH and HV spectra,
however there was a tendency for the PL to be slightly co-linear, more so nearer the laser
energy. In addition, some signal from Rayleigh scattered laser light was also present at
Raman shifts below 30 cm™ . This was present even when exciting away from the exciton
energies, where minimal PL is expected. These broad undesired signals were removed
by fitting the spectra to a series of Gaussian peaks taking the form in Figure 3.7, with
the spectral data containing Raman peaks was excluded from the fitting. Any Raman
peaks appear on top of this background and therefore the Gaussians were subtracted to

leave the Raman peaks with minimal undesired background as shown in Figure 3.7.
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F1GURE 3.7: Raman spectra of MoSes at 1.652 eV before and after background sub-
traction shown in black and blue. The fitted background composed of Gaussian peaks
is shown in red. The remaining photoluminescence background is eliminated with this
subtraction.

3.3.1.2 Calibration of Raman Shift

The Raman spectrometer is not perfectly calibrated for all wavelengths and the laser
energy is not precisely fitted while taking the spectra. This leads to uncertainties in
the measured Raman shift of the peaks in the spectra. As the samples are all on Si
substrates, the 520 cm™ Si LO phonon Raman peak is present in the spectra and was
used as an internal reference to calibrate the shift of the Raman spectra. The use of this
peak as a standard reference in studies of TMDs is widespread [133, 134, 138, 167, 168].
Before correcting for the shift of the Si peak, the spectra were offset by an average value
of 2.2 cm™ with a repeatability of 0.64 cm™. After calibrating to the Si peak shift, the

offset was eliminated and the repeatability of the measured Raman shift was reduced
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to 0.13 cm™. These values were determined from fitting the same Raman peak in five

repeat spectra taken at points throughout an experimental run.

3.3.1.3 Absolute Scattering Cross Section

In addition to giving a standard reference for Raman shift, the 520 cm™ Si peak also
allows determination of the absolute Raman scattering rate, using resonance Raman
data of Si from Aggarwal et al. [169]. However, this correction is more complex than
the previous section as the layered structure of the sample forms a Fabry-Perot cavity,
enhancing or diminishing the electric field differently across each layer. Fortunately,
the enhancement of the electric field can be determined from the reflectivity spectra,
following the methodology of Yoon et al. [170]. The transfer matrix code used for fitting
the reflectivity spectra in subsection 3.3.3 provides an electric field strength at any depth
z in the layer stack. For the SiOg layer and the TMD layer, this is integrated over the
layer thickness d:

d
Rluyer :/0 ‘Elaser(Z)Escattered@)‘Zdz (3'2)

This gives a Raman enhancement factor Ry, for scattering with an electric field
strength of Eju,(z) at the laser energy and an electric field strength of Escgtrered(2)
at the scattered photon energy. The final scaling factor is therefore the ratio of the
Raman enhancement factors for the Si and TMD layers Rryp/ Rs;.

To summarise the correction to absolute scattering cross section, the spectra were first
divided by the fitted intensity of the 520 cm™ Si peak. They were then multiplied by
the absolute scattering cross section of the Si Raman peak [169] and finally by the ratio

of the Raman enhancement factors Rrpp/Rs;.

3.3.1.4 Fitting Raman Spectra

In order to extract the Raman shift ¢;, width b; and amplitude a; of the peaks in each
of the Raman spectra, the corrected and background-subtracted spectra were fitted to

a sum of n Lorentzian lineshapes of the form:

n

I(x) = Z”’b’z (3.3)

=(x—ca)?+ b

Where I(x) is the intensity of the Raman spectrum at a shift of x cm™. MATLAB’s
non-linear least squares fitting was used to fit the spectra with the start points for the
coefficients in the fit and the number of peaks used determined by inspection of the

spectra.
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3.3.1.5 Fitting Resonance Profiles

As discussed in subsection 2.4.1, for first order Raman scattering it is possible to use the
Fermi golden rule to define a standard time-dependent third-order perturbation expan-
sion prediction for the dependence of the Raman scattering on the resonance energies
of the available electronic states. This class of model is used by many people, including
DelCorro et al. [140] who applied it to unencapsulated monolayer WSes. The most

general case allows scattering with N states and it takes the form:

2

N & & A
ARamun(E) [ed Z Tsc - <1|Hd|q> <Q|Hex—ph|p> <p|Hd’0> SO

(E_E, —iT,)(E—E,— Ey—iTy) (3-4)

p=1,q9=1

Here |0), |1), |p) and |q) are the initial, final and intermediate excitonic states respec-
tively, with Hj; being the electric dipole Hamiltonian and I:Iex_ph the exciton-phonon
interaction Hamiltonian. o3, and o,,; are the unit polarisation vectors of the incoming
and outgoing photons in the scattering process. The energies of the pth and gth inter-
mediate states are Ep and Eq with broadening factors Tp and Tq defined as Fp =h/ Tp
where T, is the lifetime of the state. Epj is the phonon energy and i is the imaginary

unit.

The resonance profiles extracted in the previous section, give absolute Raman scattering
probability Argman(E) as a function of laser energy E, for each of the Raman peaks of
interest. For the simplest case when only a single state is involved, the fitting function

used is: )
Aq

A E)=
Raman( ) (E—El—ir1)(E_E1_Eph_ir1)

(3.5)

As was also used by Carvalho et al. and Du et al. [136, 171]. Here, the numerator of
the fraction in the sum of Equation 3.4 becomes the fitted constant Aj, representing
the amplitude of the scattering with the excitonic state. This simplest case produces a
symmetric profile with two peaks of equal height and width separated by the phonon
energy, corresponding to the incoming and outgoing resonances as discussed in 2.4.1.
For the cases where multiple excitonic states overlapped, which was not uncommon in
the data, a different fitting function was needed. For two excitonic states, the following

form was used:

Aq A1 el
A E)=
Raman (E) (E—E1 —iT1)(E — E1 — Ep, — iT1) + (E—E; —il1)(E—Ey — Epy, — il»)
A12 e*iﬂ(])u A2 eiﬂ.’(Pz
+ , — + . .
(E — Ez — lfz)(E — E1 — Eph — Zr1> (E — E2 — 1F2)(E — E2 — Eph — lrz)

(3.6)
Here the first of the four terms, with amplitude A1, represents scattering involving only
with the first excitonic state. The second term corresponds to the process where the

incoming photon scatters with the first excitonic state and the outgoing photon scatters
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with the second excitonic state. The third term has the incoming photon scatter with the
second and the outgoing with the first excitonic state. The last term is from scattering
via only the second excitonic state. A phase difference ¢™® between the scattering
channels was taken out of the amplitude terms to keep them real valued, with the
phase of Aj set to zero as in the single state case. The inter-state scattering terms
share the same amplitude A, but have conjugate phase. For any fits with multiple
excitonic states, the state with amplitude Ay defined zero phase. As such, the order
of the states was always chosen to avoid the case where the first state had very low
scattering amplitude as that would create a large uncertainty in phases and hinder the

fitting process.

In the few cases where only the incoming or outgoing resonance of the Raman peak
of interest was visible and the full profile could not be fitted with the above model, a

Lorentzian peak was used to fit the profile with the form:

Aq

(E—Fy— i) 3.1)

ARamlm (E) - ‘

This enabled extraction of the amplitude, width and energy of the excitonic state in-

volved in the scattering process.

3.3.2 Photoluminescence

There are multiple potential lineshapes that could be used to fit the photoluminescence,
such as Gaussian or Lorentzian, as well as the more complex Voigt and the asymmetric
Breit-Wigner Fano. For the photoluminescence spectra, as well as for the subtraction of
any unwanted PL background in subsubsection 3.3.1.1, a summation of Gaussian peaks
was used. Gaussians were chosen as, in addition to producing fits of quality on par with
that of Lorentzians, MATLAB has a built in ’Gaussians’ fitting model which converges
to a good fit much more quickly than using custom fitting functions. This was especially
beneficial for the background subtraction of the large number of spectra in a resonance

Raman run. The summation of Gaussians has the form:
n 2
E —g¢;
IpL(E) = Zai exp <— <(bl)> ) (3.8)
i=1 !

For the PL spectra, the fitted amplitude A; is in counts per second so it cannot be
directly compared with other work, but the energy ¢; and width b; of the states provided

by the fit are more useful.
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3.3.3 Reflectivity

When taking reflectivity spectra of the sample, one spectrum was taken on the sample
area of interest and a second was taken in quick succession on an adjacent area of bare
SiOg. The SiOg spectrum provides a constant reference which takes into account all
other components in the optical system. The sample spectrum is divided by the Si
spectrum to give the fractional reflectivity which was used in the fitting. In order to
fit the reflectivity spectra, the permittivity of the TMD layer e(E), at energy E, was

modelled as a sum of n Lorentz oscillators:

_ ay
e(E)=1+)_ T (3.9)

Each excitonic state contributes one oscillator; with ay, E; and I'y corresponding to the
amplitude, energy and width of the kth Lorentz oscillator. This permittivity is then
used with standard permittivity data from literature for the Si [172], SiOy [173], hBN
[174] and graphite [175] layers. The sample was modelled as a stack of infinitely wide
and smooth layers in a transfer matrix approach described in [105]. Before fitting the
spectrum of the whole sample stack, the thicknesses of the graphite and hBN layers
were determined. This was achieved by fitting reflectivity spectra taken of different
areas of the sample where the individual layers could be accessed separately. For this
fitting, start points for the thickness of the layers was determined from AFM values
and the SiOy thickness was allowed to vary with a start point of 300 nm. Between
these measurements, the SiOs thickness was found to be 286 4+ 0.8 nm and 288 + 0.4
nm for the samples containing HS57 and HS20 respectively. The underlying Si was
treated as having infinite thickness. When fitting the full sample stack spectrum, the
graphite and hBN thicknesses were fixed at the previously found values and the TMD
layer thickness was fixed at 0.67 nm which is the expected interlayer distance for bilayer
MoSe; and WSes. Once the fit had converged, the modelled permittivity and layer
thicknesses could be used for the correction to absolute scattering probability described

in subsubsection 3.3.1.3.
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Chapter 4

Resonance Raman Spectroscopy
of Exciton Rydberg States in
WSes / MoSes Heterostructures

This chapter presents the results of resonance Raman spectroscopy measurements on
two different hBN encapsulated WSey / MoSey vdW heterostructures with twist angles
of 20 °and 57 °between the two constituent monolayers. These are referred to as HS20
and HS57 respectively. In addition to the heterostructures, the same measurements were
performed on hBN encapsulated WSes and MoSe, monolayers, allowing for comparison.
Laser energies from 1.59 to 2.26 ¢V were used, which allowed observation of the WSes
Als, A2s & Bls and the MoSey Als, A2s, Bls & B2s intralayer excitons. This constitutes
the first observation of the 2s excitonic states in hetero-bilayers, allowing measurement
of their energies and linewidths. In addition, this chapter covers the characterisation of

the monolayer and heterostructure samples with PL and reflectivity.

4.1 Literature Review

2014 saw the first report of excited Rydberg states in TMDs [56], after predictions in
2013 [176] and since then many reports of these states have been made for several TMD
monolayers [51, 56, 57, 177-179]. Zeeman splitting of these states has been measured
via magneto-absorption and magneto-photoluminescence in monolayers, allowing the
unambiguous identification of the Rydberg states up to the Ads in WSes and MoSes
[60, 61, 180]. Despite this, measurements of the 2s or higher states have not been

reported in van der Waals TMD heterostructures.
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Raman spectroscopy has been widely used on TMD monolayers, with many single
phonon and multi-phonon peaks observed [113, 130, 134, 156, 181]. Under most con-
ditions, the most intense of these peaks are the zone centre Aj(I') and E'(I') modes.
These are also notable because they, or their multilayer equivalents (A1q, E1g), shift
in frequency with the number of TMD layers [132-134, 182, 183]. Davydov splitting
of these peaks, as well as low frequency acoustic phonons, is also observed with layer
number [181, 184].

The more comples resonance Raman spectroscopy is a less common technique, but res-
onances with the A, B and C excitons in TMD monolayers have been reported [136—
138, 185]. Resonance Raman measurements also have probed trions [186] and revealed
dark excitonic states [71]. Raman peaks that change frequency with excitation energy
have been observed [139], resulting from large wavevector phonons scattering between
valleys. Most resonance Raman studies are limited by the number or range of exciting
photon energies, where too few Raman spectra result in under-sampled resonance pro-
files, such that extracting precise information on the excitonic states involved, like their

widths, in the resonances is not possible [187].

4.2 Results

4.2.1 Sample Characterisation

In addition to the main resonance Raman measurements discussed in this chapter, pho-
toluminescence and reflectivity spectra were taken of the sample areas of interest. These
techniques are used much more commonly in the study of TMD samples in literature
than resonance Raman measurements as they give the energies of the excitonic states
in a single spectrum. Before getting into the identification of the 2s states in the het-
erostructures, this section first compares features observed in the reflectivity, PL and
resonance Raman for all of the sample areas. This provides a concrete identification
of the main excitonic states in these samples which are essential to understand before

probing further.

4.2.1.1 Monolayer WSez Photoluminescence and Reflectivity

To characterise the monolayer WSes sample area, a reflectivity spectrum was taken as
described in subsection 3.2.4. Figure 4.1 shows a plot of the differential reflectivity

spectrum, given by: i i
Npx

R(E) = E = — 4.1

(E) dnpy dE dE (4.1)

Where [ is intensity at a pixel in the spectrum, 1,y is pixel number and E is the energy

associated with that pixel. Four absorption features are observed, with the lowest energy
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and most intense around 1.74 eV. The spectrum was fitted using the thin film transfer
matrix model as described in subsection 3.3.3, with the fitted curve shown on the figure
in red. Four states were used in the fit, giving fitted energies of 1.737 £+ 0.001, 1.867
4+ 0.001, 1.887 £ 0.002 and 2.171 £ 0.003 eV. The corresponding widths were 6.5 £
0.1, 8 £ 2, 4 £ 2 and 100 &+ 10 meV. The errors given are the standard deviation
determined from the fitting process. The energies of the states observed by resonance
Raman scattering, as described later in subsection 4.2.2, are also shown on the same
figure for comparison. These fall at energies of 1.740 £ 0.001, 1.871 £ 0.001, 1.891 +
0.002 and 2.166 £+ 0.001 eV, with respective widths of 5.6 & 0.3, 3.5 &+ 0.2, 10.5 £ 2.2
and 32.6 + 2.2 meV. The highest energy of these features appears in the reflectivity
above the resonance Raman energy and with a significantly greater width. In this area
of the spectrum, the reflectivity fit does not properly capture the data. This is likely due
a broad higher lying state such as the C exciton which was not included in the fitting
function. The two other states appear lower in energy than their resonance Raman
counterparts at the few meV level, which is comparable to their linewidth. The reason
for this small down-shift in energy in this spectrum compared to the resonance Raman
data is not known. However, the fact that this shift is 3-4 meV for all of the excitonic
states suggests an error in wavelength calibration of this spectrum rather than a change

in exciton energies.
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FIGURE 4.1: A differential reflectivity spectrum of the hBN encapsulated monolayer
WSey sample area (black) at 4 K. The fitted transfer matrix model is shown in red.
The energies of the WSez Als and A2s exciton energies are indicated with purple and
yellow dashed vertical lines, with the Bls energy shown with a purple solid line.

A PL spectrum of the hBN encapsulated WSes monolayer sample area was acquired with
an incident power of 100 uW and a laser energy of 2.33 eV. The spectrum is presented in
Figure 4.2 in black. As with the reflectivity spectrum, the energies from the resonance
Raman data are shown on the plots with vertical dashed lines. In Figure 4.2a) a strong
peak in the photoluminescence around 1.74 eV is observed, with a series of peaks of

similar intensity and width at lower energies. A zoomed-in subsection of the PL spectrum
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in a) is shown in Figure 4.2b), where a peak around 1.87 eV is visible with a broader
higher energy shoulder. The spectrum was fitted to a summation of 17 Gaussian peaks,

shown in red, with the coefficients of the fit given in Table 4.1

For the first of the 3 states observed in both the reflectivity (1.7351 eV) and resonance
Raman (1.740 eV), a strong feature was also observed in the PL and fitted to a group
of 3 peaks with the biggest contribution being at 1.7344 eV. This is assigned to the
Als exciton and falls within the range of 1.723 - 1.747 eV from measurements of similar
samples in literature [80, 188-190]. The second of the 3 features at 1.871 eV (Raman),
1.8665 eV (reflectivity) and 1.869 eV (PL) is assigned to the A2s exciton. This gives
an Als-A2s exciton energy difference which falls within the range of 130 - 133 meV
in literature [60, 61, 189, 191]. This peak appears in the PL with broad underlying
feature centred at 1.879 eV, which has also been reported in literature but not identified
[189, 191]. The final broader feature in the reflectivity spectrum at 2.171 eV and 2.166
eV in Raman is assigned to the Bls exciton. This falls in line with the expected Als-
Bls separation of 430 meV from literature [189]. All of the features in the PL spectrum
that are not observed in the resonance Raman and Reflectivity measurements must
have weak oscillator strength [61, 177, 189] and there are many possible assignments,
including defect induced bound excitonic states [142]. This is the case for the numerous
strong peaks in the PL observed below 1.72 eV. The peaks at 1.6983 and 1.7061 eV
can be assigned to the inter- and intra- valley negative trions respectively, where the
sample is too negatively doped for the positive trion to be visible, which is expected
at just over 21 meV below the neutral exciton peak [78, 80, 190]. In addition, gated
PL measurements have reported a negatively charged biexciton 14 meV below the inter-
valley negative trion [78, 79] which can explain the peak observed at 1.6841 eV. None

of the peaks in Table 4.1 at energies below this were assigned.
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FIGURE 4.2: a) A PL spectrum of the hBN encapsulated monolayer WSes sample area
at 4 K. The spectrum is fitted to a summation of Gaussian peaks. Energies of the Als
and A2s excitonic states determined from fitting the resonance Raman data are marked
with purple and yellow lines respectively. b) A subsection of a) showing the lineshape
of the A2s PL peaks.
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Energy (eV)

Width (meV)

Amplitude (c/min)

1.576 £ 0.006 18+ 3 250 £ 90
1.601 £+ 0.001 16 £ 3 1300 £ 100
1.6128 + 0.0002 75 +04 1900 +£ 200
1.6203 + 0.0002 3.9+04 480 £ 80
1.6292 £+ 0.0001 7.4 £ 0.2 2000 £ 70
1.6472 £ 0.0001  8.20 + 0.04 5196 £ 8
1.6614 £ 0.0001  5.26 + 0.03 4410 £ 10
1.6742 £ 0.0001  5.26 &+ 0.02 6360 + 10
1.6841 £ 0.0001 2.893 £+ 0.009 8550 + 30
1.6980 £ 0.0009 11.1 £ 0.5 4400 £+ 600
1.6983 £ 0.0001  2.34 £ 0.02 5070 £+ 40
1.7061 £ 0.0001  2.60 £+ 0.02 5390 £ 40
1.71 £ 0.04 10 £+ 20 100 £ 600
1.7344 £ 0.0001  2.63 + 0.04 4100 £+ 200
1.735 £ 0.005 9.5 +£0.2 1080 £ 40
1.7380 £ 0.0003 3.4+ 0.2 1300 £ 100
1.8690 £ 0.0003 4.6 £0.5 130 £ 10
1.879 £ 0.005 53 £ 8 33+ 4

TABLE 4.1: Coefficients for fitting the monolayer WSes PL spectrum presented in
Figure 4.2. Errors given are the standard deviations from the fitting process.

4.2.1.2 Monolayer MoSe; Photoluminescence and Reflectivity

The differential reflectivity spectrum of the MoSes monolayer area is shown in Figure 4.3,
with a fitted transfer matrix model curve plotted in red. Three fitted features are
observed in the spectrum, with energies of 1.647 4+ 0.001 eV, 1.803 4+ 0.003 and 1.865
4+ 0.003 eV. With widths of 7.1 + 0.2, 30 £ 10 and 74 + 9 meV respectively. The first
of these features appears by far the largest, with a fitted amplitude of 1.22 £ 0.05 eV?,
followed by 0.3 £ 0.2 and 2.2 4+ 0.5 eV? for the other two in ascending energy order.
The energies of the states observed by resonance Raman scattering, as described later
in subsection 4.2.3, are also shown on the same figure for comparison. The energy of the
MoSes Als exciton determined from the Raman scattering is indicated on the spectrum
with a blue dashed line and it falls in the middle of the most intense feature of the
spectrum. The energy extracted from the Raman fitting is 1.648 + 0.001 eV which is
in close agreement the 1.647 eV from the reflectivity. The MoSey A2s energy from the
Raman is marked by the dashed orange at an energy of 1.803 + 0.002 eV which also
closely matches the reflectivity value of 1.803 £ 0.003 from the smallest fitted peak in
the spectrum. Above the A2s exciton, the Bls is also visible in the reflectivity spectrum
and yields a fitted energy of 1.865 + 0.003 eV. The B2s energy (2.021 eV) is also marked
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on the spectrum, with a solid orange line, but no feature near this energy is visible above

the noise.
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FiGURE 4.3: A differential reflectivity spectrum of the hBN encapsulated monolayer
MoSeg sample area at 4 K. The fitted transfer matrix model is shown in red. Energies
of the Als and A2s excitonic states determined from fitting the resonance Raman data
are marked with blue and orange dashed lines.

The PL spectrum of the MoSey monolayer was taken with a laser energy of 1.968 eV
an an excitation power incident on the sample of 100 pW. As with the WSey case,
strong photoluminescence signal was observed. The fitted spectrum is presented in
Figure 4.4. No peaks are observed at the A2s exciton energy of 1.803 eV. A sum of
four Gaussian peaks were used to fit the cluster of peaks visible around the Als exciton,
with their energies given in Table 4.2. The fitted peak in the PL spectrum with energy
closest to the Als exciton energy falls at 1.646 + 0.002 eV, in line with the Raman
and reflectivity values of 1.648 £+ 0.001 and 1.647 + 0.001 eV respectively. This peak
appears as a shoulder on the low-energy side of the most intense peak at 1.6558 eV.
The lowest energy peak at 1.6275 £ 0.0001 eV is then most likely a trion, 19 + 2 meV
below the exciton. This exciton-trion splitting is smaller than the typical range given
in literature of 24 - 28 meV [82, 142, 192-194] below the exciton. The origin of the
peaks above the Als exciton energy is not clear. In addition to this MoSes monolayer,
PL and reflectivity measurements were performed on an additional hBN encapsulated
monolayer. This sample also showed a single feature at the Als in reflectivity as well
as PL peaks above and below the Als exciton energy determined from the reflectivity.
In this case however, the PL overwhelmed the Als Raman signal and so a resonance
profile could not be measured therefore the main MoSe, monolayer sample was chosen
over this additional one. Despite the presence of higher energy peaks in the PL, the
excellent agreement between the reflectivity and resonance Raman values for the Als
energy for this sample, as well as the observation of similar higher energy PL peaks in

another sample, mitigates any doubt about the assignment of the Als energy.
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FIGURE 4.4: A PL spectrum of the hBN encapsulated monolayer MoSes sample area
at 4 K. The spectrum is fitted to a summation of Gaussian peaks. Energies of the Als
and A2s excitonic states determined from fitting the resonance Raman data are marked
with blue and yellow dashed lines.

Energy (¢V)  Width (meV) Amplitude (c¢/min)

1.6275 + 0.0001 12.7 £ 0.2 4730 £ 40

1.646 £ 0.002 5.01 £ 0.09 7800 %+ 100
1.6558 + 0.0001  6.24 £+ 0.04 34160 £+ 70
1.6654 £+ 0.0002 4.5+ 0.2 4300 + 200

TABLE 4.2: Coefficients for fitting the monolayer MoSe2 PL spectrum shown in Fig-
ure 4.4 to a summation of Gaussian peaks. Errors given are the standard deviations
from the fitting process.

4.2.1.3 57° Twist Heterostructure Photoluminescence and Reflectivity

A reflectivity spectrum was taken of HS57 and the differential reflectivity shown in
black in Figure 4.5 with the transfer matrix fitted curve shown in red. Three strong
features appear in the spectrum below 1.9 eV. The most intense and lowest in energy
was assigned to the MoSey Als exciton, with a fitted energy of 1.622 £ 0.001 eV. This
energy falls very close to the 1.620 4+ 0.001 eV resonance Raman value. The next peak
in the spectrum is a more unusual case, with a fitted energy of 1.707 4+ 0.001 eV. This
falls 21 meV below the WSey Als exciton at 1.728 £ 0.001 eV, indicated with a purple
dashed line, as determined from the resonance Raman measurements. The most likely
assignment for this feature, which is also observed in the resonance Raman, is then a
WSes Als positively charged trion. The strength of the WSes trion can be explained
if the sample is p-doped. By considering the band offsets as in Figure 2.4. The upper
valence band in WSes is higher in energy than for MoSes so holes will flow into the WSes
layer, increasing the hole population and thus the probability of forming a positive trions.

Further, the MoSes conduction bands fall below (in energy) those of WSey. This means
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electrons migrate to the MoSes layer, which reduces the WSes electron population and

further increases the ratio of positive trions to neutral excitons for the WSes case.

This means that no WSes Als exciton peak is observed in the reflectivity spectrum.
There is also no feature in the reflectivity spectrum corresponding to the MoSey A2s
exciton, which is less surprising due to its low oscillator strength. The peak appearing
third in energy, at 1.841 £ 0.001 eV is assigned to the MoSes Bls exciton which was
measured via resonance Raman at 1.839 £+ 0.001 eV (not marked). No feature was
observed in the reflectivity spectrum at the energy of the WSes A2s exciton (1.857 +
0.003 eV), marked with a yellow dashed line. As with the MoSez A2s case, this is not
unexpected due to the low oscillator strength. Additional, any WSey A2s peak would
be more difficult to observe as it is obscured by the MoSes Bls exciton. At the highest
energy end of the spectrum, two peaks are observed at 2.102 + 0.001 and 2.168 + 0.001
eV. These are assigned to hybridised states [16, 86, 97] originating from the WSey Bls
exciton and a bright interlayer exciton with an electron in the lower WSey conduction

band a hole in the upper MoSes valence band, as discussed in our paper [98].
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F1cUre 4.5: A differential reflectivity spectrum of the hBN encapsulated 57° twisted
WSes/MoSey heterostructure sample area at 4 K. The fitted transfer matrix model
curve is shown in red. Energies of the Als and A2s excitonic states associated with the
WSes layer determined from fitting the resonance Raman data are marked with blue
and orange dashed lines. The MoSez Als and A2s exciton energies are marked with
dashed lines in purple an yellow respectively.

Figure 4.6 shows a PL spectrum of HS57, the hBN encapsulated 57° twisted WSes MoSes
heterostructure sample. The spectrum was taken with an incident power of 100 pW with
an excitation energy of 2.33 eV. The spectrum was fitted to a summation of 10 Gaussian
peaks, with the energies of these peaks given in Table 4.4. The MoSes; Als exciton
energy from resonance Raman measurements is indicated with a blue dashed vertical
line at 1.620 4+ 0.001. Whilst it is tempting to assign the PL peak at 1.6227 4+ 0.0003
to this excitonic state, it is more likely to be one of the significant number of defect

states associated with the WSesy layer. The other peaks with energies between 1.598
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and 1.662 eV were also assigned to WSes defect states. The peak in the PL spectrum
with a fitted energy of 1.7285 4+ 0.0001 eV is assigned to the WSey Als exciton and
its energy matches the 1.728 4+ 0.002 eV from the resonance Raman, as marked on the
PL spectrum with a purple dashed line. Below this peak in energy is a broad shoulder,
which is most likely from a combination of WSes trions. No peak in the PL is visible

corresponding to the MoSes Bls or WSey A2s exciton energies, marked in orange and

yellow respectively.
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FIGURE 4.6: A PL spectrum of the hBN encapsulated 57° twisted WSea/MoSes het-
erostructure sample area at 4 K. The spectrum is fitted to a summation of 10 Gaussian
peaks, shown in red. The coefficients for the fit are given in Table 4.3 Energies of the
Als and A2s excitonic states associated with the WSes layer determined from fitting
the resonance Raman data are marked with purple and yellow lines. The MoSey Als
and A2s exciton energies are similarly marked in blue and orange respectively.

Energy(eV) Width (meV) Intensity (c¢/min)

1.598 £ 0.001 37+ 1 366 £+ 6
1.6134 &+ 0.0002 7.1+0.3 710 £ 20
1.6227 + 0.0003 4.1+ 0.3 600 £ 90
1.6306 £+ 0.0004 61 530 £+ 30
1.6385 + 0.0001 3.3 +£0.2 780 £+ 50
1.6471 £ 0.0001  1.91 £+ 0.03 1580 + 30
1.6495 + 0.0001  6.13 £ 0.04 4100 £+ 30
1.6622 + 0.0004 10.8 £ 04 530 £ 10
1.7193 + 0.0007 20+ 1 141 + 6
1.7285 + 0.0001 6.4 + 0.1 622 + 8

TABLE 4.3: Coefficients for fitting the PL spectrum of the 57° twisted WSeo MoSes
heterobilayer. Errors given are the standard deviations from the fitting process.
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4.2.1.4 20° Twist Heterostructure Photoluminescence and Reflectivity

The reflectivity spectrum was measured of HS20 and the differential is shown in Fig-
ure 4.7. The spectrum was fitted with a transfer matrix approach to extract the ampli-
tudes, energies and widths corresponding to 4 spectral features. The lowest energy of
these is the MoSes Als exciton, which is observed at 1.628 + 0.003 eV. This appears
slightly below the energy for the same state as determined by the resonance Raman
fitting, 1.633 £ 0.002 eV, which is marked on the spectrum with a blue dashed vertical
line. The next peak in energy appears at 1.716 4+ 0.001 eV, falling very close to the
1.718 £ 0.002 eV measured via resonance Raman for the WSey Als exciton. At 1.765
+ 0.002 eV, an orange dashed line indicates the energy of the MoSey A2s exciton. No
clear spectral feature is observed here, which is as expected due to the low oscillator
strength of the 2s states. The same is also true of the WSey A2s exciton at 1.835 +
0.004 eV indicated in yellow, which additionally clashes with the MoSes Bls excitonic
state. This state is observed at 1.851 4 0.001 eV in this reflectivity spectrum which is
very close to the 1.849 + 0.001 given by resonance Raman. Finally, the highest energy
feature observed in the reflectivity spectrum is at 2.163 £ 0.001 eV is from the WSe,

Bls exciton. This also closely matches the energy measured by resonance Raman of
2.164 + 0.001 eV.
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FIGURE 4.7: A differential reflectivity spectrum of the hBN encapsulated 20° twisted
WSes/MoSes heterostructure sample area at 4 K. The fitted transfer matrix model
curve is shown in red, with the MoSey Als & Bls and the WSes Als & Bls features
fitted. FEnergies of the Als and unobserved A2s MoSes excitonic states determined
from fitting the resonance Raman data are marked with blue and orange dashed lines
respectively. The resonance Raman determined WSeg Als and A2s energies are also
marked in purple and yellow respectively.

A PL spectrum of HS20 was taken with an excitation power of 100 pW with a laser
energy of 1.968 eV. The spectrum was fitted to a summation of Gaussian peaks, shown
in red in Figure 4.8, with the measured spectrum in black. The peak fitted at 1.617 £+
0.001 eV is tentatively assigned to the MoSes Als exciton as it appears just below the
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energy determined by the resonance Raman of 1.623 £ 0.001 eV. The adjacent peaks
below 1.7 eV are most likely from defect states associated with the WSes Als exciton.
However, unlike the 57° heterostructure case, no PL peak is visible at the WSey Als
exciton energy of 1.718 £+ 0.002 eV. A peak is observed between where we would expect
the WSey Als and MoSes A2s excitons, at 1.7306 £ 0.0001 eV, but there is no clear
state that it can be assigned to. Similarly to the HS57 case, the MoSe, and WSes
A2s energies, indicated with orange and yellow lines respectively, have no associated
PL features. The peaks that appear around 1.85 eV are from Raman scattering via
hBN hyperbolic phonon polariton modes as reported in literature for WSes monolayers
[171, 188, 195, 196] and discussed for both constituent monolayer cases in chapter 5 and
our paper [197].
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FIGURE 4.8: A PL spectrum of the hBN encapsulated 20° twisted WSez/MoSes het-
erostructure sample area at 4 K. The spectrum is fitted to a summation of Gaussian
peaks, shown in red. The coefficients for the fit are given in Table 4.4. Energies of the
Als and A2s excitonic states associated with the WSeg layer determined from fitting
the resonance Raman data are marked with yellow and purple lines. The MoSes Als
and A2s exciton energies are similarly marked in blue and orange respectively.

Energy (eV) Width (meV) Amplitude (¢/min)

1.600 £+ 0.001 §+1 70 £ 10
1.617 4+ 0.001 10+ 1 540 +£ 80
1.640 £ 0.006 13+6 1000 £ 300
1.6443 + 0.0001 4.5 £ 0.1 1370 + 80
1.653 £+ 0.001 9.8 £0.8 1800 £ 800
1.670 £+ 0.001 11.2 £ 0.8 290 £+ 20
1.7306 + 0.0001 3.2+£0.2 140 £ 7

TABLE 4.4: Coeflicients for fitting the 20° twisted heterostructure sample photolumi-
nescence spectrum to a sum of Gaussian peaks. Errors given are the standard deviations
from the fitting process.
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4.2.2 Characterisation of Excited State Raman Peaks in Monolayer
WSez

4.2.2.1 WSe; Als

Raman spectra were taken, with the setup described in section 3.2, at 4 K of the mono-
layer WSey area with an incident power of 100 pW. For the Als exciton resonance, 31
spectra were taken with laser energies from 1.655 to 1.835 eV. A colour-map comprised
of these spectra is shown in Figure 4.9. The strongest feature in the colour-map is the
Raman peak that falls at 249.5 cm™. Incoming and outgoing resonances of this Raman
peak are visible in the colour-map around 1.74 and 1.77 eV respectively. In addition
to this strongest peak, a cluster of peaks is observed around 265 cm™ which also show
incoming and outgoing resonances. At 207 cm™ a peak is visible that only shows strong
resonance just above the incoming energy. In addition to this unusual resonance be-
haviour, this peak is observed to be dispersive, appearing at 206.3 cm™ at 1.742 eV
and shifting to 208.3 cm™! at 1.776 eV where it is much less intense. The dispersive
nature of this peak is not unprecedented, as there have been reports of dispersive peaks
in MoSes [110] and MoSs [138, 139]. The highest shift WSes feature observed at this
exciton energy is around 395 cm™. It was fitted to a peak at 399 cm™ with a shoulder

from another at 395 ecm™t.

These peaks show a clear outgoing resonance but they are
only visible for one Raman spectrum at the incoming resonance energy as they are not

intense enough to the noise level from the strong Als photoluminescence.
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FIGURE 4.9: A colour-map of the resonance Raman data taken on the hBN encapsu-
lated monolayer WSey area covering the energy range of the Als exciton. The intensity
of the Raman scattering is indicated by the colour, with dark blue showing minimum
intensity and red corresponding to maximum. The colour scale is logarithmic, which
aids examination of the less intense Raman peaks. The white lines indicate the energies

of the resonances associated with the Als exciton, with the solid line and the dashed
line corresponding to the incoming and outgoing resonances respectively.

The most intense peak at 249.5 cm™' is also the most discussed in literature, being as-
signed to both the A|(T) and Ef,,;(T) (gamma point) phonons which are found to
fall at the same energy by phonon dispersion calculations [113, 182]. A resonance profile
of this peak was produced and fitted to a single state Raman scattering model following
the procedure in subsection 3.3.1. Figure 4.10 shows this extracted resonance profile in
black which features two peaks of similar width and amplitude separated by approxi-
mately 0.03 eV. These peaks correspond to the incoming and outgoing resonances, where
the first falls at the exciton energy and the second falls at the exciton energy plus the
phonon energy (0.03093 eV). The fitted model is shown in red in Figure 4.10 and vi-
sually it matches the data well, with the biggest discrepancy being the intensity of the
pair of spectra in between the two resonance peaks falling significantly below the fitted
curve. The fit yields an energy of 1.740 4+ 0.001 eV with a width of 5.6 + 0.3 meV and
a squared scattering amplitude of 3.1 £ 0.2 x10713 eV* for the Als exciton.
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FIGURE 4.10: A resonance Raman profile of the WSeo monolayer 249.5 cm™! Raman
peak at the Als exciton energy. The error bars on the data points are standard devi-
ations of the amplitude of the peak determined from the fitting of the Raman spectra.
The profile is fitted to a single state Raman scattering model, shown in red.

4.2.2.2 WSe A2s

Above the Als resonance, 49 Raman spectra were taken from 1.835 - 1.969 eV across
the A2s exciton energy on the same WSes monolayer under the same conditions. A
colour-map of this data is shown in Figure 4.11 with the solid and dashed white lines
indicating the energies of the incoming and outgoing resonances associated with the A2s
exciton. The Raman peak at 249.5 cm™' is observed once again at this energy, with
distinct incoming and outgoing resonances. The signal does not go to zero below the
A2s incoming resonance before it meets the tail of the Als outgoing resonance. Adjacent
weaker Raman features are observed at 234.5 cm™, 257.7 ecm™ and 261.9 cm™. These
all similarly show distinct incoming and outgoing resonances that fall along the white

lines. The same is also true of the weak signal near 400 cm™.
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FIGURE 4.11: A colour-map of the resonance Raman spectra of the hBN encapsulated
monolayer WSey area with excitation energies from 1.835 - 1.969 eV, covering the A2s
exciton. The intensity of the Raman scattering is indicated by the colour, with dark
blue showing minimum intensity and red corresponding to maximum. The colour scale
is logarithmic, which aids examination of the less intense Raman peaks. The white
lines indicate the energies of the resonances associated with the A2s exciton, with the

solid line and the dashed line corresponding to the incoming and outgoing resonances
respectively.

An unusual feature is observed around 495 cm™. It shows resonance with the A2s exciton
energy at 1.871 eV at 495.6 cm™. As the excitation energy increases, the peak reappears
with the same shift at 1.902 eV and disperses to 493 cm™ at 1.926 eV. The peak then
splits into 3 peaks which each show different dispersion at higher energy before their
intensity drops off at 1.941 eV. This behaviour is more clearly illustrated in Figure 4.12.
This splitting and dispersive behaviour cannot be explained without requiring additional
dark states in the exciton dispersion relation however, theoretical calculations of the full
band structures are not available. A peak is visible at 520 cm™ in the colour-map with
no resonance behaviour. This is the Si Raman peak from the sample substrate which
is used in the calibration of the spectra as discussed in subsection 3.3.1. The colour-
map also shows a signal which spans across the whole spectrum, following the outgoing
resonance energy and weakening as the excitation energy increases. This is the result
of photoluminescence from the A2s exciton which was not entirely removed by crossed

polarisation subtraction.
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FIGURE 4.12: A waterfall plot showing Raman spectra taken with excitation energies
of 1.86 - 1.95 eV, around the A2s exciton resonance in the hBN encapsulated monolayer
WSes sample. Only a narrow section of the spectrum around the dispersive 495 cm™!
Raman peak is shown.

The resonance profile of the main A} (T)/Efq,;o(T) peak at 249.5 cm™ was extracted
and is shown in Figure 4.13a) and fit to a single state resonance model. As with the Als
case, the two resonance peaks have similar amplitudes however the incoming resonance
peak is broader, with a full width at half maximum (FWHM) of 11 meV compared to the
6 meV of the outgoing. There is no clear explanation for this discrepancy. Also similarly
to the Als case, the fitted resonance model predicts a higher intensity than measured for
the spectra between the incoming and outgoing resonances. At the energies below the
incoming resonance, the model falls below the measured intensity in the spectra. This
can be explained by non-resonant Raman scattering which is not included in the model
or the tail end of the more intense Als outgoing resonance. The fitted profile gives an
energy of 1.8714 + 0.0005 eV with a width of 3.5 + 0.2 meV and a squared scattering
amplitude of 3.8 + 0.8 x107 1% ¢V4. This linewidth is narrower than the 5.6 + 0.3 meV
of the Als exciton, following the trend predicted in literature [65], which is a result of

temperature independent radiative broadening in the Als case.
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FIGURE 4.13: a) A resonance Raman profile of the WSey monolayer 249.5 em™! Raman
peak. The profile is fitted to a single state Raman scattering model, shown in red. b)
A resonance Raman profile of the WSey monolayer 495 cm™' Raman peak. The fit
shown in red is a Lorentzian fit to the outgoing resonance. The blue and green dashed
vertical lines indicate the predicted A3s energy and the unbound continuum energy
respectively. For both cases, the error bars on the data points are standard deviations
of the amplitudes of the peaks determined by the spectra fitting process.

A resonance profile was also extracted for the 495 cm™ peak is shown in Figure 4.13b).
The profile shows an isolated peak at the incoming resonance followed by a signal that
increases towards the more intense outgoing resonance peak. The outgoing resonance
peak is much more intense than its incoming resonance counterpart. Above the energy
of the outgoing resonance peak, the scattering rapidly drops off to zero. The predicted
energies of the A3s exciton and unbound continuum energy are indicated on the plot and
between these marked energies the 4s and higher order states are present. These states
cover the energy range of this increasing signal. From it’s shift, the 495 cm™' Raman
peak was identified as combination of 3 possible two-phonon scattering processes. These
are 2A1(T'), AJ(T') + E'(T') and 2E'(T'), where the two phonons are degenerate in energy.
Since these are gamma point phonons, they do not have enough momentum to scatter
between valleys, however there is enough to scatter within a valley. It is likely that
scattering via these higher order states in the same valley, as shown in Figure 4.14,
contributes to both the enhancement in between the two resonance peaks and the much

greater intensity of the outgoing resonance peak.
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FIGURE 4.14: Energy level diagram showing the energies of the Als A2s and A3s states
as well as the unbound electron hole pair energy (UBP). The black arrows indicate
the absorbed (pointing up) and emitted photon (down) energies. The pairs of red
arrows indicate the pair of gamma point phonons which are emitted during the Raman
scattering process to corresponding to the 495 cm™ 2s associated Raman peak. The
scattering process is shown at a) an incoming resonance and b) an outgoing resonance,
where scattering to intermediate states enhances the Raman signal.

Both of the resonance peaks of the 495 cm™ profile were fitted to Lorentzian lineshapes
in order to extract the energy and linewidths, with only the fit to the outgoing resonance
peak shown in red on Figure 4.13. The incoming and outgoing resonance peaks yielded
linewidths of 3.6 + 1.0 and 4.6 + 0.3 meV respectively with A2s energies of 1.8711 +
0.0005 and 1.8708 + 0.0002 eV. In this case the phonon energy (495 cm™ = 61.4 meV)
has been subtracted from the value given for the outgoing resonance. There is excellent
agreement between these three measured energies for the A2s exciton which shows that
either the incoming or outgoing resonance fits can be used to accurately determine the
energy of the excitonic state. However, only the width of the incident state agrees with
the value determined from the 249.5 cm™' peak. This is likely due to the influence on
the outgoing fit of the Raman signal in between the two main resonance peaks in the

profile.

4.2.2.3 WSe; Bls

A Raman colour-map of the WSey Bls exciton is given in Figure 4.15, with 31 excitation
energies from 2.048 - 2.256 eV. The solid and dashed white lines indicated the incoming
and outgoing resonances with the Bls exciton which has an energy of 2.166 £+ 0.001
eV. The 249.5 cm™! peak is visible but, unlike the Als and A2s cases, here it is not the
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most intense of the Raman peaks. The brightest peak in the plot is at 261.6 cm™, with
additional peaks visible below the A}(T)/E7g,o(T) peak at 217.9, 224.9, 237.9 and
241.6 cm™. The feature comprised of a pair of peaks at 395 and 399 cm™' is also present
with similar resonance behaviour to the lower shift peaks. A peak at 375.6 cm™! is visible
which was not observed at the Als and A2s exciton energies. All of these peaks only
show a single broad resonance in the colour-map. This corresponds to the case where
the exciton linewidth is similar to or greater than the phonon energy, creating a broad
peak centred in the middle of the incident and outgoing resonance energies. The 520
cm! Si peak can also be identified in the colour-map, but the noise level in the highest
energy spectra makes it difficult to observe beyond the Bls outgoing resonance energy.
No Raman peaks are observed around 495 cm™ at this resonance. As the same is true
of the Als, and also as discussed later the MoSey excitons, the 495 cm™ dispersive peak

can be used as a Raman fingerprint of resonance with the WSes A2s exciton.
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FIGURE 4.15: A colour-map of the resonance Raman spectra of the hBN encapsulated
monolayer WSes area with excitation energies from 2.048 - 2.256 eV, covering the Bls
exciton. The intensity of the Raman scattering is indicated by the colour, with dark
blue showing minimum intensity and red corresponding to maximum. The colour scale
is logarithmic, which aids examination of the less intense Raman peaks. The white
lines indicate the energies of the resonances associated with the A2s exciton at 2.166
eV, with the solid line and the dashed line corresponding to the incoming and outgoing
resonances respectively.

Resonance Raman profiles of the 249.5 cm™ A{(T)/E7q,;o(T) peak was extracted and
is shown in black in Figure 4.16. The profile shows some asymmetry which is suggestive
the presence of scattering with an additional electronic state. Figure 4.16a) and b)
respectively show a single state and two state fit to the resonance data, as described
in subsection 3.3.1. The single state fit corresponds to an energy of 2.166 + 0.001 eV,
a width of 33 £ 2 meV and a squared scattering amplitude of 2.0 & 0.4 x10712 eV4,
Despite this larger amplitude than the Als and A2s cases, the broad linewidth of this

state means the measured scattering probability for the peaks in the Raman spectra is



Chapter 4. Resonance Raman Spectroscopy of Exciton Rydberg States in WSes /
56 MoSe, Heterostructures

within an order of magnitude of that for the A2s. The two state model fit shown in
Figure 4.16b) involves states with energies of 2.149 4+ 0.003 and 2.164 4+ 0.002 eV with
widths of 9 &+ 3 meV and 28 £ 4 meV. Whilst this fit does more tightly fit the data,
there is no other evidence of an additional state in either the PL or reflectivity spectra
and, as discussed in [63], none of the resonance profiles of the other Raman peaks show

evidence of an additional state.
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FIGURE 4.16: Resonance Raman profile of the WSey monolayer 249.5 cm™ Raman
peak. The profile is fitted to a single state resonance model, shown in red on a) and a
two state model in b). For both cases, the error bars on the data points are standard
deviations of the amplitudes of the peaks determined by the spectra fitting process.

4.2.3 Characterisation of Excited State Raman Peaks in Monolayer
MoSes

4.2.3.1 MoSes Als

Similarly to the WSes case, 38 Raman spectra were taken of the MoSes monolayer at 4
K with excitation energies between 1.597 and 1.765 eV. A colour-map of these spectra
is shown in Figure 4.17, with the incoming and outgoing resonance energies of the Als
exciton indicated by solid and dashed white lines respectively. The Si Raman peak is

1. The Raman peak with the most intense signal at the

visible in the plot at 520 cm”
incoming resonance energy is at 241.5 cm™!, which corresponds to the A}(I') phonon
[63, 110, 138, 198]. This peak, as well as those observed at the lower frequencies of 181.0
and 136.1 cm™ all show a similar intensity at the incoming and outgoing resonances
as expected for a single excitonic state. The peaks observed at higher Raman shifts

however, show clear asymmetry with the outgoing resonance appearing more strongly.
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FIGURE 4.17: A colour-map of the resonance Raman spectra of the hBN encapsulated
monolayer MoSey area with excitation energies from 1.597 - 1.765 eV, covering the
energy range of the Als exciton. The intensity of the Raman scattering is indicated
by the colour, with dark blue showing minimum intensity and red corresponding to
maximum. The colour scale is logarithmic, which aids examination of the less intense
Raman peaks. The white lines indicate the energies of the resonances associated with
the Als exciton, with the solid line and the dashed line corresponding to the incoming
and outgoing resonances respectively.

These higher shift Raman peaks are necessarily multi-phonon, as the energy is too high
to be explained by a single phonon process. The Raman shift of these peaks also does not
match the small wavevector gamma point phonons (240 or 290 cm™) or combinations
of these. The cause of the asymmetry in the resonance behaviour can be understood by
examining the WSes and MoSey exciton band structures at the high symmetry K and
K’ points shown in Figure 4.18. The large wavevector phonons involved have enough
momentum to scatter between the K and K’ valleys. In the WSes case a lower energy
state in the opposite valley is present in both the incoming b) and outgoing a) resonance
cases. In the MoSes case, the opposite valley conduction band is higher in energy which
means there are no intermediate states to scatter to at the incoming resonance d) but
there is a state at the outgoing c¢). This results in observation of less Raman scattering
at the incoming resonance than at the outgoing. A list of possible phonon assignments

for these modes are given in the supplementary section of our paper [63].
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FIGURE 4.18: Electronic band structure diagram showing for the two monolayers at
the K and K’ high symmetry points. The black arrows indicate the absorbed (pointing
up) and emitted photons (down). The pairs of red arrows indicate the pair of large
wavevector phonons which are emitted during the Raman scattering process.

A resonance profile was extracted for the A}(T') phonon at 241.5 cm™ and is presented
in Figure 4.19. The profile shows two well separated peaks with similar heights and
widths. The profile is fitted by a single state resonance model, shown in red on the
figure, which matches the data well. The biggest deviation from the data is just below
the incoming resonance at 1.64 eV. This is where the PL signal was strongest and so the
deviation is most likely the result of uncertainty from the background subtraction. The
amplitude, width and energy of the Als exciton from this fit are 7.1 £ 0.5 x1071° eV?,
3.0 £ 0.1 meV and 1.648 £ 0.001 eV respectively.
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FIGURE 4.19: A resonance Raman profile of the MoSes monolayer 241.5 cm™ Raman
peak at the Als exciton. The profile is fitted to a single state Raman scattering model,
shown in red. The error bars on the data points are standard deviations of the ampli-
tudes of the peaks determined by the spectra fitting process.
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4.2.3.2 MoSes A2s and Bls

A further 32 Raman spectra were taken with excitation energies from 1.75 - 2.00 eV,
covering the MoSes A2s and Bls excitons. A Raman colour-map of the data is shown
in Figure 4.20, with the resonances associated with the Bls and A2s excitons marked
with white and red lines respectively. The A}(T') 241.5 cm™' Raman peak is observed
across the whole energy range. Unlike the Als case, a distinct incoming and outgoing
resonance is not visible for any of the Raman peaks. This is not unexpected, as the Bls
exciton already showed a significantly broader linewidth than the Als in the reflectivity

spectrum. Once again, the 520 cm™! Si peak is present across the whole energy range.

Dispersive peaks are visible in the colour-map with a peak that shifts from 283.3 cm™ at
1.811 eV to 278.6 cm™" at 1.891 eV and another that shifts from 289.0 cm™ at 1.849 eV to
283.8 cm™! at 1.945 eV. In addition, a peak is visible which shifts in the opposite direction
with increasing energy, going from 258.3 cm™ at 1.857 eV to 260.7 cm™! at 1.908 eV. As
well as showing this dispersion, the peaks show different resonance behaviour, with the
peak at the lowest Raman shift appearing most intense at 1.891 eV and the middle peak
at 1.857 eV. These peaks are most likely the result of multi-phonon scattering between
the K and K’ valleys, similar to those reported in MoSy [139], where a model of the

exciton dispersion relation is required to be able to properly fit the resonance behaviour.

In addition to the Raman peaks observed at the Als exciton, peaks at 354.6, 480.4,
530.8 and 582.5 cm™! were observed, where no Raman signal was present in the Als
case. The first of these peaks shows resonance behaviour similar to the A}(T') and the
rest of the peaks also observed at the Als. However, the other three peaks at at 480.4,
530.8 and 582.5 cm™ show distinctly different behaviour. Rather than appearing with
a broad resonance centred between the Bls incoming and outgoing resonance energies,
these three peaks follow the A2s outgoing resonance energy, dropping in intensity quickly
above it and more slowly trailing off down towards the A2s incoming energy. The peaks
are much less intense at the A2s incoming resonance, which shows that the peaks are
not just resonant with the A2s alone, they are doubly resonant with the A2s and Bls
excitons. Whilst the reason is unclear, the colour-map illustrates that these three peaks

show clearly distinct resonance behaviour from the rest of the Raman peaks.
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FIGURE 4.20: A colour-map of the resonance Raman spectra of the hBN encapsulated
monolayer MoSey area with excitation energies from 1.75 - 2.00 eV, covering the A2s
and Bls excitons. The intensity of the Raman scattering is indicated by the colour,
with dark blue showing minimum intensity and red corresponding to maximum. The
colour scale is logarithmic, which aids examination of the less intense Raman peaks.
The white lines indicate the energies of the resonances associated with the Bls exciton
at 1.858 eV, with the solid line and the dashed line corresponding to the incoming and
outgoing resonances respectively. Similarly, the red lines correspond to the A2s exciton
with an energy of 1.803 eV.

Before considering the resonance profiles of these peaks, the A](T) case is examined.
Figure 4.21 shows the resonance profile of the 241.5 cm™' Raman peak across the A2s
and Bls energies where plotted in red in a) is the fit to a single state resonance model.
The fit captures well the data above 1.9 eV but the peak of the fit falls at a lower energy
than the data appears to suggest. The two ’shoulders’ on the low energy side of the
peak in the data, near 1.81 and 1.84 eV are also not fit well by the curve. A two-state
resonance model was used to fit the same data as shown in red in Figure 4.21b). In this
case, the curve is much more successful in fitting the two ’shoulders’, which correspond
to the A2s incoming and outgoing resonance energies. In addition, the curve more closely
follows the biggest peak and matches the data exceptionally well above 1.88 eV. The
parameters for the fit are given in Table 4.5. As expected, the A2s scattering amplitude
is a smaller than the Bls, in this case by a factor of 110, with the inter-state scattering

falling in-between.
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FIGURE 4.21: A resonance Raman profile of the MoSes monolayer 241.5 cm™' Raman
peak. The error bars on the data points are standard deviations of the amplitudes of
the peaks determined by the spectra fitting process. The profile is fitted to a single
state Raman scattering model, shown in red in a) and a two state model shown in b).

The two state fitted AJ(T) is shown again in Figure 4.22a) alongside the interesting
480.4, 530.8 and 582.5 cm™! peaks, shown in b) - d). These were also all fitted to two
state resonance models and despite the markedly different resonance behaviour from the
A/ (T) phonon, the two state model also fits these three peaks well. The fitted models
yielded energies and widths for the A2s and Bls excitons given in Table 4.5. These place
the A2s slightly higher in energy than the fit to the A](I') peak suggests, however they
are still within one linewidth. The measured widths also agree with the 241.5 cm™ peak
value to within two standard deviations, which shows the scattering is with the same
excitonic state. In contrast to the value of 110 measured for the A} (T) peak, the ratio
of the Bls to the A2s scattering amplitudes gave significantly smaller values of 4, 18 and
20 for the three peaks. This shows that whilst these peaks are scattering via the same
two excitons as the A’ (I") phonon, the amplitudes associated with the A2s for the three
peaks are significantly higher.

x107 ‘ ‘ 6 %107
1 a) b)
2415 cm™ 480.4 cm™
0.8 4
5 06 ,
F 04
3
8 02
a 0
o 0
g 1.8 1.85 1.9 1.95 18 1.85 19 1.95
2 %108 %108
S c) d)
@ ol 1 4 -1
S 530.8 cm 582.5cm
£
©
4

. . - = )
1.8 1.85 1.9 1.95 1.8 1.85 1.9 1.95
Excitation energy (eV)

FIGURE 4.22: Resonance Raman profiles of the MoSes monolayer sample for the
A2s/Bls exciton energies and fitted two state resonance models for the Raman peaks
at a) 241.5 cm™ | b) 480.4 cm™!, ¢) 530.8 cm™! and d) 582.5 cm™!. The error bars on
the data points are standard deviations of the amplitudes of the peaks determined by
the spectra fitting process.
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Raman Shift (cm~1) 241.5 480.4 530.8 582.5
A2s Energy (eV) 1.803 + 0.002 1.813 & 0.010 1.806 + 0.008 1.809 =+ 0.011
Bls Energy (eV) 1.858 + 0.001 1.859 & 0.002 1.859 + 0.003 1.850 & 0.006
A2s Width (meV) 82+ 0.7 10.6 + 3.4 9.7+ 0.8 11+ 2.0
Bls Width (meV) 19+1 144 + 2.8 36.7 + 6.7 37.4 +10.9
A2s Amplitude (x1071° eV*) 0.3 + 0.2 0.7+ 0.5 1.8 £0.8 10.65 + 6.33
Bls Amplitude (x1071° eV*) 34+ 3 2.7+ 1.7 34+ 16 210 + 200
Inter-state Amplitude (x1071° eV4) 4404 0.18 £ 0.12 3.9+ 1.3 43 £ 28

TABLE 4.5: Coeflicients for fitting the two state scattering models to the resonance
Raman profiles of the three MoSes 2s associated Raman peaks for the hBN encapsulated
monolayer MoSes sample.

4.2.3.3 MoSe; B2s

An additional 33 Raman spectra were taken of the MoSes monolayer area from 2.00 to
2.24 €V which covered the B2s exciton. Figure 4.23 shows a colour-map of the Raman
spectra, with the B2s exciton incident and outgoing resonance energies marked with
solid and dashed white lines respectively. The 241.5 cm™ A} (T) peak is visible, showing
a single resonoance rather than distinct incoming and outgoing resonances. The tail
end of the Bls resonance is visible for this peak at the bottom of the colour-map and
above 2.1 eV the peak starts getting stronger towards higher energy. This is likely
either non-resonant Raman scattering and the lower energy tail of the resonance with a
broad C exciton which has previously been reported in resonance Raman studies of this
material [138, 181]. The next most intense peak appears at 290.1 cm™ and shows a more
distinct incoming and outgoing resonance. The Si 520 cm™ peak is also present in the
colour-map, appearing more intensely as the colour scale has been adjusted to increase
the visibility of the weaker peaks. The trio of A2s associated peaks are also observed at
this resonance, at shifts of 480.7, 530.8 and 582.6 cm™'. Here, there is also not a clear
distinction between the incoming and outgoing resonances. Whilst additional Raman

peaks are visible, they show minimal signal.
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FIGURE 4.23: A colour-map of the resonance Raman spectra of the hBN encapsulated
monolayer MoSes for an energy range covering the B2s exciton. The intensity of the
Raman scattering is indicated by the colour, with dark blue showing minimum inten-
sity and red corresponding to maximum. The colour scale is logarithmic, which aids
examination of the less intense Raman peaks. The white lines indicate the energies of

the resonances associated with the B2s exciton, with the solid line and the dashed line
corresponding to the incoming and outgoing resonances respectively.

Resonance profiles were extracted and fitted for the 241.5, 480.7, 530.8 and 582.6 cm™.
These are shown in Figure 4.24, with the fitted curves shown in red corresponding to
single state resonance models. The 241.5 cm™! peak profile shows some asymmetry at
the top, with the higher energy side more intense than the lower. The intensity also
does not go to zero either side of the resonance as observed in the colour-map, due to
contributions from the Bls and C excitons as well as non-resonant Raman scattering
which are not included in the standard resonance model. A constant is added to the
model for only this peak to prevent the background from influencing the fitted width.
Without the addition of this constant, the fitted width is 39 meV, significantly higher
than determined from the other B2s profiles. The 480.7 and 530.8 cm™ fitted peak
profiles both reveal the separate incoming and outgoing resonances and show a good fit
to the data. The resonance profile of the 582.6 cm™ peak however, shows more signal at
2.05 eV and less at 2.02 eV than expected, resulting in a broader and higher energy fit
than the other two peaks. The widths determined and energies for the four peaks are
given in Table 4.6. The 582.6 cm™' peak is the outlier of the bunch, with asymmetric

resonance behaviour indicative of scattering with a dark excitonic state.
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FIGURE 4.24: Resonance Raman profiles of the MoSes monolayer sample near the
energy of the B2s exciton and fitted single state resonance models for the Raman peaks
at a) 241.5 cm™!, b) 480.7 cm™!, ¢) 530.8 cm™ and d) 582.6 cm™!. The error bars on the
data points are standard deviations of the amplitudes of the peaks determined by the
spectra fitting process. A constant background has been added to the resonance model
for a). The coefficients for the fits are given in Table 4.6.

Raman Shift (cm~!)  Width (meV) Energy (eV)

241.5 217 2.021 £ 0.002
480.7 20£ 3 2.018 £+ 0.002
530.8 20 £ 2 2.015 £ 0.002
582.6 34 £10 2.027 £ 0.002

TABLE 4.6: Coefficients for fitting the single Raman state scattering models to the
resonance profiles of the 241.5 cm™! Al (T) peak and the three MoSey 2s associated
Raman peaks for the hBN encapsulated monolayer MoSes sample at the B2s exciton
resonance.

As discussed in [71], the three A2s associated Raman peaks with frequencies of 480.7,
530.8 and 582.6 cm™! have Raman shifts which are too high to be from single phonon Ra-
man scattering. Theoretically modelled Raman shifts for the phonon modes in monolayer
MoSe; from [113] were used to produce a list of possible combinations for multi-phonon
scattering at the three Raman shifts. This included multiple combinations of phonons
at the high-symmetry M, K and I" points. At this B2s resonance, the only other peaks
with strong Raman signal are the A} (T') phonon peak at 241.5 cm™ and a peak at 290.1
cm™ which is assigned to the Ef,(I') phonon mode. This means that all 5 of these
peaks observed at this resonance can be assigned to purely I' point modes; with the
480.7 cm! corresponding to 2A7(T), the 530.8 cm™ to A7(T) + Ef5(T) and the 582.6
cm™ to 2E55(T). This is significant as I' point phonons are small-wavevector which
means that they cannot scatter between valleys. This provides a natural explanation of

why the peaks are not present in the Raman spectra at the Als exciton energy. There
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are no lower energy intra-valley dark states, however these are available at the higher
energy exciton branches which allows resonant scattering between the dark states and
the bright A and B excitons.

4.2.3.4 Conclusions

In summary, the resonance behaviour of the Raman peaks from monolayer MoSes and
WSe, have been examined and the majority of the peaks followed the behaviour of the
Al(T), or AY(T)/E'(T) in WSey, single phonon peak. Behaviour that deviated from this
was examined and includes peaks that scattered via dark excitonic states which showed
dispersion as well as different resonance behaviour. In MoSes, the presence of a higher
energy conduction band which can act as an intermediate state in multi-phonon Raman
scattering can explain the asymmetric resonance behaviour of the modes with higher
Raman shift. Most notably, a trio of Raman peaks have been identified in monolayer
MoSey which were only present at resonance with the 2s excitons with Raman shifts
around 480, 530 and 582 cm™!. In addition, a dispersive Raman peak was observed
around 495 cm™! in WSe, monolayer which similarly shows resonance at the A2s exciton
only. Here the WSes B2s falls at too high an energy for the Raman system to access
so its presence there was not determined. These multi-phonon peaks can therefore
allow identification of the 2s resonances in monolayers of WSey, or MoSes where they
are difficult to identify via other spectroscopic methods such as reflectivity or even
resonance Raman of the often more intense A}(I') peak. In the following sections,
these 2s associated peaks are used to identify the A and B 2s excitons in MoSes/WSes

heterostructures.

4.2.4 Identification of Excited States in MoSez/WSe2 Heterostruc-
tures

The next section presents the resonance Raman measurements of the excitonic states
observed in the hBN encapsulated 57° heterostructure sample, presented in ascending

energy order.

4.2.4.1 57° Twist Heterostructure MoSes Als

A colour-map of resonance Raman spectra of the HS57 heterostructure sample is given
in Figure 4.25 with the energies associated with the MoSes Als exciton indicated with
white lines. Clearly separated incoming and outgoing resonances are present with mul-
tiple Raman peaks. Similarly to the MoSes monolayer case presented previously in

Figure 4.17, the strong multi-phonon peaks observed at Raman shifts above 270 cm!
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are once again significantly stronger at the outgoing resonance energy than the incom-
ing. A resonance profile for the peak with a shift of 456.5 cm™ is given in Figure 4.26¢)
and highlights this asymmetry which, as in the monolayer case, is a result of scattering
to a higher energy conduction band at the opposite valley (K / K'). The A{(T) peak is
observed at 240.8 cm™ at this resonance with distinct incoming and outgoing resonances.
The resonance profile of this peak is shown in Figure 4.26b). The signal at the incoming
resonance is slightly more intense than at the outgoing however, this is most likely a
result of PL signal present at the outgoing resonance increasing the uncertainty in the
data. This is reflected in the larger error bars around the outgoing resonance energy
from the fits of the Raman spectra. Aside from the three data points at the outgoing
resonance, the single state model shown in red fits the data well, and yields an energy
of 1.620 £+ 0.001 eV, width of 5.4 + 0.3 meV and scattering probability of 9.2 + 0.7
%1071 eV* for the MoSes Als exciton. This agrees with the 1.622 £ 0.001 eV and 5.0
4+ 0.1 meV from the reflectivity to within the fitted errors.
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FI1GURE 4.25: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSes/WSes heterostructure sample for an energy range from 1.59 - 1.74
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSey Als exciton, with the solid lines and
the dashed lines corresponding to the incoming and outgoing resonances respectively.

The more significant difference between this heterostructure sample and the monolayer
case at this resonance is the additional Raman peak at 235.2 cm™'. This peak was

also observed resonant at the MoSes Bls exciton in this heterostructure and cannot
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be clearly assigned to any high symmetry points of the Brillouin zone in published
monolayer MoSes phonon band structures [110, 199]. This peak was instead assigned
to a Moiré zone folding of the A](I') phonon as we discussed in [14] which includes this
sample as well as a 2° twisted heterostructure, with the same constituent monolayers,

which also shows Moiré zone folded Raman peaks.
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FIGURE 4.26: Resonance Raman profiles of the 57° twist MoSey/WSey heterostructure
sample across the MoSe Als exciton energy range for the MoSes a) 235.2 cm™! b) 240.8
em! A} (T) ¢) Raman peaks. The error bars on the data points are standard deviations
of the amplitudes of the peaks determined by the spectra fitting process. The single
state resonance model fits are shown in each case in red.

4.2.4.2 57° Twist Heterostructure WSes Als

The next highest energy feature observed in the resonance Raman data from this sam-
ple was from the WSey Als. A colour-map of the resonance Raman data is given in
Figure 4.27. Similarly to the monolayer case, the most intense peak here is from the
A} (T)/E'(T) phonon, at 248.8 cm™. The resonance behaviour however does not have
clearly distinct incoming and outgoing resonances. A resonance profile of this peak is
shown in Figure 4.28, fitted to a single state resonance model in pannel a). Whilst this
fit matches the data well below 1.73 eV, the shoulder on the higher energy side is not
captured by the fit. The two state model in b) can explain this shoulder, yielding the
fitted parameters given in Table 4.7. The energies from this fit are separated by 23
meV, which is closest to the 21 meV reported in WSes monolayers in literature for the
positively charged trion [78, 190]. The negative trions are reported with larger separa-
tions, falling at energies 29 and 36 meV below the exciton. Thus the WSey Als exciton
is assigned to 1.728 eV and the positively charged trion to 1.705 eV. As discussed in
subsubsection 4.2.1.3, this strong signal from the trion, which is also observed in the
reflectivity, is indicative of the WSey layer in this sample being p-doped resulting from
charge transfer from the MoSey layer. This charge transfer is expected as a result of
the band alignment of the two constituent monolayers. The valence band of the WSe,

layer is above that of the MoSes layer [40], causing holes to move from the MoSes to the
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WSe, layer. Additionally, the WSey conduction band is above the MoSes conduction

band which results in electrons flowing from the WSes to the MoSes layer.
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FIGURE 4.27: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSes/WSeo heterostructure sample for an energy range from 1.67 - 1.80
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The red lines
indicate the energies of associated with the WSeg Als exciton, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively. Similarly, the
cyan lines correspond to the Als trion.
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FIGURE 4.28: Resonance Raman profile of the 248.8 em™ A/ (T)/E'(T) peak for the
the 57° twist MoSeg/WSes heterostructure sample across the WSeg Als exciton energy
range. a) Fitted to a single state resonance model. b) Fitted to a two state resonance
model. The fits are shown in red for each case. The error bars on the data points are
standard deviations of the amplitudes of the peaks determined by the spectra fitting

process.
Energy (eV) Width (meV) Amplitude (x1071° eV*)
Exciton 1.728 + 0.002 6.5 £1.1 163 £ 51
Trion  1.705 £ 0.001 7.9 £ 0.7 261 £ 38

TABLE 4.7: Coefficients for fitting the two state scattering model to the resonance
Raman profile of the 248.8 cm™ Raman peak in the energy range of the WSey Als
exciton for the 57° twist MoSea/WSes heterostructure sample.

4.2.4.3 57° Twist Heterostructure MoSes A2s and Bls

The MoSey A2s exciton is expected to fall around the energy of the WSeo Als. However,
any Raman signal from the MoSep A} (T') phonon in this range in the heterostructures is
overwhelmed by signal from the WSes Als due to its greater oscillator strength. The trio
of MoSey 2s associated peaks were observed at 480.0, 530.7 and 582.2 cm™! in this 57°
twist heterostructure as shown in Figure 4.29. The shifts of these peaks are indicated
on the figure with arrows and Raman signal is observed following the A2s outgoing
resonance, marked with a dashed red line. A small amount of signal is observed at the
incoming resonance for the two higher shift of these peaks. However, the signal is not
intense enough to produce resonance profiles that can be fitted accurately with two-
state scattering models as was done for the same peaks in the monolayer case. Here,
Lorentzian peaks were used to fit the most intense part of the profiles which followed
the outgoing resonance. These fits are shown in Figure 4.30. The phonon energies, from
the Raman shifts of the peaks, were then subtracted from the fitted energies to give
three independent values of the energy of the MoSey A2s exciton. These are presented

alongside the widths from these fits in Table 4.8. The energies determined from the
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three fits are agree to within 1 meV of 1.754 eV which shows as expected that the three
peaks are all resonant with the same excitonic state. The energy difference of 134 meV
between the 1s and 2s excitons is smaller than the value from MoSey monolayer of 153
meV. This is examined in more detail in section 4.3. Whilst the widths from the first
two profiles agree to within the errors from the fit, the width from the 582.2 cm™ peak
is significantly larger. This reflects the fact that, as with the monolayer case, there is a
contribution to the profile from a double resonance with the MoSes A2s and the much
broader Bls exciton. The true width of the MoSes A2s exciton in this case is thus most

likely closer to 5.4 meV, the average of the narrower two values.
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FIGURE 4.29: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSes/WSeo heterostructure sample for an energy range from 1.72 - 1.95
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSes Bls exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively. The
red lines similarly indicated the MoSes A2s exciton resonance energies.
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FIGURE 4.30: Resonance Raman profiles of the 2s associated Raman peaks observed
in the the 57° twist MoSez/WSes heterostructure sample across the MoSes A2s exciton
energy range. Resonance profile of the a) 480.0 cm™ peak. b) 530.7 cm™! peak. c)
582.2 cm™ peak. The fits to a Lorentzian peak are shown in red for each case. The
error bars on the data points are standard deviations of the amplitudes of the peaks
determined by the spectra fitting process.

Raman shift (cm~')  Energy (eV)  Width (meV)

480.0 1.754 £ 0.0005 5.7 £ 2.2
530.7 1.753 £+ 0.001 5.1 £ 1.1
582.2 1.754 £ 0.001 10.14 £ 1.7

TABLE 4.8: Coeflicients for fitting resonance Raman profiles of the MoSes 2s Ra-
man peaks to Lorentzians at the MoSea A2s outgoing resonance for the 57° twist
MoSey /WSes heterostructure sample.

The Raman signal at higher energies in Figure 4.29 is from the MoSes Bls exciton, with
the incoming and outgoing resonance energies indicated in white. A resonance profile of
the main A/ (T) phonon peak at 240.0 cm™ was extracted from the data and is shown
in Figure 4.31. A single state resonance model was used to fit the data which is shown
on the figure in red. A sign of a small shoulder around 1.9 eV is visible in the profile
but there is no other evidence of the presence of another MoSe, excitonic state in that
energy range. The fit in Figure 4.31 yielded an energy of 1.839 + 0.001 eV, width of
23 + 1.5 meV and an amplitude of 57 £ 10 x107" eV*. This gives a ratio of the
amplitudes of the Bls to the Als of 6.1 £+ 1.2 which overlaps with the value of 4.8 + 1.5
for the monolayer. The width of the MoSes B2s in this case is also significantly broader
than the Als, as in the monolayer case. The rest of the Raman peaks observed at
this resonance do not show distinctly different behaviour from the monolayer case. The
Moiré zone folded A} (T') phonon peak observed at the MoSes Als in this heterostructure
(Figure 4.25) is also observed here at the MoSe; Bls with a frequency of 234.9 cm™.
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FIGURE 4.31: Resonance Raman profiles of the A’l (T') phonon peak observed in the
the 57° twist MoSeo /WSes heterostructure sample across the MoSes Bls exciton energy
range. The profile was fit to a single state resonance model shown in red. The error
bars on the data points are standard deviations of the amplitudes of the Raman peak
determined by the spectra fitting process.

4.2.4.4 57° Twist Heterostructure WSes A2s

Figure 4.32 shows a colour-map of the MoSes Bls exciton in HS57, which has the
incoming and outgoing resonance energies marked in white. Within this energy range,
the only signal from the WSey A/ (I')/E’(T') phonon peak is the weak tail of the WSe;
Als outgoing resonance, present at the bottom of the figure. However, the WSes A2s
associated Raman peak, observed in the monolayer, is also found here at 494.4 cm™. This
signal, marked with an arrow indicating its frequency in Figure 4.32, does show distinct
incoming and outgoing resonances which do not follow the MoSes Bls. A resonance
profile of this peak is shown in Figure 4.33. The low intensity of the signal from this

peak resulted in a noisy profile with relatively large uncertainties.



4.2, Results 73

1.96

—
(o]
~

N
(o]
N

Excitation energy (eV)
> -
(0] (o]

N
(@)
(o))

1.84

|
Wi '-N‘IIII

100

1.82

Raman shift (cm' )

FIGURE 4.32: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSeo/WSes heterostructure sample for an energy range from 1.82 - 1.97
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSes Bls exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively. The
WSeg A2s energies are marked similarly in red.

The profile was fitted to a single state Raman scattering model with a linear background
added. Whilst the asymmetry and noisy data impact the quality of the fit, the presence
of two resonance peaks in the profile separated by the phonon energy clearly indicates
the presence of an excitonic state. The shift of the Raman peak matches that of a peak
associated with the WSey A2s in monolayer and so the excitonic state is assigned as the
WSey A2s. The fit yields an energy of 1.862 £ 0.003 eV which falls 124 meV above the
WSes Als. This is 7 meV less than the 131 meV of the monolayer WSey case. This
small reduction in Als-A2s splitting is expected from the reduction in exciton binding
energy in the heterostructure, and is discussed in more detail in section 4.3. The fitted
amplitude is 1.1 & 0.5 x107 1% ¢V*, which is ~ two orders of magnitude less than the
Als in this sample. The same is also true for the monolayer case, which strengthens the
assignment of this excitonic state to the WSeo A2s.
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FIGURE 4.33: Resonance Raman profile of the WSey A2s associated Raman peak
observed in the the 57° twist MoSea/WSey. The fit to a single state resonance model
is shown in red. The error bars on the data points are standard deviations of the
amplitudes of the peaks determined by the spectra fitting process.

4.2.4.5 57° Twist Heterostructure MoSe; B2s

Above the MoSe; Bls, the B2s is also observed in this heterostructure. A colour-map
of the resonance Raman spectra shown in Figure 4.34, with the tails of the lower energy
Bls resonance are present at the lowest energies at the bottom of the figure. Towards
higher energy, the tails of the WSey Bls are also observed. At 520 cm™, the Si Raman
peak is clearly observed across the whole energy range shown. The more intense two of
the three MoSes 2s associated Raman peaks marked with arrows showing their fitted

Raman shift in cm™.

Some Raman signal around 480 cm™ is present but it is much
less intense than that from the two marked peaks, being very difficult to distinguish
from noise. Similarly to the monolayer case, the intensity of these peaks drops off more

rapidly towards higher energy than towards lower energy.
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FIGURE 4.34: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSes/WSes heterostructure sample for an energy range from 1.93 - 2.08
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSegy B2s exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively.

The resonance profiles for these peaks are shown in Figure 4.35. The profiles were fitted
to Lorentzian lineshapes with a linear background added to capture the signal present
below the peak of the resonance. The coefficients for these fits are given in Table 4.9. A
mean value of 18 meV was found for the widths for this excitonic state and, similarly to
the monolayer case, the width of the B2s is narrower than the Bls. The mean value of
the two energies falls within the errors of both values, at 1.956 £+ 0.003 eV. This gives
a Bls-B2s separation of 117 + 4 meV which is significantly smaller than the 158 £ 2
meV for the monolayer case. This is expected from the drop in exciton binding energy
when going from monolayer to a heterostructure due to the additional screening of the

exciton by charges in the other layer.
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FIGURE 4.35: Resonance Raman profiles of the 2s associated Raman peaks observed
in the the 57° twist MoSea /WSeg heterostructure sample across the MoSez B2s exciton
energy range. Resonance profile of the a) 479.8 cm™' peak. b) 529.6 cm™! peak. c)
580.6 cmn™! peak. The fits to a Lorentzian peak are shown in red for each case. The
error bars on the data points are standard deviations of the amplitudes of the peaks
determined by the spectra fitting process.

Raman shift (cm™')  Energy (eV) Width (meV)
529.6 1.959 + 0.005 22 £ 12
580.6 1.953 £ 0.003 14+6

TABLE 4.9: Coefficients for fitting resonance Raman profiles of the MoSes 2s Raman
peaks to Lorentzians at the MoSes B2s outgoing resonance, presented in Figure 4.35
for the 57° twist MoSea/WSes heterostructure sample.

4.2.4.6 57° Twist Heterostructure WSes Bls

Figure 4.36 shows the highest energy range measured for this sample of 2.05 - 2.26 eV.
Whilst only the WSey Bls exciton was observed in the monolayer case, this heterostruc-
ture presented more interesting behaviour. The Raman peaks which were observed in
the WSes monolayer at this energy range are also observed here. The A|(T')/E'(T)
phonon peak was the most intense, at present at 249.1 cm™ with the adjacent broader
feature at 256.6 cm™. The 396.4 cm™! peak is also observed in this heterostructure with
similar resonance behaviour. The regions of highest intensity for these peaks all fall
within the white lines marking the incoming (solid) and outgoing (dashed) resonance of
the WSey Bls exciton. In addition to these, four more peaks were observed which were
not present in the monolayer case and also show distinctly different resonance behaviour
to the WSey peaks. These had Raman shifts of 240.5, 291.0, 309.2 and 353.7 cm™'. The
first of these has a frequency suggestive of the MoSea A’ (I') phonon peak.
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FIGURE 4.36: A colour-map of the resonance Raman spectra of the hBN encapsulated
57° twist MoSeo/WSes heterostructure sample for an energy range from 2.05 - 2.26
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines

indicate the energies of associated with the WSeo Bls exciton, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively.

The resonance profiles of these peaks are presented in Figure 4.37, where b) and f) are
profiles of the peaks also observed in monolayer WSey. Two state scattering models
were fitted to the profiles and these all matched the data closely. The parameters from
these fits are given in Table 4.10. The fitted energies for the two states show two distinct
values, with 5/6 of the energies agreeing with the mean values of 2.110 and 2.165 eV to
within the errors on the fits in both cases. These two states come from hybridisation
[16, 86, 97] between the WSey Bls and a bright interlayer exciton with an electron in
the lower WSes conduction band and a hole in the upper MoSes valence band. This is
discussed in more detail alongside theoretical models of these hybrid excitonic states in

our paper [98].
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FI1GURE 4.37: Resonance Raman profiles of the WSes Raman peaks observed in the
the 57° twist MoSez/WSea heterostructure with Raman shifts of a) 240.5 b) 249.1 ¢)
291.0 d) 309.2 e) 353.7 and f) 396.4 cm™'. The fits to two state resonance models is
shown in red. An additional background signal was added to the fits shown in a) and
b) to account for the increasing signal at the highest energy side of the profiles. The
error bars on the data points are standard deviations of the amplitudes of the peaks
determined by the spectra fitting process.

Shift Arx Apis Ar_s Trx I'pis Erx Epis
(em™1)  (107BeV4) (107B V%) (107 eV (meV)  (meV) (eV) (eV)
240.5 772 £ 81 41 £ 2 152 £ 14 17+2 17+£12 2115 4+ 0.003 2.178 £ 0.013
249.1 271 £ 22 61.8 £ 9.6 111 £27 15+£10 24 +£14 2105+ 0.016 2.161 £ 0.007
291 3+4 0.3 £0.6 11.3£99 19£8 39+13 2106 £ 0.009 2.168 + 0.012
309.2 8.3 £ 50 54 +£58 284+£11.8 14+£3 24413 2.110+£ 0.003 2.172 £ 0.012
353.7 94 £ 11 5.7 £ 2.7 31 £10 33+£16 12+£2 2118 £0.009 2.152 £ 0.012
396.4 6.1 £ 4.8 175 £ 10 1.7+046 25+12 30+£3 2107 £ 0.008 2.160 £ 0.001

TABLE 4.10: Coefficients for fitting the two state scattering model to the resonance
Raman profiles of the Raman peaks in Figure 4.37. Here, A is the scattering amplitude
for each scattering channel, where Aj_g corresponds to interstate scattering. IX* is
the inter-layer exciton and Bls is the WSeg Bls exciton. I is the width of the state

and E is the energy of the state.

For this 57° heterostructure sample, the MoSe, Als, A2s, Bls and B2s excitons have

been identified and their energies measured by resonance Raman. The WSes Als, A2s

and Bls excitons were also observed in the same way. A WSey Als positively charged

trion was also observed just below

the Als exciton. A pair of hybridised excitonic states

were observed at the WSes Bls exciton involving the WSes Bls intralayer exciton and



4.2, Results 79

a dark interlayer exciton. Further analysis of the energies of the excitonic states is given

after examining the second heterostructure.

4.2.4.7 20° Twist Heterostructure MoSes Als

Moving on to the hBN encapsulated 20 degree heterostructure sample, resonance Raman
measurements were performed over the same energy range as the previous samples.
The lowest energy feature observed in this sample is associated with the MoSes Als.
Figure 4.38 shows a colour-map of the resonance Raman spectra taken with excitation
energies covering this exciton. The top of the figure the WSes Als is present, marked in
red. The white and black lines mark the resonance energies associated with the MoSes
Als exciton (black) and Als trion (white). The Raman peaks observed here are the same
as those observed in the MoSey monolayer. However, the resonance behaviour here is
distinctly different. Additional Raman signal is present at the outgoing resonance that
is absent in the HS57 and monolayer cases. This is true of all of the Raman peaks but
is most clearly identifiable for the multi-phonon peaks which have Raman shifts greater
than 250 cm™!.
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FIGURE 4.38: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSeo heterostructure sample for an energy range from 1.59 - 1.75
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSeg Als trion, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively. The black
lines correspond to the MoSes Als exciton and the red corresponds to the WSey Als
exciton.
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Resonance Raman profiles for the Raman peaks with shifts of 147.7, 240.4, 319.6 and
456.3 cm™! are presented in Figure 4.39. All of these resonance profiles show significant
asymmetry which cannot be explained by a single state resonance fit. The fits shown
in red are all two-state scattering models and they generally fit the data well, with
the most significant deviation from the data present for the 240.4 cm™ Aj(T) phonon
mode presented in b). The measured resonance Raman signal increases above the fitted
model from 1.7 eV towards higher energy. This increase is a result of the tail end of the
intense Raman scattering from the WSey A2s resonance which is picked up while fitting
the Raman spectra. As this signal is not from the MoSey phonon, the deviation of the
resonance profile from the fit above 1.7 eV can be ignored. The energies and widths from
these two state fits are shown in Table 4.11. The fits yielded energies which clustered
around two distinct mean energies of 1.634 and 1.652 eV, with all of the energies falling
within twice the errors from the fit. The fitted widths were similarly close to their mean
values of 9.0 and 9.3 meV. The most obvious assignment for these two energies is the
lower energy as the trion and the higher energy as the Als exciton. The separation
between these energies of 18 meV is smaller than the value of 24 - 28 meV reported
for trions or exciton-polarons in gated measurements of hBN encapsulated monolayer
MoSe; in literature [82, 142, 192-194, 200]. However this is expected as the exciton
binding energy is reduced in heterostructures compared to monolayers, due to increased
screening form charges in the additional layer, and it is also likely that the trion binding
energy is similarly reduced. The fact that the trion is observed at this resonance in
this heterostructure sample is suggestive of some doping or charge transfer between the
two layers. The fact that a feature is observed in the reflectivity spectrum at the trion

energy for this sample as shown in Figure 4.7 also suggests the same.
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FIGURE 4.39: Resonance Raman profiles of the MoSes Raman peaks observed in the
the 20° twist MoSea/WSeg heterostrucutre with Raman shifts of a) 147.7 b) 240.4 ¢)
319.6 and d) 456.3 cm™!. The fits to two state resonance models are shown in red. The
error bars on the data points are standard deviations of the amplitudes of the peaks
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determined by the spectra fitting process.

Raman Shift Eq E, I I
(cm™1) (eV) (eV) (meV)  (meV)
147.7 1.637 £ 0.005 1.6564 £0.009 10+£3 8=+14
240.4 1.633 £ 0.008 1.650 £ 0.018 10+ 14 8 +£21
319.6 1.636 £ 0.002 1.655 £0.002 9+1 10+2
456.3 1.629 £ 0.003 1.649 £0.003 7+£2 11+5

TABLE 4.11: Coefficients for fitting the two state scattering model to the resonance
Raman profiles of the Raman peaks in Figure 4.39. T is the width of the state and E

is the energy of the state.

4.2.4.8 20° Twist Heterostructure WSes Als

Above the MoSey Als, the WSey Als exciton is observed. The colour-map of resonance

Raman spectra presented in Figure 4.40 shows this with the associated resonance ener-

gies marked in red. Similarly to the monolayer WSes case, the only Raman peak which

did not show resonance behaviour following the expected resonance energies was the

dispersive mode which falls between 205.3 and 207.6 cm™.

1

This dispersion and differ-

ent resonance behaviour is suggestive of multi-phonon scattering via dark intermediate

excitonic states which requires exciton dispersion relations to model [139].
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FI1GURE 4.40: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSeo heterostructure sample for an energy range from 1.68 - 1.83
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The red lines
indicate the energies of associated with the WSey Als exciton, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively. The black
and white lines at the lowest energy range shown are from the MoSey Als exciton and
trion respectively.

The resonance profile of the 249.0 cm™ A} (T)/E'(I') phonon Raman peak was fitted
to a single state resonance Raman model as shown in Figure 4.41. The model fits the
data well, the most apparent deviation around 1.76 eV resulting from only a single data
point. This fit gives an amplitude of 276 + 87 x107% ¢V* with an energy of 1.718 +
0.002 eV and width of 10.8 + 0.9 meV for the WSes Als exciton in this sample. This
is broader and lower in energy than the WSes monolayer, which is also true for the 57°
heterostructure sample. The increased linewidth is likely a result of reduced lifetime due
to the presence of lower energy states in the other layer in the heterostructure as well

as additional defects creating lower energy bound states to scatter to.
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FIGURE 4.41: Resonance Raman profile of the WSey A} (T')/E’(T') phonon Raman peak
observed in the the 20° twist MoSea/WSes heterostructure at 249.0 cm™L. The fit to a
single state resonance models are shown in red. The error bars on the data points are
standard deviations of the amplitudes of the peaks determined by the spectra fitting
process.

4.2.4.9 20° Twist Heterostructure MoSes A2s

Falling between the WSey Als and MoSe; Bls, the MoSes A2s exciton is observed via
the trio of 2s associated MoSe; Raman peaks. These were observed at the A2s outgoing
resonance energy marked with a red dashed line in Figure 4.42. As in the monolayer
and HS57 cases, the lowest Raman shift of the three peaks (479.7 cm™) exhibited by
far the least intense Raman scattering. The second at 530.0 cm™ is the clearest of the
three, with the peak at 581.8 cm™ overlapping with a peak associated with the higher
energy MoSey Bls marked with white lines at the top of the plot. The other features in
the colour-map at lower energies are from the WSes Als outgoing resonance. Resonance
profiles for these three peaks were extracted and fit to Lorentzian peaks with a linear
background added as shown in Figure 4.43. The profile of the lowest energy peak, shown
in panel a), was very noisy. However, the two higher shift peak profiles were generally
well fit. These fits yielded energies and widths for the MoSey A2s exciton given in
Table 4.12. The fitted energy increased with the Raman shift of the peak. This is most
likely a result of the influence of the Bls exciton on the resonance behaviour. As the
A2s outgoing resonance becomes closer to the Bls incoming, the energy is shifted more
towards the B2s as a result of double resonance. A two-state model could not be fitted
to the data to quantify this as the data was too noisy. The Lorentzian fits resulted in a
mean energy of 1.765 + 0.005 eV with a width of 13 £ 1 meV for this state. Following
the outgoing resonance energy for this state once again, with the red dashed line, in
Figure 4.42, some enhancement of the peaks at 240 cm™! and 288 cm™ is also observed

at this resonance, confirming the assigned energy.
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FIGURE 4.42: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSes heterostructure sample for an energy range from 1.76 - 1.87
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The red lines
indicate the energies of associated with the MoSes A2s exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively. The
white lines are from the MoSes Bls exciton at the higher energies and WSey Als at
the bottom of the plot.
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FIGURE 4.43: Resonance Raman profile of the MoSes 2s associated phonon Raman
peaks observed in the the 20° twist MoSes/WSes heterostructure at the A2s. The fits
to Lorentzian peaks at the outgoing resonance are shown in red. The error bars on the
data points are standard deviations of the amplitudes of the peaks determined by the
spectra fitting process.
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Raman shift (cm™!)  Energy (V) Width (meV)

479.7 1.754 £+ 0.003 12+ 2
530.0 1.765 £ 0.004 17+ 3
581.8 1.774 £ 0.001 11+ 2

TABLE 4.12: Coeflicients for fitting resonance Raman profiles of the MoSeg 2s Raman
peaks to Lorentzians at the MoSes A2s outgoing resonance, presented in Figure 4.43
for the 20° twist MoSey/WSes heterostructure sample.

4.2.4.10 20° Twist Heterostructure MoSe; Bls

Above the MoSes A2s, the stronger Bls state, marked here in white, is present as shown
in the resonance Raman colour-map in Figure 4.44. This state shows similar behaviour
in this heterostructure sample to both HS57 and the monolayer MoSe; sample. The

resonance profile of the A}(I') phonon peak at 239.3 cm™

was fit to a single state
resonance model as shown in Figure 4.45. The fit yielded an energy and width of the
Bls of 1.849 + 0.001 eV and 31 + 2 meV respectively. The fitted amplitude was 30 +
16 x10715 eV* which for this sample gives a ratio of Bls/Als amplitude of 3 + 2 which

overlaps with the errors of the value for the monolayer (5 + 1) and HS57 (6 £+ 1).
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FIGURE 4.44: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSeo heterostructure sample for an energy range from 1.80 - 1.96
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSegs Bls exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively.
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FIGURE 4.45: Resonance Raman profile of the MoSes 239.3 cm™! A} (T) Raman peak
observed in the the 20° twist MoSea/WSey heterostructure. The fit to a single state
resonance model is shown in red. The error bars on the data points are standard
deviations of the amplitudes of the peaks determined by the spectra fitting process.

4.2.4.11 20° Twist Heterostructure WSes A2s

Just below the energy of the MoSes Bls, the much weaker WSes A2s was also observed
in this 20° twist sample. Figure 4.46 shows a colour-map of the resonance Raman data
covering this state, with the white lines indicating the more intense MoSey Bls. Here,
as in the HS57 case, the WSey 2s associated peak around 494.1 cm™! is present. Also
similarly to the other heterostructure, no clear signal of the WSey A7(T)/E'(T’) Raman

1 was observed. The resonance profile of the 2s associated peak is

peak near 250 cm”
shown in Figure 4.47, fitted to a single state resonance model. This gave an energy
of 1.835 & 0.004 eV and a width of 39 + 14 meV for the WSey A2s exciton. This
corresponds to an Als-A2s separation of 117 £+ 4 meV which, like the HS57 case, is
smaller than the WSes monolayer value of 131 + 1 meV. This reduction in Als-A2s
splitting results from the reduced exciton binding energy in the heterostructure, and is

discussed further in section 4.3.
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FIGURE 4.46: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSeo/WSes heterostructure sample for an energy range from 1.81 - 1.95
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies associated with the MoSes Bls exciton, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively.
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FIGURE 4.47: Resonance Raman profile of the WSez A2s associated phonon Raman
peak observed in the the 20° twist MoSes/WSey heterostructure at 494.1 cm L. The fit
to a single state resonance models are shown in red. The error bars on the data points
are standard deviations of the amplitudes of the peaks determined by the spectra fitting
process.
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4.2.4.12 20° Twist Heterostructure MoSe; B2s

A colour-map of the resonance Raman data across the MoSes B2s exciton energy range
is presented in Figure 4.48. As in the monolayer case, the (240.0 cm™) MoSey, A7(T)
phonon is present as well as an intense peak at 289.4 cm™ and the three 2s associated
Raman peaks at 479.7, 529.6 and 581.6 cm™'. These are the same peaks that were
observed in the monolayer MoSe; B2s case. The 240.0 cm™ appears to show more signal
towards higher energy than the 289.4 cm™ peak. However, much of this signal is from
the lower energy tail of a the resonance of a peak at the same Raman shift at the WSe,
Bls exciton energy. Similar signal is not present at the frequencies of the other 4 peaks.
A dispersive peak was observed adjacent to the 581.6 cm™ peak which shifted toward
higher frequency with increasing excitation energy. Resonance profiles of these peaks
are presented in Figure 4.49. A single state resonance model was used to fit the 289.4
cm™ peak in panel a). Other than the additional signal at the lower energy side of the
resonance profile from the tail of the MoSes Bls exciton, the profile does not show any
asymmetry. The three 2s associated peak profiles are too narrow to be fit well by a
single state resonance model and, like the MoSey A2s case, only the outgoing resonance
is intense enough to be observed. Therefore the profiles of these Raman peaks, shown in
Figure 4.49b)-d), were fitted to a Lorentzian peak to extract energies for the outgoing
resonance. The photon energy was subtracted to give values for the exciton energy
which are presented in Table 4.13. This results in a mean energy of 1.974 £+ 0.008 eV
for the B2s exciton in this heterostructure, which gives a spacing between the Bls - B2s
excitonic states of 125 + 5 meV which similarly to the 57 degree twist heterostructure

is smaller than the monolayer value of 158 4+ 2 meV.
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FIGURE 4.48: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSeo heterostructure sample for an energy range from 1.93 - 2.11
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The white lines
indicate the energies of associated with the MoSey B2s exciton, with the solid and
dashed lines corresponding to the incoming and outgoing resonances respectively.
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FIGURE 4.49: Resonance Raman profiles of peaks observed in the the 20° twist
MoSey /WSes heterostructure sample across the MoSes B2s exciton energy range with
a shift of a) 289.4, b) 479.7, ¢) 529.6 and d) 581.6 cm™!. The profile in a) was fitted to
a single state resonance Raman scattering model. The profiles in b)-d) were fitted to a
Lorentzian peak, shown in red for the each case. The error bars on the data points are
standard deviations of the amplitudes of the peaks determined by the spectra fitting
process.
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Raman shift (cm™!)  Energy (V) Width (meV)

289.4 1.981 £+ 0.003 95 £ 5
479.7 1.976 + 0.006 42 £ 10
529.6 1.965 + 0.002 29 £4
581.6 1.975 £ 0.005 32 £ 17

TABLE 4.13: Coefficients for fitting resonance Raman profiles of the MoSes Ra-
man peaks at the B2s outgoing resonance, presented in Figure 4.49 for the 20° twist
MoSes /WSey heterostructure sample.

4.2.4.13 20° Twist Heterostructure WSes Bls

The highest energy excitonic state measured via resonance Raman in this heterostructure
was the WSey Bls. A colour-map of the resonance Raman data across this state is given
in Figure 4.50. Unlike the 57° sample, for which an additional hybridised state was
observed, the behaviour of this sample follows that of the WSes monolayer. The only
exception to this is the additional peaks observed at 106.4 and 124.0 cm™. These are be
assigned to the TA(K) and ZA(K) K point acoustic phonons using monolayer phonon
dispersion relations from literature [113]. These peaks are allowed only in the presence
of defects in the crystal lattice which remove the momentum conservation constraint

which prevents observation samples with few defects.

The WSey A|(T')/E'(I') Raman peak is the most intense feature observed at this res-

onance. It falls at a Raman shift of 249.2 cm™t

. The resonance profile of the peak is
shown in Figure 4.51. The scattering from this peak does not go to zero at the highest
energy range. This is most likely a result of the higher energy C exciton, for which
strong resonance Raman signal has been reported to in monolayer WSey in literature
[137]. A two state resonance model was used to fit this profile with the additional state
accounting for the background added with a fixed energy of 2.3 eV and width of 50
meV. The fitted curve matches the data very well, with the curve still falling within the
uncertainties on the two data points at the top of the peak which deviate most. This fit
gives an energy 2.164 + 0.001 eV and a width of 28.8 + 11 meV for the WSes Bls in

this sample.
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FIGURE 4.50: A colour-map of the resonance Raman spectra of the hBN encapsulated
20° twist MoSes/WSeo heterostructure sample for an energy range from 2.07 - 2.26
eV. The intensity of the Raman scattering is indicated by the colour, with dark blue
showing minimum intensity and red corresponding to maximum. The colour scale is
logarithmic, which aids examination of the less intense Raman peaks. The red lines
indicate the energies of associated with the WSeo Bls exciton, with the solid and dashed
lines corresponding to the incoming and outgoing resonances respectively.

%107

[e]

N

N

Raman scattering probability
o

2.1 2.15 2.2 2.25
Excitation energy (eV)

FIGURE 4.51: Resonance Raman profile of the A} (T)/E’(I') phonon Raman peak ob-
served in the the 20° twist MoSea/WSes heterostructure at 249.2 cm™! at the Bls
exciton resonance. The fit to a single state resonance model are shown in red. The
error bars on the data points are standard deviations of the amplitudes of the peaks
determined by the spectra fitting process.

4.2.4.14 Summary of Exciton Energies

The energies determined from the resonance Raman measurements for all of the excitons
discussed in the previous sections are summarised in Table 4.14. Where trions and
excitons were present, only the exciton energy is given. In the 57° heterostructure case,

where hybridisation of the WSes Bls was observed, only the lower energy of the two
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observed excitonic states is given. This was closer to the energy of the Bls in the other
heterostructure and was the state where the WSey associated Raman peaks were more
strongly resonant, whereas the higher energy state showed MoSey associated peaks and
its energy is more associated with the interlayer exciton. Generally, for each of the
states, the exciton energies in the heterostructures fell below the corresponding energies
in the monolayers. The only exception to this was the MoSes Als in HS20 which shows a
small increase. This behaviour is likely a result of the significant charging of this sample
which also resulted in observation of scattering with trions in the associated Raman and
reflectivity measurements. A drop in exciton energy is suggestive of either a increase in
exciton binding energy in the heterostructures or a reduction in the single particle band
gap. The exciton binding energy can be estimated by examining the Als-A2s splitting
[180, 201] and it is reduced in the heterostructure case. This means that a significant
reduction in the single particle band gap, larger in magnitude than the decrease in
exciton binding energy was present. In the next sections, this 1s-2s energy splitting is
examined in more detail for the monolayers and heterostructures, and is used to validate

theoretical calculations of the exciton binding energies.

Measured Exciton Energies (eV)

Material Exciton Monolayer HS57° HS20°
MoSe, Als 1.648 + 0.001  1.620 £+ 0.001  1.652 4+ 0.004
MoSes A2s 1.800 £ 0.002 1.754 £+ 0.001  1.765 + 0.002
MoSe, Bls 1.858 + 0.001  1.839 + 0.001  1.849 4+ 0.001
MoSe, B2s 2.016 + 0.001  1.961 £ 0.016  1.971 £ 0.008
WSey Als 1.740 + 0.001  1.728 £ 0.002  1.718 4+ 0.002
WSes A2s 1.871 £ 0.001  1.857 £ 0.003  1.835 + 0.004
WSe, Bls 2.166 + 0.001 2.161 + 0.007  2.164 + 0.001

TABLE 4.14: Summary table of the exciton energies determined from the resonance
Raman profiles.

4.3 Comparison with Theoretically Calculated Exciton Bind-

ing Energies

The theoretical calculations of the binding energies of the A, s exciton Rydberg series
presented for comparison in this section for the monolayer and heterostructure sam-
ples were performed by David A. Ruiz-Tijerina [202]. The key aspects of the model
are outlined here and the calculated exciton energy separations are compared with the

measured values.
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4.3.1 Theoretical Model

For the monolayer case, the layer is modelled as an infinite plane of 0 thickness, with
known dielectric polarizability x, which is in-plane only. This layer is in a dielectric en-
vironment defined by the encapsulating hBN which is extends infinitely in all directions.
In the heterostructure case, an additional infinite plane with known in-plane polariz-
ability is introduced parallel to the first with a separation d. The (intralayer) exciton is
modelled as an electron and hole in the same layer separated by an in-plane distance p.
The excitonic states are the solutions ¢(p) to the Mott-Wannier Schrodinger equation

for an electron-hole system [203]:

2
[?;sz +Ux(p) | ¥(p) = Evyp(p) (4.2)

Were 1 is the reduced Planck constant, p = r, — 1, is the relative position vector from
the hole to the electron with p = |p|. p* = m}m}/(m} + m}) is the electron-hole
reduced mass in material A = MoSez or WSes. Ej is the exciton binding energy and

U, (p) is the electron-hole interaction potential within the layer for material A.

In the monolayer case, this takes the form of the Rytova-Keldysh potential [7, 51, 58, 59],
which describes the interaction of two point charges in a semiconductor thin film. This
uses the assumption that the permittivity of the TMD layer is greater than that of the
encapsulating hBN and that the layer thickness is small in comparison to the electron-

hole spacing in the exciton.

wo- )]

Where 1} = 27K,/ VE[EL is the the screening length for excitons in the material A.
This is defined by the in-plane polarizability of the TMD layer x,. As the layer is thin,
the electric field associated with the exciton exists entirely in the hBN environment.
Therefore, the screening length is normalised by the geometric average of the permittivity
of the hBN in the directions parallel and perpendicular to the TMD layer (SH and €|
respectively). Hp is the zeroth Struve function and Yp is the zeroth Bessel function
of the second kind. Figure 4.52 shows a plot of this potential as a function of the
electron-hole distance. As p becomes large, Uy (p) tends to the standard 1/p behaviour
of the Coulomb potential for an electron in hBN. This reflects the fact that at larger
separations, more of the electric field that matters is in the hBN, so the effects from
the TMD layer are minimal. At smaller p, the Rytova-Keldysh potential falls below the

Coulomb potential as the screening becomes more significant.
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FIGURE 4.52: A log-log plot of the Coulomb (black) and Rytova-Keldysh potential
(red) for the WSeg monolayer for a range of electron-hole spacings p.

For the heterostructures, additional screening from the other layer is present resulting
in a more complex potential. This is given in Fourier space as there is no closed-form

expression as a function of p [59]. As a function of wavevector g, we instead have:

B 27T 1+ riVIoSez/WOSezq(l . e_zqd")
AEEL 1+ q(rl¥5e2 4 pMoSezy 4 g2, VSe2, MoSez (1 _ p—2qd)

Uwse, / MoSe, () (4.4)

In this case d = d %" the renormalised interlayer distance is used to account for the
permittivity of the encapsulating hBN. An inverse Fourier transform of this equation was
then required to find the potential in real space. Due to the rotational symmetry, this is
equivalent to the Hankel transform. In the large exciton limit (small qd~), the equation
can be simplified and then Hankel transformed to the same form as the Keldysh potential
(Equation 4.3), but with an effective screening length of (rKVSez + ri\/IoSez)‘ This can be
thought of intuitively as most of the significant electric field outside the two layers and
they act as a single layer with the screening from both. This of course also goes to the
Coulomb potential in the very large g limit. It is even simpler for small exciton radii
(large qd~), as the second layer becomes irrelevant and the potential is the same as in the
monolayer case. Here, the electric field from the exciton does not reach to the second
layer. Assuming the exciton radius at which the second layer effects become dominant is
where qd~ < 1, the value of p at this limit is >6 nm in real space, using p = 27t/q. This
is larger than the 2 nm Als exciton radii reported in literature for TMD monolayers
and on the order of the 5-8 nm reported for the A2s [60, 141]. Therefore, the addition
of the second layer is expected to have a larger relative effect on the binding energy of

the 2s excitons than the 1s.

In order to determine the exciton binding energies, the eigenvalue problem of Equa-
tion 4.2 was solved numerically [202] with the monolayer and heterostructure potentials
using the parameters given in Table 4.15. Values for the majority of these were deter-
mined from literature, with only the two polarizability values chosen to minimise the

mean difference between the predicted exciton energy differences and experimental data
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from these Raman measurements as well as reported values for the WSey monolayer A3s
and Ads [60, 61, 191].

Parameter Symbol  Value Source
In plane hBN permittivity g 6.9 [204, 205]
Out of plane hBN permittivity € 3.7 [204, 205]
Heterostructure layer spacing d 6.47 A [206, 207]
WSey electron mass myse 0.50 [208]
MoSe; electron mass mMosez 0.80 [209]
WSey hole mass mszez 0.42 [208]
MoSe;y hole mass 141hMose2 0.50 [209]
WSes in-plane polarizability Kwse,  30.83 A Fitted

MoSes in-plane polarizability KMoSe,  29.43 A Fitted

TABLE 4.15: Parameters used in the model to calculate the binding energies of the
exciton Rydberg series in the monolayers and heterostructures. Literature sources for
the fixed values used are given and the two fitted parameters are given at the bottom.

4.3.2 Energy Comparison

The energy differences between the 1s and 2s states from measured energies given in
Table 4.14 are given alongside the differences in exciton binding energy for the 1s and
2s determined from the theory calculations in Table 4.16. The theory shows excellent
agreement with the measured values for the two monolayers, in both cases falling within
the experimental errors. In addition to the monolayer measurements here, the Als-A3s
and Als-Ad4s splitting of monolayer WSey from literature are available [60, 61, 191] and
in both cases they agree with the model to within 2%. The theory value of 138.2 meV
for the MoSes Als-A2s splitting in the heterostructure case falls within only 4.2 meV
of the 57° twist heterostructure value. The 20° heterostructure value of 113 meV is
significantly lower. However, the cause of this was likely the significant charging of this
sample, which also caused the MoSes Als trion to appear dominant in the reflectivity
measurements over the neutral exciton. For the WSes heterostructure Als-A2s, the
predicted value falls within two standard deviations of the measured values for both
twist angles, and within 0.6 meV of the mean of 123 meV. With only 2 free parameters,
this model which does not include layer twist effects produces energy splittings which
are in reasonable agreement with 3 of the 4 measured values for the heterostructures.
In addition, it gives excellent agreement with both of the monolayer measured values
Als-A2s here and also with two additional WSey energy differences determined from

measurements in literature[60, 61, 191].
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Exciton Energy Spacing (meV)

Monolayer Heterostructures
Material Excitons | Experiment Theory 57° 20° Theory
MoSes  Als-A2s 152 £ 3 152.3 13 +2 113£6 138.2
MoSes  Bl1s-B2s 158 £ 2 — 122 £ 17 122 £ 3 —
MoSes  Als-Bls 210 £ 2 — 219 +£2 197+ 4 —
WSes Als-A2s 131 £ 1 130.2 129 +4 117+ 4 1224
WSes Als-Bls 426 + 2 — 433 £ 8 446 £ 3 —

TABLE 4.16: The difference in exciton energy between the 1s and 2s excitonic states
determined from resonance Raman measurements and the differences in theoretically
calculated exciton binding energy for the Als and A2s excitons.

This model gives a reduction in binding energy of the Als exciton of 8 + 0.5 meV when
going from monolayer WSes to the heterostructure and a reduction of 19 + 1 meV for
MoSes monolayer versus heterostructure. In addition, the absolute Als energy change
when going from monolayer to heterostructure was found to be -17 meV and -12 meV
for WSes and MoSey respectively, using the mean value for the two heterostructures.
This means the single particle band gap was reduced by 25 meV for the WSe, layer and

31 meV for the MoSey layer on formation of the heterostructure.

4.4 Conclusions

In conclusion, a high resolution resonance Raman study of two hBN encapsulated
WSey/MoSes TMD heterostructure samples has been performed alongside measure-
ments of hBN encapsulated WSe; and MoSe; monolayers. This data was used in combi-
nation with photoluminescence and reflectivity measurements to identify the WSes and
MoSes Als A2s Bls and MoSey B2s excitons in the monolayers and heterostructures.
Raman peaks from scattering involving two gamma point phonons that are only present
at the 2s resonances were observed. The resonance behaviour of these peaks was used to
unambiguously identify the 2s excitonic states in heterostructures for the first time and
measure their energies. This is likely also applicable to other heterostructures containing
WSesy or MoSe, and it is also possible that equivalent Raman peaks are present in other
monolayers. A theoretical model of the exciton binding energies [59, 202] was validated
using the Als-A2s exciton energy separation for the monolayers and heterostructures.
The binding energies were found to be smaller for the heterostructures as a result of
the additional screening of the electric field by charge carriers in the second layer. The
change in single particle band gap was also determined and was found to be reduced on

formation of the heterostructure.
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Chapter 5

Resonance Raman Spectroscopy
of Hyperbolic Phonon Polaritons
in hBN Encapsulated TMDs

5.1 Literature Review

Intense Raman peaks above 700 cm™! in spectra of hBN encapsulated WSey monolayers
were first reported by Chen et al. in 2016 [195]. These features are shown in Figure 5.1
reproduced from this paper and have full-width at half maximum (FWHM) of 54 and
49 cm™. This is much broader than typical TMD phonon peaks with FWHM around 2
cm™!. These also appear at a higher Raman shift than any previously observed peaks
associated with single or multi-phonon Raman processes in TMDs, falling around 800
and 1050 cm™'. Additionally, these spectral features were orders of magnitude more
intense than TMD Raman. This first report suggests these features are hBN ZO phonon
scattering and hBN ZO + WSey A} (T) phonon scattering from electronic states in the
WSes. Figure 5.1 also shows an equivalent spectrum of hBN on Si which shows that

these features are not Raman active in pure hBN.
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FIGURE 5.1: Reproduced from [195]. Raman spectrum of a WSey layer on top of hBN
taken at 77 K with an excitation energy of 1.849 eV. Shown in red is an equivalent
spectrum of bare hBN. The sharp high shift edges of the Raman features are marked
at 820 and 1070 cm™. A hBN Raman peak is also marked at 1367 cm™! for the bare
hBN sample spectrum.

Later reports confirm that these features are only observed in samples where hBN is
the encapsulating material [188] and identify the WSes electronic states involved in the
scattering as the Als and A2s excitons [188]. The high intensity of the features is a
result of the strong exciton phonon coupling between the WSes and hBN layers. This
is a result of double resonance with the Als and A2s excitonic states in WSey. [171]. In
addition to the literature on WSes, there has been one report of these hBN modes at the
same wavenumber ranges in hBN encapsulated WSs but with much less intensity [196].
This paper identifies the hBN associated modes as hyperbolic phonon polaritons (HPPs),
which had previously been observed in hBN via near field scattering experiments [114].
Whilst the features have been identified, no one has yet tried to explain the observed

lineshape.

5.2 Results

Raman spectra at 4 K were taken of the hBN encapsulated WSes and MoSes monolayers
which extended up to higher Raman shifts (1200 cm™') than the spectra shown in the
previous chapter. The broad hBN associated Raman features around 815 and 1050
cm™! were observed in these spectra and the resonance behaviour and lineshapes were
extracted. The following sections explore the behaviour of these Raman features in the

two monolayers.
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5.2.1 hBN Modes Identification
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FIGURE 5.2: A WSey monolayer Raman spectrum with an excitation energy of 1.866
eV. The intensity has been scaled up by a factor of 120x for the lowest shift section of
the spectrum and by 40x for the middle section for clarity.

A Raman spectrum of the hBN encapsulated WSes monolayer area is presented in
Figure 5.2. This spectrum was taken with an excitation energy of 1.866 eV which is close
to the incoming resonance of the A2s exciton. As discussed in the previous chapter, the
lower frequency section of the spectrum features single phonon WSe, Raman peaks with
the strongest at 240 cm™. Near to the Si 520 cm™ peak, the 495 cm™ peak associated
with the A2s transition is present and additional weaker multi-phonon peaks are also

L. The middle section of the spectrum in the figure,

observed near 400 and 600 cm"
which is scaled up be a factor of 40, shows the first broad hBN associated feature. This
broad peak has a shallow slope on the lower wavenumber side and a steeper cut-off on
the higher shift side. Above this cut-off, a weak shoulder is present. The third section
of the spectrum in Figure 5.2 contains by far the most intense Raman feature, centred
around 1050 cm™. This is two orders of magnitude stronger than the WSey scattering
and over 40x more intense than the feature at 815 cm™. This also features the shallow
slope on the low shift side and high-shift cut-off which are observed in the 815 cm™

peak. However, the flatter top of the 815 cm™! peak is not shared.
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F1GURE 5.3: A MoSes monolayer Raman spectrum with an excitation energy of 1.782
eV. The intensity was scaled up by a factor of 8x for the lowest shift section of the
spectrum and by 4x for the middle section for clarity.

A Raman spectrum was also taken just below the A2s incoming resonance of the MoSe,
monolayer sample at 1.782 eV and is shown in Figure 5.3. The observed signal was
significantly weaker at this resonance in this sample. The MoSe; phonon associated
Raman peaks, which appear in the spectrum below 630 cm™!, were all weaker than the
520 cm™! Si peak which extends off the top of the spectrum shown. As in the WSes
case, a broad feature is observed at 815 cm™ with a shallow slope on the lower energy
side and a sharp cut-off on the high Raman shift side of the peak. Similarly to the
WSes spectrum, an additional peak is observed at 1050 cm™ with a similar lineshape
and greater scattering intensity. As well as frequency and overall shape, the FWHM of
the 800 cm™ peak in both the WSey and MoSe; samples, 52 and 48 cm™ respectively,
are also similar to the 54 cm™' value from the 800 cm™' peak in literature. This is the

first observation of these hBN associated peaks in a Mo based TMD monolayer.
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FI1GURE 5.4: The real part of the relative dielectric permittivity of hBN plotted against
energy for the in plane (EH) and out of plane (e, ) directions. This is plotted over the
infrared range which is observed in the Raman spectra. The lower reststrahlen band is
highlighted in grey.



5.2. Results 101

hBN is a hyperbolic material in the infrared range, with two distinct reststrahlen bands,
where the permittivity is negative in one direction and positive in the other, as shown in
Figure 5.4. The lower of these two bands is of most interest as it overlaps in energy with
the 800 cm™ broad Raman feature. The upper band falls above 1350 cm™' and whilst
Raman scattering may be possible, no evidence of strong broadband modes in that band
was observed in the few Raman spectra of that shift range. The TO and LO frequencies
which correspond to the edges of the lower reststrahlen band are reported in literature to
fall in the ranges of 750 - 768 cm™ and 819 - 825 cm™! respectively [114, 204, 210, 211].
Within the reststrahlen band, hyperbolic phonon polaritons (HPPs) can exist in the
hBN. Comparing this to the Raman features in both the WSey and MoSes samples in
Figure 5.5a) & c¢) and Figure 5.6a) & c), the reststrahlen band covers the majority of
the spectral weight of the peak in all cases. This combined with the distinctly broader
width of these features than typical phonon modes means that they can be confidently
assigned to hBN HPPs as in [196]. This is an interlayer scattering process where the
exciton in the TMD creates a HPP in the hBN layer.

107 x10°
5 ,a) hBN HPP 25 b) hBN HPP + A,'/E,
1.843 eV 1.866 eV
4+

x10% BN HPP ‘ x10°  hBNHPP +A,E,

2.006 eV

Raman scattering probability
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FIGURE 5.5: WSes monolayer Raman spectra showing the two hBN features under
different resonance conditions. a) 800 cm™ peak at the Als exciton outgoing resonance.
b) 1050 cm™! at the Als outgoing/A2s incoming double resonance. c¢) 800 cm™' peak
at the A2s incoming resonance. d) 1050 em! peak at the A2s outgoing resonance.

In the case of the 1050 cm™ feature in Figure 5.5b) and d), what is shown is the
reststrahlen band frequencies plus the shift of the main WSep A} (T") phonon peak. This
feature is assigned to a scattering process involving a hBN HPP and one phonon i.e.
HPP + A/(T) as reported previously in the literature [188, 195]. It is important to note
that the Eqq ,;o(I) is degenerate with the A(T') and so it is possible that both phonons

contribute.



Chapter 5. Resonance Raman Spectroscopy of Hyperbolic Phonon Polaritons in hBN
102 Encapsulated TMDs

Raman spectra of the hBN HPP features from the MoSe; monolayer are shown in
Figure 5.6 with the reststrahlen band marked. The hBN HPP case shows the same
behaviour as in the WSe; sample. However, in MoSes, the A} (I') and E7 ,; o (I') phonons
are not degenerate in energy. This causes two overlapping higher shift HPP + phonon
combination modes to appear. These form a feature that is broader than the lower
shift 815 cm™ modes. This is most evident in Figure 5.6d) where a peak is present
in the feature where the reststrahlen bands overlap. Whilst the literature reports for
WSe, samples suggest that the 1050 cm™ mode is from the HPP + A/ (T) combination
[188, 195], the most significant part of the signal observed in these MoSe, spectra came
from the range of frequencies expected from the HPP + E7, / Lo(T) combination. This
shows that the HPP + E7 ;o (T) combination mode must not be neglected.

a) hBN HPP | b) HPP+A' HPP+E
i 671.808 eV

9

Raman scattering probability (x10" )

C)  heNHPP 7 d) HPP + A"
2.007 eV
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. -1
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FIGURE 5.6: MoSez monolayer Raman spectra showing the hBN HPP feature (a), c))
and combination phonon + hBN HPP peak (b), d)). Excitation energies for a) and b)
fall between the Als and A2s. For c) and d) the excitation energies were between the
Bls and B2s.

5.2.2 WSes hBN Resonance Behaviour

In addition to the Raman spectra shown in the previous section, further spectra were
taken with excitation energies in the range 1.73 - 2.03 eV, covering the A excitons. A

total of 94 spectra were taken and are shown in a colour-map in Figure 5.7. Both the



5.2. Results 103

WSes Raman peaks below 700 and the broad hBN HPP features at 800 cm™ and 1050

CHI'1

are present.

200 400 600 800 1000 1200
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FIGURE 5.7: Colour-map of the WSe2 monolayer Raman spectra covering the A exciton
resonances with Raman shifts up to 1200 ecm™. The colours follow a log scale where
blue is minimal scattering and dark red is most intense Raman scattering. Red, white

and pink lines respectively mark the Als, A2s and A3s exciton resonance energies with
solid lines corresponding to the incoming resonances and dashed marking the outgoing.

The strongest feature is the 1050 cm™ peak at the WSey Als outgoing / A2s incoming
double resonance. A much weaker resonance is also observed at the A2s outgoing for
this peak. The 800 cm™! feature is most intense at the A2s incoming resonance, with

signal observed at the Als outgoing as reported in literature.
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FIGURE 5.8: Scaled subsection of the colour-map of the WSey monolayer Raman
spectra in Figure 5.7. In addition to the Als, A2s and A3s, the resonance energies
associated with the unbound electron-hole pair (UBP) are marked in green.

In Figure 5.8, the same data from Figure 5.7 is presented with a different scale to more
clearly show the weaker signal. This highlights signal at the A2s outgoing from the
two hBN features which extends towards the A3s outgoing. Notably, the HPP peaks
all follow the diagonal lines marking the outgoing resonance energies. This shows that
rather than being made up of a broad distinct oscillator, the HPPs are made up of a

continuum of modes that have independent resonance conditions.

To enable the fitting of the resonance behaviour of the 800 cm™ hBN mode, the intensity
of the Raman signal was averaged over a 5 cm™ wide window centred on 815 cm™. The
resonance profiles obtained in this way are shown with blue dots on Figure 5.9. This
process was repeated at 775 and 750 cm™', shown respectively in red and green, to
capture any changes in resonance behaviour across the width of the hBN HPP. For
all of these profiles, Als outgoing resonances are observed around 1.84 eV. The most
intense peak observed is from the A2s incoming near 1.87 eV. Two weaker peaks are also
observed near 1.97 and 1.99 eV, as shown in the scaled sub-plot in the top right corner
of the figure. These are from the A2s and A3s outgoing resonances respectively. This is
the first measurement of Raman scattering from a TMD A3s exciton. As expected, the
energies of the outgoing resonance peaks are dependent upon the chosen centre Raman
shift. This is the same effect as the angled lines of the outgoing resonances in the colour-
maps, confirming the multi-mode nature of the HPP scattering. The resonance profiles

were each fitted to three state (Als, A2s, A3s) resonance Raman models which are the
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solid curves on Figure 5.9. As shown in the figure, each of the fits were reasonable and

captured the resonances observed in the profiles.
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FIGURE 5.9: Resonance profiles of the intensity of the hBN HPP feature at different
Raman shifts in the WSeg monolayer. The profiles are fitted with 3 state models, where
the states are the Als, A2s and A3s excitons.

Equivalent resonance profiles were also extracted and fitted to three state models for the
1050 cm™! peak. In this case the double resonance dominates the profiles, and the A2s
outgoing peak is clearly visible in the scaled sub-plot. The A3s however, is not clearly
separable. The only evidence of its presence is a slight shoulder on the higher energy

side of the A2s outgoing peak.
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FIGURE 5.10: Resonance profiles of the intensity of the 1050 cm™ hBN HPP + WSes
phonon Raman features in the WSes monolayer covering the Als, A2s and A3s exciton
resonances. The profiles are fitted with 3 state models.



Chapter 5. Resonance Raman Spectroscopy of Hyperbolic Phonon Polaritons in hBN
106 Encapsulated TMDs

It is worth noting that there is no statistically significant Raman scattering from the
hBN HPPs at the Als incoming resonance. However, the significant additional noise due
to the strong Als luminescence means the upper limit on any scattering at these laser
energies is comparable with the strength of the Raman scattering at the highest energy
resonances. In some ways it is not surprising to observe less scattering at this resonance
because the Als incoming is far in energy from any other resonances and therefore has
no double resonance enhancement. One additional factor which will further decrease the
scattering at the Als is that the Als exciton has a smaller in-plane dipole which couples

more weakly to an in-plane electric field of the HPPs.

The best fit parameters from these resonance profiles are given in Table 5.1. The mul-
tiple interstate scattering channels leads to relatively large uncertainties on the best fit
amplitudes. However, the fitted widths and energies are more tightly constrained, with
the widths for each state falling within 2 standard deviations of each other and only 1
in 18 of the energies falling outside this. Since the 800 cm™ fits have a clearer A3s peak,
the energies from those were averaged, which places the WSes A3s at 1.891 £ 0.002 eV
which is 23 meV above the mean A2s energy (1.868 eV). This A2s-A3s spacing is within
the 21-25 meV range from published values for hBN encapsulated monolayer WSes mea-

sured by photoluminescence which further bolsters the confidence of the assignment to
the A3s.

Scattering Sampled Raman shift (cm™)
Channel 750 775 815 1000 1025 1050

Absolute | Als- Als | 2.2940.95  7.441.2 3243 189.54+8.4  60.64+43 8142400

Raman | Als- A2s | 9.55+0.02 40.5+0.12 70.040.14 | 17.65+0.16 56.2+0.3 986413

scattering | Als- A3s | 3.10+0.36 50.4+0.67 6941 7.3£1.1 300+17 1004960
probability | A2s - A2s | 0.0624+3.9 0.13423  97+2.7 409483 3504780 1000466000

(x10716) | A2s- A3s | 16.6+1.3 13419 19.14£2.0 | 71.64+45 18204370 0422000
A3s- A3s | 6.142.7 15434 99+7.1 756421 5604250 130043400

Energy Als 17361 173645 173841 173441 173241 173641

(meV) A2s 1868+1 186741 1867+1 186941 186941 1.865+3

A3s 189143 189047  1892+1 1895417 189443 189745

Width Als 6.0+£1.1  6.44+04  6.54+0.8 8.7+1.1 5.940.3 7.941.1

(meV) A2s 6.04£0.5  5.64+0.3  5.340.2 7.040.7 6.940.4 7.040.1

A3s 10.04£7.0  10.841.1  10.5£1.4 8+14 4.842.0 4.242.0

TABLE 5.1: Fitting parameters obtained from the best fits for the 3 state resonance
models to the profiles of the WSeo hBN HPP features from Figure 5.9 and Figure 5.10.

In addition to the resonance behaviour of these hBN modes, the changes in lineshape at
different resonance conditions were also examined. For the 800 cm™ mode, Figure 5.11
shows the spectrum when exciting below resonance (blue), on resonance (green) and

above resonance (red). In a), at the Als outgoing, the below resonance spectrum has
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more spectral weight towards low shift and the above resonance spectrum has more
weight towards higher shifts. The Raman scattering from different HPPs that make up
the overall feature is going into and out of resonance at different excitation energies.
This is a result of the outgoing resonance energy varying with the Raman shift across
the HPP. The effect is even stronger in ¢) at A2s the outgoing resonance. This is because
the exciton linewidth of the A2s is narrower (3.5 meV = 28 cm™!) than the Als (5.6 meV
= 45 cm™!) and so the part of the spectrum which is enhanced at the same excitation
energy is narrower. The effect of this on the incoming resonances is much less, as shown
in b), as the whole spectrum is resonantly enhanced at the same energy. The spectra in
a) and b) all feature peaks with a shallow ramp-up in intensity from the low energy side
which begins below the bottom of the reststrahlen band. A sharp drop-off in Raman

intensity is also observed in these at the high energy side of the reststrahlen band.
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F1GURE 5.11: WSey monolayer Raman spectra showing the hBN HPP feature at vari-
ous excitation energies around a) The Als outgoing and Bls incoming double resonance.
b) The A2s outgoing resonance. ¢) The A3s outgoing resonance. For each of these the
spectrum is shown with the excitation energy on resonance (green) above resonance
(red) and below resonance (blue).

The spectra at the A2s outgoing shown in Figure 5.11 ¢) are different from the other
two resonance conditions in that there is a strong peak in the spectrum at 750 cm™,
just below the reststrahlen band. This is narrow enough to be associated with a multi-
phonon peak rather than hBN HPP and the fact that it falls at three times the strong
250 cm™t WSey peak frequency suggests it is a result of a combination mode involving
the emission of a total of 3 A(I') or E7 ;o (T') phonons. The fact this is not observed at
the lower energy resonances can be explained by this peak being the result of sequential
phonon scattering, where the intermediate states between the 3 phonon emissions are
all resonant with the lower energy states, enhancing the intensity of the peak only at
this A2s outgoing resonance. In a), b) and ¢), a shoulder is present which extends above
the 825 cm™ LO frequency and starts dropping off around 875 cm™'. The shoulder is
strongest in c) at an energy above resonance but it is also clearly visible in the on-

resonance spectra in a) and b).

The 1050 cm™! peak is shown at a range of resonance conditions in Figure 5.12. This
shows the similar ramp and sharp cut-off as the 800 cm™' peak with some differences.

The cut-off at the high energy LO frequency is generally less sharp in this higher energy
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HPP + WSey phonon feature than the HPP at 800 cm™. One factor that can explain
this is the addition of the width of the WSes phonon. Additionally the degenerate A’ (T')
and E7q,;o(I') phonons may both contribute to the feature, as observed in the MoSez

case where the difference in the phonon energies is significant.
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FI1GURE 5.12: WSes monolayer Raman spectra showing the combination phonon +
hBN HPP feature with excitation energies set around a) The Als outgoing resonance.
b) The A2s incoming resonance. ¢) The A2s outgoing resonance. For each of these the
spectrum is shown with the excitation energy on resonance (green) above resonance
(red) and below resonance (blue).

The peak shown in Figure 5.12 a) is much more intense than at any other resonance
conditions. Also, the peaks shown in red and blue, taken with excitation energies 10
meV above and below the peak of the resonance, are reduced in intensity by a greater
factor than the equivalent spectra in any of the other panels of this figure or the previous
figure. This is because the Als outgoing and A2s incoming resonances fall at the same
energy, as the two excitonic states are separated by 131 meV (1057 cm™). This results
in a double resonant enhancement of the Raman signal which is the reason why the
intensity of this peak is so great. This also causes the peak to be more sensitive to

excitation energy.

In order to better understand the lineshapes, the fitted resonance model was used to
attempt to reverse the effects of the different resonance conditions, and determine an
underlying lineshape for the features. The results of this are shown in Figure 5.13 for
different spectra around the Als outgoing resonance. These are the same spectra from
Figure 5.11a), with the below and above resonance spectra modified to simulate the 1.843
eV condition. The adjusted spectra in Figure 5.13b) match quite well, with the most
significant change effecting the 1.832 eV spectrum. Before the correction the peak is
much closer to being symmetrical. After, the peak shows the characteristic asymmetric
shape of the other two spectra. The fact that the lineshapes match after the correction
shows that the differences in lineshape between spectra at different excitation energies is
mostly a resonance effect. The most significant difference between the corrected spectra
is the intensity of the shoulder above 825 cm™. This can be neglected as is a result of
the calculation amplifying noise which resulted in a more intense shoulder in the spectra

with a weaker signal.
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FIGURE 5.13: a) Three spectra at different energies near the Als outgoing, reproduced
from Figure 5.11a). b) Calculated lineshapes determined using the three state resonance
model to remove the effects of the resonance enhancement from the spectra in a). c)
Three spectra at different resonances, with excitation energies of 1.843, 1.866 and 1.965
eV. The resonance effects have been corrected to match the A2s incoming at 1.866 eV.

The spectra do not match as well when applying the same method to spectra taken at
different resonances, as shown in Figure 5.13c), with the altered Als and A2s outgoing
resonances shown alongside the unchanged A2s incoming. The most striking difference
is the strong 3 phonon peak at the A2s outgoing resonance near 750 cm™' which is
not present in the other two spectra. The Raman signal is also weak in this spectrum

1. The Als outgoing more

which leads to the noisy background signal above 825 cm”
closely follows the A2s incoming resonance with the single or double peak at the top
distinguishing the two. Whilst an underlying lineshape was not quantitatively extracted
that can be applied to all of the resonances, it is clear that the HPPs share some common

features:

e A shallow ramp up which starts below the reststrahlen band and increases to the

peak.
e A comparatively sharp cut off at the high energy side of the reststrahlen band.

e A weak shoulder which extends up to 875 cm™.

As discussed in the final part it is surprising to observe any Raman scattering from
the ramp-up extending below the TO frequency. This is discussed in more depth and

compared to a theoretical model of HPPs in the final section of this chapter.

5.2.3 MoSe; hBN Resonance Behaviour

Now that the WSes case is understood, the the hBN encapsulated MoSes monolayer
is examined. A colour-map comprised of 117 Raman spectra with excitation energies
from 1.60 to 2.24 eV is shown in Figure 5.14. In this case, the hBN features are weaker
than the TMD Raman. Resonances of the 800 cm™ HPP are present in between the 1s

outgoing and the 2s incoming resonances for both the A and B excitons. The same is
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also true of the 1050 cm™ feature. However, residual photoluminescence signal from the

Als outgoing resonance makes this more difficult to observe below 1.8 eV.

Unlike the WSey case, the 1050 cm™! peak is the weaker of the two. The is a result of
the different Als-A2s spacing in this material. In the WSey case, the 1050 cm™ shift
of the peak exactly matches the 131 meV Als-A2s spacing, leading to double resonance
condition. Whereas in this MoSey sample, the Als-A2s spacing is 152 meV.
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F1GURE 5.14: Colour-map of the MoSes monolayer Raman spectra covering the A and
B exciton resonances with Raman shifts up to 1200 cm™. The colours follow a log scale
where blue is minimal scattering and dark red is most intense Raman scattering. Red
and white lines respectively mark the A and B exciton resonance energies with solid
lines corresponding to the incoming resonances and dashed marking the outgoing.

Due to the broader linewidth of the A2s exciton in this MoSes sample of 12 + 3 meV,
compared to the 3.5 £ 0.2 meV in the WSes, the lineshapes of the hBN modes are not
as significantly affected by the resonance conditions. This is because the 12 meV exciton
linewidth corresponds to 97 cm™, which is significantly broader than the 65 cm™ of the
reststrahlen band responsible for the hBN modes. This also means that a resonance
profile produced by averaging the intensity of a range of pixels in the spectrum, as was
done for WSe, in the previous section, will be less sensitive to the chosen centre Raman
shift. Figure 5.15 shows a resonance profile of the hBN HPP feature produced by taking
the mean signal between 797.5 - 802.5 cm™. The highest signal parts of the profile near
1.8 and 2.0 eV are double resonance conditions where the lower energy is the Als-A2s

and higher is the B1s-B2s. The complex shape of the resonance profile with a multitude
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of peaks reflects the fact that all four excitonic states (Als, A2s, Bls, B2s) contribute

both incoming and outgoing resonances to the profile.

The resonance profile was fitted to a four state resonance model with all interstate
scattering terms included which is shown in red on the figure. Considering the noisy data
around 1.75 eV, the fit of the model is remarkably good. The model shows reasonable
agreement with the resonance data, with some caveats. The double peaks in the data
around 1.9 eV which correspond to the Bls incoming and A2s outgoing resonances are

not fit well and there is some signal from the onset of the broad C exciton above 2.2 eV.
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FIGURE 5.15: Resonance profile of the intensity of the 815 cm™' hBN HPP in the
MoSes monolayer covering the A and B exciton resonances. The profile is fitted to a 4
state model shown in red.

The model makes it difficult for the data to constrain the amplitudes, this is because in
addition to the four single state scattering terms, 6 inter-state scatterings are possible,
each with an associated phase difference between them. The different phases mean that
the amplitudes can combine in both addition and subtraction. For example, the A2s
incoming resonance peak around 1.8 eV has significant contributions from the Als-A2s
scattering channel as well as A2s-A2s. This meant finding a well constrained fit of these
parameters was not possible in this case. The fact that the over-fitting problem does
not effect the energy and width parameters can also be understood by examining the
parameter correlation matrix. In order to do this, the Jacobian matrix J was extracted

for the fit, following:

of;
Jii= 87]

5.1
. (51)
This is the differential of the fit function at the jth data point f; with respect to the ith

parameter x;. This matrix is then used to estimate the covariance C, by:

I'TI'

C~ borF

(cTo)! (5.2)
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Where r are the residuals from the fit, and DOF is the number of degrees of freedom in

the fit. Finally we determine the parameter correlation matrix R as:
V/ CiiCij

The parameter correlation matrix is visualised in Figure 5.16. The diagonal elements

Rjj = (5.3)

are all 1. The 10x10 block in the top left of the figure are the correlations between the
amplitude coefficients. These show a higher correlation. The same is also true of the
amplitude-phase correlation which forms a 10x9 block in the top right/bottom left and
the 9x9 block of phases in the bottom right. The energy and linewidth terms however, do
not show such a correlation with each other, nor do they with the amplitudes or phases.

This creates the blue ”+”, and shows that the values from the fit are not problematic.
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FI1GURE 5.16: Visualisation of the parameter correlation matrix for the parameters
obtained from fitting the resonance profile of the 815 em™ hBN associated Raman
peak observed in the encapsulated MoSes monolayer. Light yellow corresponds to
higher correlation between parameters (+1) and dark blue corresponds to minimal
correlation (0). The parameters are labelled where E; are the exciton energies and TI;
are their corresponding line widths, equivalent to one over their lifetime.

The best fit energies and widths from the resonance profile are given in Table 5.2. The
uncertainties from the fit of the amplitudes were too large for the them to be usable.
Despite this, the energy and width parameters could be determined with reasonable
errors. The table has, for comparison, the energies determined for the excitonic states
from the main MoSes gamma point phonon peak resonance data. The 6 of the 8 hBN
fitted values fell within one standard deviation of those from the A{(T') and all of them
fall within two standard deviations. The good agreement of the energies obtained by
this fit with previously determined energies is strong evidence that, as expected, the
excitonic states involved in the hBN HPP scattering are the same as those involved in
the TMD Raman.
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Fitted energy (eV) Fitted width (meV)
Exciton | AJ(T) phonon = hBN HPP | A{(T) phonon hBN HPP
Als 1.648 + 0.001 1.654 £ 0.003 3.0£0.1 6.2 £ 3.3

A2s 1.804 £ 0.001 1.796 £ 0.013 82+ 1.7 170 £ 7.5
Bls 1.858 £ 0.001 1.860 £ 0.020 189 £ 1.3 17.1 £ 15.2
B2s 2.016 + 0.001 2.012 £ 0.010 9.4 +£0.7 21.5 £ 14.0

TABLE 5.2: Best fit parameters from the 4 state fit to the resonance profile of the 800
em™! hBN HPP peak in MoSes.

Despite not being able to get fitted values for the amplitude terms, some conclusions can
still be drawn about the different amplitudes of the scattering channels. The fact that
the signal is much smaller at the 1s incoming and 2s outgoing than at the 1s outgoing / 2s
incoming suggests that the inter-state scattering between these states is more significant
than the single state scattering. This is true for both the A and the B excitons. This
is further backed up by the fact that omitting the inter-state scattering terms from the

model results in a curve which does not fit the data well.

5.2.4 T-Matrix Modelling of HPPs

Despite previous literature suggesting that these hBN features are from HPPs, none
have considered the observed lineshape in detail. Fully modelling the Raman lineshape
would require calculating the HPP dispersion relation and lifetimes, as well knowing the
coupling constant between the HPP and the excitons, which requires a good model for
the exciton wavefunction. Calculating all of this is challenging. Despite this, a lot can

be learned from just calculating the dispersion relation of the HPP.

A T-matrix model of the electric field in stacked structures published by Passler et al.
[212] was used to model the WSey monolayer sample. This includes the substrate and
encapsulating layers with thicknesses determined from atomic force microscopy (AFM)
and the fitted reflectivity spectra from the previous chapter. The permittivity values
of the graphite [213], SiO2 [214] and Si [212] used for the model were determined from
literature sources. The dielectric function of the hBN used the model from Caldwell et
al. [114], with the TO and LO frequencies determined from a range of literature values
[204, 210, 211]. A constant refractive index was used for the WSes layer of 2 in plane and
4 out of plane. The HPP are electromagnetic waves taking the form of guided modes of
the structure. The first three orders of these modes are shown in Figure 5.17. For a set

energy, the wavevector increases with increasing the order of the modes.
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FIGURE 5.17: Plots of the in plane (x) H field strength across the depth of the sample.
The first three modes are plotted from left to right.

To predict the dispersion relation of the HPP, the T-matrix model was used. This gave
a series of predicted IR absorption spectra as measured in an Otto configuration as a
function of wavevector. The spectra were fitted to extract the energy of the HPP at
each wavevector value and thus find the dispersion relation as shown in Figure 5.18.
The plot of dispersion relation shows a series of branches where the lowest wavevector
of these branches corresponds to the first order mode. For each higher branch the order
of the modes increases and there is one additional node in the electromagnetic field.
The maximum momentum shown is 200,000 cm™ however, in principle, HPPs can have
wavevectors which go arbitrarily high (provided the sample is infinite with no losses)
[215]. This also shows that HPPs cannot exist outside the reststrahlen band.
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F1GURE 5.18: Simulated dispersion relation of hBN HPPs in the WSes sample over
the lower reststrahlen band. The TO and LO frequencies are marked with red dashed
lines.

Considering the geometry of the Raman measurement, with a 0.50 NA microscope ob-
jective incident normal to the surface of the sample, it is expected from the range of
possible angles of incidence (below 30 degrees) of the exciting laser that the available

in-plane momentum from an incoming photon at the A2s energy is around 15000 cm™.
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This is indicated on Figure 5.19a) with the blue solid line. Following this restriction,
there is only enough momentum to scatter to HPPs between 800 and 825 cm™!. Relax-
ing momentum conservation by a factor of 5 (75000 cm™, marked with a dashed line)
allows scattering from 770 - 825 cm™ which is much closer to covering the bulk of the
signal from the HPP feature. It seems unlikely that the lineshape observed can be ex-
plained without some breakdown in conservation of momentum, the reason for which is

unknown.

The dispersion relation is shown again, alongside a measured Raman spectrum of the 800
cm™ hBN HPP feature observed in the sample in Figure 5.19b). Considering a higher
momentum limit on the dispersion relation in Figure 5.19, few states are available up
at lower Raman shifts and more become available as the energy (Raman shift) increases
up to the LO frequency. This is an attractive explanation for the slow ramping-up of
the intensity from low to high shift observed in the Raman spectra of the HPP feature.
This also provides an explanation for the sharp cut-off observed at the high shift side
of the feature in the Raman spectra as the large number of available states suddenly

become inaccessible as the Raman shift increases beyond the LO frequency.
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FIGURE 5.19: a) Simulated dispersion relation of hBN HPPs in the WSes sample
showing the accessible wavevectors in the lower reststrahlen band. b) Raman spectrum
showing the hBN HPP feature observed in the WSes sample.

Two things can clearly not be explained by this HPP model. Firstly, there is the weak

1 This cannot

shoulder above the TO frequency which extends up to around 875 cm”
be explained by simple scattering to a HPP only. This however, could be the result of a

combination mode with scattering to a HPP and a low frequency acoustic Raman mode.
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Additionally, the signal starts ramping up at 735 cm™, which is before the expected 760
cm™' TO frequency. This could be explained by the TO frequency being lower than the
published values however multiple independent literature measurements and theoretical
values suggest otherwise [114, 204, 210, 211], putting the value between 750 and 768
cm™!. Subtractive combination modes also cannot explain the lower energy side as the
thermal energy available for these measurements is 4 K which corresponds to 2.8 cm™.
This is unlikely to not be associated with the scattering from the bulk of the HPP as it

is observed at multiple energies and resonance conditions.

5.3 Conclusions

Until these measurements, the two hBN HPP modes were always associated with double
resonance between the Als and A2s. The results here have shown that, as may be
expected, they can be observed at other resonances, such as the A2s outgoing and A3s.
This also constitutes the first observation of Raman scattering from a 3s exciton in
TMDs. These modes have also now been observed MoSes, which is the first time these
have been observed in a Mo based TMD and the first observation of these resonant with
a B exciton. In addition, the measurements on MoSesy clearly show that, at least in
MoSeo, the higher shift combination HPP 4+ TMD phonon mode is not just a HPP +
A1(T) combination, but additionally a HPP + Ef,;,(I') mode. As the two phonons
are degenerate in WSeo, this also suggests that the same is also likely to be true of
WSes.

Despite previous reports identifying these modes as hBN HPPs, none attempted to ex-
plain the lineshape beyond this. The comparison of the lineshape of the HPP mode with
a theoretical model of HPPs in the sample leads to remarkable conclusions. Firstly, with
the limited momentum available from the exciting laser, momentum conservation should
restrict the width of the HPP to the upper 25 cm™! of the reststrahlen band. In order
to access the full band, at least 5 times that momentum is required. The source of
this additional momentum is not known but it suggests that resonant Raman scattering
with a TMD exciton may allow access to probe higher wavevector states in other lay-
ered heterostructures such as a TMD on Silicon carbide. Additionally, scattering was
observed below the bottom of the reststrahlen band which was clearly associated with
the HPP feature. This is clearly not possible with current models of HPPs as they must
be restricted entirely to the band. The HPP model can explain many features of the
HPP lineshape, such as the shallower lower shift ramp up and sharp drop-off at the
top of the reststrahlen band but it is highly likely that both momentum conservation
breaking and a change in the model of the HPPs will be required to explain them fully.
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Chapter 6

Conclusions

The aim of this thesis has been to use resonance Raman spectroscopy to understand
the excitonic states in TMD monolayers and van der Waals heterostructures made from
stacked TMD layers. Resonance Raman measurements combined with reflectivity and
photoluminescence allowed for confident assignment of the A 1s and 2s excitons in both
monolayers and heterostructures. This enabled the calculation of changes in the exciton
binding energy and the single particle band gaps between monolayers and heterostruc-
tures. Resonance Raman measurements and modelling also revealed more about hyper-
bolic phonon polaritons in hBN which were excited via a range of excitonic states in the
adjacent TMDs.

Resonance Raman measurements with exciting photon energies between 1.597 and 2.256
eV were performed on high quality hBN encapsulated TMD monolayers. These measure-
ments revealed three clear resonances in WSe, monolayer, corresponding to the Als, A2s
and Bls excitonic states and four resonances in MoSe, corresponding to the Als, A2s,
Bls and B2s excitons. All of these states apart from the MoSe, B2s were also observed
in reflectivity measurements of the same samples, confirming their assignment. In only
the Raman spectra that were resonant with the WSey A2s exciton, an intense Raman
peak was observed at 495 cm™'. This peak was more intense at the outgoing resonance
than the incoming resonance, due to the presence of higher energy states in the Rydberg
series (3s, 4s). At the A2s outgoing resonance energy, the peak split into 3 peaks which
all shifted differently with excitation energy. The peak was assigned to three possible
2-phonon combinations: 2A(T), AY(T) + E7p,1o(T), and 2E74 ,;5(T). An equivalent
set of peaks were also observed in the MoSey case where the A|(T) and Ef /() are
no longer degenerate in energy, assigned to the same 2-phonon combinations. This trio
of Raman peaks also had a similar association with the 2s excitons, showing no signal
at the Als. The reason that peaks were only present at the A2s was due to resonant

enhancement from scattering to intermediate lower energy states at higher wavevector.
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Resonance Raman measurements over the same excitation energy ranges as the mono-
layer measurements were also performed on hBN encapsulated heterostructures made
from WSey/MoSez. Measurements of two different heterostructures were shown, with
twist angles of 57° and 20° between crystal lattices in the two TMD layers. In this
case, the reflectivity and PL measurements could not identify the 2s excitonic states
due to increased linewidth and overlapping energies with states with greater oscillator
strengths. Analysis of resonance Raman profiles of the 2s associated Raman peaks in the
heterostructures gave mean energies of 1.760 eV and 1.846 eV for the A2s in MoSes and
WSejy respectively which are comparatively lower than the monolayer values of 1.800 and
1.871 eV respectively. This represents the first measurement of both of these energies.
A model of the excitons in the monolayers and heterostructures based on the Keldysh
potential was used to fit the energy separations for the monolayers and heterostructures
using the in-plane polarizabaility of the two layers as the only free parameters. The
model had good agreement with the measured energies and showed that the reduction
in exciton binding energy for the Als on forming the heterostructure is 8 meV for WSe,
and 19 meV for MoSey with a drop in single particle band gap of 25 and 31 meV for
WSey; and MoSes.

Resonance Raman measurements of the broad hBN HPP features around 800 and 1050

CIII_1

were also performed on the hBN encapsulated TMD monolayers with excitation
energies covering the A excitonic states for WSes and the A and B excitons of MoSe,.
The hBN HPP features were observed, as previously reported, at the WSes Als outgoing
and A2s incoming resonances with the very intense Raman signal observed due to double
resonance. Additionally, these features were also observed at the A2s and A3s outgoing
resonances. The hBN HPP were also observed in encapsulated monolayer MoSes at the
double resonance conditions at the Als outgoing / A2s incoming and the Bls outgoing
/ A2s incoming resonances. The lineshape and Raman shifts of the upper feature in
the encapsulated MoSes spectra were consistent with a combination of two 2-phonon
scattering processes, one from the 800 cm™ HPP feature + the A}(I') phonon and
another from the HPP 4 the E7 ,; 5 (I') phonon. Since these two phonons are degenerate
in energy for monolayer WSes, it is also possible to conclude that both of these could be

contributing to the signal observed at 1050 cm™ from the encapsulated WSey sample.

The lineshapes of the hBN HPPs at different resonance conditions differed significantly.
However, the majority of this change was found to be due to resonant enhancement
of different parts of the continuum of HPPs dependant on excitation energy, which
follows the standard resonance Raman scattering model. Transfer matrix modelling of
a hBN encapsulated WSes monolayer was used to predict the dispersion relation of the
HPP in the hBN. Comparisons of this dispersion relation with the observed lineshape
in the Raman measurement revealed some significant details. Firstly, the Raman signal
from the HPPs extended below the hBN reststrahlen band, which cannot be explained
by the model, suggesting new HPP physics. Additionally, the HPP spanned the full
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energy range reststrahlen band, and the momentum required by the model for this is
much greater than what can be provided by optical photons. This shows that there
is most likely breaking of momentum conservation in the photon to exciton to HPP
scattering process. Whilst complete modelling the Raman lineshape would also require
knowledge of the HPP lifetimes and exciton-HPP coupling, the results here suggest that
resonance Raman scattering measurements can be used to probe large wavevector states

via scattering with excitons.

6.1 Perspectives and Outlook

The goal of this thesis was to understand the electronic and vibrational states in TMD
monolayers and heterostructures and how they interact. The results presented here have
contribute significantly to this understanding and they have also revealed new physics.
It is useful to consider where this research fits into the wider literature and how this

work may be extended.

The simplest extension to these measurements would be to perform similar experiments
on W and Mo disulphides. This could reveal equivalents to the 2s associated Raman
peaks observed in MoSey and WSey which could be of use to others in the field. The
different exciton energies would also provide more opportunities to observe effects such

as hybridisation of states [98] or reveal more moiré effects.

A more interesting extension would be examining TMD heterostructures with a larger
range of twist angles. It is clear that the twist angles have a significant effect on the ex-
citonic states through reconstruction [94], and hybridisation [16, 97, 98]. Direct changes
in the Raman spectrum are also expected, such as the observation of moiré phonons
[13, 96]. Measurement of the effect of twist angle on interlayer excitons [216] would
also be of interest. However, the very low oscillator strength means resonant Raman

measurements at the interlayer exciton are unlikely to yield results.

Another natural extension to this work would be gated measurements. These would
allow observation of Raman scattering from trions and other multi-particle states. Of
particular interest are 2s trions which show stronger polaronic effects due to a greater
sensitivity to the Fermi sea than 1s states [82]. This may also allow for the observation
of strongly correlated electronic states, which have been observed in TMD bilayers [86,
217, 218].

Not all of the peaks in the Raman spectra have been unambiguously assigned to the
various vibrational modes in literature. This is particularly true of the multi-phonon
peaks at higher Raman shifts. Measurements of TMD monolayers under varying strain
could allow more of the peaks to be identified as it would break the symmetry and also

tune the shifts of different vibrational modes by different amounts. Full polarisation
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measurements of the Stokes parameters combined with analysis of the selection rules
of all the combination modes based on the symmetries could also allow for confident
identification of more Raman peaks. Strained measurements are also interesting as they
have shown shifts in the excitonic states [219-222] and shown strain induced moiré
potentials [223].

Considering the longer term future of TMDs, the production of the highest quality
monolayers still relies on mechanical exfoliation which is not ideal for commercial de-
vices [29]. The recent improvements in TMD quality from deposition techniques like
molecular beam epitaxy [224] and chemical vapour deposition [225] represent a step to-
wards commercialisation. Better understanding of the processes involved in the loss of
valley coherence could lead to the use of TMDs for valleytronics [11, 48]. As phonon me-
diated processes contribute to valley depolarisation, Raman measurements are a natural
candidate to aid in this understanding. Just as the earlier 2D material, graphene, has
seen successful commercialisation due to it’s mechanical strength and electrical proper-
ties, it is most probable that TMDs also become increasingly relevant thanks to their

diversity of interesting physics.
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