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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES
School of Physics and Astronomy

Doctor of Philosophy

INVESTIGATING EXCITONIC STATES IN TRANSITION METAL
DICHALCOGENIDE MONOLAYERS AND HETEROBILAYERS USING
RESONANCE RAMAN SPECTROSCOPY

by Liam P. McDonnell

This thesis investigates the excitonic states in transition metal dichalcogenide monolay-
ers (TMDC) and heterobilayers using resonance Raman spectroscopy. The resonance
Raman behaviour of monolayers of MoSes and WSes are probed at 4 K for both the
A and B excitons and reveals the involvement of both neutral excitons and trions. For
MoSes when resonant with the B exciton several Raman peaks at 481.1, 531.2 and 581.1
cm~! exhibit an anomalous resonance behaviour. This is due to a double resonance
with the neutral B exciton and a lower energy state at 1.802 eV, which is likely the
2s excited state of the A exciton. In monolayer WSey resonance Raman behaviour is
observed at the A and B excitons along with an additional resonance at 1.866 eV, which
is attributed to the 2s excited state of the A exciton. A unique Raman peak at 494
cm~! is also discovered when resonant with the WSes 2s state and has an asymmetric
resonance profile. This asymmetry is the result of a double resonance process involving
the 2s state at 1.866 eV and a higher energy state at 1.904 eV, which is attributed
to either an excited state (3s/4s) or a dark excitonic state. Heterobilayer samples of
MoSey/WSey were investigated with twist angles of 57° (HS1) and 6° (HS2). For HS1
new low frequency Raman peaks are identified, which have a different characteristic
spectra when exciting the MoSes or WSes excitons. These peaks are the result of zone
folding with both the moiré and crystallographic superlattices. The resonance profiles
of the low frequency peaks demonstrate an unexpected coupling of these peaks only to
trions which is not yet understood. For HS1 when resonant with the WSey B exciton
new Raman peaks at 290.7, 309.1 and 353.8 cm™! are observed. The peaks at 309.1
and 353.8 cm ™! are assigned to the A%(T") phonons associated with WSes and MoSey
respectively. The presence of Raman peaks associated with the MoSes layer at the WSes
B exciton suggests hybridisation of WSes and MoSey excitonic states. The symmetry
associated with the AJ(I") phonons indicates that this hybridisation may involves the

WSes B exciton and an interlayer exciton.
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Chapter 1

Introduction

The exciton, a quasi-particle formed from a bound electron and hole, was first proposed
in 1931 by Frenkel [1, 2], and extended to semiconducting crystals by Wannier and Mott
[3]. The binding energy of these excitons is of the order of 0.01 eV in bulk semiconduc-
tors, for example in silicon the exciton binding energy is 14.7 meV [4]. A consequence of
their small binding energy is that the excitonic states are only observed at low temper-
atures in bulk semiconductors. However, in 2D systems the confinement of the electron
and holes results in increased exciton binding energies. This was first demonstrated in
1984 for GaAs quantum wells [5]. Recently the discovery of Graphene by Novoselov et
al. in 2004 [6] has redefined the field of 2D materials allowing monolayers of crystals
to be produced with thickness’s below 0.7 nm. The truly 2D nature of Graphene has
revealed remarkable properties including excellent mechanical strength, massless Dirac

fermions and observation of the quantum hall effect [6, 7, 8].

The ability to produce monolayers from layered bulk crystals, which are weakly bound
together by Van der Waals forces, has led to the development of a wide range of new
2D materials. These include the transition metal dichalcogenide family of materials
(TMDC) [9], black phosphorous [10], hexagonal Boron-Nitride (hBN) [11] and there
are over 1000 possible 2D materials predicted [12]. The availability of a broad range
of 2D materials results in a range of electrical properties including semiconductors [9],
insulators [13] and superconductors [14] along with ferromagnetic [15], piezoelectric and
ferroelectric materials [16]. In addition these materials provide potential platforms for
the observation of exotic excitations, such as Weyl fermions and Majorana bound states
[17, 18]. The large excitonic binding energies, of the order of ~ 500 meV, are also ideal
for exploring the properties of many body excitonic states including excitons, trions
and biexcitons [19], and allow these states to be observed at room temperatures [20].
TMDC’s as a subset of these 2D materials are particularly promising due to their elec-
trical and optical properties. In the monolayer limit several TMDCs become direct band
gap semiconductors in the visible range and have been demonstrated in photovoltaics,

photodiodes, transistors, photodetectors and chemical sensing applications [21, 9, 22].
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2 Chapter 1 Introduction

The symmetry of monolayers TMDCs results in valley dependent optical selection rule
and so are a promising platform for Valleytronics [23]. The mechanical properties of
these 2D materials also makes them a promising candidate for applications in flexible
electronics [24, 25].

Recent advances have enabled the fabrication of novel homobilayers and heterostructures
from 2D materials [26, 27]. The weak nature of the Van der Waals forces between
these 2D materials allows for the formation of structures composed of several layers
with arbitrary twist angles. A consequence of this alignment is the emergence of moiré
patterns in these structures with a periodicity determined by the twist angle. Moiré
interferences is able to modify the electronic and optical properties resulting in surprising
physical properties such as the appearance of superconductivity and Mott insulator
states in twisted bilayer graphene [28, 29]. This degree of freedom allows for tuning the
properties of Van der Waals structures and allows for the observation of novel effects
such as Hoftstader’s Butterfly [30]. Furthermore, control over the stacking orientation,
availability of a broad range of 2D materials and potential compatibility with planar
fabrication techniques offers the potential for the practical realisation of novel optical

and electronic devices using TMDCs in the future.

1.1 Motivation

I commenced my PhD in September 2015 at the University of Southampton in the Nano-
materials group. During my undergraduate course I worked in the same group to develop
a resonance Raman protocol for conducting these measurements on extreme nanowires
at cryogenic temperatures [31]. Following this I was keen to apply this technique to
other nanomaterials in order to probe the underlying physics of optical transitions. At
this time the field of research on 2D materials was gaining significant momentum follow-
ing the discovery that MoSs, a material previously used as a solid state lubricant [32],
transitions to a direct band gap semiconductor at the monolayer limit [9]. Monolayer
TMDCs presented an exciting class of materials with novel electronic and optical prop-
erties to explore using resonance Raman spectroscopy (RRS). In particular the large
binding energy of excitons in these materials allows for the possibility of exploring the
many body physics of these excitonic states [33, 34]. Several papers had also been pub-
lished investigating the resonance Raman behaviour of TMDC materials [35, 36] but
were limited in their scope by only being carried out at room temperature. As a result
these experiments were unable to investigate the interactions between more complex
many body excitations such as trions. The application of low temperature RRS pre-
sented an exciting opportunity to contribute to the understanding of optical transitions

and scattering via phonons in these materials.
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1.2 Resonance Raman Spectroscopy of monolayer WS,

The experimental chapters in this thesis present the results of RRS on encapsulated
monolayers and heterobilayers composed of MoSes and WSes. Prior to this work I also
explored the resonance Raman behaviour of monolayer WSs as a function of temperature
from 4 to 295 K. The outcome of this investigation was a first author publication in Nano
Letters, which was published in January 2018 [37]. This work allowed me to develop
both the experimental methodology and theoretical basis for interpreting the resonance
Raman spectra of TMDCs materials. Nevertheless, for brevity I have elected to avoid
a rigorous discussion of this work in my thesis due to the abundance of experimental
results obtained on encapsulated TMDC monolayers and heterobilayers samples. Instead
a brief summary of the key results from this investigation are provided below. Of course
if the reader desires a more complete discussion of these results then please refer to ref
[37].

The resonance Raman results reported in ref [37] were performed on a WSy monolayer
grown via chemical vapour deposition (CVD) on a silicon oxide coated substrate. Reso-
nance Raman spectra were attained at excitation energies between 1.95 to 2.15 eV prob-
ing the WSs A exciton. Resonance Raman profiles were obtained for the A}, E', 2ZA,

LA and 2LA phonons and an unassigned peak at 485 cm™!.

The intensity profiles for
the different phonons revealed a consistent asymmetry present only a low temperatures.
To explain this asymmetry required a single scattering event Raman model involving
two excitonic states with interstate scattering allowed. The excitonic states involved
were identified as the WSs neutral exciton and trion. These results revealed three sep-
arate Raman scattering channels corresponding to scattering between exciton-exciton,
trion-trion and exciton-trion states. The amplitudes associated with these scattering
channels were extracted and allowed the relative scattering strength of the A} and E’
phonons to be determined as a function of temperature. The scattering model used
to explain the resonance Raman profiles for the single phonon Raman peaks was also
applied to fit the profiles associated with higher frequency multiphonon Raman peaks.
These multiphonon Raman peaks involve the scattering to large wavevector excitonic
dark states and analysis of their profiles indicates the coupling of bright excitons to to
bright trions via large wavevector states. Overall these results establish the presence of
excitons, trions and dark excitonic states participating in the Raman scattering process
and provides a powerful tool for investigating the different scattering channels available
in TMDC materials.
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1.3 Organisation

This section provides a brief description of the chapters contained within this thesis.

Chapter 2 provides a discussion of the theoretical concepts required for understanding
the work in this thesis. The properties of monolayer TMDCs are presented including
their crystal symmetries, electronic band structure, properties of exciton and their role
in optical transitions. This is followed by a discussion of the properties of heterobilay-
ers, such as the formation of interlayer excitons, and moiré effects. Finally phonons
in TMDCs are discussed followed by a detailed description of Raman scattering and

resonance Raman spectroscopy.

Chapter 3 presents the experimental methodology used for the experiments presented
in this thesis. The fabrication methods required to produced the samples used in this
thesis are discussed, followed by a description of the experimental setup for the reso-
nance Raman measurements and a discussion of experimental considerations such as
laser heating, spot size and repeatability. Lastly the techniques used for data analy-
sis including background subtraction, fitting of the Raman spectra and analysis of the

resonance Raman profiles are presented.

Chapter 4 presents the results of RRS on an encapsulated monolayer of MoSes, including
a discussion of the potential assignments for the different Raman peak and an analysis

of the resonance behaviour at the MoSe; B exciton.

Chapter 5 presents the results of RRS of an encapsulated WSes monolayer. Again the
assignment of the single phonon and multiphonon Raman peaks are discussed followed by
analysis of the resonance Raman data. For WSe, resonance Raman behaviour is reported
for three different excitonic states associated with the WSes 1s A and B excitons and

resonance with an excited 2s state of the A exciton.

Chapter 6 presents the RRS of heterobilayers of MoSe; /WSes with different twist angles.
The Raman spectra for the monolayers and heterobilayers are compared and assignments
of new Raman peaks are proposed. The resonance Raman profiles for the heterostruc-
tures when resonant with both the MoSes and WSey A and B excitons are analysed,
followed by a section presenting the resonance Raman behaviour of new low frequency
Raman peaks. An analysis and discussion of the resonance Raman results follows and
details the potential hybridisation of intra and inter-layer excitonic states and the effects

of moiré and crystallographic superlattices on the vibrational and excitonic properties.

Chapter 7 then summarises the conclusions of the experimental results presented and the
potential for RRS as a tool for studying 2D materials, followed by an outlook considering

further work that may result from this thesis and the future direction of 2D materials.



Chapter 2
Theoretical Background

Transition metal dichalcogenides have generated huge interest in the field of 2D mate-
rials, due to their remarkable electronic and optical properties. In particular monolayer
TMDCs have allowed the realisation of valley polarisation advancing the emerging field
of valleytronics [23]. This chapter aims to provide an overview of the theory required
to understand and interpret the experimental results in subsequent chapters. As such,
we discuss the electronic and optical properties of monolayer TMDCs and provide a
discussion of the effects of combining different TMDC monolayers to form novel het-
erostructures. Following this the general theory of Raman scattering and resonance
Raman spectroscopy is presented, along with an overview of the current progress in us-
ing Raman spectroscopy to study TMDCs. Whilst the detail provided in this chapter is
sufficient for our discussion of the resonance Raman experiments, we also recommend ref

[38] if the reader desires a more thorough discussion of the theory of Raman scattering.

2.1 Transitions Metal Dichalcogenides Crystal Structure

Transition metal dichalcogenides are a family of materials consisting of a layer of tran-
sition metal atoms sandwiched between two layers of chalcogen atoms. These materials
have the general chemical formula ABy where A denotes the transition metal atoms e.g
Mo, W, Re, Hf, and B refers to the chalogen atoms e.g S, Se, Te. In bulk form these
materials are composed of stacked layers and are weakly bound together by Van der
Waals forces, similar to Graphite, this structure allows TMDCs to be thinned to the
monolayer limit using the mechanical exfoliation technique developed for graphene [39].
A top down view of the crystal structure for a single TMDC layer is presented in Figure
2.1 and clearly shows the hexagonal symmetry of the crystal lattice. Each transition
metal atom in the lattice is bonded to six chalcogen atoms and has trigonal prismatic
co-ordination [40] as shown in Figure 2.1 panel b). In addition, TMDC layers with

octahedral co-ordination where the two planes of chalcogen atoms are rotated relative
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we Se

Figure 2.1: Panel a) shows both a top down and side view of a TMDC monolayer
with the red and blue circles representing the Transition metal and chalcogen
atoms respectively. The unit cell of the lattice is indicated in both the top
down and side view by the dashed outlines. Panel b) then shows the trigonal
prismatic co-ordination of the atoms as indicated by the grey lines with the
chemical bonds between atoms indicated by the black lines. Panel ¢) then shows
the first Brillouin zone of the TMDC layer with the high symmetry points at I,

M, Q and K/K’ labelled and the arrows showing the reciprocal lattice vectors
b1 and b2.

to each other by 180 degrees can also exist. These two co-ordinations possess different
electronic properties, for example MoSy with trigonal-prismatic co-ordination is semi-
conducting [41], whereas with MoSs with octahedral co-ordination is metallic[42]. The
octahedral co-ordination does not occur naturally and so in this thesis we confine our

discussion to the trigonal prismatic TMDC structures [43].

The stacking of layered TMDC structures with trigonal prismatic co-ordination can
be described using the notation set out in ref [44]. Where AA describes two layers
exactly aligned, AA’ indicates aligned layers with one layer rotated by 180 ° so that
the chalcogen atoms are aligned with the transition metal atoms in the other layer,
and AB stacking indicates a transition metal atom is aligned with a chalcogen atom
resulting in a staggered pattern with the remaining atoms appearing over the centre of
the hexagonal lattices. In literature AA’ and AB stacking are also referred to using a bulk
TMDC notation as 2H and 3R phases respectively [45]. From this notation there are five
possible high symmetry stacking orders given by AA, AA’, AB, A'B and AB’ [46]. The
number of layers in TMDC materials and their stacking order naturally result in different
crystal symmetries. For bulk TMDC materials the point group describing the crystal
symmetries is the D¢, group, whereas a monolayer has Dgj, point group. However, in the
few layer regime the stacking orders of the layers and relative twist angles can result in
a broad range of different crystal symmetries. The stacking order and resulting crystal

symmetries of structures produced from TMDC layers are of particular importance in
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Bulk l'\.-10\‘3:=3 Bulk WSe2

1.09 eV

Energy (eV)

Energy (eV)

' DOS r M

Figure 2.2: Electronic band structures calculated using DFT by Kumar et al.
for monolayer and bulk MoSez and WSes. Reprinted with permission from [62].
Copyright American Chemical Society.

determining the electronic bandstructure, optical selection rules and Raman selection
rules [47, 48, 49].

2.2 Electronic Structure and Properties of TMDCs

The diversity of the TMDC family of materials results in a variety of different electronic
properties dependent on the composition of the layers. For example, Nb, Pd, and Pt
disulphides and diselenides are semimetals at room temperature but show supercon-
ducting transitions at lower temperatures [50, 14, 51]. This is complemented by a broad
range of both indirect and direct band gap semiconductors including Hf, Re, Mo and
W disulphides and diselenides [9, 52, 53, 54, 55] with at least 38 stable semiconducting
TMDCs predicted [56]. Of particular interest in this thesis are MoSg2, MoSes, WSy and
WSe; TMDCs which are all indirect band gap semiconductors in bulk and transition
to direct gap semiconductors in the monolayer limit [9, 57, 58]. The band structures
of bulk and monolayer TMDCs have been studied extensively both theoretically using
Density Functional Theory (DFT) [59, 60, 61, 62] and experimentally through Angle
Resolved Photo-emission Spectroscopy (ARPES) measurements [63, 64].

The first Brillouin zone for a TMDC monolayer is shown in Figure 2.1 panel b) with
the high symmetry points denoted by T' , M, Q (or A point), K and K’ are shown
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where K and K’ are inequivalent in momentum space. For bulk MoSy, MoSey, WSy and
WSe, the electronic structure gives rise to an indirect band gap between the valence
band maxima at the I' point and the conduction band minima at the Q point [65].
Whereas, in the monolayer limit these materials demonstrate a direct band gap between
the valence band maxima and conduction band minima at the K/K’ points [9, 57, 58].
The transition from direct to indirect band gap as a function of the sample thickness can
be understood by considering the resulting contribution of the electron orbitals in the
crystal to the electron wave functions at the high symmetry points, which are reported
by Zhu et al. and Liu et al. [66, 67]. These reveal that at the K/K’ point the states are
dominated by the Mo-d,2_,2,dyy, d,2 orbitals and the states at the I" and Q points are
predominantly the result of the Sp, orbitals. When the number of layers in a TMDC
sample is decreased the quantum confinement of the electron orbitals in the z direction
causes a significant increase in the energy of the states at the I' and Q points in the band
structure, while the energy of the states at the K/K’ points remain relatively unchanged.
This results in a transition from indirect to direct band gap at the monolayer limit[9)].
The electronic band structure for both monolayer and bulk of MoSes and WSes is shown
in Figure 2.2. Comparison of the bulk and monolayer bandstructure shown in Figure

2.2 for each material clearly shows a transition from indirect to direct band gap.

In monolayer TMDCs the breaking of inversion symmetry of the crystal lattice has im-
portance consequences for the electronic properties and leads to a spin valley coupling
[68, 69]. At the K/K’ points for a monolayer the two valleys are symmetric with ro-
tational symmetry Cs (three fold rotation) and results in the K and K’ Bloch states
having opposite phases[70]. As a result the K/K’ points have opposite sign for their
orbital magnetic moments and Berry curvatures [71]. The difference in these electronic
properties due to the inequivalent nature of the K and K’ valleys is known as pesudospin
and is commonly referred to by the valley index where 7, = +1. The difference in the
Berry curvatures allows for the observation of the valley hall effect when an electric field
is applied in plane and is similar to the spin Hall effect [72]. Whereas, the dependence
of the orbital magnetic moment on the valley index allows for the pseudospin to be ad-
dressed by magnetic fields allowing for valley Zeeman splitting [73]. This also results in
a valley-dependent optical selection rule where the K and K’ valleys couple to different
circular polarisations o4 or o_. The appearance of these valley dependent properties
is a general consequence of the breaking of spatial inversion symmetry [68]. For a bi-
layer system the inversion symmetry can be recovered for the AA’ stacking orientation,
however, for AB stacking and other arbitrary orientations of the crystal lattice inversion

symmetry can remain broken [49].

A significant contribution to the TMDC electronic band structure is the effect of spin
orbit coupling at the K points. This arises from the coupling of the orbital angular
momentum of the electrons to the spin state via the spin orbit interaction [74] and results

in eigenstates of the total angular momentum given by j = [ + s. In the bandstructure
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Table 2.1: Values of the electronic properties of monolayer TMDCs. These
were obtained from Kosmider et al. 2013 [75] and Berkelbach et al 2013 [76]
as indicated by ¢ and ® respectively. The conduction and valence band spin
splitting are given by CB and VB respectively, and EBx is the exciton bind-
ing energy.The spin splitting of the conduction and valence bands is given by
AEcpyvp = FEy — E| and so values can be positive or negative.

Material Band gap CB (meV) VB (meV) EBx (meV)

MoSs X -3¢ 147 @ 540 °
MoSe; ¥y -21¢@ 186 ¢ 470 b
WS, z 27 @ 433 @ 500 °
WSes v 38 ¢ 463 ¢ 450 °

of TMDC:s this leads to a spin splitting of both the valence and conduction bands at the
K (K’) points [66]. For comparison the spin orbit splitting of the valence and conduction
band for MoSs, MoSes, WS, and WSes are provided in Table 2.1. From Table 2.1 it
is clear that the valence band splitting (Ay ) is much larger then the conduction band
splitting (A¢p) with values between 147 and 463 meV, whereas the CB splitting ranges
from 3 to 38 meV. The CB splitting also demonstrates a sign change when comparing
Mo and W TMDCs, and results in the lowest energy conduction band having a different

spin to the highest energy valence band in the W materials.

2.2.1 Excitons in Monolayer TMDCs

An exciton is a quasiparticle consisting of a bound pair of an electron and a hole in a
semiconductor or insulator. These form when an incident photon excites an electron
from the valence band to the conduction band and then becomes bound to a hole in
the valence band forming an exciton with an energy below the electronic band gap. In
quantum wells the binding energies of excitons are relatively low, for example in an
GalnAs/InP the binding energy is ~ 17 meV [77]. However, in monolayer TMDCs the
exciton binding energies are significantly higher due to reduced dielectric screening and
confinement to two dimensions resulting in enhanced Coulomb interactions [78, 79]. The
predicted binding energies of excitons in TMDCs range from 0.3 to 1.1 eV [78, 76, 33],
with experimental measurements demonstrating binding energies between ~ 0.3 to 0.8
eV [80, 81, 82]. The large binding energies also enables the observation of excited
excitonic states analogous to those of the hydrogen atom [80]. The energies of these
excited states in semiconductors can be predicted by the Rydberg series as described by
Equation 2.1. Where E,, is the energy of the nth state, E, is the energy of the band
gap, R is the Rydberg constant, K is the wavevector and M is the reduced mass of the
exciton. In monolayer TMDCs the energies of the excited states follow a non-hydrogenic

Rydberg series due to the dielectric screening in the material [80].
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272

En:Eg—l—%—% (2.1)
The electronic band structure for monolayer TMDCs is dominated by the valence band
splitting arising from the spin orbit coupling. This produces two different excitons which
are referred to in literature as the A and B excitons [83, 84]. There are also higher energy
excitonic states with a broad contribution between 2.3 and 2.8 eV typically labelled as
the C exciton and has been attributed to a high density of states near the I'" point due to
band nesting[85, 79]. In bilayer and few layer materials it is also possible for additional
excitonic states to be observed, which are labelled the A’ and B’ states. These arise from
the formation of interlayer A and B excitons and are observed at higher energies due
to the spatial separation of the electron and hole resulting in a reduced exciton binding

energy [86].

The large binding energies of excitons in TMDC monolayers also allows for the formation
of other many body quasi-particles. Frequently observed in TMDCs is the charged
exciton (trion) which can be composed of either two electrons and a hole (eeh) or an
electron and two holes (ehh) producing both negatively or positively charged quasi-
particles [19, 20, 87]. These trions are observed to have binding energies of between
21 and 43 meV in the different TMDC materials and are an order of magnitude larger
than in quantum well systems [88, 89]. It is also possible for higher order many body
quasiparticles to occur in monolayer TMDC materials with both neutral and charged
biexcitons reported [87, 90, 91, 92, 93]. In addition, photoluminescence spectra of TMDC
monolayers have revealed multiple peaks associated with trions in monolayer WSes [94,
95]. The three body nature of the trion allows for bright states involving both intra-
valley trions with all three particles localised in momentum space and inter-valley trions
with either an electron or hole located in the opposite K valley [88]. Overall there are a
broad array of different excitonic states which can be investigated in monolayer TMDCs

and allows the probing of many body effects.
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2.3 Electronic Structure and properties of TMDC hetero-

bilayers

So far the discussion of the electronic properties has focused on monolayer TMDCs and
homobilayers. However, the fabrication of structures composed of two different TMDC
layers and the encapsulation of monolayers between other 2D materials such as hBN
can modify the electronic and optical properties. The following sections provide details
of moiré interference effects, and the properties of interlayer excitons formed in these

heterostructures.

2.3.1 Interlayer Excitons

Recent advances in the fabrication of 2D materials, using methods such as stamp trans-
fer and CVD growth [96, 97], has allowed the realisation of Van der Waals stacked het-
erostructures. The choice of any of the 2D semiconducting layers results in a type II band
alignment with the energy minima for the electrons and holes occurring in the different
layers [98]. This allows for the formation of interlayer excitons where the electrons and
holes are spatially separated in different layers. To date these interlayer excitons have
been observed in a variety of different heterobilayer structures [26, 99, 100, 101] and have
many desirable properties such as long lifetimes, ultrafast charge transfer and are poten-
tial platforms for high temperature Bose-Einstein condensates [102, 103, 104, 105, 106].

The energy of interlayer excitons is dependent on the band alignment of the two con-
stituent monolayers, twist angle, and the interlayer exciton binding energy [98, 107]. The
binding energy of the interlayer exciton is dependent on the screening of the coulomb
interaction and the spatial separation of the layers. The out of plane separation of the
electrons and holes results in a dipole moment, which can be used to tune the energy of
the interlayer exciton by applying an external electric field [108]. The separation of the
electron and hole also reduces the overlap of their wave functions resulting in exciton
lifetimes a order of magnitude larger than the intralayer excitons in TMDCs [26]. The
twist angle between the layers in these heterobilayers can results in moiré effects and a
momentum space mismatch between the K(K’) points in the Brillouin zone [109]. This
can produce both direct and indirect interlayer excitons and can be used to tune their
properties by changing the sample twist angle [104, 110]. The charge transfer between
the layers in heterobilayer systems is fast occurring within 50 fs of excitation, and is
insensitive to the sample twist angle [103]. For charge transfer at the K point the in-
terlayer coupling is predicted to be weak due to the in plane nature of the electrons.
This ultrafast charge transfer is proposed to occur via phonon mediated processes with
states at the I and Q points, which are de-localised across the two layers [111, 105, 112].

Optically interlayer excitons have demonstrated a robust valley polarisation with long
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depolarisation times [113, 114] and preservation of the spin valley polarisation of opti-

cally excited electrons and holes when transferred across the layers [115].

2.3.2 Moiré Interference

A moiré pattern occurs when two periodic arrays are superimposed on top of each
other resulting in a new periodic pattern, an example of this can be seen in Figure
2.3 for two hexagonal lattices with twist angles of 0 and 10 °. This moiré pattern
has been extensively studied and has applications ranging from to the measurement
stress and strain in materials, increasing the resolution of microscopy set-ups and is
frequently encountered in display technologies[116, 117, 118]. The availability of a range
of two dimensional materials and the development of deterministic stacking techniques
such as viscoelastic stamp transfer has resulted in the fabrication of Van der Waals
stacked structures [96, 119]. A consequence of these stacked structures is a moiré pattern
resulting from the two overlapped crystal lattices [120, 121]. The resulting moiré pattern
introduces an additional periodicity to the crystal structures and alters the electronic
band structure and optical properties of the material. The most prominent example of

these effects is the so called ”magic angle” of 1.1 ° for twisted bilayer Graphene, which

S

Figure 2.3: Example of moiré interference for a 2D hexagonal lattice panel a)
shows the two lattices aligned with a twist angle of 0° and panel b) show the
two lattices with a twist angle of ~ 10°.
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results in a superconducting transition [28]. The ability to vary the twist angle in these
materials provides an additional degree of freedom in device fabrication not possible in

other solid state systems.

When considering the effects of stacked Van der Waals structures it is necessary to con-
sider both the crystallographic and the moiré super lattices resulting from the alignment
of the two constituent monolayers. The moiré and crystallographic superlattices both
describe the periodicity of the moire interference pattern, however the reciprocal lattice
vectors describing the crystallographic superlattice are additionally constrained as they
must describe translation between indistinguishable points in the crystal lattice. As a
result the unit cells associated with the moire and crystallographic superlattices are only
equivalent for certain twist angles. For a crystallographic superlattice a pair of indices
are defined (m,n) where (m#n) and related to the superlattice vectors Vi=mb;+nb/ and
Va=mby+nb}, where b/b’y 2 are the reciprocal lattice vectors for the different monolayer
TMDCs. From this formulation the wave vector of the crystallographic superlattice is

given by Eq 2.2.

2sin (%)
—=s 2.2
“7 m —n] (2:2)
Whereas, the moiré wave vector can be given by the relation shown in Eq 2.3.
.0
|km| = 2bszn(§) (2.3)

Where 6 is the relative twist angle between the constituent layers in the heterostructure.
A consequence of this is that the moiré and crystallographic reciprocal lattice vectors
can have different magnitudes and are only equivalent when m-n=1. It is also apparent
that K,,, and K. are both smaller than the monolayer reciprocal lattice vector, which
allows for zone folding of the Brillouin zone of the constituent monolayers leading to
the formation of moiré sub-bands and the observation of large wavevector zone folded
phonons [122, 123].

The relative rotation between the two layers also results in momentum mismatch of
the K points in the electronic band structure dependent on the twist angle [124]. This
can be seen in Figure 2.4, which shows the first Brillouin zones for the two constituent
monolayers and are also rotated relative to each other by §. The interlayer excitons
formed in TMDC heterostructures can be either direct or indirect dependent on the
alignment of the layers [125]. The moiré potential also allows for trapping of excitons
producing quantum dot like states whilst preserving the selection rules for circularly
polarised light [126, 109]. This has been proposed as a method for producing uniform
nanodot arrays and may allow for investigation of topological excitons, and entangled

photon sources [127].
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Figure 2.4: The Brillouin zone for two stacked layers are shown with the bottom
layer (blue) and top layer (orange) with the high symmetry K points shown for
each layer along with the reciprocal lattice vectors given by by 2 and B,1,2' The
twist angle between the two Brillouin zones is given by 6 and can

2.3.3 Hybridisation of Excitons

Comparing the excitons in our TMDC layers to hydrogen atoms an obvious possibility
is the hybridisation of states similar to the formation of molecular bonding orbitals.
In particular the hybridisation of intralayer and interlayer excitons has been recently
reported in heterobilayers [122, 128], and the theoretical behaviour of these hybridised
excitons has been recently addressed by Ruiz-Tijerina and Falko in ref [129]. The the-
oretical approach presented in ref [129] considers the effect of the moiré interference in
a resonant and non-resonant regime, where resonance occurs for small band offsets in
the heterostructure and is dominated by the moiré effects. The twist angle or gating
dependence of the interlayer exciton energy allows for hybridisation of the inter and
intralayer excitons retaining the optically bright nature of the intralayer excitons and
polar nature of interlayer excitons. Therefore, the application of a electric field perpen-
dicular to the plane of the sample should allow for modulation of the hybridised states.
This hybridisation of intra and interlayer excitons is demonstrated to occur for both the
A and B intra-layer excitons in heterostructures and is dependent on the energies of the
excitonic states and so hybridisation and so its not expected to occur simultaneously for

all intralayer excitons.
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Figure 2.5: Schematic of the optical valley selection rule in monolayer TMDCs
for the spin split conduction band and valence band extrema. The colours of the
bands indicate if the associated states are spin up (orange)or spin down ()blue).

The colours of the arrows and emitted photons then represent the valley index
and polarisation of light with ot (grey) and o~ (black).

2.4 Optical Properties

As discussed in relation to the electronic band structure the energy of the indirect band
gap between the I' point and Q point increases significantly, such that in the monolayer
limit there is a transition to direct band gap between the K/K’ valence band maxima
and conduction band minima. For indirect band gap semiconductors the excitation (re-
combination) of an electron from the valence band maxima (conduction band minima) to
the conduction band minima (valence band maxima) requires interaction with a phonon
in the crystal lattice to provide a change in momentum. As a result monolayer TMDCs
demonstrate relatively intense photoluminescence emission due to the direct band gap
in these materials [130, 131]. Furthermore the presence of excitons in TMDCs is signif-
icantly enhanced due to their large binding energies. Consequently, the optical spectra
of TMDCs are dominated by the presence of excitonic transitions. These excitons are
apparent in absorption or reflectance contrast measurements with three states typically
observed, which are labelled as the A,B and C excitons [132, 133, 82, 134]. Similarly
the large binding energy of the TMDCs also allows for other many body quasiparticles

including trions, biexcitons and charge biexcitons to be observed.

In addition for monolayer TMDCs the breaking of inversion symmetry results is an op-
tical selection rule coupling different circular polarisations of light to the K/K’ valley.

This can be understood from time reversal symmetry which gives E4+(k)=E|(-k). When
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combined with inversion symmetry given by E4(k)=E;(-k) we find that the two expres-
sions result in Eq(k)=E| (k). So for TMDCs with inversion symmetry the conduction
and valence band states at the K/K’ valleys are indistinguishable. Whereas, in mono-
layers the breaking of inversion symmetry produces states at the conduction and valence
bands which have locked spins and valley indexes [69]. This results in a valley dependent
optical selection rule where circularly polarised light (o or o~) allows the excitation of
states at a particular K(K’)valley [70]. This circular dichroism is not limited to mono-
layer TMDCs but can appear in other TMDC structures where the inversion symmetry
is broken such as AB stacked bilayers [135]. It is also possible to break the inversion
symmetry in AA’ bilayers by applying an electric field perpendicular to the plane of the
material [136]. The ability for valley polarisation to occur dependent on the stacking
geometry in few layer systems is particularly important when considering the properties

of Van der Waals heterostructures.

2.4.1 Dark Excitonic states

Thus far the optical properties of bright excitonic states observed in optical spectroscopy
experiments have been discussed. However, in TMDC layers intra and inter-valley scat-
tering can allow for dark excitons to be formed. A dark excitonic state is one which
cannot radiatively recombine due to a mismatch in either momentum or spin between
the conduction and valence band states. Both spin and momentum dark excitons have
been reported in TMDCs for neutral excitons and trions [48, 137, 138]. Practically dark
states in TMDCs have significantly longer lifetimes than their bright counterparts and
are desirable for valleytronics[139, 140]. In W based TMDC dark excitons play a signif-
icant role in the optical properties due to the lowest energy conduction states and the
K(K’) valleys being spin forbidden. In our experiments dark excitons are of interest as
they can couple to bright states via scattering with large wavevector phonons [141] and

so can be observed in Raman scattering experiments.

2.5 Phonons

Phonons are the quantum of vibrations propagating in a crystalline lattice and are im-
portant when considering the thermal and electronic properties of materials [142]. There
are two types of phonons known as acoustic and optical phonons. For a crystalline lattice
with a single atom in the unit cell only acoustic phonons are possible. Physically these
vibrations arise from the in-phase displacements of the atoms from their equilibrium
positions. In TMDCs there are three possible acoustic phonon branches corresponding
to a longitudinal acoustic mode (LA),transverse acoustic (TA) and out of plane acoustic
mode (ZA). For a crystalline material which contains more than one atom in the unit

cell the different atoms movements can also be out of phase resulting in the optical
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Figure 2.6: The atomic displacements of the vibration modes possible in a mono-
layer TMDC and are labelled according to their irreducible representations.

phonons [142]. The unit cell of a TMDC monolayer contains a transition metal and two
chalcogen atoms and so there are 9 degrees of freedom associated with displacements of
the atoms. The point symmetry group for a TMDC monolayer is the Dgp; and has the
irreducible representation given by: I' = 2AJ + A} + 2E'+2E” [143]. Where A denotes
out of plane motions and E represents doubly degenerate motions in the xy plane. As a
result there are nine vibrational modes expected in monolayer TMDCs. Three of these
modes are acoustic phonons corresponding to an AJ mode which represents the out of
plane acoustic phonon and is referred to as the ZA mode, and a E' mode corresponding
to the longitudinal and transverse acoustic modes which are denoted as TA and LA
respectively. For clarity the acoustic phonons throughout this thesis will be identified as
the LA, TA and ZA phonons. There are six optical phonons the A} and A/ correspond
to the out of plane modes and the E' and E” modes which are in plane vibrations and
each consist of two branches corresponding to their longitudinal and transverse (LO or
TO) modes. For each of the vibrational modes the atomic displacements are illustrated
in Figure 2.6. As previously discussed monolayer and bulk TMDCs have different crystal
symmetries and so have distinct irreducible representation. As a result the vibrational
mode labelled as A} in monolayer is equivalent to the A4 mode using bulk notation. To
simplify the discussion of vibrational modes in this thesis the monolayer notation has

been used throughout to label the different phonons.

The energy of the different phonons can be calculated using DFT to obtain the phonon
dispersion relations. The phonon dispersion relation calculated by Bilgin et al. [144]
for monolayer MoSes is shown in Figure 4.3 with the different phonon branches labelled
accordingly. From Figure 4.3 it is clear that the acoustic phonons tend to zero for
small wavevectors, and is due to long wavelength acoustic phonons corresponding to a
macroscopic translation of the crystal. Approaching the K and M high symmetry points
in the phonon dispersion relation the acoustic phonons frequencies transition from an
approximately linear dependence on wavevector to a non-linear regime with relatively
constant phonon frequencies [40, 62]. In contrast the optical phonons have a non-zero
frequency for all wavevectors and are relatively constant as a function of wavevector

and are found to have frequencies between 150 to 500 cm™!.

For Raman scattering
experiments the phonon dispersion relations are a useful tool in evaluating the different

underlying processes which contribute to the Raman spectra.
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Figure 2.7: The phonon dispersion relation for monolayer MoSey calculated
using DFT by Bilgin et al. Reprinted with permission from [144]. Copyright
2019 American Chemical Society.

2.6 Raman Spectroscopy

Raman spectroscopy is a well established and powerful technique for probing the vi-
brational properties of both molecular and solid state systems and is in widespread use
across numerous scientific disciplines. In the emerging field of 2D materials Raman
spectroscopy has found frequent use in the investigation of Graphene as a non destruc-
tive probe that can provide information on electron-phonon coupling, doping, strain
and disorder [145, 146, 147]. For those studying 2D TMDCs, Raman spectroscopy has
become commonplace due to the ability to rapidly determine the number of layers in
these materials [148, 52]. This section will provide an overview of the theory of Raman
scattering for both single and two phonon processes; resonance Raman spectroscopy
and an overview of the results of Raman spectroscopy in monolayer TMDCs. A gen-
eral overview of the theory of Raman scattering can be found in references [38, 74].
For a more complete review of the Raman spectroscopy of TMDCs we also recommend
references [143, 149].

2.6.1 Raman Scattering

Raman scattering is the inelastic scattering of light with low energy excitations, such as
phonons, polarons, plasmons or magnons [38]. In contrast to Rayleigh (elastic) scattering
of light where the energy of the photon is unchanged Raman scattering is inelastic

resulting in the emission of a photon with a different energy to the initial photon.
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Overall Raman scattering is a weak optical process with only 1 in ~ 107 photons being
Raman scattered [74] Whilst it is possible for photons to directly scatter with phonons
this interaction is weak unless the photon and phonon have comparable energies [74]. For
Raman scattering using light in the visible range of the spectrum the process must involve
the coupling of the photon to electrons in the material producing intermediate states
which are scattered by phonons in the material. As a result, the interaction of interest in
Raman scattering processes is the electron-phonon interaction with Hamiltonian (f[ep).
This matrix element can be calculated using different perturbations, such as, deformation
potentials and the Frolich interaction [74]. In both cases the matrix elements involve the
phonon creation and annihilation operators and so allow for both emission or absorption
of phonons. Therefore, the resultant photon from Raman scattering can have a higher
energy, due to absorption of a phonon and known as Anti-Stokes scattering or can
have a lower energy due to emission of a phonon and is known as Stokes scattering.
The probability of either process is determined from the phonon occupation number,
which is given by the Bose-Einstein distribution in Eq 2.4. For Anti-Stokes and Stokes
processes the scattering rate is then proportional to Ny, and N,,+1 respectively [74].
As a result at low temperatures the probability of Anti-Stokes Raman scattering tends
to zero. In this thesis the experiments presented are at low temperature and as a result

we deal exclusively with Stokes Raman scattering processes.

h“‘)ph

Npn (hwpp) = (e ™7 —1)71 (2.4)

For a single phonon Stokes Raman scattering process an incident photon with energy
E; excites an electron from the valence band of the material via the electric dipole
interaction(H,q). This created an intermediate state (i) involving either an unbound
electron hole pair or a bound exciton. The intermediate state i is then scattered via the
electron-phonon interaction (ﬁep) resulting in a new intermediate state j and the emis-
sion of a phonon with energy E,;. The intermediate state j then recombines radiatively
via the dipole interaction emitting a photon with energy Es. A convenient tool for con-
sidering these Raman scattering processes is the use of Feynman diagrams. The diagram
for a single phonon Stokes process is shown in Figure 2.8. The vertices in the diagram
represent the different interaction matrix elements for the dipole and phonon interac-
tions. The propagators then represent the different particles/quasiparticles involved in

the process i.e photons, phonons and excitons.

For a single phonon process the wavevector of the incident phonon is typically negli-
gible and so to conserve wavevector the emitted phonon must have a wavevector k=0.
Therefore, only zone centre phonons at the I' point in the phonon dispersion relation
can be observed (see Figure 4.3). In addition, to single phonon processes higher order
scattering processes are also possible involving multiple phonons. These processes can

also allow for the participation of large wavevector phonons. In the case of a two phonon
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Figure 2.8: Feynman diagram of the scattering process for a single phonon
Stokes Raman process.

process the overall wavevector has the form k,;+k,2=0 and so the total wavevector is
conserved. These peaks are referred to as overtones when the energy of the involved
phonons is identical or as combination modes when the two phonons have different
frequencies. It is also possible to observed Raman processes involving both emission
(Stokes) and absorption (Anti-Stokes) and are known as difference modes. As a result,
Raman spectra particularly when resonant can contain numerous peaks associated with
different scattering processes. In addition to the required conservation of wavevector the
visibility of Raman peaks in a given spectra is also dependent on the Raman selection
rules, which arise due to the crystal symmetry and the scattering geometry, and for

resonance Raman the nature of the underlying electronic states [74].

2.6.2 Resonance Raman Scattering

The intensity of the Raman scattering is dependent on the geometry of the scatter-
ing process and the underlying electronic states in the material. When the energy of
the incident photon is resonant with a real electronic state the intensity of the Raman
scattering can be enhanced by several orders of magnitude. This enhancement of the
Raman intensity is known as resonance Raman scattering. As a result it is possible to
obtain additional information on the underlying electronic states, and electron-phonon
interactions involved in the Raman process by measuring the spectrum as a function
of incident photon energy. The intensity of the Raman scattered light as a function of
excitation energy can be derived from third order perturbation theory [150]. However,
it is easier to derive these expressions by using the Feynman diagrams for the Raman
scattering processes and Fermis golden rule [74]. The expression for the Raman scatter-
ing cross-section for a single phonon process is shown in Eq 2.5. It is possible to derive
this expression by considering the vertices in the Feynman diagram sequentially. The
first vertex represents introduces a electric-dipole interaction to the numerator ﬁed and
a term in the denominator E{-E;-i[';. Where I'; is known as the broadening factor and
is introduced due to the finite lifetime of the intermediate state 7; and are related by
Eq 2.6 [38]. The next vertex involves the electron-phonon interaction so introduces the
ﬁep into the numerator and the term Eq-E,;-E;-il'; into the denominator. The final
vertex for the recombination of the intermediate state adds an additional H,; matrix
element and introduces a term into the denominator of E{-Ep1-E2 and represents the

overall conservation of energy in the process and is instead given by a delta function.
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Using the Feynman diagram approach, it is necessary to consider all possible permu-
tations of the different vertices in the scattering process. For each matrix element the
interaction can result in either the emission or absorption of a photon or phonon, and so
there are a total of six different scattering processes which can contribute to the Raman
intensity for a single phonon process. However, of these six terms only the contribution
associated with the process depicted in Figure 2.8 is considered in Equation 2.5. This
is valid as the other scattering processes are only resonant with one of the two inter-
mediate states (i or j), whereas the process in Figure 2.8 can be doubly resonant due
to the small difference in the energy of the intermediate states, and so is the dominant
term in the Raman intensity expression [74]. From Eq 2.5 it is clear that there will be
an enhancement of the Raman intensity when either of the two denominators tend to
zero. This results in two resonance conditions for a single phonon process known as the
incoming and outgoing resonances and are satisfied when the conditions given in Eq 2.7

& 2.8 are met, where Ep, is the excitation energy of the laser.

Er, = E; (incident resonance) (2.7)

Ep = E; + E,1 (outgoing resonance) (2.8)

2.6.2.1 Resonance Raman scattering with multiple electronic states

A possibility when considering the resonance Raman behaviour of a material is the
involvement of multiple underlying electronic states. In TMDCs there are a variety
of different excitonic states which can be observed in optical measurements including
neutral excitons, trions, biexcitons and localised states. The separations between these
states are ~ 20 to 60 meV, and so are similar to the energies of the phonons observed
in TMDCs. Therefore, it is not possible to consider these states as separate discrete
resonances due to the overlap of their resonance conditions. When resonant with a sin-
gle electronic state the Raman intensity (see Eq 2.5) results in a characteristic profile
with two peaks of equal intensity corresponding to the incoming and outgoing resonance

conditions. As a result, a key characteristic of resonance with multiple excitonic states
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is an asymmetry to the observed resonance profile. There are two additional consider-
ations to make for multiple excitonic states these are interference between the different

resonance terms and the possibility of interstate scattering.
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For a single phonon Raman resonance with multiple excitonic states it is necessary to
introduce a summation over the different possible scattering processes. For this discus-
sion it is useful to consider the amplitude associated with the scattering process and not
the intensity. Where the Raman scattering amplitude is given in Eq 2.9. The ampli-
tude of the Raman scattering process is complex and so allows for interference effects
between the different Raman processes. If the scattering process involves different initial
and final states for each channel then the summation of ¥|A2| and so no interference
occurs [38]. On the other hand if there are multiple intermediate states that can scatter
between the initial and final state then the Raman intensity is by the summation |2 A|?

, and so does allow for interference between the different processes.

It is also necessary to consider the possibility for interstate scattering between the ex-
citonic states involved in the scattering process. In this case the Raman process can
be simultaneously resonant with multiple real electronic states. In the single phonon
process described so far this is known as double resonance Raman scattering. For higher
order processes involving multiple intermediate states, such as multi-phonon Raman
scattering, this can lead to multiple resonance conditions being simultaneously satisfied
allowing for triple and even higher order resonant Raman. The simplest case involves
two real electronic states and so results in four terms in the Raman scattering equation
corresponding to two terms describing scattering with states ¢, j, independently and two
terms allowing for interstate scattering from ¢ to ; and vice versa. For the scattering
between states i and j it is assumed that the matrix element for this process is symmetric
and so M;;=M,;. Therefore, the amplitudes of these processes are related by Aj;;=A;;*
[38]. As a result when resonant with multiple excitonic states it is necessary to ensure a
summation over all possible Raman scattering processes including those terms allowing
for interstate scattering. This analysis can provide additional information regarding the

relative scattering strength of these different Raman processes [37].

2.6.2.2 Higher order resonance Raman scattering processes

So far the discussion of resonance Raman scattering has been confined to the single
phonon process shown in Figure 2.8, however higher order Raman processes are also
allowed. For second order Raman scattering it is possible to have two phonon or single

phonon scattering via defects, and for two phonon Raman scattering this process can
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Figure 2.9: Feynman diagrams for the three possible higher order scattering pro-
cesses. a) single phonon mediated defects scattering b) two phonon sequential
scattering and c) two phonon simultaneous scattering.

occur either simultaneously or sequentially [38]. The Feynman diagram for these Raman
scattering processes are then shown in Figure 2.9 panels b) & ¢). Following the same
principles as used in the single phonon process we can then derive the expressions in
Eq 2.10 & 2.11 for simultaneous and sequential Raman scattering respectively. For the
sequential case there is an additional vertex in the scattering process due to the emission
of a second phonon and another intermediate state k. This introduces an additional He,
matrix element into the numerator and another resonance term in the denominator given
by Ei-Ep1-Epe-E;i-il';. Whereas, the simultaneous case is analogous to a single phonon
process except the electron-phonon interaction is replaced by the matrix element for a
two phonon process Hep,. As a result it should be possible to distinguish between these
two scattering processes by comparing the resonance profiles of single phonon and two
phonon Raman peaks. However, it is possible for these processes to involve intermediate
states which are not strongly resonant in which case simultaneous and sequential two

phonon or higher order processes can have identical resonance behaviour [38].

(0 H H 1 1| H.q 0, 1
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The other process illustrated in Figure 2.9 panel a) is a defect mediated single phonon
scattering process. Similar to the two phonon sequential process there are two scattering
events with the excited electronic excitation in this process. One of which is the typical
electron-phonon interaction and results in the emission of a phonon and the other is a
elastic scattering event, which can occur via a defect. This process introduces an addi-
tional vertex corresponding to scattering with a defect and the appropriate Hamiltonian
ﬁdefect. The defect scattering process is elastic in nature and allows for scattering to
a large wavevector intermediate state (j) with wavevector K;j=q and is then followed
by a second scattering event involving the emission of a phonon with energy E,; with
wavevector K1 =-q satisfying conservation of momentum. As a result it is also possible to
observe Raman peaks associated with large wavevector single phonons. The availability
of electronic states at large wavevectors may also allow for the observation of dispersive
Raman peaks where the frequency of the peak varies as a function of excitation energy.
This can also be observed for the case of two phonon sequential Raman scattering which
also involves large wavevector intermediate states. Analysis of these processes is more
complex and requires a summation over the phonon dispersion [141]. The involvement
of large wavevector states should be expected to produce a different resonance Raman
behaviour for these processes. However, as seen in Figure 4.3 the dispersion of phonons
near the K and M point in TMDCs can be relatively flat. Therefore, it is possible that
although a Raman peak maybe dispersive the change in frequency of this peak as a func-
tion of excitation can be too small to discern in experimental measurements. Whilst,
these Raman scattering processes involving large wavevector phonons are more complex

they can provide information regarding the nature of large wavevector dark states.

%
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2.6.3 Raman Spectroscopy of TMDs

The Raman spectra of TMDCs has been investigated first in the 1970s and 80s for
bulk crystals of MoSs and WSj [151, 83]. An exemplar Raman spectra for a monolayer
of MoSes near resonance with the MoSes B exciton is presented in Figure 2.10. Near
resonance there are at least 14 Raman peaks visible in the spectrum associated with
both single phonon and multiphonon processes. In non-resonant Raman scattering on
TMDCs the Raman peaks typically observed are the zone centre optical phonons. Of
these peaks the crystal symmetry and resulting Raman selections rules result in only the
A’ and E’ being Raman active in monolayer TMDCs when exciting in a back scattering
geometry [48]. These peaks are located between ~ 240 and 290 cm~! in both MoSey
and WSey TMDCs.

The A} and E’ Raman peaks are particularly useful due to the shift in their frequencies
as a function of layer number, which was first observed for MoS, and WS,, and occurs
due to the change in interlayer coupling as a function of layer number [152, 76, 52].
The number of layers also determines the number of observed Raman peaks due to the
change in interlayer coupling and crystal symmetry resulting in additional peaks and
Davydov splitting [153, 154, 155, 156]. The sensitivity of these Raman peaks allows
for the measurement of strain, thermal conductivity, and interlayer forces [157, 158,
159, 160]. The change in frequency of the Raman peaks has been utilised as a probe
during functionalisation or alloying of TMDC layers as an in situ measurement of the

stoichiometry [161, 162]. Polarisation resolved measurements of the Raman spectrum
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Figure 2.10: Exemplar Raman spectra obtained on a monolayer of MoSe; near
resonance with the B exciton using an excitation energy of 1.845 eV and at a
temperature of 4 K.
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can also be used to determine the symmetry of the Raman peaks, orientation of the
crystal lattice [163, 164]. The phonons in TMDC have also allowed for the observation
of chiral phonons with non-zero angular momentum [165, 166]. These chiral phonons are
important to the inter-valley scattering in monolayer TMDCs and allow for conservation

of angular momenta associated with the different valley polarisations [167].

The remaining Raman peaks in Figure 2.10 are associated with higher order multiphonon
Raman processes and also provide additional information on the TMDC layer. A par-
ticular example is the use of the intensity of the LA Raman peak as a measure of defect
density in TMDCs [168, 169, 170]. Higher order Raman scattering processes can involve
large wavevector states and so these peaks can provides information on inter-valley scat-
tering, phonon dispersion and dark excitonic states [171, 172, 141, 173]. Furthermore,
when considering bilayer and few layer TMDCs the number of Raman peaks that arise
increases due to changes in crystal symmetry and the potential for collective motions
of the layers leading to layer and shear breathing modes, which appear between 10 to
50 cm ™! [44]. These Raman peaks are absent in monolayers of MoSa, MoSes and WSes
and are used to identify the number of layers in a sample and differentiate between the
different bulk stacking orientations [174, 175, 176]. However, in monolayer WSy there
are several reports of an anomalous Raman peak appearing in this low frequency range
[177, 178, 179]. More recently the intensity of the shear mode has been investigated as a
method for probing the defect density in MoSy [180]. In twisted homobilayers and het-
erostructures with arbitrary stacking orientations the shear and layer breathing modes
have been suggest as a useful metric for determining the quality of the interlayer coupling
[27] . The effect of twist angle in these materials on the Raman spectra is also apparent
with new peaks appearing as the result of zone folding due to moiré interference, and

was first observed in measurements of Graphene [181, 123].

2.6.3.1 Resonance Raman Spectroscopy TMDCs

Resonance Raman spectroscopy is a well-established tool for studying low dimensional
systems, including nanotubes, nanowires, and Graphene and allows information on
the electronic structure, coherence lifetime, electron-phonon coupling and dark states
[182, 183, 184]. In general it is possible to separate resonant Raman studies into two
subtly different categories namely resonance and resonant Raman scattering. The dis-
tinction between these two cases is that resonant Raman scattering investigates the
Raman spectra near a resonance in the material, whereas resonance Raman scattering
probes the Raman response as a function of excitations energy and so provides addi-
tional information regarding the underlying electronic states. The former technique is
frequently employed in TMDCs due to the availability of excitation energies in commer-
cial Raman systems (1.96, 2.33, 2.41 eV), which are near resonance with an excitonic
state. This near resonant enhancement of the Raman intensity allows for weaker Ra-

man peaks associated with second order processes to be investigated [185, 186, 162].
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Reported resonant Raman studies have probed the tuning of the resonance conditions
as a function of temperature and pressure [187], gate dependence on [188], and effect of
layer number [171, 189, 190, 162]. These measurements indirectly observe the effect of
tuning the excitonic states involved in the Raman process, whereas resonance Raman
measurements are used to directly determine the resonance conditions and nature of the

involved excitonic states.

Resonance Raman spectroscopy measurements of mono and few layer TMDCs have been
reported for MoSa, MoSea, WSy and WSes [191, 36, 192, 193, 194]. For MoSy, MoSes
and WSy these results have demonstrated resonance enhancement of the Raman scat-
tering with the A, B and C excitons [36, 193, 194]. Whereas, for WSey only resonance
enhancement with the B and C excitons has been reported [35, 193, 156]. For monolayer
MoSs the resonance Raman behaviour of 2nd order Raman processes has been inves-
tigated revealing several peaks with dispersive behaviour, which has been attributed
to inter-valley scattering with phonons near the M and K points [141]. The Raman
enhancement at the C exciton in monolayer TMDCs has also been reported to be sig-
nificantly stronger than at the A and B excitons, and may be attributed to differences
in the strength of the electron-phonon interaction. Resonance Raman measurements
of monolayer TMDCs also enable the observation of several weaker forbidden Raman
peaks, such as the E” and A phonons [194, 195, 153]. This is possible because of the
breakdown of the Raman selection rules during resonance measurements [196]. Combin-
ing resonance Raman measurements with low temperatures also allows investigation of

the difference in electron-phonon coupling of neutral excitons and trions [197, 37].

For encapsulated samples of monolayer WSey there are several observations of phonon
associated with the hBN layer when resonant with excitonic states in the TMDC layer
[198, 199, 190]. The resonance behaviour of these peaks has been reported [198] and
reveals that the hBN phonons are doubly resonant with the WSes A exciton and a higher
energy state that has yet to be identified. The hBN phonons have been attributed to
the out of plane optical phonons in hBN (ZO), and the coupling of these phonons to
electronic states in the WSesy layer is attributed to interfacial Raman scattering [199].
The resonance Raman response of encapsulated TMDC monolayers and heterostructures
has yet to be fully investigated and may allow provide further information on electron

phonon interactions between different 2D materials.

Overall Raman spectroscopy of TMDCs and 2D materials can yield useful information
on a range of different material properties. Resonance Raman spectroscopy in particular
provides information on the electron-phonon interaction and electronic states in these
materials. Indirectly the effects of electron-phonon interactions and scattering processes
are apparent in photoluminescence measurements contributing to scattering between
exciton and trion states [200, 201], relaxation processes [202], valley depolarisation [203],

lifetime of excitonic states and as a mechanism for ultrafast charge transfer [111]. As a



28 Chapter 2 Theoretical Background

result understanding of these processes through Raman measurements has applications

in the realisation of TMDCs in optoelectronic applications.



Chapter 3

Experimental Apparatus and
Methods

This chapter presents details of the experimental equipment and methods used in the
investigations of monolayer TMDCs and heterostructures using resonance Raman spec-
troscopy. There are three main sections contained within this chapter describing: the
sample structure and fabrication techniques; optical spectroscopy setup and resonance

Raman protocol; and the fitting procedures used during data analysis.

3.1 Summary of Experimental Conditions

The following gives a brief summary of the samples and experimental conditions used

when carrying out the measurements in Chapters 4 to 6.

The experiments presented in this thesis were carried out using the encapsulated sample
shown in Figure 3.1. The sample is fabricated from mechanically exfoliated layers of
MoSes, WSeo, hBN and graphite crystals which are deposited onto a silicon substrate
with a 300 nm thick oxide layer. The layers were stacked using a dry transfer technique
to allow the encapsulation of monolayers of MoSes and WSey between layers of hBN,
with the top and bottom layer having thickness of 32 nm and 30 nm respectively. The
hBN layers act as a atomically smooth substrate and protective barrier preventing the
contamination of the sample surface by adsorbents. The graphite layers act as trans-
parent gate electrodes, but are not used in the experiments discussed in this thesis. The
fabricated sample has four distinct sample regions; these are monolayer regions of both
MoSes and WSey and two heterobilayers formed from the MoSes layer being placed on
top of a WSey layer. These different samples areas are shown in Figure 3.1.For the
heterobilayers the resulting regions labelled HS1 and HS2 have twist angles of 57 and 6°

respectively. This sample was fabricated and provided by the Nanoscale Optoelectronics
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Figure 3.1: a) Cross sectional diagram of heterostructure sample. b) Optical
microscope image of the heterostructure sample with different regions indicated
the outlined areas with monolayer MoSes and WSes shown by the orange and
blue respectively and the two heterostructure regions labelled as HS1 (6=57)
and HS2 (0=6) outlined in green and red respectively.

laboratory based at the University of Washington and led by Prof Xiaodong Xu. The
high quality of the samples produced by this group is clearly evident from their published
works on both TMDC monolayers and heterostructures [204, 205, 206, 26, 113, 109].

For all measurements presented in this thesis the samples have been mounted inside a lig-
uid helium flow cryostat and kept at a temperature of 4 K. Photo-luminescence measure-
ments have been carried our using 1.97 eV and 2.33 eV excitation energies. Resonance
Raman measurements have then been carried out using excitation energies from 1.59 eV
to 2.25 eV with a step size in the range of 2.5-5 meV. Polarisation resolved measure-
ments have been used with linearly polarised light incident on the sample and spectra
obtained using an analyser in both the perpendicular and parallel orientations. This al-
lows unpolarised luminescence and polarised Raman to be easily distinguished allowing
the removal of unwanted luminescence by subtraction of the parallel and perpendicular
spectra. All optical measurements were carried out in a backscattering geometry. The
power used for these measurements was kept below 110 uW to avoid non-linear optical

and thermal effects.
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3.1.1 Mechanical Exfoliation

To produce the the encapsulated monolayers and heterobilayer structures probed in this
thesis requires high quality monolayers of WSes and MoSes. These were fabricated
using mechanical exfoliation, which was first used by Novoselov et al. in 2004 when
rediscovering Graphene [39]. There are also several alternative techniques to mechanical
exfoliation including chemical vapour deposition, atomic layer deposition and molecular
beam epitaxy [207, 208, 209], which aim to provide wafer scale monolayers of 2D materi-
als. However, at present the highest quality crystals are those produced via mechanical
exfoliation [210].

Mechanical exfoliation is a low cost technique and can be used to generate a range of
2D materials such as MoSg, MoSes, WSy, WSez, hBN and Graphene [211]. The main
requirement for this process is that the bulk crystal of the material is composed of
stacked layers which are weakly bound together by Van der Waals forces [39]. High
quality bulk crystals are now readily available for a wide range of 2D materials and are
produced using the chemical vapour transport process [212]. The exfoliation process
involves the bulk crystal being placed onto an adhesive tape which is folded over and
peeled back repeatedly to thin the bulk crystal. The loaded tape is brought into contact
with the target substrate and peeled off to deposit a range of different size crystals
with varying thickness. This process is low cost and is compatible with a range of
different substrates [213, 214]. The most commonly used substrate is silicon wafer with
an oxide coating. As a substrate this is particularly useful as the thickness of the oxide
can be controlled to enhance the contrast of monolayer flakes [215] allowing for rapid
identification of monolayers. The monolayer flakes can be identified using either optical
contrast microscopy, Raman spectroscopy or AFM [215, 52, 216]. The choice of substrate
when depositing flakes via mechanical exfoliation is also important as this can modify
the optical and electronic properties of the monolayers due to dielectric screening, doping

from the substrate and surface roughness [217, 218, 219].

Overall mechanical exfoliation has several advantages when compared to alternative
methods due to the availability of a broad range of 2D materials, high quality of materi-
als, low cost and ability to rapidly prototype with different materials. There are several
disadvantages to mechanical exfoliation when compared to other techniques deposition,
such as the limited size of the exfoliated flakes, lack of control over sample position and
low yield of monolayers [211, 220]. In particular the small size of the exfoliated flakes is

a limiting factor in the scalability of devices fabricated using TMDCs.

3.1.2 Encapsulation of Stacked Van der Waals Structures

The fabrication of monolayer TMDCs onto bare silicon oxide coated substrates was

initially used for investigation of these materials electrical and optical properties [9, 221,
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19, 222, 26]. The quality of the TMDC monolayers is determined by both intrinsic
and extrinsic factors. The intrinsic quality of a sample is determined by the size of the
crystal domains, presence of grain boundaries and the resulting defect density in the
material [223, 224]. Whereas extrinsic factors include the roughness of the substrate,
doping, adsorption and chemical modification [225, 226, 227]. Whilst the semiconducting
TMDCs (MoSs, MoSez, WSo and WSes) are relatively stable in air, over time oxidation

and adsorption onto the surface can occur modifying the materials properties [228].

Several processes have been explored attempting to passivate or clean the sample surfaces
and improve the material quality using annealing, superacid treatment and mechanical
cleaning [229, 131, 230]. However, the most effective method involves the sandwiching of
the monolayer in between layers of hexagonal Boron Nitride (hBN). As a material hBN
is a polymorph of Boron Nitride composed of a single layer of atoms with each Boron
atom bonded to three Nitrogen atoms forming a hexagonal lattice [13]. The hBN layer is
atomically smooth with all atoms in a single plane, chemically inert and is an insulator
with a bandgap of ~ 5.955 eV [231] and so is ideal for use as a substrate and protective
layer. The encapsulation of monolayer TMDCs between layers of hBN has been shown to
prevent the degradation of the material properties resulting from exposure to atmosphere
or photo-doping [232, 225]. Encapsulated samples have demonstrated improved electrical

performance [233] and optical properties with line widths approaching the intrinsic limit

[234, 235] and allowing for the fine structure of the excitons to be explored [95].
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Figure 3.2: Illustration showing the stamp transfer process used to fabricated
encapsulated monolayers and heterostructures.

The fabrication of encapsulated and stacked heterostructures requires the ability to de-
terministically position the different 2D materials. There are two methods to achieve
this known as dry and wet transfer respectively [119, 236]. The encapsulated monolayers
and heterostructures produced in this thesis were fabricated using a dry transfer tech-
nique with a polycarbonate (PC) and polydimethylsiloxane (PDMS) stamp [119]. The
fabrication process involves a glass slide being prepared with a layer of PDMS followed
by a layer of polycarbonate. The starting material either graphite or hBN is exfoliated
directly onto the PC layer and a suitable flake identified using an optical microscope.
The other constituent flakes are produced by mechanical exfoliation onto several oxide
coated silicon substrates and the required flakes identified optically. For the fabrication

of heterostructures with different twist angles the orientation of the crystal axes for each
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of the TMDC layers can be determined at this stage using linear polarisation-resolved
second harmonic generation. For each layer the stamp is brought into contact with the
desired flake using a micro-manipulator with the stamp heated to maximise the adhesion
between the stack and target flake. The stamp is then peeled off adding a new layer to
the stack. Once the desired stack has been produced the final substrate with the bottom
layer is aligned and heated to 150 C allowing the PDMS stamp to be removed leaving
the PC layer and stack on the silicon substrate. The polycarbonate layer is removed
with a solvent wash in chloroform and IPA and is dried using nitrogen gas before being

annealed in a mixture of 95% Argon 5% Hydrogen at 400 C for 2 hours.

Overall mechanically exfoliated TMDC flakes offer a high quality platform for probing
the fundamental physics of these novel 2D materials. Encapsulated samples allow for the
intrinsic optical and electronic properties to be probed. The application of the stamp
transfer technique allows the fabrication of a variety of Van der Waals heterostructures
and control of the sample the twist. The transfer technique also allows for the use of
other 2D materials such as Graphene to form electrical contacts with the TMDC material
and act as gate electrodes [237], and the positioning of TMDCs onto novel substrates

such as nano-pillar arrays or optical waveguides [238, 239].
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3.2 Resonance Raman Spectroscopy Setup

The following section details the experimental apparatus used for optical measurements
of both TMDC monolayers and heterobilayers, including photoluminescence and reso-
nance Raman spectroscopy. All of the measurements presented in this thesis have been
performed at 4 K requiring the use of cryogenic equipment. The main spectroscopic
technique used to study TMDC monolayers and heterobilayers in this thesis is resonance
Raman spectroscopy. The main requirement for these measurements is a continuously
tunable laser system, and a system for removing unwanted Rayleigh scattered light that
is able to operate over a broad spectral range. This is acheived by using several different
laser sources to excite the sample and a Trivista triple spectrometer to measure the

Raman spectra. A schematic of the experimental setup is shown in Figure 3.3.
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Figure 3.3: Schematic showing setup used for resonance Raman and photolu-
minescence spectroscopy measurements.

3.2.1 Laser Sources

The primary requirement for high resolution resonance Raman measurements is a contin-
uously tunable laser source. The experiments in this thesis probe the A and B excitons
for monolayer MoSes and WSes, which requires excitation energies from 1.6 to 2.25 eV.
To access this spectral range we used two laser systems, a Coherent Mira 900 Titanium
Sapphire laser and a Coherent Cr-599 dye laser. The Mira 900 can operate in both CW
and pulsed modes and can continuously tune from 1.24 to 1.77 eV. The Cr-599 dye laser
is a CW laser and can operate continuously from 1.74 to 2.25 eV by using three different

laser dyes. The three laser dyes used in these experiments are DCM, Rhodamine 6G and
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Table 3.1: Table showing wavelength ranges of laser sources used in resonance
Raman experiments.

Laser Source Medium Wavelength Range (nm)
Mira 900 Titanium Sapphire 700-1000
DCM 610-700
Cr 599 Dye Laser Rhodamine 6G 570-630
Rhodamine 110 545-590

Rhodamine 110. The tuning range for both the dye laser and Mira 900 are provided in
Table 3.1. In both cases the laser systems are pumped using either a Coherent Verdi or
Laser Quantum Finesse 532nm laser, which can be used to obtain measurements with an
excitation energy of 2.33 eV. When tuning the laser systems an Ocean Optics HR 4000
high resolution USB spectrometer is used to determine the desired output wavelength.
It is necessary to filter the output from the lasers to ensure any unwanted fluorescence
is removed and doesn’t appear in the experimental measurements. This is of particular
importance for Raman spectroscopy due to the relatively weak nature of the Raman
signal. There are two different systems used for filtering the different laser systems. For
the CR-599 dye laser the filtering is achieved using multiple Optigrate volume Bragg
gratings and for the Mira 900 a Photon etc tuneable filter is used. These two setups
allow for filtering of the laser sources over the complete tunable range. In Figure 3.3
the tunable Photon etc filter is not shown, but replaces the VBG setup indicated in the

schematic when using the Mira 900 laser system.

When performing both resonance Raman and photoluminescence measurements the in-
cident power needs to be controlled to avoid damaging the sample. To achieve this the
output power from the laser sources is controlled using a broadband half wave-plate and
linear polariser. The power incident on the sample is then determined by measuring the
transmitted power of the laser at the beam splitter positioned before the microscope
objective. The transmitted power is measured using a Newport 2832-C power meter
and 818 IR low power attenuator and is calibrated for use over the full spectral range of
our laser systems. This setup allows for precise control over the incident power of the

laser sources during spectroscopy measurements.

3.2.2 Sample Mounting and Positioning

For all of the experiments presented in this thesis the sample has been mounted inside a
Oxford Instruments Microstat Hires liquid helium flow cryostat. This allows the sample
temperature to be controlled from 4 K to 500 K and is designed to minimize vibration and
drift in the sample position. Optical access for spectroscopy measurements is achieved
through a sapphire window and is suitable for optical measurements from UV to near
IR wavelengths. Inside the cryostat the sample is mounted onto a copper heat sink and

is secured by conductive silver paint providing good mechanical and thermal contact.
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For low temperature measurements the cryostat is pumped to vacuum using a Pffeifer
HiCube vacuum system consisting of a diaphragm and turbomolecular pump and allows
the sample to be held at high vacuum (~ 1075 mbar). The temperature of the sample
mount is determined using a calibrated RhFe sensor. Once the sample has cooled and
the system has reached thermal equilibrium the temperature stability is <0.1 K over the

course of the experiment.

To accurately position the sample the cryostat is mounted onto three linear translation
stages allowing three axis XYZ control. Each translation stage is equipped with a
computer controlled micrometer and can be positioned with sub micron accuracy. This
is necessary to ensure that measurements are obtained on the same sample area and
allows for precise positioning onto the different sample regions. To locate the sample
area of interest when mounted in the cryotat a custom made in situ microscope is utilised
and the layout of this system is shown in Figure 3.4. This system uses a power stabilized
tungsten halogen lamp as a broad band white light source for illuminating the sample
and can also be used for reflectivity measurements. The white light from the lamp is
collimated and passed through two apertures, which act as a field stop and aperture stop.
The light is then directed onto the back of the microscope objective using beam splitter
BS2 as seen in Figure 3.4. For all of the measurements presented in this thesis the
microscope objective used is a Olympus x50 LMplan with a numerical aperture of 0.55
NA and a working distance of ~ 6 mm. The reflected light from the sample is directed
back through the objective and beam splitters BS1 and BS2 and then passes through
a tube lens to form an image of the sample and can directed onto either a camera for
imaging or onto a optical fibre coupled for reflectivity measurements. When imaging a
Chameleon CMLN-1352M CCD USB camera has been used and allows both the sample
and position of the incident laser spot to be observed simultaneously. The position of
the sample is then adjusted to align the incident laser spot with the region of interest
on the sample for spectroscopic measurements. When performing photoluminescence
or Raman measurements BS2, M1 and the tube lens which are used for imaging are

removed to allow the light from the sample to be coupled into the spectrometer.

3.2.3 Raman Detection

Raman scattering is a difficult process to observe as it is a weak optical process and re-
quired filtering of the Rayleigh scattered light to be observed. In addition, for resonance
Raman spectroscopy the system must also be capable of filtering the laser light across a
broad wavelength range. To achieve this a Princeton Instruments TriVistas Triple Spec-
trometer equipped with a Roper Scientific PyLoN LN/400 BR liquid Nitrogen cooled

CCD has been used for both resonance Raman and photoluminescence measurements.

The spectrometer consists of three Czery-Turner design spectrometers that are linked

together. The first two stages of the spectrometer act as a bandpass filter, and are used to
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Figure 3.4: Schematic for microscopy setup and reflectivity measurements, com-
ponents shown inside the dashed blue box are removable.

remove the Rayleigh scattered laser light. For resonance Raman spectroscopy this allows
the spectrometer to be calibrated to ensure rejection of the Rayleigh scattered light at
each excitation wavelength. In comparison commercial Raman systems rely on notch
filters to remove the laser light and so require a different filter for each wavelength. The
first two stages can be operated in either additive mode or subtractive mode. Additive
mode allows for higher resolution measurements, whereas subtractive mode allows for
the best stray light rejection. For all the measurements presented in this thesis the
spectrometer was operated in subtractive mode to provide the best stray light rejection
with the first and second stages both using gratings with 900 g/mm. The scattered light
once filtered by the first two states is coupled into the third stage of the spectrometer
where the light is dispersed onto the liquid nitrogen cooled CCD for detection. For the
measurements presented in this thesis with a 1500 or 1800 g/mm grating has been used
in the third stage. The 1500g/mm grating is used for the majority of spectra as the
greater dispersion allows a larger frequency range to be measured with a single spectra.
Whereas, the 1800 g/mm grating is used when higher resolution measurements are
required and is capable of measuring the low frequency range of the spectrum allowing
the Raman spectra to be measured to within 10 cm™! of the laser line. When referring
to the different grating configurations the labels indicate which grating is used in each
stage. For example 9-9-15 indicates the first two stage are both 900 g/mm and the final
stage is using the 1500 g/mm.

Both the spectrometer and CCD used in this system are sensitive to both the wavelength

and the polarisation state of the scattered light. As a result during experiments it is
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necessary to ensure that the polarisation of light into the spectrometer is kept fixed. To
achieve this a linear polariser followed by a half waveplate is positioned in the beam
path before the spectrometer as shown in Figure 3.3. The polariser can be used as an
analyser is orientated either horizontal or vertically relative to the optical bench. The
input polarisation into the spectrometer is kept constant by rotating the half wave plate
to ensure the input polarisation into the spectrometer is vertical. To correct for the
wavelength dependence of the spectrometer and detector the spectral response of the
system was calibrated using a blackbody source. The light source used for this calibration
was an Ocean optics LS-1 -Cal-Int-220 tungsten halogen lamp, which produces a well
defined blackbody spectrum. The light from the lamp was coupled into the spectrometer
using a linear polariser to control the polarisation and spectra were measured over the
operational range of the spectrometer. The calibrated data for the tungsten halogen
lamp was compared to the measured spectral data and used to determine a efficiency
correction for the spectrometer. When measuring Raman spectra the efficiency of the

detector is accounted for during data analysis by use of a custom Matlab function.

3.2.4 Experimental Considerations

The following sections provide details of several experimental considerations, such as
the characterisation of the laser spot size, sample power dependence and repeatability

of the Raman intensity.

3.2.4.1 Spot Size Measurements

The Raman intensity obtained with each laser system is dependent upon both the align-
ment and coupling into the spectrometer, and the spot size of the laser sources. The
size of the laser spot when focused on to the sample also defines the spatial resolution
for the Raman and photoluminescence measurements. For both the Ti:Saph and Dye
laser the spot size of the laser at the sample has been determined using a ”knife edge”
measurement. In this case a clean Si substrate was mounted in the cryostat and the
laser was focused onto the sample surface. Raman spectra were then measured whilst
translating across the sample edge with a step size of 1 pm. The intensity of the silicon
peak at 520 cm™! was obtained as a function of position and is shown in Figure 3.5.
The intensity data shows a clear drop in intensity near ~ 30 pm corresponding to the
translation over the edge of the substrate. The data was fitted to a Gaussian error
function as shown by the red line in Figure 3.5. The first derivative of the Gaussian
error function is a Gaussian line shape as shown in Figure 3.5 panel b) where the width
of the line shape corresponds to the diameter of the laser spot. In each case the width of
the laser has been determined by finding the point at which the intensity of the profile
is 10% of its peak value. The resulting diameters of the laser spot are 2.8 and 3.1 um
for the dye and Ti:Saph lasers respectively.
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Figure 3.5: Panel a) shows the Silicon Raman peak intensity as a function of
distance translating across the sample and shows a significant decrease at the
sample edge. Panel b) then shows the first derivative of the data in panel a)
and has been fitted to a Gaussian line shape.

3.2.5 Repeatability of Raman measurements

During resonance Raman measurements when tuning between each excitation energy
the wavelength dependence of the optical components requires adjustment of the beam
path to ensure the same alignment. Slight variations in the beam alignment can alter the
coupling into the spectrometer introducing a random variation in the measured Raman
intensity. To ensure the alignment of the beam path is identical for each wavelength the
Raman setup includes several irises (Figure 3.3) which are used for coarse alignment. For
more precise alignment two Thorlabs DCC 1645C USB CMOS cameras are positioned
along the beam path in the experimental setup as shown in Figure 3.3. When realigning
the setup these cameras are used to walk the beam and ensure the same optical path
is the same for each measurement. In addition, when performing the resonance Raman
measurements a rigorous procedure is followed to ensure repeatability. A complete
description of this procedure can be found in ref [31]. This allows for the resonance
Raman intensity profiles to be measured with a repeatability of ~ 10% as demonstrated

in ref [31].

The repeatability of Raman intensity is determined by measuring the Raman spectra
at a fixed wavelength several times during the resonance Raman experiments. Figure
3.6 shows the repeat Raman spectra obtained on HS1 at 1.766 eV during a resonance
Raman experiment. The intensity of the Raman peak at 250 cm ™! has been determined
from fitting and the resulting mean intensity and standard deviation were found to be
323.9 4+ 15.2 counts per second. The repeatability is defined as the ratio of the standard

deviation and the mean, and for the Raman spectra in Figure 3.6 is found to be 4.7%.
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As a result the repeatability of our measurements is within the 10% variation expected

for our resonance Raman setup and experimental procedure [31].

3.2.6 Power Dependence of Raman measurements

When performing resonance Raman measurements optimisation of the incident power is
important as higher powers can minimise the measurement time allowing these experi-
ments to be completed within a reasonable time frame. On the other hand, the use of
too high an incident power can permanently damage the sample or result in localised
heating. At cryogenic temperatures laser heating is a particular concern and can occur
more easily due to the lower heat capacity of the sample as predicted using the Debye
model [142]. This effect may also vary as a function of excitation energy due to the
change in absorption of the material. Therefore, laser induced heating could be par-
ticularly significant when resonant with the excitonic states. For TMDCs several other
power dependent effects have been reported, such as quenching of the neutral exciton
PL peak as a function of increasing power [225, 226]. This effect is attributed to either
doping of the sample from the substrate or adsorption of molecules onto the sample
surface modifying the dielectric response. However,for encapsulated TMDC samples the
photoluminescence emission has been demonstrated to show no significant power depen-
dence [225, 226]. If there is no significant laser heating or modification of the sample
properties due to doping we expect the Raman intensity to depend linearly on the inci-
dent power. Whereas, modification or heating of the sample would result in a non-linear

power dependence.
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Figure 3.6: Repeat Raman spectra obtained on HS1 with an excitation energy
of 1.766 eV during a resonance Raman experiment.
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Figure 3.7: The intensity of the A] Raman peaks as a function of incident power
on sample HS1 using excitation energies of 1.73, 1.70, 1.65 eV. This corresponds
to both resonant and near-resonant excitation of the WSey A exciton, and res-
onant excitation of the MoSes A exciton respectively. For each case the data
has been fitted using a power law with the fitted lines shown in red. To allow
for comparison of the different power curves axes shown are logarithmic.

Table 3.2: Coeflicients obtained from fitting the power dependent data for sam-
ple HS1. Three datasets were obtained using excitation energies of 1.73, 1.70
and 1.65 eV corresponding to a resonant (R) and near-resonance (NR) excita-
tion of the WSey A exciton and resonant excitation of the MoSey, A exciton
respectively. Errors given for the coefficients are a standard deviation obtained
from the fitting process.

Coefficient | WSez A (R) WSez A (NR)  MoSez A
a 32.46+0.53  6.324£0.111 1.336+0.077
b 0.996+0.003 0.951£0.004 1.007£0.006
F(z) = az® (3.1)

To determine a suitable power for the Raman measurements a series of spectra were
obtained using powers from 0.4 to 110 uW on sample HS1. Although, higher powers
above 110 yW are possible with our system, an upper limit was chosen to prevent
irreversible damage to the sample. The power dependent measurements were performed
using both resonant and near-resonant excitation energies with the WSey and MoSes A
excitons. The intensity of the A} Raman peak was obtained by fitting the spectra using
a summation of Lorentzian line shapes. To compare the power dependence at different
excitation energies the data has been plotted using logarithmic axes and is presented

in Figure 3.7. For each excitation energy the power dependence has been fitted using a
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Figure 3.8: The intensity of the A} Raman peak as a function of incident exci-
tation power is presented for three sample areas HS1, HS2 and WSe,, using an
excitation energy of 1.73 eV. The power dependence in each case has been fitted
to a power law with the resulting fit shown by the red lines. For comparison of
the different sample regions the axes used are logarithmic.

power law of the form given in Eq 3.1. The fits to Eq 3.1 are shown by the red lines in
Figure 3.7 and the obtained coefficients are provided in Table 3.2. At resonance with
both the WSes and MoSes A excitons the exponent for the power law is ~ 1 indicating
that the power dependence when resonant follows a linear relationship. For the case of
near resonant excitation of the WSey A exciton the exponent from the fit is 0.951 and so
is sub-linear. However, if this is the result of laser heating we would expect the resonance
energy to redshift and broaden with increasing temperature. The excitation energy of
1.70 eV for the near-resonant excitation is below the energy of the WSes A exciton and
so laser heating should result in a super-linear behaviour. Likewise if the increased laser
power did result in a shift of the resonance energy or quenching of the different excitonic
states we would expect these effects to be apparent in the power dependent data both
near-resonance and at resonance with the WSes and MoSes A exciton. Therefore, the
linear nature of the Raman intensity as a function of power when resonant with the A
excitons suggests that there is no significant modification of the sample properties at

higher powers.

To ensure that this behaviour is consistent for the different sample regions measured
in our experiments the power dependent data for HS1, HS2 and monolayer WSes when
resonant with the WSes A exciton is shown in Figure 3.8. The red lines shown in
3.8 show the resulting fits from using a power law with the fitted coefficients provided
in Table 3.3. For HS1 and monolayer WSey the exponents from fitting in Table 3.3
suggest a linear power dependence. In the case of HS2 the obtained exponent of 1.033 +
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Table 3.3: Coefficients obtained from fitting the power dependence data ob-
tained on HS1, HS2, WSey sample regions using an excitation energy of 1.73
eV. Errors given for each value are the standard deviation obtained from the
fitting process.

Coefficient HS1 HS2 WSeq
a 32.464+0.53  7.844+1.749 33.644+5.39
b 0.9964+0.003 1.0334+£0.024 1.0144-0.018

0.024 may suggest a super-linear power dependence. However, the large uncertainty in
the exponent for HS2 is likely the result of a lower signal to noise ratio for this sample,
which overall has a lower Raman intensity at this excitation energy. This is evident from
the lower y intercept in Figure 3.8. Therefore, from these results it seems reasonable to
conclude that the power dependence for all three sample regions when resonant with the
WSey A exciton are linear. The linearity of the power dependence behaviour suggests
there is no significant laser induced heating or modification of the sample properties in
this regime. As a result for the Raman measurements in this thesis we choose to use
the highest power in this linear regime of 110 pW in order to maximise the measured

Raman signal.
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3.3 Fitting Procedures

The following section discusses the fitting procedures used when analysing the Raman
spectra obtained in our experiments and allows the amplitude, width and position of
the Raman peaks to be extracted. This requires the use of background subtraction
techniques to remove unwanted Rayleigh scattered light and photoluminescence peaks;
calibration of the Raman spectra to eliminate systematic variation in the peak frequen-
cies, and fitting of the peaks to appropriate line shapes to extract their parameters.
This allows the intensity profiles of different Raman peaks to be extracted as a function
of excitation energy. The fitting of the resonance Raman profiles is discussed and in-
cludes definitions of the different Raman scattering models and coefficients used in this

analysis.

3.3.1 Background Subtraction

A common challenge when measuring Raman spectra is the appearance of photolumines-
cence features which in non-resonant experiments is avoided by careful selection of the
excitation energy. However, in RRS the use of a range of excitation energies inevitably
results in photoluminescence features appearing in the Raman spectra. For TMDC
monolayers and heterobilayers the photoluminescence emission is an issue when probing
the A excitons, which produce relatively intense photoluminescence. In addition, when
measuring low frequency Raman peaks a significant background signal can also appear
in the spectra due to the Rayleigh scattered laser light. Therefore, background subtrac-
tion techniques are required to fully utilise the Raman spectra. For the measurements
presented in this thesis we make use of both polarisation resolved measurements and

fitting to higher order polynomials to eliminate the unwanted background signal.

To eliminate the photoluminescence background signal in our Raman spectra we have
made use of polarisation resolved measurements. The samples are excited with a linearly
polarised laser, which is horizontal relative to the optical bench, and the Raman spectra
are measured with the analyser set to both horizontal and vertical polarisations. As
Raman scattering is a coherent process the observed Raman peaks are polarised, whereas
the photo-luminescence is generally incoherent in nature and so is unpolarised. This is
shown in Figure 3.9 panel a) which presents an exemplar Raman spectra for both parallel
(XX) and crossed (XY) polarisations. In the parallel spectra there are several narrow
features associated with Raman peaks, which are suppressed in the crossed spectra
indicating these peaks are linearly polarised. Whereas the broader peaks in the spectra
have equal intensities for both polarisations indicating they are unpolarised. Therefore,
subtraction of the two polarisation resolved Raman spectra can remove the unpolarised
photoluminescence background. This is demonstrated in Figure 3.9 panel b) which shows

the resulting background subtracted spectra. This process can introduce artefacts into
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Figure 3.9: Panel a) Raman spectra obtained on HS1 using both parallel and
crossed polarisations with an excitation energy of 1.727 eV near resonance with
the WSes A exciton. The Raman peaks appear linearly polarised while the
luminescence peaks are unpolarised. Panel b) shows the result of luminescence
subtraction using the parallel and crossed polarised Raman spectra shown in
panel a).

the spectrum if the intensities of the PL features do not match perfectly and may occur
due to fluctuations in the incident laser power. However, these features are typically
narrower than the photoluminescence and are not observed consistently in the Raman

spectra and so are easily rejected during the fitting process.

From Figure 3.9 panel b) the subtracting of the polarised spectra is unable to remove the
Rayleigh scattered light from the laser as this is also linearly polarised. The Rayleigh
scattered light is an issue when measuring the low frequency Raman spectra below 50
cm~! as these peaks are relatively weak. This can be seen in Figure 3.10 where the
Raman spectra is clearly superimposed onto a significant background. To remove this
background a high order polynomial is fitted to the spectrum, whilst excluding the
Raman peaks of interest from the fit. This process is demonstrated in Figure 3.10 panel
a) where the excluded data points corresponding to Raman peaks are marked in red
and the resulting polynomial fit is shown by the blue line. The background subtracted
spectrum is then shown in Figure 3.10 panel b) and allows the low frequency Raman
peaks to be easily resolved. The two background subtraction methods described here
have been extensively used throughout this thesis and allow the resonance Raman data
to be fully utilised.
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Figure 3.10: Panel a) Raman spectra obtained on HS1 with an excitation en-
ergy of 1.712 eV. When measuring low frequency Raman peaks below 100 cm ™!
a significant background signal from the Rayleigh scattered laser light can be
clearly seen in the spectra. In panel b) the Raman spectra obtained after back-
ground subtraction using a polynomial fit is shown and allows the low frequency
Raman peaks to be clearly resolved.

3.3.2 Calibration of Raman Spectra

When measuring Raman spectra at different excitation energies there is some variation
in the observed frequencies of the Raman peaks due to the uncertainty in the excitation
energy of the laser. To correct for these systematic variations in the peak frequencies the
Raman spectra are calibrated using an internal reference. For the samples investigated in
this thesis the underlying substrate is a silicon wafer with 300 nm thick SiOs. The Silicon
Raman peak at 520 cm~! appears in all spectra and provides a convenient reference
signal. When fitting the Raman spectra the frequency of the Silicon peak is obtained
and each spectra is calibrated to ensure the Silicon peak appears at the accepted value
of 520 cm™!, and is a standard reference used in Raman studies of TMDCs [148, 52,
194, 141, 144]. The dispersion of the spectrometer gratings is dependent on wavelength
and so in some cases multiple spectra are required to obtain the desired spectral range
from 10 to 1000 cm™!. In these cases the silicon peak may only be observed in one
of the obtained spectra and so the calibration is applied to the spectra where the 520
cm~! peak is visible, and the calibrated frequencies of the TMDC peaks are then used

to correct the adjacent spectra.
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3.3.3 Fitting Raman Spectrum

There are a number of line shapes which can be used when fitting Raman spectra these
include Gaussian, Lorentzian, Breit-Wigner Fano, and Voigt line shapes [240, 241]. From
theory we expect the Raman peaks to have a Lorentzian line shape [38]. As a result a
summation of Lorentzian line shapes has been used to fit the Raman spectra obtained

during our experiments.

The fitting procedure for the Raman spectra was carried out following the background
subtraction and calibration to the Silicon Raman peak. The model used to fit the data
consisted of a summation of n Lorentzian line shapes with a quadratic background of
the form given in Eq 3.2. Where a; is the amplitude b; is the width and c; is the
position of the Lorentzian, and pg 1 2 are the coefficients for the quadratic background.
For each resonance the number of peaks and their positions was initially estimated by
inspection of the Raman spectra. Fitting of the Raman peaks was then achieved using a
least squares regression algorithm applied to the model in Eq 3.2. An exemplar spectra
showing the resulting fit along with the individual Lorentzian line shapes is shown in
Figure 3.11. In total for the fitted spectra in Figure 3.11 required a total of 17 Lorentzian
line shapes to fit the Raman peaks and obtained an R-square value of 0.981 indicating
a good fit to the data. The residuals appear randomly distributed around the zero
line and suggests 17 Lorentzians are sufficient to fully describe the spectra. Although,
near several of the intense Raman peaks there are clear contributions in the residuals
indicating the Lorentzian line shape may not be the ideal fit for these peaks. However,
these variations do not significantly alter the obtained amplitude from the fit and so are

considered acceptable for our analysis.

n
b2
f(x7p07pl)p27alab17cl """ anvbnacn) = (PO +p1x+p2$2)+zazm (32)
i=1 g

3.3.4 Fitting Resonance Raman Profiles

To quantitatively analyse the resonance Raman profiles requires fitting to an appropriate
Raman scattering model. As discussed in Chapter 2 Section 2.6 Raman scattering can
involve both single phonon or multiphonon processes. For the TMDC monolayers in
Chapters 4 & 5 Raman peaks are observed with frequencies up to 600 cm™' and so can
involve three or even four phonon processes. These higher order scattering processes
become particularly complicated if they occur sequentially as opposed to simultaneously
due to the addition of multiple resonance conditions and matrix elements in the Raman
intensity expression. For higher order sequential processes where the underlying phonons

are not explicitly known it is increasingly difficult to obtain useful fits to these models
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Figure 3.11: Panel a) presents an exemplar fitted Raman spectra and was ob-
tained on an encapsulated monolayer of MoSe2, using an excitation energy of
1.878 eV corresponding to resonance with the MoSes B exciton. The resulting
fit required a total of 17 Lorentzian line shapes and is given by the red line with
the individual line shapes also shown in grey. The residuals determined for the
fitted model and data are presented in panel b).

due to the large number of unconstrained parameters and so requires the use of DFT
predictions [141]. This approach is beyond the scope of this thesis and so we confine
our Raman scattering models to those which occur from simultaneous Raman processes
involving multiple excitonic states. For a simultaneous Raman scattering process the
Feynman diagram is almost identical to the simplest model for single phonon Raman
scattering and involves the emission of all phonon during a single scattering event. When
referring to these models in the experimental chapters we describe them as a single

phonon scattering event model.

ai. 5
fla) =13 B i) (o By B —ibz,j)'Q' (3.3)

The fitted models are of the form given in Eq 3.3 where a; ; is the complex amplitude
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associated with the scattering channel, b; ; is the width of the resonance, E; ; is the
energy of the underlying excitonic state involved in the process and E,; 2 is the energy
of the emitted phonon. For multiple excitonic states the Raman scattering model in-
volves a summation over the states i and j and involve complex amplitudes allowing
for interference between the different Raman scattering channels. In the experimental
chapters three Raman scattering models are used when analysing the data assuming a
single electronic excitation, two electronic excitations with no scattering between the i
and j states (referred to as two independent electronic state model) and two electronic
excitations with interstate scattering allowed. When reporting the amplitude coefficients
for the models with two electronic states the amplitudes are labelled a; 2 3. These labels
are used consistently throughout all experimental chapters so that a; and as refer to
the amplitudes for scattering with the individual electronic excitations and ag is the in-
terstate scattering amplitude. The strength of these amplitudes provides an indication
of which scattering channel dominates the resonance Raman behaviour. This model for
the Raman scattering was applied successfully in the work presented in ref [37] when

investigating monolayer WSs.






Chapter 4

Resonance Raman Spectroscopy

of encapsulated Monolayer MoSe-

4.1 Motivation

The experiments presented in this chapter explore the Raman scattering of encapsu-
lated monolayer MoSey. There are several studies that have reported resonance Raman
measurements on MoSes [194, 155, 242, 144], and investigated the response of bulk ma-
terial, effect of layer number and the higher energy C exciton. In general these studies
use non-tunable lasers and were performed at room temperatures. As a result detailed
studies of the A and B excitons have yet to be reported. Recent advances in the fabri-
cation of encapsulated monolayers has allowed the effects of extrinsic defects to be over-
come, and allows excitons and trions to be observed with narrow line widths ~ 5 meV
[235]. PLE experiments of monolayer MoSes at low temperatures have demonstrated
enhancement of the photoluminescence peaks at energies consistent with the underlying
phonons [243]. However, a study of the resonance Raman behaviour in MoSez at low
temperatures has not been reported and should provide additional information on the
exciton-phonon coupling. Exciton-phonon interactions in monolayer TMDCs play an
important role in valley depolarization and the ultrafast charge transfer [103, 204]. The
use of Resonance Raman spectroscopy to study these materials can allow information on
the exciton-phonon scattering to be elucidated and has yet to be fully exploited to probe
the underlying physics of TMDC monolayers. Finally, the resonance Raman behaviour
of monolayer MoSes is of interest due to the availability of several WSes/MoSey het-
erostructures, as such it is necessary to first understand the behaviour of the constituent

monolayers before investigating these novel heterobilayers.

51
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4.2 Photoluminescence of Monolayer MoSe,

For initial characterisation PL spectra were obtained on the monolayer MoSes sample
region using an excitation energy of 2.33 eV (532 nm) with an incident power of 50 pW.
The PL spectra is presented in Figure 4.1 and shows several peaks with energies in the
range of 1.6 to 1.66 eV, corresponding to the A exciton in monolayer MoSey [225]. The
energies of the PL peaks were determined by fitting the spectra using five Lorentzian line
shapes. The coefficients from fitting are provided in Table 4.1. The two most intense
peaks in the spectra are assigned to the exciton and trion with energies of 1.64940.001
and 1.62240.001 eV respectively. The energies and separation of the exciton and trions
peaks are in good agreement with those reported in similar encapsulated MoSes samples
[244, 245]. However, the origin of the additional peaks in the PL spectrum is not clear
as both unencapsulated and encapsulated MoSes monolayers typically contain only two

peaks associated with the exciton and trion [225, 244].

These additional features may result from the small size of the monolayer MoSes regions
used in this sample which has dimensions of 2-3 pm, and is commensurate with the size
of the laser spot (see Chapter 3). The overlap of the laser spot with the WSes layers
may allow for contamination of the MoSes PL spectra by neighbouring heterostructure
or monolayer WSes regions. Although, this is unlikely as Raman measurements on
the MoSey monolayer region spectra at energies resonant with the WSes A exciton
contained no signal associated with the WSes layer. In addition, spatial measurements
across the sample region demonstrate a clear transition from the heterostructure PL to
the monolayer MoSes PL spectrum. To further explore these additional peaks would
require similar samples containing larger area encapsulated monolayers of MoSes and
were not readily available during these experiments. Overall the assignment of these
extra PL peaks is of interest but is not required for the discussion of the results presented

in this chapter.

Table 4.1: Coefficients from fitting PL spectra for monolayer MoSes

Amplitude Width (meV) Energy (eV)
1698.5+84.5 10.1+0.4 1.6184-0.001
18292.0+103.2 5.840.1 1.623+0.001
881.44+34.6 3.84+0.3 1.631+0.001
8011.4458.3 4.240.1 1.649+0.001
2361.1+48.5 7.9+0.5 1.655+0.001

943.9£66.0 4.1+04 1.660+0.001
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Figure 4.1: Photoluminescence spectrum taken on monolayer MoSes region us-
ing 2.33 eV (532 nm) excitation. The spectrum was fitted to a summation of
Lorentzian line shapes as shown by the red line.

4.3 Resonance Raman Spectroscopy of monolayer MoSe,

4.3.1 Raman Peak Assignment

To understand the Raman data for monolayer MoSes it is necessary to consider the
assignment of the peaks in the Raman spectrum to their underlying phonons. The
spectra obtained for monolayer MoSes were measured from ~ 20 to 1000 cm ™!, however

L and

Raman peaks associated with MoSes are only observed between 200 to 700 cm™
so data outside this range is not presented. To remove systematic variations and allow
comparison of our Raman spectra to those in literature the spectra were calibrated to

the silicon peak at 520 cm™!.

An exemplar spectra when resonant with the MoSes B
exciton is shown in Figure 4.2, and 13 Raman peaks associated with the MoSesy layer
are observed. To assign these peaks to their underlying phonons we have make use of

both previous Raman studies and phonon dispersion relations for monolayer MoSes.

Several resonance Raman studies of both monolayer and few layer MoSes are reported
in literature the most comprehensive of which are those by Bilgin et al. and Soubelet
et al. [144, 194, 242, 155]. The resonance Raman behaviour when resonant with the
C exciton has been studied extensively, with a particular focus on the effect of layer
number on the Raman spectra. These studies observed a strong resonance enhancement
at the C exciton in agreement with similar reports for MoSy, WSy and WSes [36, 193]

along with the shifts in the peak positions and changes in intensity as a function of layer
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Figure 4.2: Raman spectra on monolayer MoSes when resonant with the MoSes
B exciton at 4 K using an excitation energy of 1.829 eV. The spectra was
calibrated using the silicon peak at 520 cm™! as an internal reference.

number [144, 155, 242]. The resonance Raman enhancement of the A and B excitons
was also reported, but a quantitative analysis of the resonance profiles was not presented
[194]. Furthermore, these studies were only carried out at room temperature, which can
complicate the Raman spectra as both absorption (Anti-Stokes) and emission (Stokes)
of phonons can occur resulting in additional peaks in the spectra. In addition, at Room
temperature the line widths of the excitons are significantly broader and prevents the
investigation of other excitonic states e.g. trions [246]. These studies presented various
mode assignments for the observed Raman peaks. These assignments were considered
when assigning the peaks observed in our spectra. Although, as will be demonstrated
there are several differences between our spectra and those previously reported, including
several peaks absent from our spectra, new peaks with anomalous resonance behaviour

and the observation of dispersive Raman peaks.

The assignment of the Raman spectra is performed using DFT calculated phonon disper-
sion relations. Several phonon dispersion relations are reported in literature for mono-
layer MoSey [62, 247, 144]. For the assignments presented in this thesis the phonon
dispersion relation calculated by Bilgin et al. [144] was used and is shown for reference
in Figure 4.3. This phonon dispersion was chosen as the predicted frequency of the
A (T") phonon and is in agreement with the position of the A} peak in our spectra at
241.5 cm~!. However, a comparison of the different reported MoSe, phonon disper-
sion relations demonstrates significant variation in the predicted values for the different
phonon branches. In particular the frequency of the A}(I") phonon was found to be
repeatedly underestimated when compared to our experimental results [247, 248, 62].

This variation in predicted frequencies is not confined to only a single phonon branch,
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Figure 4.3: The phonon dispersion relation for monolayer MoSey calculated
using DFT by Bilgin et al.. The phonon branches are labelled according to the
irreducible representations for a TMDC monolayer. Reprinted with permission
from [144]. Copyright 2019 American Chemical Society.

for example the LA (M) phonon is predicted to have a frequency between 153 ecm~! to
161 cm ™! depending on the chosen dispersion relation. To account for this variation val-
ues were extracted for the A (T") phonon from several phonon dispersion relations and a
mean value and standard deviation were obtained [248, 249, 247, 144, 62]. The resulting
standard deviation provides a measure of the uncertainty of the peak frequencies and
was found to be 3 cm™!. Therefore, when performing the peak assignments all possible
modes are considered that have predicted frequencies within 3 cm™! per phonon of the

peak position.

As seen from the phonon dispersion relation in Figure 4.3 the highest possible Raman
shift for a single phonon is ~ 352 cm™! and so all peaks observed at higher frequencies
are multi phonon Raman peaks. To ensure all possible mode assignments are considered
combination modes for up to fourth order Raman scattering processes were determined.
However, to simplify the assignment process only phonons with frequencies at the high
symmetry points were considered i.e. the I', M and K points. This is reasonable given
the electronic band structure for monolayer TMDs which have conduction band min-
ima at the K points and the midpoint between I' and K known as the Q point. This
allows for scattering by both M and K point phonons and has been reported experimen-
tally in resonance Raman measurements on MoSs [141]. The frequencies and widths of
the Raman peaks in our spectra were obtained by fitting multiple spectra at different

excitation energies to a summation of Lorentzian line shapes. The peak widths and
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positions and proposed assignments are provided in Table 4.2 and where possible the

mode assignments reported literature are also given.
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Table 4.2: Mode assignments for monolayer MoSe; Raman peaks when resonant
with the B exciton. Raman Shifts and errors given are mean and standard
deviation obtained from fitting multiple spectra at different excitation energies.
The order of the listed assignments was determined using the difference between
the predicted frequencies and experimental values.

Raman Widths Reported Assignment Predicted
Shift (cm™!)  (em™1!) Assignment Shift (cm™1)
241.540.1  2.6+0.1 AL(T) A)(T) 240.5
260.7£1.3 6.9+1.4 2ZA(K) 257.8
LAM) + TA(M) 253.8
288.6+£0.5 4.4+1.1 ELo(T) 288.4
304.6+0.2 13.1£0.6 E’LO(M)—i—TA(M 300.6
ELo(M)+ZAM 305.7
2LA(M) 310.8
2LA(K) 312.9
3TA(M) 295.1
314.6+0.3 5.3+2.5 Eiy,(M)+LA(M) 2LA(M) 310.8
2LA(K) 312.9
E7 o (K)+TA(K) 316.9
Elo(K)+TAK)  312.9
321.4+0.2 2.940.2 Unassigned E7 o (K)+TA(K) 316.9
E7 o(K)+ZA(K) 329.2
E7o(K)+ZA(K) 325.1
2TA(M)+ZA(M)  321.0
412.240.4 15.9£0.1 2LAM)+TA(M) | E},(K)+TA(K) 412.2
LA(K)+2ZA(K) 414.3
2LA(M)+TA(M) 409.2
ZA(K)+E},(K) 409.2
432.5+0.1 7.7+0.7 E'(M)+LAM) & | AY(K)+ZA(K) 433.6
2LA(M)+ZA(M) | E] 5(K)+2TA(K) 433.6
E7o(M)+2ZA(M)  430.1
2LA(M)+ZA(M)  435.2
2LA(K)+TA(K) 429.6
2A% (M) 429.0
4504413 112402  3LA(M) B/ (K)+LA(K)  452.0
2ZA(K)+ Ef,(K)  454.0
458.5+0.3 5.840.8 3LA(M) AL (K)+2ZA(K) 458.1
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Table 4.2 continued from previous page

Raman Widths Reported Assignment Predicted

Shift (em™) (cm™!) Assignment Shift (cm™1)
E7 5(K)+2ZA(K) 456.0
AZ(M)+LA(M) 461.1
3LA(M) 466.2
3LA(K) 469.0

481.54+0.5 3.0+1.4 Unassigned AS(M)+E7, (M) 482.0

Efo(M)+ B, (M) 482.0

B, o(K)+AL(K) 4805
ELo(K)+E]o(K)  480.5
B (M)+2TA(M) 4795
531.24+0.2 3.940.2 Unassigned E%o(M)+2ZA(M 531.5
2R/ (K)+ZA(K)  529.4
E, o(K)+2TA(K)  528.9
AY(M)+2LA(M) 5253
581.140.1  7.4+0.6 E/(M)+2LAM) | E,o(M)+A4(M)  583.4
E;o(M)+Eo(M) 5834
B (K)+AL(K)  584.7
5TA(K) 584.7
598.7.640.2  10.940.2  4LA(M) B, o(K)+AL(K)  600.2
E} o (M)+A5(M) 601.2
2 B, (M) 601.2
2A” (M) 601.2
E, (M) +2LA(M)  608.4

(

(K) +2LA(M)  593.6
ALA(M) 621.7

(K) 625.7
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The first assignments to consider are those arising from single phonon processes. The
lowest frequency peak observed in our spectra is at 241.5 cm~! and is unambiguously
assigned to the A (") phonon. This assignment to the A} mode is in good agreement
with reported assignments in literature [194, 144]. As seen in Table 4.2 this is the only
peak with a single assignment with all other peaks having multiple possible assignments.
There is also only one other assignment to a I' point single phonon process for the peak at
288.6 cm~!. This peak has a possible assignment to the E%.o(T") phonon. However, this
peak is also observed to be degenerate with a dispersive Raman peak which complicates
the assignment process. As a result this peak will be discussed further when considering
the dispersive Raman peaks in Section 4.3.1.1. The remaining single phonon modes
predicted at the I" point are the A7 and E” phonons, and are reported in literature with
frequencies of ~ 356 and 309 cm ™! respectively [194] . However, in our spectra we do
not observed any peaks at these frequencies. This is not unexpected as the A7 phonon is
Raman inactive in monolayer and the E” peak is forbidden in backscattering geometry
[143].
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Figure 4.4: Raman Spectra on monolayer MoSe; when resonant with the B
Exciton at both 4 K and 295 K using excitation energies of 1.829 and 1.777 eV
respectively. The excitation energies were chosen to be near resonance with the
MoSe; B exciton at each temperature. At 295 K there are several additional
Raman peaks at ~ 150 cm~! which are not observed at 4 K.

Before considering the higher frequency peaks we present a discussion of several low
frequencies peaks reported in literature, which are only observed in our sample at room

temperature. These peaks can be seen near ~ 250 cm™! in the spectra shown in Figure
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4.4. From fitting the spectra to Lorentzian line shapes the Raman shifts of the peaks
were determined to be 140.4 and 149.1 cm~!. This is in agreement with the spectra
reported by Soubelet et al. and Bilgin et al. who observed two peaks at 141 and
152 cm™!, and assigned these peaks to the E'(M)-LA(M) and the LA(M) respectively
[194, 144]. As seen in Figure 4.4 these peaks are absent in our spectra at 4K. The
temperature dependence of these peaks can be naturally explained if both combination
modes involving Stokes and anti-Stokes phonons. The probability of absorption (anti-
Stokes) and emission (Stokes) of a phonon when scattering with an electronic state is
proportional to N, and Np,+1 respectively [38]. Where N, is the phonon occupation
number given by the Bose-Einstein distribution: Nph:(exp[,fb—“T] —1)~1. Consequently,
the probability of emitting a phonon tends to zero at low temperatures. The temperature
dependence of the peaks at 140.4 and 149.1 cm ™! suggests they involve both emission and
absorption of phonons. This suggests the reported assignment of the peak at 149.1 cm ™!
to the LA(M) is incorrect. Whilst the justification for the peak assignments reported in
literature is not explicitly stated, it is possible that the assignment of the peak at 149
cm ™! to the LA(M) mode was used to constrain the assignment of other Raman peaks
to combination modes involving the LA(M) and other M point phonons. As a result
there may be several erroneous assignments for not only the 149 cm™! peak but higher
frequency Raman peaks as well. Therefore, we consider all possible combinations modes

and have not constrained our peak assignments.

Given the erroneous assignment of the LA (M) point Raman peak at 151 cm™! it is useful
to consider if the assignments in literature to overtones of the LA phonon are reasonable.
These are the 2LA(M), 3LA(M) and 4LA (M) and are reported in literature at 304, 455
and 598 cm™! respectively. In our spectra (see Figure 4.2) there are several Raman
peaks at similar frequencies. The 2LA(M) mode has several possible assignments to
the peaks at 304.6 and 314.6 cm™!. In this case the 314.6 cm™! peak is closest to the
predicted frequencies of the 2LA modes. However, for both peaks there are alternative
assignments to other two phonon combination modes and so it is not clear which peak
should be assigned to the 2LA mode, if any. Similarly the peak attributed to the 3LA
phonon at ~ 455 cm ™! is best fit by two Lorentzian line shapes. This peak is composed
of at least two Raman peaks at 450.4 and 458.5 cm~! but is only treated as single peak
in other studies. In this case the assignment of the 3LA can be made to the 458.5 cm™!
peak but again there are other assignments to two or three phonon modes which cannot
be dismissed. The additional complexity of these higher order combination modes is not
surprising with similar analysis by Carvalho et al. for monolayer MoSs revealing that
the assigned 2L A peak is actually the result of at least 5 separate Raman peaks [141].
Further evidence that these higher frequency modes have not been fully addressed in
literature is the Raman peak at 321.4 cm~! which is visible in reported spectra [194, 144],

but has not been assigned.

A useful quantity when evaluating the peak assignments are the widths of the Raman
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peaks. The width of the peak may indicate if a peak is composed of multiple underlying
peaks, that are not clearly separated. The line width of the 241.5 cm™!' Raman peak is
2.6 cm™! and is the narrowest Raman peak in our spectra. This peak is due to a single
phonon process (A} (T")) and so provides a lower limit for the single phonon peak line
widths. The peaks at 481.5 and 532.2 cm ™! are relatively narrow and are likely the result
of single combination mode due to their symmetric appearance. In addition these peaks
must be multiphonon peaks and so provide a limit for width of a single multiphonon
Raman peak between 3.0 to 3.9 meV. The peak at 321.4 cm~! has a width of 2.9 cm ™!
and so is comparable in width to the 241.5 cm—1 and 481.5 cm ™! peak. This peak has
possible assignments to two phonon combination modes and is likely the result of single
mode due to its narrow line width. All other peaks observed on MoSes are significantly
broader with widths from 5.5 to 15.9 cm™!. This indicates that these peaks are likely
due to the presence of multiple underlying phonon modes which are almost degenerate.
As demonstrated the similar line widths of the 241.5 (A)) and multiphonon 481.5 and
532.2 cm~! peaks suggests it is not possible to distinguish between a single phonon or
multiphonon process using the line width alone. The line width of the Raman peaks is
also dependent on several factors including the coherence lifetime, homogeneity, quality
of the sample material, and the effects of phonon confinement. Therefore, a rigorous
analysis of the line widths would paradoxically require knowledge of the underlying
phonons assignments. As a result the width of the peak is used primarily as a tool to

optimise the fitting.

There are multiple Raman peaks which are observed in both Soubelet and Bilgin et al,
but are not seen in our spectra. These include several peaks between 350 and 370 cm™*
which are assigned to the A%(T") at 354 cm~! and the A} (M)+LA(M) at 364 cm~!. These
peaks are not clearly observed in our spectra but there is a weak broadband feature (see
in Figure 4.2) in our spectra. However, due to its broad appearance and low intensity
it is not possible to clearly resolve these peaks. An additional peak is also observed at
250 to 252 cm~! and given an assignment to the 2ZA (M), but is reported only when
resonant with the C exciton. It is possible that the differences in the number of peaks
observed when probing the different excitons a result of variation in electron-phonon

couplings when probing different excitonic states.

We also observe three new Raman peaks at 481.5, 531.0 and 581.1 cm™!, which are of
particular interest due to their anomalous resonance behaviour. The peaks at 481.5 and
531.0 cm™! are only observed when resonant with this anomalous state and have not
been previously reported in Raman studies of MoSe;. Whereas, the 581.1 cm™! peak is
significantly enhanced when resonant with the anomalous state, but is also resonant with
the MoSes B exciton. The participation of the 581.1 cm ™! peak with both the MoSes B
and anomalous resonance may be due to a differences in the electron phonon coupling
for the underlying phonons or the presence of a degenerate Raman peak. For all three of

these Raman peaks there are multiple possible combination modes as seen in Table 4.2,



62 Chapter 4 Resonance Raman Spectroscopy of encapsulated Monolayer MoSes

although, the enhancement of only these three Raman peaks at the anomalous resonance
suggests a similar underlying mechanism. This may require the underlying phonons to
have a specific energy or wavevector to couple to the anomalous resonance. A set of
modes which may explain these peaks are the Ef., (M) + 2ZA(M)/2TA(M)/2LA(M)
combination modes. Whilst these assignments may be coincidental the similarity of these
combination modes offers an intriguing possibility to explain the anomalous resonance

behaviour and will be discussed again in Section 4.3.3.

Overall for the Raman peaks observed in monolayer MoSes consideration of the mode
assignments has demonstrated that this is a non trivial process. Whilst it is possible
to assign several Raman peaks to single phonon modes and establish the origins of
remaining peaks as due to multiphonon processes, the unambiguous assignments of
these multiphonon peaks to a particular combination of phonons is not possible. In
general these peaks do not have a single possible assignment but are likely the result of
multiple combination modes which are nearly degenerate, and so attributing these peaks
to a particular mode only confuses the situation. It is unlikely that the assignment of
these modes will be resolved in future measurements due to the accuracy of predicted
dispersion relations and the variations in both the samples and experimental setups
resulting in slight changes to the spectrum. Experimentally there are numerous reasons
for differences in the spectrum presented by Soubelet et al., Bilgin et al, and the results
presented in this chapter. The frequency of the observed Raman peaks can be shifted
due to a variety of factors including: the effect of encapsulation and use of different
substrates [219]; differences in sample temperature [159]; effect of strain on material
[250] and by the density of defects [157]. As will be demonstrated in Section 4.3 when
discussing the resonance behaviour an understanding of the possible phonons associated

with the observed Raman peaks can be very helpful.
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4.3.1.1 Dispersive Raman peaks

In addition to the MoSes Raman peaks presented in Figure 4.2 and Table 4.2 there
are two additional Raman peaks observed between 277 to 279 cm™! and 284 to 288
cm ™! respectively. The Raman shift of these peaks is not well defined by a single value,
but varies continuously as a function of excitation energy. As a result these peaks
are classified as dispersive Raman peaks. This behaviour can be seen in Figure 4.5
panel a) where two black arrows have been added to indicate the positions of the two
dispersive peaks. For the Raman peak near 278 cm™! there is a clear decrease in peak
frequency with increasing excitation energy, which is visible in both the Raman spectra
and colourmap in Figure 4.5. For the Raman peak at 288 cm ™! it is more difficult to
resolve the dispersive peak as it is degenerate at energies below 1.86 eV with the Raman
peak at 288.6 cm~!. However, careful examination of Figure 4.5 panel a) shows a clear
change in shape of the Raman peak as a function of excitation energy with the peak
broadening significantly at 1.871 eV and implies the presence of multiple peaks at similar
Raman shifts. This is also seen in Figure 4.5 panel b) where for energies above 1.86 eV
there is a splitting of the peaks. The simplest explanation for this change in shape of
the Raman peak is the presence of two underlying Raman peaks that are accidentally
degenerate at low excitation energies. This requires a Raman peak fixed at 288 cm ™!

with a dispersive peak which shifts to lower frequencies at higher excitation energies.

The observation of dispersive Raman peaks in monolayer MoSes is not unexpected as
dispersive peaks have been reported by Carvalho et al. [141] for monolayer MoS,. In
monolayer MoSes both Soubelet et al. and Bilgin et al. also report a discrete shift in the

frequency of the Raman peak near 288 cm™! when comparing spectra near resonance
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Figure 4.5: a) Raman spectra are shown for three different excitation energies
when resonant with the MoSes B exciton. The two arrows at 279 and 288 cm™!
indicate these peaks are dispersive in nature. b) Colourmap of resonance Raman
data with arrows indicating the energy of the spectra shown in panel a).
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with the A, B and C excitons and assign this peak to the E'(I") phonon [194, 144]. They
propose that this is due to a difference in the coupling of LO/TO E’ branches to the
A, B and C excitons. From the spectra shown in Figure 4.5 the separation of the two

dispersive modes in our spectra is ~ 9 cm™!.

Whereas, the expected splitting of the

ro /TO(F) modes from Bilgin et al. and Horzum et al. is ~ 6 cm™!. As a result it is
possible these two peaks are due to the LO/TO splitting. However, Soubelet et al. and
Bilgin et al. observed only a discrete shift in peak frequency, whereas our spectra show
a continuous change in the phonon frequency with excitation energy. Therefore it is
unlikely that the dispersive behaviour is simply due to differences in the coupling of the
LO/TO phonons as this would produce only a discrete difference in frequency. The con-
tinuously varying nature of the peak indicates that these peaks involve large wavevectors.
Consequently, from conservation of wavevector the dispersive peaks must involve either
defect mediated or two phonon Raman scattering. Inspection of the phonon dispersion
(see Figure 4.3) reveals the most likely wavevectors if the dispersive peak are the result
of E' LO/TO branches are those between thel' and K points, as both branches show
significant dispersion. Alternatively there are several two phonon peaks which could be
involved in these processes such as the LA(M)+ZA(M) or the E7,(M)+TA(M) which
are predicted to appear at 279.8 cm™! and could correspond to the peak observed be-
tween 277 to 279 cm~!'. The peak between 284 to 288 cm~! may also be due to two
phonon combination mode for the LA (K)+ZA(K) phonons. As a result it is not possible
to precisely identify the underlying phonons, although this analysis has identified all
likely possibilities. However, it is clear that the dispersive Raman peaks allow both a
mapping of the phonon dispersion relations and reveal the presence of additional large

wavevector dark states at the B exciton.

Overall the dispersive Raman peaks observed when resonant with the MoSes B exciton
show truly dispersive behaviour with a continuous change in frequency with excitation
energy. This result demonstrates the need for more comprehensive Raman studies of
monolayer MoSes to enable a more complete understanding of both phonons and the
electronic band structure. These dispersive modes when identified can act as a conve-
nient probe of large wavevector states which are not accessible via the standard optical

spectroscopy techniques employed on TMDCs.
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4.3.2 Resonance Raman Spectroscopy

In this section the resonance Raman data obtained on a MoSes monolayer using excita-
tion energies from 1.80 to 1.98 eV is presented. A resonant enhancement of the MoSe,
Raman peaks is observed at ~ 1.86 eV, which corresponds to 211 meV above the PL
peak assigned to the A exciton at 1.649 eV. This is in agreement with the energy of the
B exciton reported by Han et al. [251] and with theoretical predictions for the valence
and conduction band splitting in monolayer MoSe, ~ [75]. For this sample, attempts to
measure the resonance Raman behaviour for the A exciton were not successful due to
the intense PL from the A exciton and trion. This is a result of the lowest energy states
in monolayer MoSes being optically bright and the high quality of the encapsulated
samples resulting in intense PL [75, 235].

The resonance Raman data for MoSes at the B exciton is presented in the colourmap and
waterfall plots in Figure 4.6 & 4.7. The colourmap in Figure 4.6 shows a clear resonance
enhancement near 1.86 eV which is relatively broad with a width of ~ 100 meV. It
is also evident that the majority of Raman peaks show similar resonance behaviour,
although the higher frequency peaks have broader resonances. This can be seen by
considering the Raman peak at 456.8 cm™! which appears significantly broader than
the resonance for the 241.5 cm™! Raman peak. This indicates the presence of both
incident and outgoing resonances with at least a single electronic state. The exceptions
to this are the Raman peaks at 481.5, 531.2 and 581.1 cm™' which demonstrate an
anomalous resonance behaviour with a significant enhancement near 1.865 eV and are
only strongly resonant between 1.850 to 1.885 eV. These anomalous resonances are
significantly narrower than the other MoSes Raman peaks. The anomalous Raman
peaks can be clearly seen in Figure 4.7 for excitation energies from 1.851 to 1.878 eV. The
presence of these anomalous resonance suggests the involvement of multiple excitonic
states in the Raman scattering process at the B exciton. Further evidence of multiple
states can be seen by comparing the peaks between 240 and 325 cm ™!, which demonstrate
significant changes in their relative intensities as a function of excitation energy. The
energies of these peaks are between 30 to 40 meV. As a result if the underlying resonance
conditions are the same we would expect the resonance profiles to be almost identical
and so changes in the relative intensity of these peaks would not be expected. A clear
example of this is the behaviour of the 304.6 and 321.4 cm™~! where initially the 304.6
cm~! peak is more intense at 1.851 eV but at 1.878 eV this has reversed with the
321.4 cm~! having a significantly greater intensity. This behaviour combined with the
anomalous resonances for the 481.5, 531.2 and 581.1 cm ™! peaks clearly indicates a more

complex resonance at the B exciton possibly involving multiple excitonic states.

To understand the resonance Raman behaviour the spectra were fitted using Lorentzian
line shapes to extract the resonance Raman profiles. A total of 16 Raman peaks are

discussed in Section 4.3.1 during mode assignment, however it is not possible to obtain
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Figure 4.6: Colourmap showing resonance Raman data obtained on encapsu-
lated MoSes at 4 K with excitation energies from 1.8 to 1.98 eV probing the
MoSes B exciton.
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Figure 4.7: Raman spectra obtained during resonance Raman on encapsulated

MoSes at 4 K with excitation energies from 1.8 to 1.98 eV probing the MoSes
B exciton. For ease of comparison spectra have been offset.
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resonance profiles for all of the observed peaks. This includes the peaks at 260.1 and
412.2 cm~! that have a relatively low intensity, which prevents useful resonance profiles
from being extracted. Each resonance profile was fitted to a Raman model assuming a
single phonon scattering event involving a single underlying electronic excitation. The
resonance profiles and obtained fits are presented in Figure 4.8 and the coefficients from
the fitting process are provided in Table 4.3. The resulting fits for the single phonon
model appear to be in reasonable agreement with the resonance profiles. Although, for
several of the higher frequency peak profiles such as the 432.5, 450.4 and 458.5 cm ™!
peaks there are several instances where the data and fitted model are in disagreement,
and may indicate the presence of additional electronic states. The energies obtained from
fitting are between 1.847 to 1.865 eV and appears to be clustered around two different
energies. The peaks at 288.6, 304.6, 432.5 and 450.4 cm ™!, and are all in agreement
to within the errors from fitting with a mean value of 1.8484+ 0.002 eV. The remaining
peaks at 321.4, 458.5 and 598.6 cm™! are also in agreement with a mean value of 1.864
+ 0.002 eV. The ability to separate the energies from fitting into two groups suggests

the presence of multiple electronic excitations when resonant with the MoSey B exciton.

To investigate the potential for multiple underlying excitonic states the resonance profile
of the A} Raman peak at 241.5 cm~! was fitted to a single phonon event models for
two electronic states. This peak was chosen as it is unambiguously assigned to a single
phonon mode and so should be well described using our single phonon event models. In

addition, the 241.5 cm™! resonance profile has a low energy shoulder which is not well

Table 4.3: Coefficients from fitting the Resonance profiles for the Raman peaks
observed on monolayer MoSes when resonant with the B exciton. Each res-
onance profile was fitted to a single phonon event model assuming a single
electronic state. The peak at 288.6 cm ™! has been highlighted as it is degener-
ate with a dispersive Raman peak and may show atypical resonance behaviour.
Errors given are the standard deviation from fitting. For ease of presentation
amplitude coefficients were scaled by a factor of 10? and have units of 1073
VCounts s~1-eV2,

Raman Amplitude Width (meV) Energy (eV)
Shift cm™!

241.5 2.940.4 27.5+2.6 1.85540.001
288.6 6.3£1.0 40.3£4.3 1.847+0.002
304.6 8.1+£0.8 43.6£2.9 1.847+0.001
314.6 3.3£0.7 32.2+4.8 1.857+0.002
321.4 2.8+0.7 24.5+4.8 1.86540.002
432.5 6.9£1.8 45.1+£8.4 1.847+0.003
450.4 8.2+2.3 41.1£8.6 1.851£0.003
458.5 6.5+£2.4 29.749.7 1.865+0.003

598.6 6.1+£0.8 22.943.3 1.86240.002
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Figure 4.8: Resonance profiles are presented for the Raman peaks observed
on monolayer MoSes when resonant with the MoSey B Exciton. In each case
the resonance profiles have been fitted to single phonon event model shown
assuming a single underlying electronic state with the fitted profile given by the
red line. The error bars shown are a standard deviation determined from the
fitting process.

fitted (see Figure 4.8) and may indicate the presence of an additional excitonic state.
The resonance profile was fitted to two additional models assuming two independent
electronic states and two electronic states with interstate scattering allowed. The result-
ing fits to the 241.5 cm ™! peak for all three Raman models are shown in Figure 4.9 with
the adjusted r-square values and coefficients provided in Table 4.3. A visual comparison
of the fits presented in Figure 4.9 clearly shows that the best fit to the data is obtained
from the two state models shown in panels b) & c¢) with the both fits able to account for
the low energy shoulder observed in the profile. This is reflected in the adjusted r-square
values which are higher for both the two state models with the two state model assum-
ing the electronic states are independent returning the highest r-square value of 0.986.
Although, the difference between these two fits is negligible. This is also apparent in
the coefficients obtained from fitting with the energies and widths for both the two state
models in excellent agreement to within the errors. The similarity of the two models is

suggests that the interstate scattering channel is relatively weak. This is obvious from
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the fitted amplitude where Ag corresponds to the interstate scattering term. and A; and
A, indicate the strength of scattering for the two states at E; and Es respectively. From
the amplitude coefficients we can conclude that the higher energy state is the dominant
scattering channel in the resonance profile. Therefore, when resonant with the MoSes
B exciton there are at least two electronic states involved with energies of 1.828+0.002

and and 1.862+0.001 eV respectively, but not significant scattering between these two

states.
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Figure 4.9: Resonance Raman profile for the peak at 241.5 cm ™! when resonant
with the MoSes B exciton. This profile was fitted to three single phonon event
models assuming a) a single electronic state b) two independent electronic states
and c) two electronic states with interstate scattering allowed.

Single State

Model

Two State

Two State with scatter

Adjusted R-square 0.945 0.986 0.985
Ay |- 1.0 £ 0.1 0.8£0.2
Amplitude Ay | 3.14£0.5 1.740.2 1.6£0.3

Az | - - 0.1£0.3

Iy |- 12.0£1.2 12.14£2.1
Width (meV) !

Iy | 28.34+3.2 16.4+1.9 16.0+2.3

E; | - 1.828+0.002 1.827£0.003
Energy (eV)

Es | 1.856 £ 0.001 1.8614+0.001 1.862+0.002

Table 4.4: Adjusted R-square values and coefficients from fitting the 241.5 cm™!
peak resonance profile when resonant with the B exciton. The resonance profile
was fitted to three separate single phonon event models assuming a single elec-
tronic state, two independent electronic states and two electronic states with
interstate scattering allowed. Errors are the standard deviation from the fitting
process. For ease of presentation amplitude coefficients were scaled by a factor
of 10% and so have units of 1073 v/Counts s—1 - V2.
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4.3.3 Anomalous Resonances

When resonant with the MoSes B exciton the peaks at 481.5, 531.2 and 581.1 cm™!
demonstrate anomalous resonance behaviour. These peaks are clearly visible in Figures
4.6 & 4.7 between 1.855 and 1.880 eV. Compared to the other MoSes; Raman peaks in
Figure 4.6 the resonances for the anomalous Raman peaks are significantly narrower and
at lower energy. The resonance profiles for these peaks are presented in Figure 4.10. In
each case the profiles appears to be the result of a single peak with a width of ~ 30
meV. In comparison the energy of the peaks at 481.5, 531.2 and 581.1 cm~! are 59.7,
65.9 and 72.0 meV peaks respectively and so are a factor of 2 greater than the width
of the observed resonances. Therefore, a single phonon event model assuming a single
electronic excitation is cannot explain this resonance behaviour as it does not satisfy

both the incoming and outgoing resonance conditions.
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Figure 4.10: Resonance Raman profiles for the anomalous peaks at 481.5, 531.2
and 581.1 cm™! are presented in panels (a-c). The anomalous behaviour of the
resonance prevents fitting using the typical Raman models and so the profiles
were fitted using a Lorentzian line shape. Errors given are a standard deviation
from the fitting process.

To quantify the anomalous resonance behaviour the resonance profiles were fitted to
single Lorentzian line shape. The resulting fits and resonance profiles are shown in
Figure 4.10 and the coefficients from fitting are provided in Table 4.5. From fitting
the energies of the resonance profiles are not identical and increase as a function of the
Raman peak shift. The difference in energy between each of the resonance profiles is ~ 6
meV and is in agreement with the difference in energies of the Raman peaks. Therefore,
the anomalous resonance profiles appear consistent with an outgoing resonance with
an unidentified lower energy excitonic state. Assuming these resonance profiles are
the result of an outgoing resonance the energy of the involved excitonic state should
be given by E-E,;. For each of the fitted profiles the value of E-E,; is provided in
Table 4.5. For all three anomalous resonances the energy of the lower energy state is
in excellent agreement with a mean value of 1.802+0.001 eV. However, inspection of
the Raman spectra near 1.802 eV shows no enhancement of any MoSes Raman peaks.

Therefore, there is no evidence for an incident resonance with this lower energy state.
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The analysis of the Raman peak at 241.5 cm™!, which has a more typical resonance
behaviour, identified a electronic state at 1.862 eV and is close to the observed outgoing
resonance for the anomalous peaks. This suggests a double resonance between the states
at 1.802 and 1.862 eV and can explain the absence of a strong resonance when incident
with this anomalous electronic state. In addition the coupling of this lower energy state
only to the anomalous Raman peaks suggests that the underlying mechanism for these
peaks is similar and may reveal further information regarding this new excitonic state.
A further discussion of the potential origin of this anomalous state will be continued in

the discussion presented in below.

Table 4.5: Coeflicients from fitting Lorentzian line shapes to the resonance pro-
files for the anomalous Raman peaks at 481.5, 531.2 and 581.1 cm~! when
resonant with the MoSes B exciton. Errors given for coefficients are a standard
deviations from the fitting process. For ease of presentation amplitude coeffi-
cients are scaled by a factor of 103 and have units of 1073 v/Counts s—1 - eV2.

Raman Amplitude Width (meV) Energy (eV) E,, E-Epp,
Shift (cm~1) (meV) (eV)

481.5 1.7 £ 0.2 11.0 £ 2.1 1.863 + 0.001 59.7 1.803
531.2 243 £ 3.7 6.3 14 1.868 £+ 0.001 65.9 1.802
581.1 22.5 + 2.8 12.14+ 2.3 1.874 £0.002 72.0 1.802

Overall analysis of the resonance Raman data indicates the presence of multiple elec-
tronic states at the MoSe; B Exciton at 1.828 and 1.862 e¢V. The resonance behaviour
of several anomalous Raman peaks was analysed and indicates this behaviour is due to
an outgoing resonance associated with an unidentified excitonic state at 1.802 eV. The
coincidence of the outgoing resonance term for this anomalous state near the state at
1.862 eV suggests this is a double resonance condition between these states. Therefore
the resonance Raman behaviour for monolayer MoSes is the result of scattering with at

least three different excitonic states.
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4.4 Discussion

The previous sections presented both the potential mode assignments for the MoSes
Raman peaks and an analysis of their resonance profiles. This section will address in
more detail the possible origins of the excitonic peaks identified and the underlying

phonons involved in the anomalous resonance profiles.

Analysis of the resonance Raman data for monolayer MoSes when resonant with the
MoSes B exciton has revealed at least three different states involved in the resonance
behaviour. From fitting to a model assuming a single electronic state revealed two

clusters of energies were identified. Fitting of the 241.5 cm ™!

resonance profile deter-
mined the energies of these two states to be 1.828 and 1.861 eV. The Raman peaks at
481.1, 532.2 and 581.1 cm ™! which demonstrate an anomalous resonance behaviour were
also analysed and found to be involved with an outgoing resonance associated with an

unidentified state at 1.802 eV.

The MoSes B exciton is predicted by DFT calculations to have a separation of 216 meV
relative to the A exciton resulting from the valence band and conduction band spin
splitting [252], and has been verified by PL and reflectivity measurements performed on
monolayer MoSey [251, 133]. From the PL spectra obtained for our monolayer MoSes
sample the peak at 1.649 eV was attributed to the neutral MoSey A exciton. Using
this result the expected energy of the B exciton is predicted to be 1.865 eV using the
predicted separation of 216 meV. In comparison to the energy of the states identified
from our resonance Raman measurements this predicted is in agreement with the state
at 1.862 eV. Therefore it is likely that the state at 1.862 eV is the neutral B exciton.

In addition, both positively and negatively charged trions have been reported in mono-
layer MoSes at the A exciton. It is also possible for trions to form at the B exciton.
These B trions have been predicted and are expected to have a smaller binding energy
than their counterparts at the A exciton [88]. However, there are only a few experimen-
tal reports of B trions in literature [253, 254] with only the work of Wang et al. able to
unambiguously distinguish between the trions and neutral B excitons [255]. Fortunately
they report the observation of B trions in both monolayer MoSe; and WSey and so we
can use their results to identify the likely energy ranges for the neutral excitons and
trions. From their results the energy of the neutral exciton is expected between 1.845
to 1.87 eV, whilst the negatively and positively charged trions are expected between
1.815 to 1.845 and 1.8 to 1.84 eV respectively. These results are also in agreement with
gated photocurrent spectroscopy measurements which observe a state 30 meV below the
neutral B exciton [256], although they propose that this could result from either the B
trion or the spin forbidden B exciton. Considering then our experimental results the
separation of the states at 1.862 and 1.828 eV of 34 meV is in reasonable agreement
with the expected separation of the exciton and trion. Therefore, it seems reasonable to
conclude that the state at 1.828 eV is due to a charged B exciton and the 1.862 eV state
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is the neutral B exciton. Although without the use of gated measurements it is not pos-
sible to identify unambiguously if the trion is positively or negatively charged. Future
gated measurements would also clarify if this state is the result of a spin forbidden B

exciton which would also have an energy 20 to 30 meV below the B exciton [75, 252].

The final state to consider is the electronic state at 1.802 eV which is observed only
for the Raman peaks at 481.5, 531.2 and 581.1 cm~'. The resonance in this case was
observed to shift in energy in agreement with the change in phonon energy is due to an
outgoing resonance with a lower energy state. The coincidence of this resonance near
1.862 eV suggests a double resonance between the neutral MoSes B exciton and the lower
energy anomalous state and explains the lack of incident resonance for the lower energy
state at 1.802 eV. This anomalous resonance is 60 meV below the neutral B exciton
and is unlikely to be associated with either B trions or spin forbidden B excitons. It is
possible that this lower energy state could be the result of biexcitons which have been
observed at the A exciton in several TMDCs [92]. However, biexcitons have not been
reported for monolayer MoSes at the A exciton and so it seems unlikely that these states
are present at the B exciton. A more likely possibility is that the state at 1.802 eV is
an excited state of the MoSes A exciton. Both 2s and 2p states have previously been
reported for monolayer MoSey [133, 252, 251]. In particular Renucci et al. reported the
energy the excited A 2s state in encapsulated monolayer MoSes to be ~ 150 meV above
the A exciton, which corresponds to an energy 55 meV below the B exciton [251] and
is close to our observed separation of the neutral B exciton and anomalous state. It is
possible that there is another explanation for this low energy state however a thorough
search of the literature has not produced any viable alternatives. Therefore we conclude

that the anomalous state observed at 1.802 eV is due to the excited 2s A exciton.

If the anomalous state is the result of an excited A exciton this would suggest the
phonon assisted scattering between the B and A excitonic states. In the electronic band
structure of monolayer MoSes the spin orbit splitting requires the states at the K and
K’ valleys to have opposite spins. Whilst the spin of the excitonic states is zero the
energies of these states at a particular valley are not degenerate. For a B exciton to
scatter to the A exciton in the same valley must involve a change in the spins of the
exciton. Recent work by Guo et al. describes an intra-valley mixing of the excitons in
TMDCs arising due to the intra-valley exchange interaction and allows for the mixing
of the A and B excitonic states [257]. Alternatively, the scattering of a B exciton at
the K(K’) valley to an A excitonic state at the opposite K'(K) valley does not require
a change spin. Therefore, the scattering of a B exciton to an excited A excitonic state

could be mediated via large wavevector phonons scattering.

The coupling of only three Raman peaks to the anomalous resonance suggests this
process requires a particular set of phonons. For the the Raman peaks at 481.5,
531.2 and 581.1 cm™! there are multiple possible assignments to different multiphonon

Raman peaks. However, all three Raman peaks could be explained by the E/.,(M)
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+ 2LA(M)/2TA(M)/2ZA(M) combination modes which have predicted frequencies of
479.5, 531.5 and 593.6 cm~—!. Whilst this may be a fortuitous coincidence the ability to
explain all three anomalous Raman peaks as arising from similar multiphonon combina-
tion modes is an enticing proposition. The phonons involved in these peak are all large
wavevector and so could allow for scattering between the B exciton and an excited A
exciton. A inter-valley scattering process seems more likely to allow coupling between
the A and B excitons as it does not require a change in spin via exchange interactions.
However, it is not possible to fully clarify the underlying process due to the uncertainty
in the peak assignment and the nature of the lower energy excitonic state. While an
exact mechanism for the coupling between a B exciton and excited A state has yet to
be elucidated this result may allow further information on intra and inter-valley scat-
tering processes which can couple between the B and A excitonic states. At present
the energies from resonance Raman spectroscopy suggests the involvement of both the
neutral B exciton and excited state of the A exciton in the Raman scattering processes.
Whilst excited states have been observed through other spectroscopy techniques our
method provides additional information on scattering between excitonic states and the
involvement of dark intermediate states. Further measurements using high resolution
one photon and two phonon PLE may also allow for a direct measurement of the A

excited state in this sample and confirm our proposed assignment.
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4.5 Conclusion

In conclusion this chapter has presented the results of resonance Raman spectroscopy
on an encapsulated monolayer of MoSes and reports a thorough study of the resonance
behaviour with the B exciton. A detailed assignment of the Raman peaks to possible
phonon combination modes has been presented. Only the 241.5 cm™! peak can be
unambiguously assigned to a single phonon mode. The majority of Raman peaks instead
have multiple possible assignments to multi-phonon combination modes and cannot be
attributed to a particular mode. This is in contrast to the proposed assignments in
literature which assign a single phonon mode to each Raman peak. In addition this
analysis reveals an unexpected temperature dependence of a Raman peak observed at
150 cm~! which is assigned in literature to the LA(M) phonon. This peak is not visible
at 4 K but is clearly visible at room temperature. The temperature dependence of this
peak can be explained if it is the result of a multiphonon process involving both emission
and absorption of phonons. This is supported by the assignment of a similar peak at 140
cm~! to the E/ - LA(M) in literature [194]. The potential erroneous assignment of the
LA(M) peak throws into doubt the reported assignment of overtones of the LA phonon
and further emphasises that these multiphonon Raman peaks should not be assigned to
a single set of underlying phonons. These results also reveal the presence of continuously
dispersive Raman peaks at ~ 288 cm ™!, which indicates the scattering of the E/ phonon

with large wavevector dark states.

The analysis of the resonance behaviour has demonstrated the presence of two excitonic
states when resonant with the MoSes B exciton and assigned these to a trion at 1.828
and neutral exciton at 1.862 eV. This is the first reported observation of B trions on
monolayer MoSey using resonance Raman spectroscopy. In addition an anomalous Ra-
man resonance is observed for the three multiphonon Raman peaks at 481.5, 531.2 and
581.1 cm~!. The mode assignment of these peaks have been considered and multiple
possible assignments are available for each peak. However, we propose that these peaks
arise due to the E/, (M) + 2LA(M)/2TA(M)/2ZA(M) combination modes and may im-
ply a particular set of phonons are required to couple to the anomalous resonance. The
anomalous resonance is attributed to a double resonance between the MoSes B exciton
and the excited 2s A exciton at 1.802 eV. A combination of the relaxation via scattering
with the phonons and the intra-valley exchange interaction could allow for the coupling
between a B exciton and excited A state in the same valley. Further investigation of this
anomalous resonance with both gated resonance Raman measurements, PLE and polar-
isation resolved PL could provide confirmation that this peak is the 2s state. This would
also allow further information on the mechanism for scattering between the A and B

excitonic states and may provide additional information regarding valley depolarisation.






Chapter 5

Resonance Raman Spectroscopy

of Encapsulated Monolayer W Ses

This chapter presents a study of the excitonic transitions in encapsulated monolayer
WSe;, via resonance Raman spectroscopy using excitations energies between 1.6 and
2.25 eV. This allows both the A and B excitons at 1.742 and 2.16 eV respectively to be
probed. We also report the presence of an additional resonance at ~ 1.866 eV, which is

referred to as the A*, and is attributed to an excited Rydberg state of the A exciton.

5.1 Motivation

The experiments in this chapter explore Raman scattering in an encapsulated monolayer
of WSes. Previous Raman studies of WSes were only carried out at room temperature,
did not made use of continuously tuneable lasers and focused on investigating the C
exciton [35, 36, 193]. Consequently, the behaviour of the A and B excitons has yet
to be fully explored by resonant Raman scattering. Recent studies of encapsulated
monolayers of WSes have demonstrated coupling between the TMDC and substrate
phonons associated with a previously unobserved resonance in encapsulated WSes [198,
199]. The underlying mechanism behind this process has yet to be fully understood. The
lack of a complete study of the resonance Raman behaviour of monolayer WSes means
there is a wealth of physics still to be explored. Furthermore the sample utilised in these
measurements also contains several novel heterobilayers composed of MoSes and WSes.
In order to understand the resonance Raman behaviour of these heterobilayers we first

require a firm understanding of the Raman response of the constituent monolayers.

T
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5.2 Photoluminescence of monolayer WSe,

To characterise the sample a PL spectrum was acquired using an excitation energy of
2.33 eV with an incident power of 50uW. The obtained spectrum is shown in Figure 5.1
and reveals an abundance of peaks between 1.55 and 1.75 eV. To quantify these peaks
the spectrum was fitted to a total of 10 Lorentzian line shapes. The coefficients from
fitting are provided in Table 5.1. The highest energy peak is observed at 1.742 eV and
assigned to the neutral A exciton, and is in agreement with the energies reported for
similar samples [93, 199]. The next two peaks in the spectrum at 1.712 and 1.704 eV and
are assigned to the inter and intra-valley negatively charged trions. The separation of 8
meV between these trionic states is in good agreement with reported values in literature
[92, 258]. The remaining peaks below 1.70 eV are more difficult to assign due to the
large number of peaks observed in this energy range, which have possible assignments
to dark excitons, additional charged excitons, biexcitons, charged biexcitons, localised
excitons and defect states [92, 259, 260, 261]. A precise assignment of these lower energy
peaks would require both gated and power dependent measurements and is beyond the
scope of this study. The results presented in this chapter show no resonant Raman
enhancement of the WSey modes below 1.7 eV. Therefore, a complete assignment of these
lower energy peaks is not required for interpreting our Raman data. The lack of Raman
resonances with these lower energy peaks is not surprising as these states typically exhibit
a low oscillator strength and are not observed in reflectivity or absorption measurements
[259, 132]. In addition we also observe an additional higher energy peak at 1.873 eV

which is attributed to the A* resonance and is discussed in more detail in Section 5.3.2.2.

Table 5.1: Coefficients from fitting the WSe2 PL spectrum shown in Figure 5.1.
Errors given are the standard deviation from the fitting process.

Amplitude  Width (meV) Energy (eV)

322.6£7.7  6.9£0.3 1.74240.001
462.8+£12.8 5.940.3 1.712+0.001
568.3+8.1  10.0£0.4 1.70440.001
370.7£9.8  4.3£0.2 1.693+0.001
874.6+£8.8  5.0£0.1 1.67940.001
1551.6+4.0 26.7£0.1 1.658+0.001
402.0£9.6  6.3£0.3 1.623+0.001
2192.0+£7.8 12.14+0.1 1.6124+0.001
884.6+20.2 11.0+0.4 1.600+0.001

443.3+£14.5 23.0+0.6 1.58940.001
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Figure 5.1: Photoluminescence spectrum taken on monolayer WSe, region using
2.33 eV (532 nm) excitation. The spectrum was been fitted to a summation of
Lorentzian line shapes with the resultant fit indicated by the red line. Inset
panel shows an additonal PL spectra obtained with an excitation energy of
1.968 eV and shows an additional state at 1.873 eV and is attributed to the A*
state.
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5.3 Resonance Raman Spectroscopy of monolayer WSe,

For our WSe, monolayer resonance enhancement is observed with three different exci-
tonic states labelled as the A, A* and B respectively. Resonance with the A exciton
shows a clear enhancement near ~ 1.74 eV and is consistent with the neutral A exciton
identified from PL measurements. The resonance with the WSes B exciton is observed
at ~ 2.16 eV with a separation between the A and B excitons of ~ 418 meV. This is
in agreement with reflectance contrast measurements [132] and in line with theoretical
predictions for the valence band splitting in WSes which is estimated by Zhu et al. to
be ~ 453 meV [66]. In addition a third unexpected resonance is observed at ~ 1.866 eV.
The proximity of this peak to the A exciton has led to this resonance being labelled as
the A* state. The following sections present a discussion of the mode assignment of the
WSey Raman spectra at each resonance followed by a detailed analysis of the resonance
Raman data for the A, B and A* states.

5.3.1 Mode Assignment

In this section the WSes Raman spectra are presented and an assignment of the Raman
peaks to their underlying phonons is proposed. In total three separate Raman resonances
identified for monolayer WSes labelled as the A, A* and B excitons with energies of ~
1.74, 1.86, 2.16 eV respectively. Exemplar spectra at each resonance are presented

in Figure 5.2 and were calibrated to the silicon signal at 520 cm™!.

To allow for a
qualitative comparison the spectra were normalised to the maximum peak intensity and
offset. From the spectra presented in Figure 5.2 there are clear differences between
the Raman spectra when resonant with the different excitonic states. These include
variations in the number of Raman peaks observed and changes in the relative peak
intensities. Of the three resonances the A and A* spectra are similar in appearance.
However there are several differences including an additional peak at ~ 495 cm™! that
is only observed for the A* spectra, and dispersive peak at ~ 207 cm~! when resonant
with the A exciton. Comparing the A and A* spectra to those at the B exciton there
is a clear changes in the spectra, which include the appearance of new peaks between

200 to 250 cm~! and an additional Raman peaks near ~ 400 cm™!.

There is also a
significant change in the relative intensity of the Raman peaks. This can be seen by
considering the dominant peak in the spectra at both the A and A* states the 250 cm ™!
peak dominates the spectrum, however at the B exciton the dominant peaks are those
at ~ 260 cm~!. The differences in the Raman spectra when exciting the B exciton were
previously reported but not considered in detail due to the lack of data at the A and B

excitons [193].

To quantify the number of Raman peaks at each resonance the spectra were fitted

to a summation of Lorentzian line shapes. For each resonance at least three spectra
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Figure 5.2: Raman spectra obtained when resonant with the A, A* and B
excitonic states using 1.74, 1.87 and 2.17 eV excitation energy respectively are
presented. All spectra are shown together in panel a) and have been normalised
to the peak intensity in each case and offset to allow visual comparison. Panels
(b-d) then show the individual spectra when resonant with B, A* and A excitons
respectively and in each case the y-axis limits have been adjusted to allow easier
inspection of the lower intensity Raman peaks.

at different excitation energies were fitted to determine a mean value and a standard
deviation for each peak position. The Raman shifts from fitting spectra at the A, A* and
B resonances are presented in Table 5.2, and reveals that there are several peaks which
are only observed at a particular resonance, and indicate a difference in the underlying
scattering processes. The peaks at ~ 235, 241, 250, 258, 262 and 397 cm ™! are seen
at all three resonances with their Raman shifts in agreement to within the error. At
the WSes A exciton we observed a dispersive Raman peak, with a frequency between
207.0 and 210 cm™!, which is not observed at the A* or B resonances. The absence
of this peak at the other resonances is not unexpected due to it’s dispersive behaviour
and is discussed in more detail in Section 5.3.1.1. At the WSes A* resonance a new
peak is observed at 494.6 cm™! and is not seen at either the A or B resonances. For
the B resonance there are several new peaks which are not observed for either of the
other resonances at 197.8, 225.0, 230.5, 375.6 and 393.1 cm~—!. For the 375 to 400 cm ™!
peaks there is evidence that these peaks are present at the A and A* resonance but
are too weak to be resolved. For the A exciton in particular there are several instances
where background subtraction of luminescence from the A exciton makes it difficult to
resolve weaker peaks. Overall the significant differences in appearance of the Raman
spectra at each resonance combined with the observation of Raman peaks exclusive to
each resonance indicates a change in either the electron-phonon coupling or the nature

of the underlying electronic states contributing to each resonance.
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Table 5.2: Raman spectra at A, A* and B resonances were fitted to obtain the
positions of the Raman peaks. The presented values are the mean and standard
deviation from fitting several spectra at different excitation energies.

Raman Shift (cm™!)

A A* B
- - 197.8+0.3
207.0£1.4 - -
219.2+0.7 - 219.1+0.3
230.5£0.5

234.5£0.3 | 236.2+0.5 | 235.24+0.1
241.5£0.7 | 240.2+0.3 | 241.0+0.2
249.5£0.1 | 249.0+£0.1 | 249.74+0.1
257.7£0.2 | 257.4+0.1 | 258.1+0.1
261.9+0.2 | 261.6+0.1 | 262.0£0.1
- 286.7+0.5 | 285.9+0.4
- 375.6+0.3
- - 393.1+£0.5
396.6+0.4 | 397.4+0.4 | 398.6+0.1
- 494.610.1 -

The resonance Raman behaviour of monolayer WSes has been reported previously in
literature [35, 153, 193, 156, 190]. These studies demonstrated resonance enhancement
at the C exciton, Davydov splitting of the Raman peaks and the changes in the Raman
spectra as a function of layer number. A detailed resonance Raman study of the WSe,
A exciton has not been previously reported, although the B exciton was studied by
Del Corro et al. [193]. The lack of detailed investigations of the A and B exciton
is due to the use of discrete lasers as opposed to a continuously tunable system, and
limits the resolution of these experiments. All previous resonance Raman measurements
were also conducted at room temperature, whilst our experiments are at 4 K. This is
advantageous as the line widths of the excitons in the WSes are significantly narrower
at low temperatures and it is possible to resolve the detailed structure of the resonances,
such as, the contributions from both excitons and trions [37, 262]. In addition there are
numerous reports addressing the assignment of the WSey Raman spectra using only a
single excitation energy [263, 52, 163, 177, 264]. These studies have allowed the layer
dependent behaviour of the A} and E' Raman peaks to be addressed and confirmed via
polarisation resolved measurements that these peaks are degenerate in the monolayer
limit [52, 163].

The assignment of the Raman peaks in our spectra to their underlying phonons requires
the use of an appropriate phonon dispersion relation. We chose to use the phonon
dispersion calculated by Terrones et al. for monolayer WSes [153]. The WSey dispersion
phonon relation is provided for reference in Figure 5.3. As previously discussed when
considering the mode assignment for monolayer MoSes in Chapter 4 the predicted values

for the different phonon branches can vary significantly between the reported phonon
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Figure 5.3: The predicted phonon dispersion relation for monolayer
WSey calculated by Terrones et al. using DFT. WSey phonon dis-
persion by Terrones et al.  [153] this work is licensed under a Cre-
ative Commons Attribution-NonCommerical NoDerivs 3.0 Unported License
https://creativecommons.org/licenses/by-nc-nd/3.0/.

dispersion relations. In addition the experimentally measured Raman shift can also vary
due to the effects of temperature, strain, and substrate choice [265, 218, 266]. As a result
all possible phonon mode assignments are considered to within 3 cm™! per phonon to
account for the uncertainty in the predicted dispersion relations. The results of this
assignment process are presented in Table 5.3 and for several of the assigned Raman
peaks a more detail discussion of their assignments is provided. Where possible the
assignment given in literature for these peaks is also provided. To simplify the mode
assignments we constrain the available phonons in our analysis to those at the high

symmetry points of the Brillouin zone i.e the I';, K and M points.
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Table 5.3: Mode assignments of the monolayer WSe; Raman peaks when res-
onant with the A, A* and B excitons. Assignments given in literature are
provided along with the following superscripts corresponding to ¢[199], *[190], ©
[143], ¢ [163] and © [153]. Where there are multiple possible peak assignments
the difference between the predicted and experimentally frequencies were used
to rank the assignments.

Raman Widths Reported Assignment Predicted
Shift (em™!) (cm™!) Assignment Shift (cm™1)
197.8£0.3 3.9£2.6 E7o(M) 195.5
2TA(M) 195.5
2TA(K) 201.8
E7o(K) 209.2
207.0x1.4 2.6+£0.4 Unassigned E7o(K) 209.2
219.2+0.7 4.6£1.0 LA(M)+TA(M)®? | TA(M)+ZA(M) 217.0
E7 o (K) 216.5
E7 5(M) 214.9
230.5+0.3 5.2+1.8 Elo(M) 228.6
TA(M)+LA(M) 229.1
234.5+0.3 5.8+2.6 2ZA(M) 238.6
TA(M)+LA(M) 229.1
241.5+0.7 2.7+£0.4 LA(M)+ZA(M)®b | 2ZA(M) 238.6
LA(K)+TA(K) 245.2
E} o (M) 246.0
2ZA(K) 246.0
249.5£0.1 2.841.4 Al (T) and E/(I')® E’LO/TO(F) 250.6
A(T) 250.6
LAM)+ZA(M) 250.7
257.7+0.2 4.6£1.0 Af(M)e E} o (K) 259.1
AL(K) 261.7
AJ(M) 262.2
261.91+0.2 3.144+0.8 2LA(M) A(K) 261.7
AZ(M) 262.2
2LA(M) 262.8
LAM)+ZA(M) 267.5
AL (M) 269.1
285.9+0.4 3.8+1.2 Unassigned 2LA(K) 289.0
3TA(M) 293.3
375.6+0.3 4.8+£1.0 E7 o(M)+LAM) | AJ(K)+ZA(K) 3779
AZ(M)+ZA(M) 381.5
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Table 5.3 continued from previous page

Raman Widths Reported Assignment Predicted
Shift (em™) (cm™!) Assignment Shift (cm™1)
E’ o (M)+LA(M) 377.3
393.1+0.5 8.2+1.4 3LA(M)be AZ(M)+LA(M) 393.6
3LA(M) 394.1
3TA(M) 391.0
2E7. (M) 391.0
2LA( )+TA(K) 389.9
AL (M)+ZA(M) 388.4
A”(K)—i—LA(K) 399.4
AL (K)+ZA(K) 384.7
398.640.1 7.24-2.6 A} (M)+LA(M)bed A”(K)+LA(K) 399.4
AT (M)+LA(M) 400.5
3LA(M) 394.1
E} o(K)+LA(K) 403.6
4TA(K) 403.6
4TA(M) 391.0
3TA(M) 391.0
E%O(M) 391.0
AL (M)+LA(M) 406.2
494.6+0.1 5.3£0.2 2A (1) 47A(K) 491.9
2LA(M)+TA(M) 491.9
2E) (M) 491.9
Elo(M)+A} (M) 497.7
2LA(K)+E7,, 498.2
E’TO(M)+A”( ) 490.8
2ZA(M)+LA(M) 489.3
2TA(M)+E7,(M)  488.7
2E7,(M) +TA(M) 488.7
2TA(K)+A%(K) 500.8
2LA(K)+E%, 502.9
2TA(K)+E’ ,(K) 505.0
AL (M)+E] 5(M) 484.0
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First we consider the assignment of our observed Raman peaks to single phonon pro-
cesses. At the I' point in the phonon dispersion there are only three possible frequencies
for single phonon Raman peaks due to the degeneracy of the A}, E' and E” phonon
branches. The A} branch is predicted at ~ 307 cm™! at the I' point but is Raman inac-
tive in monolayer WSes [153]. Likewise the E” branch is predicted at ~ 176 cm™ at the
I" point, but is also not expected to be visible in our spectra as this mode is forbidden in
backscattering geometry [143]. However, under resonance Raman conditions these se-
lection rules are not necessarily valid and these peaks are reported when resonant with
the C exciton in other TMDC monolayers [194]. In our Raman measurements there
are no peaks observed at these frequencies for either the A, A* or B exciton resonance
and so we can conclude that the E” and A peaks are not present in our spectra. As
a result only one Raman peak in our spectra assigned to I point A} and E’ phonons.
These peaks are predicted to be degenerate at the I' point for monolayer WSey and has
been confirmed experimentally [52, 163]. In our experiments the peak at 249.5 cm ™! is
assigned to the A’} /E’ phonons and is in agreement with assignments reported in liter-
ature [52, 163, 193]. Although, we acknowledge that a combination mode arising from
the LA(M)+ZA (M) is predicted in our analysis to appear at this frequency and so it is

not possible to be absolutely certain of the peak assignment.

The resulting assignments in Table 5.3 also include potential assignments to single
phonon processes with large wavevectors. To observe these large wavevector single
phonon Raman peaks, an additional elastic scattering event with a defect state is re-
quired to satisfy the conservation of wavevector [267]. Defect scattering in TMDCs has
been demonstrated using samples with increasing defect densities and results in an in-
crease in the intensity of the Raman peak assigned to the LA phonon [168, 141, 170].
The effect of defect scattering on the Raman selection rules is unclear and may alter the
symmetries allowed in the scattering processes, as such all possible phonons including
the E” and Raman inactive A phonons are considered in the assignment process. A
consequence of defect scattering processes should be the appearance of Raman peaks
associated with the acoustic phonons. The dispersion of the acoustic phonon branches
allows for Raman peaks at the high symmetry points with frequencies in the range of
95 to 150 cm~!. However, as seen from the results of Table 5.3 & 5.2 there are no
Raman peaks observed at these lower frequencies in any of our spectra. Therefore, there
is no evidence of single phonon scattering of large wavevector acoustic phonons in our
experiments. As seen in Table 5.3 there are numerous possible assignments to large
wavevector single phonon optical modes. However, in all cases there are also assign-
ments to two phonon or higher order combination modes for these Raman peaks and
so it is not possible from these results to distinguish between the two processes. An
exception to this is the dispersive Raman peak at ~ 207 cm~! at the A exciton which
has a single assignment to the E/,, phonon. The dispersive nature of this peak clearly
indicates the involvement of phonons with different wavevectors and is evidence of large

wavevector single phonon peaks due to optical phonons. Therefore, there is evidence
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for single phonon peaks due to large wavevector optical phonons, although for the ma-
jority of Raman peaks the possibility of degenerate assignments to other Raman peaks

prevents a precise assignment of these large wavevector processes.

Our discussion so far has been limited to single phonon mode assignments, however there
are several Raman peaks observed when resonant with the WSey excitons that must
originate from higher order multiphonon scattering processes. The phonon dispersion
relation for monolayer WSey provides a maximum frequency for a single phonon process
of 307 ecm™!, predicted for the A4(T") point phonon. Therefore, the Raman peaks ob-
served at 375.6, 393.1, 398.6 and 494.6 cm ™! must result from higher order multi-phonon
scattering processes. In our analysis multiphonon combination modes were considered
up to 4th order when assigning the Raman peaks. As seen in Table 5.3 the assignment
of these Raman peaks to a particular combination mode is not possible due to the large
number of multiphonon modes with predicted frequencies that are almost degenerate.
Therefore, it is likely that each of these Raman peaks are the result of several different
underlying combination modes. For example the 2LA (M) mode in monolayer MoSs was
shown by Carvalho et al. to result from at least five different multiphonon combination

modes that were almost degenerate [141].

A method which may allow us to determine if a Raman peaks is composed of multiple
combination modes is to consider the peak widths given in Table 5.3. The Raman
peak assigned to the single phonon A} /E/(T') mode at 249.5 cm~! has a width of 2.8
cm ™!, and provides an estimate of the expected line width for a single phonon Raman
peak. Comparing those peaks above 350 cm™! which must be multiphonon peaks, their
widths vary from 4.8 to 8.2 cm~!. In particular the peaks at 393.1 and 398.6 cm ™!
have widths of 8.2 and 7.2 cm™! and so are 2-3 cm ™! broader than the peaks at 375.6
and 494.6 cm~!. This may suggest that the 393.1 and 398.6 cm ™! peaks are composed
of multiple combination modes which are almost degenerate. Although, the difference
in width may result from the different order of the multiphonon processes. Likewise
the lower frequency Raman peaks, which may be the result of multiphonon or large
wavevector single phonon modes, have widths from 2.6 to 5.8 cm™'. The peaks at 207.0,
and 241.5 cm ™! both have similar widths to the 249.5 cm ™! peak. This may suggest that
these peaks are also due to single phonon processes and could be assigned to the E7,,
and E/ , phonons. However, the line width of the Raman peaks is dependent on other
factors including the coherence lifetime, homogeneity, quality of the sample material,
and effects of phonon confinement. For large wavevector processes the scattering via off
zone centre phonons may also result in broadening due to a range of allowed wavevectors.
A thorough analysis of the line widths would require the underlying phonons be more
precisely known. Therefore, the width of the peak should be considered only as a metric
when optimising the fits to the spectra. Overall there are several Raman peaks observed
which must be the result of multiphonon Raman peaks due to their high frequency, but

a precise assignment of these peaks to a particular set of underlying phonons is not
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possible due to the large number of peaks predicted to be almost degenerate for these

peaks.

It is also interesting to compare the higher frequency peaks at the different resonances,
particularly those observed between 375 and 400 cm™! when resonant with the WSes
B exciton. For the A and A* resonance only the Raman peak at 398.6 cm™! peak is
seen in the Raman spectra presented in Figure 5.2 with only a weak broadband feature
visible when resonant with the A exciton below the 398.6 cm™! peak. However, when
probing the A exciton there is also a significant PL. background which has been removed
by subtraction of co-linearly and cross-linearly polarised Raman spectra, and so it is
difficult to clearly resolve the weaker Raman peaks in the spectrum. It is possible
that the broad contribution seen in the spectra is due to a residual component of the
background subtraction and not the result of Raman scattering. The lack of these peaks
in the Raman spectra at the WSes A and A* resonance is likely due to their low intensity,
which prevents them being resolved from the noise in the spectra. The relative intensity
of these peaks at the B exciton however clearly implies a change in the underlying process
enhancing the strength of scattering from these high frequency multiphonon peaks. The
differences between the different resonances is further demonstrated by the appearance
of a Raman peak at 494.6 cm ™!, which is only observed when resonant with the A* state

and has an unusual resonance behaviour.

The Raman spectra when resonant with the WSes B exciton is significantly different
when compared to the A and A* resonances. From Table 5.2 there are at least two
peaks at 225.0 and 230.5 cm~! which are exclusive to the WSey B resonance. The
assignments presented in Table 5.3 for these peaks indicate they are likely due to two
phonon combination modes. It is also clear that at the WSey B exciton the Raman
peak at 249.5 cm™! is no longer the dominant peak as was the case for the A and A*
resonances. Instead the peaks at 257.7 and 261.9 cm™' dominate the spectrum. The
appearance of new peaks likely arising from two phonon processes and apparent increase
in the relative intensity of the peaks at 257.7, 261.9, 375.6, 393.1 and 398.6 cm ™! suggests
that multiphonon scattering processes are enhanced at the B exciton. This suggests the
availability of large wavevector states allowing for an increase in multiphonon Raman
scattering. However, it is also possible that this is the result of fundamental differences
in the exciton phonon coupling similar to the mechanism proposed for monolayer MoS»
[36].
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5.3.1.1 Dispersive Mode

The Raman peaks discussed so far all have constant frequencies with the peak positions in
agreement to within 1 cm~! when comparing the spectra at the A, A* and B resonances.
The exception to this is the Raman peak at ~ 207.0 cm™! which is observed only
when resonant with the WSey A exciton and shows a shift in frequency of ~ 3 cm™!
as a function of excitation energy. This dispersive behaviour is visible in Figure 5.4
panel a) near the A exciton resonance. To quantify the shift in frequency of this peak
the fitted positions are presented in Figure 5.4 panel b) as a function of excitation
energy. The Raman shift of the peak is found to range from 205.5 to 208.6 cm™'. The
dispersive nature of this Raman peak indicates this Raman peak is associated with large
wavevector intermediate states accessible via defect mediated single phonon scattering
or multiphonon Raman processes. The proposed assignment for this peak in Table 5.3
is to the E”(K) phonon. Considering the phonon dispersion relation for the E/,(K), it
is apparent that the dispersion near the M point is relatively flat whereas the frequency
between the K and M point increases significantly. This appears to be in agreement with
the change in frequency observed for the Raman peak and indicates the assignment to
the E7.,(K) could result in the observed dispersion. The observation of this dispersive
Raman peak is a clear indication that there are large wavevector excitonic dark states

present at the WSes A exciton.
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Figure 5.4: Panel a) Raman spectra showing dispersive Raman peak at ~ 207
cm ™! for excitation energies of 1.742, 1.752, 1.762 and 1.776 eV when resonant
with A exciton. Panel b) Fitted Raman shift for the dispersive peak as a function
of excitation energy. Error bars shown are the standard deviation obtained from
the fitting process.
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5.3.1.2 Hexagonal Boron Nitride Modes

In addition to the Raman peaks associated with he WSes monolayer, several higher
frequency modes are observed at ~ 800 cm™! and 1000 cm~! when probing the WSes
A* resonance, and are shown in Figure 5.5. These peaks are only observed near resonance
with the WSey A* state. The high frequency of these peaks suggests they are not typical

WSes modes as the highest frequency peaks on WSey is at 494.6 cm ™!,

These modes
were previously reported by Jin et al. for an encapsulated monolayer of WSes [198], who
proposed that these peaks are due to coupling of hBN phonons to electronic states in
the WSes layer. These peaks were assigned to the hBN ZO phonon at ~ 800 cm ™! and
a combination mode arising from the ZO + A phonons at ~ 1060 cm™! and so involve
both hBN and WSes phonons. Jin et al. also probed the resonance behaviour for these
Raman peaks, which revealed a double resonance between the WSes A exciton and a
new electronic state accessible in WSes due to the encapsulation in hBN. However, they
were unable to determine the precise nature of this new electronic state. These results
are also supported by a PLE study of encapsulated WSes by Chow et al., which reported
enhancements in the PL spectra due to coupling of surface phonons to electronic states
in the WSes layer via coupling of the out of plane phonons in the two materials. In
particular for a hBN/WSey /hBN structure they observed two Raman peaks at 99 and
131 meV (or 798 and 1056 cm~!). Therefore, the Raman peaks observed in our spectra
at 800 and 1060 cm ™! are in agreement with these reported in literature, and are due
to hBN phonouns.

To date reports of these hBN modes are unable to identify the electronic state involved in
the resonance Raman process but associate it with the WSes layer. Our data indicates
that these modes are due to a double resonance between the A* and A excitons in
WSes. Our results are in good agreement with Jin et al. and demonstrate that the A*
is a electronic state in WSes due to the observed resonance enhancement of the WSeq
Raman peaks [198]. As such these modes are discussed in relation to the A* state.
However a complete set of resonance Raman data for these hBN related Raman modes
is not presented here and is proposed as an area of future study. In particular the line
shapes of these modes show significant asymmetry which has yet to be addressed and

requires further investigation.
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Figure 5.5: Raman spectra on monolayer WSes when resonant with the WSes
A* using an excitation energy of 1.876 eV. Two peaks are observed near 800
and 1060 cm~! and attributed to hBN phonons.
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5.3.2 Resonance Raman Spectroscopy of WSe,

In this section the resonance Raman data for on monolayer WSes is presented for ex-
citation energies in the range of 1.6 to 2.25 eV. In total three different resonances are
observed at ~1.74, 1.87 and 2.16 ¢V and are attributed to the A, A* and B excitonic
states. The origins of the A* resonance at 1.87 eV is not immediately clear as it has
not been previously reported in resonance Raman measurements but is most likely an
excited state of the A exciton. The resonance Raman data will be presented and a
qualitative comparison provided of the three different resonances. This is followed by
three separate sections presenting a quantitative analysis of the resonance profiles for
the A, A* and B excitons.

The Raman data for all three WSe, resonance is presented in the colourmaps and water-
fall plots shown in Figures 5.6 & 5.7 and provides an overview of the resonance Raman
data at the A, A* and B resonances respectively. Resonance Raman data was obtained
between the A* and B resonances in the range of 1.96 to 2.1 eV, however no additional
resonances were observed and so this data is not shown. There are clear differences in
the resonance behaviour for the A, A* and B excitons as seen in Figure 5.6. In particular
for the A and A* resonances each Raman peak shows similar resonance behaviour with
enhancement at two different energies. This is visible when comparing the 249.5 cm ™!
peak at the A exciton with two peaks at ~ 1.747 and 1.776 eV and at the A* resonance
with two peaks visible between 1.867 and 1.897 eV. The separation of these two reso-
nant peaks are 29 and 30 meV at the A and A* respectively. These separations are in
agreement with the energy of the 249.5 cm~! Raman peak (31 meV) and indicates these
two peaks are due to incoming and outgoing resonances. Further evidence supporting
the observation of both the incoming and outgoing resonances can be seen by comparing
the 249.5 cm™! peaks to the higher frequency Raman peaks. For the higher frequency
Raman peaks the separation of the peaks in their resonance behaviour is observed to
increase as a function of Raman peak frequency. This behaviour is expected for an
outgoing Raman resonance. In contrast for the WSey B exciton resonances shown in
Figure 5.6 panel ¢) the Raman peaks all have a single broad resonance. Comparing the
resonances for the peaks near ~ 260 cm~! and those at ~ 400 cm™! there is no obvious
evidence of outgoing resonance condition. This indicates a clear difference in resonance
behaviour for the B exciton when compared to the A and A* with no clear separation

of the incoming and outgoing resonances.

For each resonance exemplar Raman spectra as a function of excitation energy are shown
in Figure 5.7. For the WSey A and A* resonances it is useful to compare the relative
intensities of the Raman peaks near ~ 250 cm™!. The relative intensities of the peaks
appear to be constant for these peaks and indicates that they all have similar resonance
behaviour. Therefore, the Raman resonances at the A and A* excitons are likely the

result of a single narrow excitonic state. For the WSey B resonance the spectra in
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Figure 5.6 also appear to have relatively constant intensities between the Raman peaks.
Although it is evident at higher excitation energies that the intensity of the 249.5 cm ™!
peak relative to the peaks at ~ 260 cm™! is increasing. This suggests that the resonance
behaviour at the B exciton is likely to involve multiple excitonic states. Overall it is clear
that a more quantitative analysis of the resonance profiles is required and is presented

for each resonance in the following sections.

5.3.2.1 Resonance Raman with the WSey; A exciton

This section presents a quantitative analysis of the resonance Raman behaviour when
resonant with the WSey A exciton. An initial comparison of the resonance data suggests
that the Raman behaviour when resonant with the WSey A exciton is due to a single
excitonic state with clearly separated incoming and outgoing resonances. The energy of
the incident resonance is at ~ 1.747 eV is in agreement with the energy of the neutral A
exciton observed in PL spectra at 1.742 £ 0.001 eV. To further investigate the resonance
behaviour the resonance Raman profiles were extracted by fitting the spectra at each
excitation energy to a summation of Lorentzian line shapes. This allowed resonance
profiles to be obtained for the peaks at 207.0, 219.2, 249.5, 250.7, 257.7 and 261.9 cm ™.
However, it is not possible to obtain a complete resonance profile for the higher frequency
peak at 398.6 cm~—! as this peak has a relatively low intensity and is difficult to resolve
due to photoluminescence from the A exciton. To investigate the resonance Raman
behaviour the profiles were fitted using a Raman model for a single phonon scattering

event.

1'is considered first as it is the

The resonance profile for the Raman peak at 249.5 cm™
only peak which is unambiguously assigned to a single phonon process with either the
A1 (T) or the B, /TO(F) phonons and so should be well described by our single phonon
model. The resonance profile for this peak is presented in Figure 5.8 and features two
clear peaks at ~ 1.742 and 1.776 eV with similar intensities. The fitted profiles shown in
Figure 5.8 are the result of fitting to three separate single phonon event models assuming
a single electronic excitation, two independent electronic excitations and two electronic
excitations with interstate scattering allowed. The resulting coefficients and adjusted

r-square values obtained from fitting are provided in Table 5.4.

A visual comparison of the fitted profiles in Figure 5.8 shows that all of the fits are
able to reproduce the two peaks attributed to the incoming and outgoing resonance
conditions. However, the single state and two independent state fitted profiles shown in
Figure 5.8 panels a) & b) do not provide the best fit. The energies from fitting to the
different models are all in agreement with the higher energy state between 1.741 and
1.746 eV in agreement with the PL for the neutral A exciton. Therefore, the resonance
Raman behaviour of the 249.5 cm~! Raman peak is dominated by a resonance with the

WSesy neutral A exciton. This is supported by the amplitude coefficients which show
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Figure 5.6: Colourmaps are presented showing the resonance Raman data ob-
tained on monolayer WSes when resonant with the WSe, A, A* and B excitonic
states and are shown in panels a) ,b) and c) respectively.
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Figure 5.7: Waterfall plots are provided showing exemplar Raman spectra when
resonant with the WSey A, A* and B excitonic states in panels a,b and ¢ respec-
tively. In each case spectra have been offset to allow for easier visual comparison.
For the WSes A exciton data in panel a) the 1.747 eV spectra shows a large
depression at 450 cm™! this is an artefact of the background subtraction and
is not real. Similar in panel b) at 1.908 eV there is some residual broadband
luminescence peak appearing at ~ 330 cm™".
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Table 5.4: Coefficients and adjusted r-square values from fitting the 249.5 cm™!
peak resonance profile to single phonon event models assuming a single elec-
tronic state, two independent electronic states and two electronic states with
interstate scattering allowed. The errors given for each coefficient are the stan-
dard deviation from fitting. The units for the amplitude coefficients are 1073
VCounts s~1-eV2.

Single Two Two w/ scatter
Adjusted R Square 0.9362 0.844 0.979
Aq - 2.6+3.4 1.9+1.2
Amplitude Ao 18.7+1.1 20.2+1.4 14.8£1.0
Aj - - 4.9+0.8
Width (meV) Ty - 6.141.8 3.640.5
Ty 4.3+£0.5 5.3£0.5 4.14+0.4
Energies (eV) Eq - 1.7154+0.008  1.70940.002
Eo | 1.7424£0.001 1.74140.001 1.746+0.001

that the Ay is significantly stronger than either the A; or Ag coefficients, where Ay is
the amplitude component corresponding to scattering only with the Es state. The two
state model with interstate scattering appears to give the best fit when considering the
adjusted r-square values. The lower energy state predicted by this model is at 1.709
eV and is in agreement with the PL peak assigned to the negatively inter-valley trion.
However, a careful inspection of the fitted profile for the two state model with interstate
scattering in Figure 5.8 panel c) reveals a low energy peak at the incident energy of
the E; state is predicted, but is not observed in the experimental data. Whilst the two
state model with interstate scattering produces the best fitted profile in terms of visual
appearance and adjusted r-square value, the asymmetry of the fit and predicted peak
at the incident energy of trion state is not consistent with the experimental data. The
same issues are also apparent in the fitted profiles using the two independent electronic

states.

Due to the inconsistencies in the fitted profiles using two excitonic states it is useful to
reconsider the model for a single underlying electronic excitation. For the 249.5 cm™!
resonance profile there are two peaks which are at energies consistent with the incoming
and outgoing resonances and appear to have symmetric intensities. A symmetric reso-
nance profile is the expected shape when resonant with a single electronic state as the
amplitude coefficient is the same for both the incoming and outgoing resonance condi-
tions. The lack of a lower energy peak at energies expected for the incident resonance
with the trion in the data is also strong evidence that the amplitude coefficients for the
trion and interstate scattering in the other fitted models were overestimated. However,
the main issue with the fitted profile for the single state is a disagreement between the
predicted and measured positions of the outgoing resonance. In the fitting process the
energy of the phonon was fixed to 31 meV in agreement with the Raman shift of the
peak at 249.5 cm~!'. However, by allowing the phonon energy to vary by 1-2 meV it

is possible to obtain a significant improvement in the fitted profile. This change in the
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Figure 5.8: The resonance Raman profile for the 249.5 cm™! is along with the
resultant fits obtained from using a single phonon event model assuming a)
single excitonic state, b) two independent states and c¢) two states with inter
state scattering allowed. The errors bars shown are the standard deviation
obtained from the fitting process for each spectra.

phonon energy would require a difference in the Raman peak shift of at least 25 cm™!.

Our measured Raman spectra are in agreement to literature values for the WSey Raman
peaks to within 1-2 cm™! and so is not the cause of this difference in energy of the out-
going resonance. There are several possible experimental issues which may allow for the
observed difference in the position of the incoming and outgoing resonances. The line
width of the neutral A exciton from fitting the resonance profiles is between 4 to 6 meV
and is in agreement with similar high quality monolayer samples [235]. A consequence
of this narrow line width is that any change in the energy of the excitonic state due to
sample inhomogeneity could result in a shift of several meV. As a result variations in

the sample position could introduce a difference in the observed energy of the outgoing
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resonance. Furthermore, the data for the WSes A exciton is the result of two separate
experiments using our CR 599 and Mira 900 laser systems whilst overlapping spectra
were in reasonable agreement the overlap between the two data sets occurs near the out-
going resonance. As a result, it is likely that the difference in separation of the incoming
and outgoing resonances is due to variation our position on the sample leading to shifts

in the energy of the excitonic state.

Overall the fitting of the 249.5 cm ™! peak resonance profile to multiple Raman scattering
models reveals that the best fit is a single excitonic state model. The observed resonance
is due to the neutral A exciton at 1.741 eV in agreement with PL spectra. Following
this analysis the resonance profiles for the Raman peaks at 207.0, 219.2, 257.7 and 261.9
cm ™!
state. The resonance profiles and fits for the peaks at 219.2, 249.5, 257.7 and 261.9 cm ™!

and are shown in Figure 5.9 along with the resonance profile for the dispersive peak at ~

were obtained and fitted to a single phonon model assuming a single electronic

207 cm~! which is presented separately in Figure 5.10. The coefficients from fitting are
presented in Table 5.5. For the peaks at 219.2, 257.7 and 261.9 cm~! Figure 5.9 panels
b,d & e) the resonance profiles are similar to the profile for the 249.5 cm™! Raman peak
with two peaks in the profiles between 1.725 to 1.75 eV and 1.76 to 1.79 eV. Overall the
fits appear are in agreement with the resonance profiles for the Raman peaks at 257.7
and 261.9 cm™!. For the 219 cm™! peak the fitted model does not provide the best
fit to the width of the incoming and outgoing resonances and appears to overestimate
the amplitude of the resonance profile. However, in our Raman spectra at the WSey A
exciton this peak is relatively weak and is difficult to resolve this peak in all spectra as
indicated by the large error bars for several data points. Considering the energies for
these fitted resonance profiles the values are in agreement to within the fitted error and
have a mean value of 1.742 £+ 0.002 eV. This result is in excellent agreement with the
energy of the neutral A exciton which was determined to be 1.742 4+ 0.001 eV from the
PL spectra. Therefore, the resonance profiles for the peaks at 219.2, 249.5, 257.7 and
261.9 cm™! can all be explained due to resonance with the neutral A exciton at 1.742
eV.

Table 5.5: Coeflicients obtained from fitting the Raman resonance profiles for
the Raman peaks observe when resonant with the WSey A exciton to a single
phonon event model assuming a single underlying electronic state. The errors
given for each coefficient are a standard deviation obtained from fitting. The
units for the amplitude coefficients are 1073 v/Counts s—1 - V2.

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

207.0 9.5 £5.1 139 £ 64 1.733 £ 0.004
219.2 3.7+ 0.3 3.6 £ 0.6 1.744 £+ 0.001
249.5 18.7£ 1.1 5.3 £0.5 1.741 4+ 0.001
257.7 8.1+04 5.2+ 03 1.742 + 0.001

261.9 11.1 £ 0.6 0.4 £ 0.3 1.742 + 0.001
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Figure 5.9: Resonance Raman profiles for the Raman peaks at 219.2, 249.5,
257.7 and 261.9 cm~! observed on monolayer WSe, when resonant with the A
exciton. In each case have been fitted to a single phonon event model assuming
a single underlying electronic state.

The resonance profile for the 207 cm™! dispersive Raman peak is presented in Figure
5.10 and a fit was attempted using a single phonon event model assuming a single
electronic excitation. The resonance profile for this peak shows a distinct behaviour
when compared to the other resonance profiles in Figure 5.9. In this case the resonance
is dominated by a single peak appearing at ~ 1.742 eV and with a possible higher
energy shoulder/asymmetry at ~ 1.77 eV. Therefore, it is clear that a single phonon
event model assuming a single electronic state can not describe the observed resonance
behaviour. This is not surprising as this dispersive Raman peak is either likely a defect
mediated single phonon or two phonon combination mode. The dispersive nature of
the peak indicates that the wavevector of the involved phonon is changing as a function
of excitation energy. This indicates that the Raman peak is resonant with additional
large wavevector electronic states and that there are a continuum of electronic states
available allowing for the dispersion of the Raman peak. Fitting this resonance profile
is non-trivial requiring additional intermediate excitonic states and should include a
summation over all the phonon branches contribution to the peak. The additional
complexity of this model has prevented further analysis at present as a more rigorous
theoretical consideration is required. However, the presence of this dispersive Raman
peak in the WSesy spectra at the A exciton, which is not observed for either the A* or B
resonance, indicates there are additional large wavevector electronic states at the WSes

A exciton satisfying the resonance conditions for this dispersive Raman peak.

Overall analysis of the resonance profiles obtained between 1.6 to 1.825 eV reveals that
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Figure 5.10: The Resonance Raman profile for the dispersive Raman peak at
207.0 cm™! is presented. To illustrate the differences between this resonance
and the other Raman peaks at the WSey A exciton the profiles has been fitted
to a single phonon event model assuming a single underlying electronic state.

the resonance is dominated by the neutral A exciton with an energy of 1.742 + 0.001
eV. The two peaks observed in the majority of the resonance profiles are the result of
incident and outgoing resonances which are clearly resolved due to the narrow width of
the A excitonic transition (~ 5 meV). There is also no resonance observed with either
the intra or inter-valley trions or any other lower energy states. Although the lower
energy states assigned to the negatively charged trions are observed in PL spectra, these
measurements are an indicator of the population of the state and not the oscillator
strength. As a result the lower energy states can be populated by the relaxation of
excited A excitons to these states by non-radiative processes and so are visible in PL
measurements but not in resonance Raman. In addition a dispersive Raman peak is
observed which shows only a strong resonance near the incident energy. The dispersive

nature of this peak is evidence for the scattering to large wavevector dark states.
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5.3.2.2 Resonance Raman with the WSey A¥*

An unexpected resonance is observed between 1.85 and 1.95 eV and is labelled as the
A* state. This resonance has not been reported in previous resonance Raman studies
of monolayer WSes. As seen in Figure 5.6 there is a striking similarity between the
behaviour of both the A and A* states, with each showing two resonant peaks associated
with the incoming and outgoing resonance conditions. From the initial PL spectra (see
Figure 5.1) there were no obvious PL peaks at energies above the neutral A exciton
at 1.742 eV. However, upon discovery of this additional resonance a PL spectra was
obtained using an excitation energy of 1.968 eV and is shown in Figure 5.11. In this
case a higher energy PL peak is clearly visible in the spectrum at ~ 1.87 eV and is in
agreement with the A* resonance observed in the Raman measurements. Comparing the
Raman spectra for the A* state to the spectra observed at the A exciton, the spectra have
a similar the number of peaks and relative peak intensities. Although, there are clear
differences including a broader peak observed at 234.5 cm~! and a new peak exclusive
to the A* resonance at 494.6 cm ™!, which has a different resonance behaviour compared

to the other Raman peaks.

— A

1.7 1.75 1.8 1.85
Emission Energy (eV)

Figure 5.11: PL spectrum on WSe; region using 630 nm excitation wavelength.
An additional feature is observed at 1.873 eV and attributed to the A* state.

The resonance profiles for the A* state were obtained for the peaks at 234.5, 249.5,
257.7, and 261.9 cm ™! and fitted to a single phonon model assuming a single electronic
state. The resonance profiles and fits are shown in Figure 5.12 with the coefficients from
fitting provided in Table 5.6. The resonance profiles for the Raman peaks at 236.1, 249.0,
257.4 and 261.6 cm ™! all have a similar appearance with two peaks in the profile between
1.86 to 1.87 eV and 1.89 to 1.9 eV. The separation of these peaks is in agreement with
the phonon energies of the Raman peaks. Therefore, the two peaks in each resonance

profile are due to incoming and outgoing resonances. This is obvious in Figure 5.6 when
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comparing the peaks near ~ 250 cm™! to the 494.6 cm~! peak whose higher energy
resonance peak is shifted by 30 meV as expected for an outgoing resonance. Visually
there is some asymmetry between the incoming and outgoing peaks in the resonance
profiles. However, we attribute this to the narrow line width of the A* resonance profile
of ~ 3 meV, which is approaching the step size between data points of ~ 2.79 meV.
As a result the asymmetry is likely due to the width of the resonance approaching the
resolution of our resonance Raman measurements. The energies and widths from the
fitted coefficients are in agreement for the peaks at 234.5, 249.5, 257.7 and 261.9 cm ™!
with a width in the range of 2.1 to 3.3 meV and with an energy between 1.865 to 1.867
eV. Therefore the resonance profiles for the peaks at 234.5, 249.5, 257.7, and 261.9 cm ™!

are the result of a single electronic state at 1.866 eV with a line width of 2.5 meV.
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Figure 5.12: Resonance Raman profiles when resonant with the A* state on
monolayer WSes are presented. In each case the profiles were fitted to a single
phonon event model assuming a single underlying electronic state.

Table 5.6: Coefficients from fitting the resonance profiles for the Raman peaks at
234.5, 249.5, 257.7 and 261.9 cm ™! using a single phonon event model assuming
a single underlying electronic state. The errors for each coefficient are the
standard deviation from fitting. The units for the amplitude coefficients are
1073 VCounts s~1 - eV2.

Raman Shift (em~!) Amplitude Width (meV) Energy (eV)

234.5 0.6 £0.1 2.1 £0.2 1.867 +0.001
249.5 1.5 £0.1 2.4 £0.2 1.866 £0.001
257.7 0.6 £0.1 2.2 £0.3 1.865 +0.001
261.9 1.0 £0.2 3.3 £0.7 1.865 £0.001

The resonance Raman profile for the 494.6 cm™! peak are presented in Figure 5.13 with

panel a) showing the resonance profile as a function of excitation energy and panel b)
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showing the resonance profile as a function of the energy difference relative to the A*
state at 1.866 eV. From Figure 5.13 the resonance profile for this peak is asymmetric with
the outgoing resonance at 61.4 meV is significantly stronger than the incident resonance
at 1.866 eV and also has a low energy shoulder at ~ 1.9 eV. The asymmetry of the
resonance profile requires the presence of multiple electronic states to be explained by

our Raman models. Fitting the 494.6 cm™!

was attempted using both two state models
for two independent electronic states and two electronic states with interstate scattering
allowed. However, the two independent state fit did not converge and so is not shown.
The two state fit with interstate scattering allowed is able to fit to the data and is shown
in Figure 5.13 panel a) and the fitted coefficients are provided in Table 5.7. Although
the fit overestimates the intensity of the outgoing resonance peak this is likely due to
the resolution of the resonance Raman measurements. The resulting fit requires a lower
energy state E; which is in agreement with the other fitted resonance profiles with an
energy for the A* state of 1.866 eV. The line width of the A* state at 1.866 eV is also
in agreement with the fitted values in Table 5.6. This model predicts an additional
electronic state with an energy of 1.904 eV and a line width a factor of 2 greater than
the A* state. Therefore, the 494 cm ™! peak couples to both the A* at 1.866 eV and an

additional higher energy excitonic state at 1.904 eV.

Table 5.7: Coefficients from fitting the resonance profile for the 494.6 cm™!
Raman peak to a single phonon event model assuming two underlying electronic
states with interstate scattering allowed. The errors given for each coefficient

are the standard deviation from fitting. The units for the amplitude coefficients
are 1073 v/Counts s=1 - eV2.

Ay 1.3£0.2
Amplitude Ay 17404

As 0.940.1
Width (meV) | Ty 3.440.5

Iy 7.0£2.8
Energy (eV) | E; 1.866+0.001

Es  1.90440.002

I must be a multi-

From the mode assignment in Section 5.3.1 the peak at 494.6 cm™
phonon combination mode. The single phonon event model used in fitting the resonance
profiles maybe valid for multiphonon Raman peaks if the phonon events occur simultane-
ously. Whereas, a sequential scattering process results in additional matrix elements and
resonance conditions with intermediate states for each scattering event. To explore this
further, fits were attempted using a two phonon event model with a single underlying
electronic state. However, the fitting process was unable to account for the asymmetry
or the lower energy shoulder in the resonance data for the 494.6 cm™! peak and did
not produce good fits to the data. Therefore it is clear that multiple excitonic states
are required to explain the behaviour of the 494.6 cm™! peak. A complete two phonon
model assuming two electronic states was considered, however the number of coefficients

required by this model is close to the number of data points and so does not produce
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Figure 5.13: The resonance Raman profile for the peak at 494.6 cm™! when
resonant with the A* state on monolayer WSe, is presented in panel a). Panel
b) presents the resonance profile but with the x axis showing the difference in
energy relative to the A* state at 1.866 eV.

reliable fits to the data. As a result it seems reasonable to accept the results of fitting to
a single phonon event model assuming two underlying electronic states. Although, this
model is likely only an approximation of the resonance behaviour which is more complex,
requiring a two phonon model with multiple excitonic states. Therefore the resonance
behaviour for the WSe, Raman peaks at the A* resonance reveals the presence of two
electronic states at energies of 1.866 and 1.904 eV. The potential origin of both the A*

and this additional higher energy state are discussed further in Section 5.4.
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5.3.2.3 Resonance Raman at WSe; B Exciton

The WSes B exciton was observed in our resonance Raman measurements with a clear
enhancement between 2.12 and 2.22 eV as seen in Figure 5.6. The resonance is centred at
~ 2.16 eV and has a separation relative to the neutral A exciton at 1.741 eV of 418 meV.
This is in agreement with reflectance contrast, upconversion PL. and PLE measurements
of monolayer WSey [132, 251, 268] and confirms this resonance is due to the WSez B
exciton. As discussed during the mode assignment the Raman spectra at the B exciton
shows significant differences when compared to the A and A* resonant spectra with both
the observation of additional Raman peaks and changes in the relative peak intensity.
The resonance behaviour at the B exciton also appears different when compared to the
A and A* with the resonance appearing significantly broader with no clear separation

of the incoming and outgoing resonances.
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Figure 5.14: Resonance profiles when resonant with the WSey B exciton are
presented. All profiles were fitted to a single phonon event model assuming
a single underlying electronic state. The error bars given are the standard
deviation from fitting the Raman spectra.
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In total the resonance profiles for 11 different Raman peaks were obtained when resonant
with the WSey B exciton. Whilst additional Raman peaks were identified in the mode
assignment section these peaks are weak and it is not possible to extract useful resonance
profiles. To quantify the resonance behaviour each profile was fitted using a single
phonon event model assuming a single underlying electronic state. The resonance profiles
and are presented in Figure 5.14 and the coefficients from fitting are provided in Table
5.8. The majority of the resonance profiles in Figure 5.14 are well described by a single
broad resonance with no significant asymmetry. There are several exceptions to this
with the peaks at 249.5 and 376.6 cm~!' demonstrating asymmetric resonance profiles
with a low energy tail. For the peaks at 197.8, 219.2, 230.5, 241.5, 257.7 and 261.9 cm ™!
the fitted profiles are in agreement with the experimental data. Therefore, the resonance
behaviour of these peaks can be explained by a resonance with a single excitonic state.
However, the profiles for the peaks at 249.5, 376.6, 393.1 and 398.6 cm ™! are asymmetric
and so a single phonon model with a single electronic state is unable to produce the best
fit to the data. This indicates the presence of additional electronic states at the B

exciton.

In order to further investigate the presence of multiple electronic states at the WSey B

exciton, the Raman peak at 249.5 cm™!

was fitted to single phonon event models for
two independent electronic states and two electronic states with interstate scattering
allowed. The resultant fits are presented in Figure 5.15 and the adjusted r-square values
and coeflicients from fitting are provided in Table 5.9. A visual comparison of the fitted
resonance profiles shows a significant improvement between the fit and the Raman data

for both models involving two electronic states. A comparison of the adjusted r-square

Table 5.8: Coeflicients from fitting the resonance profiles for the Raman peaks
at the WSes B exciton. In each case the resonance profiles were fitted to a single
phonon event model assuming a single underlying electronic state. The errors
for the coeflicients are the standard deviation from fitting. The units for the
amplitude coefficients are 1072 v/Counts s—! - eV2.

Raman Shift (em™') Amplitude Width (meV) Energy (eV)

197.8 1.5+04 31.5 £ 4.8 2.169 +£ 0.002
219.2 1.7+ 0.3 272 £ 29 2.159 £+ 0.001
230.5 0.7 £0.2 15.9 £ 4.3 2.171 £ 0.002
234.5 1.2 £ 0.3 239 £5.1 2.144 +£ 0.002
241.5 1.2 £ 0.2 16.6 £ 2.7 2.160 £ 0.001
249.5 23 £08 24.6 £ 6.4 2.175 £ 0.002
257.7 3.2+£0.7 221 £ 39 2.158 £ 0.001
261.9 4.3 £0.7 19.1 £ 2.6 2.160 +£ 0.001
376.6 24+£1.5 259 £ 141  2.169 £ 0.004
393.1 2.7+£08 25.5 £ 6.5 2.154 £ 0.002

398.6 3.8+ 0.9 21.9 £ 4.8 2.157 £ 0.002
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values suggests that the best fit is to two electronic states with interstate scattering.
The coefficients from fitting demonstrate that the 249.5 cm™! peak is resonant with
two electronic states at 2.139 and 2.165 eV with a separation of 26 meV. This indicates
that the asymmetry observed for the 249.5 cm~! peak can be well described by a single
phonon event model assuming two electronic states with interstate scattering allowed.
The obtained amplitudes indicate that the two dominant scattering channels are for the
higher energy state (Ag) and for interstate scattering (As). The two state model with
interstate scattering was also applied to the Raman peak at 376.6 cm™'. The fitted
profile is shown in Figure 5.16 and the coefficients from fitting are provided in Table
5.10. The energies from fitting are 2.133 and 2.159 eV. Comparing the results for both
the 249.5 and 376.6 cm ™! the lower energy states are in agreement to within the errors
determined from fitting. The higher energy states are similar but not in agreement
to within the errors. Therefore the asymmetry of the 249.5 and 376.6 cm™! is due to
resonance with electronic states between 2.133 and 2.139 eV and 2.159 to 2.165 eV.
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Figure 5.15: Resonance Raman profile for the 249.5 cm ™! peak is presented and
is fitted to single phonon event model assuming a) a single electronic state b)
two independent electronic states and c¢) two electronic states with interstate
scattering allowed.

Table 5.9: Coeflicients and adjusted R-square values from fitting the 249.5
cm ™! Raman peak to three single phonon event model assuming a single elec-
tronic state, two independent electronic states and two electronic states with
interstate scattering allowed. The errors for each coefficient are the stan-
dard deviation from fitting. The units for the amplitude coefficients are 1073
VCounts s=1 - eV2.

Single State ~ Two State  Two State scatter

Adjusted R-Square 0.779 0.972 0.985

Aq 2.34+0.8 5.54+3.8 0.8+0.4
Amplitude Ay - 3.84+4.9 3.94+1.7

Aj - - 2.14+1.6
Width (meV) I 24.246.2 24.5+12.4 15.6£6.1

Iy - 14.94+4.5 15.04+2.2
Energy (eV) E; | 2.1754+0.002 2.15340.007 2.13940.003

Es - 2.160+0.004 2.16540.001




108 Chapter 5 Resonance Raman Spectroscopy of Encapsulated Monolayer WSesy

Spectral Weight (Counts s'1)

21 212 214 216 218 22 222 224
Excitation Energy (eV)

Figure 5.16: Resonance Raman profile for the 376.6 cm ™! is presented and is
fitted to a single phonon event model assuming two underlying electronic states
with interstate scattering allowed.

Table 5.10: Coefficients from fitting the resonance Raman profile for the 376.6
cm ™! peak to a two state model with interstate scattering between the states
allowed. The errors for each coefficient are the standard deviation from fitting.
The units for the amplitude coefficients are 1073 v/Counts s—1 - V2.

Amplitude Width (meV) Energy (eV)
Aq Ag As I't I'y Eq Eos
1.0+0.4 2.1£0.4 1.3+£0.4 11.94+4.0 9.9£1.8 2.133£0.004 2.159£0.001

Having determined that there are two possible excitonic states contributing to the WSe,
B exciton resonance it is useful to revisit the result of fitting to a single state. The single
state fits were able to well describe the data for the Raman peaks at 197.8, 219.2, 230.5,
234.5, 241.5, 257.7 and 261.9 cm~! and may suggest that these phonons preferentially
couple to only one of the excitonic states. In particular the peaks at 230.5 and 234.5
cm ™! are resonant at 2.171 and 2.144 eV with a separation of 27 meV. The resonance
profiles for these peaks are shown in Figure 5.17 panel b) with the two peaks clearly
resonant at different energies. Therefore, the Raman peaks at 230.5 and 234.5 cm™!
are observed to couple to different excitonic states. The energies of these resonance are
also close to those obtained for the 249.5 and 376.6 cm™! profiles and provide further
evidence of two excitonic states at the WSey B exciton. Considering the other resonance
profiles it is also possible that the peaks involve contributions from two excitonic states.
The obtained widths from fitting provide evidence supporting this assertion that the
other resonances involve contributions from multiple electronic states. The widths from
fitting using the two state models to the 249.5 and 376.6 cm ™! are between 10 to 15 meV,
whereas the single state fitted profiles are significantly broader with widths ranging from
16 to 32 meV. As a result it is possible that the broader single state resonance profiles

are due to the presence of multiple electronic states.
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Figure 5.17: a) Raman spectra when resonant with the WSes B exciton in
the frequency range of 200 to 280 cm~! . Panel b) shows a colourmap of
all the resonance data in this frequency range. The dashed and dotted lines
superimposed on the colourmap correspond to the energies of the Raman spectra
shown in panel a).

Overall analysis of the resonance Raman behaviour for the WSes B exciton has revealed
the presence of two excitonic states contributing to the resonance behaviour. Fitting of
the 249.5 and 376.6 cm ™! peaks indicate the energies of these states is between 2.133 to
2.139 and 2.159 to 2.165 eV with a separation of ~ 26 meV. In addition the resonance
profiles for the Raman peaks at 230.5 and 234.5 cm~! are clearly resonant at different
energies of 2.171 and 2.144 eV. Although the energy of these two resonances is ~ 4 to
5 meV greater than those determined from the two state fits the separation and in all
cases appears to be relatively constant between 26 to 27 meV. The line widths suggest
that the other resonance profiles that were well fitted by the single state model might
also involve two excitonic states. The observation of the peaks at 230.5 and 234.5 cm™!
coupling only to a single excitonic states suggests that these states couple selectively to
different phonons. A discussion of the origins of these two excitonic states at the WSes

B exciton will be presented in the following sections.
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5.4 Discussion

The nature of the excitonic states involved particularly at the A* and B excitons has
yet to be discussed and will be presented in the following sections. However, before
proceeding with a discussion of the particular excitons it is useful to compare the res-
onance profiles. The intensity of the our spectra indicate that the A exciton resonance
is an order of magnitude more intense than the A* state and three orders of magnitude
stronger than the B exciton. A comparison of the intensities of the A and B excitons in
monolayer WSes has not been previously reported. Although Del Corro et al. probed
the B and C excitons and proposed that the strength of the A and B excitons was neg-
ligible and indicate a significantly different electron-phonon interaction when compared
to other TMDC monolayers [193]. Whilst our results are unable to comment regarding
the intensity the resonance enhancement of the A exciton is clearly significant and so
suggests the resonance behaviour when comparing the A, B and C excitons is inline with

those for other TMDC monolayers.
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Figure 5.18: Resonance Raman profiles for 249.5 cm™' Raman peak at the A,
A* and B resonances along with the fitted resonance profiles.

5.4.1 Origin of A* Resonance

The resonance Raman data for monolayer WSey has probed the A and B excitons and
revealed an additional resonance at 1.866 eV, which is referred to as the A* state. The
Raman spectra when resonant with the WSes A and B excitons show clear differences in
both the relative intensity and number of observed peaks. Comparing the Raman spectra
for the A and B excitons to those when resonant with the WSey A* state establishes a
clear similarity between the A and A* Raman spectra. Although the Raman peak at
494.6 cm ™! is only observed when resonant with the WSey A* state, whereas all other
Raman peaks are seen at both the A and B excitons. The A* resonance profiles were
analysed for the Raman peaks at 236.2, 249.0, 257.4 and 261.6 cm™~! and are all resonant
with a single electronic state at 1.866 eV with a line width of ~ 2.5 meV. The resonance
behaviour of the 494.6 cm™! peak is more complex showing a clear asymmetry between
the incoming and outgoing resonance peaks and an additional shoulder in the resonance
profile at ~ 1.900 eV. The asymmetry of this profile can be explained by the presence

of two electronic states at 1.866 and 1.904 ¢V. Therefore the resonance behaviour of the
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A* state is due to at least two excitonic states at 1.866 and 1.904 ¢V and are labelled as
the A* and A** states. In addition two Raman peaks were also observed near resonance

with the A* state at ~ 800 and 1050 cm™—! and are the result of combinations modes of
WSey and hBN phonons [198].

To compare our results to those published in literature the separations of the A* and A**
states are determined to be 125 and 163 meV above the neutral A exciton at 1.741 eV.
These states do not appear to be associated with the WSey B exciton which is observed
in our experiments at 2.16 eV. This is 419 meV above the A exciton. The similarity of
the spectra to those observed at the WSey A exciton and the separation of these states
relative to the A indicates these are likely related to the WSey A exciton. A possibility
is that the A* and A** states are excited states of the A exciton. In monolayer TMDCs
the large binding energy of the excitons also allows excited excitonic states, or Rydberg
states to be observed in several TMDCs [80, 82, 269, 270, 271]. However, the observation
of the Raman peaks at 800 and 1050 cm~! associated with involving both WSes and
hBN phonons further complicates the assignment of these higher energy states as this
may indicate that the A* and A** states are the result of the coupling between the hBN
and WSesy layers.

For monolayer WSes encapsulated in layers of hBN there are several reports of Raman
peaks observed at 800 and 1050 cm~! [198, 199, 190]. Investigation of these modes have
shown that these peaks only arise for WSes encapsulated between layers of hBN [199].
These peaks are proposed to arise due to the coupling of the out of plane ZO phonons
in hBN to electronic states and phonons in the WSes layer [198, 199]. The resonance
Raman behaviour of these peaks indicate they are involved in a double resonance with
the neutral WSes A exciton and a higher energy state near 1.85 eV [198]. However, the
nature of the electronic state involved has not been clearly established in literature and
there is some confusion regarding the possibility that these hBN modes are the result of
a composite exciton-phonon resonance or exciton-phonon replicas [272, 270]. Our results

L resonant

are in agreement with Jin et al. with the Raman peaks at 800 and 1050 cm™
with the outgoing resonance of the WSey A exciton and with the A* state at 1.866
eV. Our observation of the resonance enhancement of the WSes Raman peaks with the
A* state at 1.866 eV indicates that this state is an excitonic state in the WSes layer.
The hBN related peaks are then the result of a double resonance between the incident
resonance at the A* and the outgoing resonance of the A exciton. The A* state is clearly
the result of an additional electronic state in the TMDC as indicated by its resonance
with the TMDC Raman peaks showing the typical incoming and outgoing resonance
behaviour expected for a single state resonance. There is some concern that the electronic
state observed above the A exciton is only reported in encapsulated samples and may
imply that the electronic state is only accessible in encapsulated samples. However, it is
well established that the line width of transitions in encapsulated samples is significantly

narrower [235]. As a result, if the higher energy state above the A exciton has a lower
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oscillator strength in lower quality samples with broader line widths this state unlikely

to be observed.

There have been a number of reports in recent years of excited (Rydberg) states in en-
capsulated monolayers of WSey using various optical spectroscopy techniques including
reflectance contrast, PLE and upconversion PL [80, 132, 268, 82, 269, 271]. Recently
magneto-luminescence measurements have observed up to the 4s excited state of the A
exciton for an encapsulated monolayer of WSes [272, 270]. The A* state identified from
our resonance Raman measurements is 125 meV above the A exciton. This is consistent
with the separation of the 1s and 2s exciton reported for monolayer WSey with a sep-
aration of 130 meV reported reported by Stier et al. [272]. The observation of excited
3s and 4s states in WSey samples may also explain the A** state observed at 1.904 eV.
The 3s state has been reported with a separation relative to the A exciton of 157 meV
[269], this is close to the separation of 163 meV for the A** state in our measurements.
The difference between our observed separation of the A** state and the 3s state could
be explained by the involvement of both the 3s and 4s state. The reported separation of
the 3s and 4s excited states reported in literature are ~ 10 meV. As a result it is possible
that the higher energy of the A** state could be due to contributions from both the 3s
and 4s excited states. The A** state is only observed in the 494.6 cm™! peak resonance
profile. The appearance of the A** for only the 494.6 cm ™! peak can be explained due to
the energy of the outgoing resonance for the A* state coupling via interstate scattering
to the A** state. Therefore, scattering between the A* and A** states is only observed
when the energy of the outgoing resonance with the A* is above the energy of the A**

state.

The interpretation that the A* and A** states are the result of resonance with excited
states of the A exciton is compelling due to the agreement between our Raman resonances
and the reported energies of the excited states in literature [272, 269, 270]. However,
the widths of the excited states have been reported and shown to increase for the higher
quantum number excited states [270]. From the resonance Raman results presented
here the widths of the A exciton was determined to be ~ 4.3 meV, and the width
of the A* state is between 2.1 to 3.3 meV and the A** state width is 7.0 meV. For
the A** the uncertainty in the width is significant with a standard deviation from
fitting of 2.8 meV and so the width of this state is not well constrained. However,
our results indicate that the A* state is narrower than the neutral A exciton in our
resonance Raman measurements. This result contradicts the observed behaviour in
magneto-luminescence measurements [270]. The expected increase in the line widths
is proposed to result from the increase in the number of decay channels for the higher
quantum number excited states. Therefore, if correct our results suggest that the number
of decay channels is greater for the A exciton than the A* excited state. For these two
states this maybe possible due to the potential for the ground state exciton to scatter

to trion and lower energy states resulting in a larger number of decay channels than
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the 2s excited state[201]. However, when fitting the A exciton resonance an increased
separation between the incident and outgoing resonance profiles was required. This was
attributed to possible inhomogeneity in the sample or due to the use of two different
laser sources for the resonance measurements. As a result it is possible that the observed
width of the neutral A exciton is overestimated from these experiments or is evidence of
more complicated behaviour at the neutral A exciton. Therefore, further measurements
of other encapsulated monolayers of WSey would be required to further investigate and
clarify the line widths of the A, A* and A** states.

Overall the origins of the A* and A** states observed from our resonance Raman mea-
surements of monolayer WSes are in agreement with the energies of excited states of the
A exciton. A report by Del Corro et al. of resonance Raman on monolayer WSes pro-
posed their results demonstrated resonance Raman enhancement with excited excitonic
states [35], but in a later work concede that these proposed excited states were more
likely the transitions associated with the C exciton [193]. As a result our observation of
the A* and A** states is the first report of excited states in a TMDC monolayer using
resonance Raman spectroscopy. These result indicate that the 2s state is likely coupled
via the hBN phonons through a double resonance process to the neutral A exciton. This
result provides clarity as to the behaviour of the hBN Raman peaks and is in agree-
ment with Jin et al. The assignment of the A* is compatible with the double resonance
process involving the hBN phonons. The lack of similar hBN related Raman peaks in
other monolayer TMDCs is likely due to the lack of a suitable excitonic state above the

A exciton to facilitate this double resonance.
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5.4.2 Origin of multiple excitonic states at the B exciton resonance

Investigation of the WSey B exciton has revealed a significant difference in the Raman
spectra when compared to the A and A* excitons with additional Raman peaks and
changes in the relative peak intensities. This may occur due to changes in the exciton-
phonon coupling at the B exciton or due to the presence of large wavevector electronic
states allowing for stronger large wavevector and multiphonon Raman scattering. Anal-
ysis of the resonance data has also revealed the presence of at least two excitonic states
at the WSey B exciton. The energies of these states were determined by fitting to both
single and two state models. These two states have energies between 2.133 and 2.144
eV and 2.159 to 2.171 eV.

A possible assignment for the two states observed at the B exciton is to the B excitons
and trions. The B trions are predicted to have binding energies of ~ 23 meV [88].
However, the large line width of the B excitons reported experimentally makes separation
of the contributions of the B exciton and trions difficult [253, 254]. The work of Wang et
al. has demonstrated the presence of both neutral and charge excitons at the B exciton in
both MoSey and WSey monolayers using gated reflectance contrast measurements [255].
Their results resolved both positively and negatively charged excitons with energies
between 2.10 to 2.145 eV and 2.12 to 2.145 eV for the positively charged and negatively
charged trions respectively with the neutral exciton between 2.145 to 2.170 eV. This
suggests that the state observed between 2.159 to 2.171 eV in our experiments is the
neutral B exciton and the lower energy state is either the positively or negatively charged
trions. This provides a natural explanation for the two excitonic states observed in our
measurements. An obvious area for future work would be to probe the resonance Raman
response as a function of gate voltage in a monolayer WSes sample. These measurements
would allow confirmation of these assignments and allow the trion state to be identified

as positively or negatively charged.

The resonance Raman spectra for monolayer WSes reveals significant variations in the
number of the Raman peaks and relative intensity of the peaks when comparing the
A and B resonance spectra. Similar spectra were reported by Del Corro et al. for
monolayer WSes with the Raman spectra at the WSes B exciton significantly different
compared to those observed at the C exciton. This is in agreement with our spectra at
the B exciton. The difference in appearance of the WSes spectra when resonant with the
B exciton may arise due to the nature of the underlying excitonic states and the exciton
phonon coupling. At the WSey A exciton the 249.5 cm~! Raman peak arising from
the AJ(T) or E/(T') is the dominant Raman peak. Whereas, at the B exciton the most
intense peak are those at 257.7 and 261.9 cm ™! peaks which are either large wavevector
or two phonon combination modes. An increase in intensity is also observed for the
Raman peak at 398.6 cm~! which must be a multiphonon peak. The observation of

several other peaks at 375.6 and 393.1 cm~! must also be multiphonon combination
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modes. The increase in intensity of the multiphonon and large wavevector Raman peaks

suggest the availability of large wavevector excitonic states.

The A and B excitons in monolayer TMDCs arise from the spin splitting of the valence
band at the K point resulting in states VB; and VBgy [75]. The B exciton consists of a
hole in the lower energy valence band state VBs. Electronic band structure calculations
predict a maxima in the valence band at the I' point, which is close to the energy of
VBy [273]. This maxima at the Gamma point has been experimentally confirmed in
ARPES measurements of monolayer WSea [274]. As a result the I" point maxima in
the valence band provides large wavevector states which are accessible large wavevector
phonons. The availability of large wavevector states can explain the resulting increase in
the Raman intensity for the large wavevector and multiphonon Raman peaks. Although
this does not provide an obvious explanation for the difference in coupling of the 230.5
and 234.5 cm~! Raman peaks which are clearly resonant at different energies at the B
exciton. Both peaks are assigned to either large wavevector or two phonon combination
modes and so both involve large wavevector phonons. However, the multiple possible
assignments to these Raman peaks make it difficult to propose a precise mechanism for
their different resonance behaviour. The energies of these two peaks are similar and
suggests the difference in coupling to the excitonic states is likely due to the phonon
wavevectors or symmetries of the excitonic states. The possible phonon assignments of
the 230.5 cm™! peak is to either the Ef,(M) or TA(M)+LA(M) and the 234.5 cm™!
peak has an assignment to the 2ZA(M). As the assignment for both of these peaks
involve M point phonons this may suggest that the difference in coupling of these peaks
to the excitonic states is a result of the symmetry of these states. This is similar to the
proposed symmetry dependent coupling for the in plane and out of plane phonons in
monolayer MoSs [36]. A precise mechanism for difference in coupling of these Raman
peaks is yet to be determined. However, these results offer significant insight into the
behaviour of the B excitons in monolayer WSey which have yet to be significantly probed.
The potential preferential coupling of certain phonons to the different excitonic states is
intriguing and could provide a sensitive probe of the different excitons at the B exciton.
Although further investigation of this coupling would require gated resonance Raman
measurements which would confirm the assignment of the states at the B exciton to the

neutral exciton and trion.
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5.5 Conclusions

In conclusion this chapter has presented the results of resonance Raman spectroscopy
on monolayer of WSes, and reports a detailed study of the A and B excitons for the first
time. The Raman spectra were observed when resonant and a detailed consideration of
the phonon assignments presented. Similar to the results for monolayer MoSey only the
Raman peak at 249.5 cm~! is assigned to a single phonon process with either the A/
and E’ phonons at the T' point which are accidentally degenerate in monolayer WSes.
The other Raman peaks observed are assigned to large wavevector single phonons or to
multiphonon combination modes. In each case there are multiple possible assignments
which are almost degenerate and so highlights that these peak assignments are not as well
defined as presented in literature. The Raman spectra at the A, A* and B excitons were
compared revealing several peaks that are observed at each resonance. An exception to
this is the Raman peak observed at 494.6 cm~! which is observed only when resonant
with the A* state. Likewise, the Raman spectra at the B exciton are significantly
different compared to the A and A* spectra with changes in the relative intensity of the
Raman peaks and the observation of multiple new Raman peaks. The change in relative
intensity indicates that Raman scattering with large wavevector phonons is significantly

enhanced and is attributed to the availability of large wavevector states at the I' point.

The resonance Raman behaviour was probed in detail for the A and B exciton and re-
vealed an unexpected resonance at 1.866 eV, the A* resonance. The resonance behaviour
of the A exciton revealed that the resonance profiles can be well described by a single
phonon event model with a single electronic state at 1.741 eV and demonstrates a narrow
line width of ~ 5 meV. This state was assigned to the neutral A exciton and is in good
agreement with PL spectra and values reported in literature. The A* state is observed
125 meV above the neutral A exciton and is attributed to the 2s excited state of the A
exciton. In addition the Raman peak at 494.6 cm™! which is observed exclusively at the
A* resonance requires fitting to a two state model and reveals an additional state (A**)
at 1.904 eV. This higher energy state is attributed to the 3s and 4s excited states which
are observed only for the 494.6 cm™! due to a double resonance between the A* and A**
states. In addition the resonance with A* state also demonstrated the presence of hBN
related phonons at 800 and 1050 cm ™!, which appear when resonant with the A* state
and are double resonant with the neutral A exciton. The observation of resonance for
both the WSes Raman peaks and hBN peaks provides further clarification that the hBN
modes arise due to a resonance with the excited A* state in WSey and is strong evidence
that the hBN related Raman peaks are not exciton-phonon replicas. The assignment
of the A* and A** to excited states of the A exciton is the first report of excited exci-
tonic states in monolayer TMDCs using resonance Raman spectroscopy. This presents
the opportunity to probe the scattering of these excited states and may reveal useful

information regarding their exciton-phonon coupling and scattering processes.
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The resonance Raman behaviour of the B exciton has been probed in detail and reveals
the presence of at least two excitonic states with separations of ~ 26 meV. These two
states were determined from fitting the 249.5 and 376.6 cm~' Raman peaks to a two
state model and from the resonances for the Raman peaks at 230.5 and 234.5 cm ™!
which are clearly resonant with two different states. The energies of these state are
between 2.133 to 2.144 and 2.159 to 2.171 eV and are assigned to a trion and neutral
exciton respectively. However, it is not possible without further gated measurements to
determine if the trion is positively or negatively charged. This is the first observation
of both neutral and charged B excitons in monolayer WSes using resonance Raman
spectroscopy. The Raman peak at 230.5 and 234.5 cm™' appear to show resonance
only with the exciton and trion respectively. The underlying mechanism behind this
coupling is not obvious given the similar energies of the peaks and both having possible
assignments to large wavevector phonons. Further investigation is required to fully
understand the coupling of these phonons and to confirm the assignment of the B trion

and neutral exciton.






Chapter 6

Resonance Raman Spectroscopy
of Encapsulated WSes/MoSey

Heterostructures

This chapter presents the results of resonance Raman spectroscopy on heterobilayers
fabricated from MoSes and WSes. The measurements in this chapter were carried out
using excitation energies from 1.6 to 2.25 eV and observed resonances with both the
MoSey and WSes A and B excitons intralayer excitons. The samples used in this study
have twist angles of 57 and 6 ° between the MoSe; and WSes layers and are referred to
as heterostructure region 1 (HS1) and heterostructure region 2 (HS2) throughout this
chapter. For HS1 new low frequency modes are identified and attributed to the resulting
moiré interference pattern in the heterobilayer. The resonance behaviour of these low
frequency peaks is resolved and reveals two different sets of peaks associated with the
MoSes and WSes materials respectively and a preferential coupling of these peaks to

trions.

6.1 Motivation

Since the discovery of monolayer TMDCs there has been considerable work on the fab-
rication of heterostructures composed of different 2D materials. The ever expanding
family of 2D materials provides a variety of materials for use in heterobilayer devices
and stacked Van der Waals structures. For the heterobilayers discussed in this chapter
the band alignment of the two layers allows for the formation of an interlayer excitons
with a broadly tuneable energy [26]. These interlayer excitons have demonstrated long
lifetimes, ultrafast charge transfer and tuning of both the valley polarisation and po-
larisation lifetimes via electrostatic gating [103, 275, 276]. Until recently a relatively

unexplored aspect of these heterostructures was the effect of twist angle on their optical
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and electrical properties. However recent work on bilayer Graphene has shown that
small changes in the relative twist angle can vastly alter the electronic properties, al-
lowing for a transition to superconducting behaviour [28]. The importance of the twist
angle is due to the effect of moiré interference on the crystal structure and the additional
periodicity which gives rise to a moiré superlattice. In TMDC heterostructures the twist
angles allows tuning of the energies of moiré excitons, can modulate the strength of in-
terlayer coupling,tune the interlayer exciton PL efficiency and give rise to new Raman
peaks due to zone folding of the Brillouin zone [123, 107]. This allows for an additional
degree of freedom and has implications for the fabrication of heterostructures composed
of 2D materials. Therefore, an understanding the underlying physics of these twisted
heterostructures is vital to developing future applications of not just TMDCs but 2D

heterostructures in general.

6.2 Photoluminescence of Heterostructure Regions
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Figure 6.1: Photo-luminescence spectra were measured using a 2.33eV excita-
tion energy at 4K and are presented for both heterostructures and monolayer
regions. In each case the spectra have been offset and normalised to the maxi-
mum intensity to allow visual comparison between spectra.

Initial characterisation of HS1 and HS2 was carried out by measuring the PL spectra
using a 2.33 eV (532nm) excitation energy at 4K. The spectra were fitted to a summa-

tion of Lorentzian line shapes to quantify the energies of the luminescence peaks. The
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PL spectra and fitted profiles are presented in Figures 6.2 with the fitted amplitudes,
widths and energies are provided in Table 6.1 & 6.2. As seen in the PL spectra for both
monolayer MoSes and WSes in Chapters 4 & 5 there are a significant number of peaks in
the PL spectra associated with neutral excitons, trions, biexcitons, localised and defect
states. For heterostructures the PL spectra is more complex as it contains features from
both of the constituent monolayers. There is also the possibility of new photolumines-
cence peaks arising from the moiré interference, and the formation of interlayer excitons
[277, 122, 278, 279]. The intensity of peaks in the spectra can also be modified; this can
occur due to changes in carrier density from charge transfer and for interlayer excitons
the PL intensity is dependent on the twist angle of the samples [107, 103]. For the
heterostructures presented in this chapter the spectra are further complicated by the
accidental degeneracy of peaks in the PL spectra from the WSes and MoSes layers and

can be seen in Figure 6.1.
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Figure 6.2: Photoluminescence spectra taken on HS1 (panel a) and HS2 (panel
b) region using 2.33eV (532nm) excitation at 4K. Red line shown is a fitted
profile obtained using a summation of Lorentzian lineshapes.

For HS1 the PL spectra were fitted to a total of eleven Lorentzian line shapes. The
highest energy peak observed appears at 1.731 eV (see Table 6.1) and is assigned to
the WSes A exciton. The next assigned peaks are those at 1.691 and 1.700 eV and are
attributed to the intra and inter-valley trions with separations of 31 and 40 meV. These
are in agreement with the separations determined for the trions in monolayer WSes (see
Chapter 5) of 30 and 38 meV. The MoSey neutral A exciton and trion are attributed
to the peaks at 1.648 and 1.622 eV respectively. These assignments are in excellent
agreement with the energies of the exciton and trion identified in monolayer MoSes at
1.649 and 1.622 eV (see Chapter 4). The remaining peaks in the PL spectrum are not
assigned, but a comparison to the constituent monolayer spectra in Figure 6.1 indicates
these features are consistent with the peaks observed in monolayer WSes, and are likely

due to, biexcitons, defects and localized states [132].
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For HS2 the PL spectra in Figure 6.2 was fitted to a total of ten Lorentzian line shapes.
The highest energy peak in the PL spectrum is at 1.739 eV (see Table6.2) and is in
good agreement with the energy of the WSes neutral A exciton, which was observed at
1.742 eV in the monolayer (see Chapter 5). The peak observed at 1.704 eV is also in
good agreement with the energy of the WSes intra-valley trion. The MoSey A exciton
and trion are attributed to the peaks at 1.649 and 1.622 eV respectively, and are in
agreement with the values obtained for monolayer MoSey. As with HS1, the remaining
peaks which have not been assigned appear to be related to those peaks observed on

monolayer WSe,.

Finally in MoSes and WSes heterobilayers the band alignment allows for the formation
of interlayer excitons with electrons localised to the MoSes conduction band and holes
to the WSes valence band. Figure 6.3 shows both the intralayer and interlayer PL
emission observed in HS1 and HS2, with the interlayer exciton appearing near ~ 1.33

eV. Comparing the two spectra it is clear that the intensity of the interlayer PL for HS2

Table 6.1: Coefficients obtained from fitting PL spectra for HS1 using 2.33 eV
excitation energy. Errors are a standard deviation obtained from the fitting
process.

Amplitude (Counts s=!) Width (meV) Energy (eV)

26.7+0.7 14.84+0.6 1.729+0.001
30.7£1.1 5.9£0.3 1.704+0.001
15.5+1.3 4.840.5 1.691+0.001
63.5£0.9 2.940.1 1.658+0.001
112.4+0.9 6.8+0.1 1.648+0.001
270.5+1.4 3.6+£0.04 1.62240.001
832.44+1.2 5.0+0.02 1.61140.001
439.24+1.7 4.74+0.04 1.598+0.001
208.3£3.7 6.0+0.2 1.586+0.001
61.8+3.0 11.44+0.4 1.57440.001

Table 6.2: Coefficients obtained from fitting HS2 PL spectra to a summation of
Lorentzian line shape. Errors given are a standard deviation obtained from the
fitting process.

Amplitude Width (meV) Energy (eV)
15.54+10.0 37.5+7.6 1.739+0.001
27.6+£10.3 6.4+0.8 1.704+0.001
16.64+2.1 8.0+1.8 1.677+0.001
41.3+2.6 5.7+0.1 1.664+0.001
207.24+2.6 4.240.1 1.657+0.001
133.3+3.4 2.6+0.1 1.649+0.001
456.8£3.7 4.340.1 1.622+0.001
933.44+6.0 4.6+0.1 1.614+0.001
461.0+6.0 8.71+0.2 1.6014+0.001
76.0+5.6 10.8+0.8 1.58540.001
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Figure 6.3: Photo-luminescence spectra for both HS1 and HS2 showing full
spectral range from 1.275 to 1.8 eV obtained using 2.33 eV excitation energy at
4K. Both intralayer and interlayer exciton emission is visible for HS1 and HS2
at ~ 1.34 eV For visual comparison spectra have been offset.

is several orders of magnitude greater than the emission from HS1. Studies of the PL
spectra of TMD heterostructures as a function of twist angle have demonstrated that the
efficiency of the interlayer PL is strongly dependent on the crystal alignment. However,
the results in literature suggest that the intensity of the PL should be comparable for
samples near alignment of the crystal lattices i.e close to 0° or 60°. However, this is not
consistent with the results for HS1 and HS2. At present it is not clear if the difference
in PL intensity from the samples is a consequence of twist angle or sample quality and

requires further investigation.

6.3 Mode Assignment of Raman Spectra

The focus of the rest of this chapter are the results of resonance Raman spectroscopy on
both HS1 and HS2 when probing the WSes and MoSe, intralayer excitons. When reso-
nant with the intralayer excitons the Raman spectra are similar to the spectra observed
when probing the same exciton in the constituent monolayer. However, there are several
differences including the appearance of new Raman peaks in both heterostructures. Of
particular interest are the new low frequency Raman peaks which are only observed on
HS1. The aim of this section is to present a comparison of the Raman spectra for the
two heterostructures when resonant with the MoSe; and WSey intralayer excitons. In
addition, a detailed discussion of the new low frequency Raman peaks observed between

20 to 60 cm ™! on HS1 is also presented.
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For HS1 and HS2 the Raman spectra contain peaks associated with both the MoSes
and WSey layers, and new peaks unique to the heterostructures. As a result, a total
of 45 different Raman peaks are observed. The majority of these peaks can be directly
associated with the constituent monolayers. In Chapters 4 & 5 the Raman spectra for
both monolayer MoSes and WSes were presented and the mode assignments discussed
in detail. As a result, a complete discussion of the different possible phonon assignment
to each peak observed in the heterostructures is unnecessary. Instead this section will
establish which Raman peaks have been previously observed on the monolayers and

those which are unique to the heterostructures.

Group Subgroups Abbreviation
Bulk Anomalous BA

Bulk Bulk Dispersive BD
Bulk Standard BS
Heterostructure Anomalous HS

Heterostructure Heterostructure Dispersive HD
Heterostructure Low Frequency HLF
Heterostructure Standard HS

Table 6.3: Table listing the different categories used when discussing the differ-
ent Raman peaks in HS1 and HS2.

To allow for a more concise discussion of the different Raman peaks they have been
classified into several different categories. The label for each category can be broken
down into two parts and are split into two distinct groups. The first group is prefixed
by the term Bulk (B) and identifies the Raman peaks which are observed in both het-
erostructures and monolayers. The second group is prefixed by the term Heterostructure
(H) and referes to Raman peaks which are only observed in the heterostructures. Each
group consists of several subcategories defined as: Dispersive (D) identifying any disper-
sive Raman peaks; Anomalous (A) which indicates that the Raman peak has a distinct
resonance behaviour; and Low Frequency (LF) for peaks with a frequency below 100
cm~!. Those Raman peaks not included in the above categories are labelled as Stan-
dard (S), and have well defined frequencies and resonance behaviour. For reference the

different categories are summarised in Table 6.3.

6.3.1 MoSe; Resonant Raman Spectra

Exemplar Raman spectra for HS1, HS2 and both monolayers when resonant with the
MoSes A and B excitons are presented in Figures 6.4 & 6.5. In each case the spectra have
been normalized and offset to aid visual comparison. From Figure 6.5 when resonant
with the MoSes B exciton the monolayer MoSes and heterostructure spectra are clearly
similar with the majority of peaks visible in all three Raman spectra. When resonant
with the MoSes A exciton Raman spectra are only presented for HS1 and HS2. For

monolayer MoSes no Raman spectra were obtained at the A exciton due to intense



Chapter 6 Resonance Raman Spectroscopy of Encapsulated WSey /MoSes
Heterostructures 125

350 T T

300 - 1

N

a

o
T

N
o
o
T
I

Intensity (Counts s 1)
2
=
i

100 ]
50 1
4 HS2
O |- hw‘ “n W"’Mﬂ' rrevs
50 | \ \ \ . \
0 100 200 300 400 500 600 700

Raman Shift (cm™)

Figure 6.4: Raman spectra obtained using an excitation energy of 1.631 eV
on both HS1 and HS2 are presented. It is clear that for HS1 there are a large
number of additional peaks in the low frequency range 20 to 60 cm~! along with
a higher frequency peak at 235.8 cm™!. Several peaks are also observed between
140 to 200 cm~! however these are not seen in spectra at different excitation
energies and so are considered to be unwanted luminescence.

photoluminescence. Comparing the Raman spectra for HS1 and HS2 in Figures 6.4 &

6.5 reveals that the spectra at the A and B excitons appear to be relatively similar.

To provide a quantitative comparison of the Raman spectra when resonant with the
MoSe, intralayer excitons both monolayer and heterostructure spectra were fitted to a
summation of Lorentzian line shapes. The Raman spectra in each case were calibrated to
the silicon peak at 520 cm ™! which is used as an internal reference. For each sample the
frequencies of the Raman peaks were determined by fitting multiple spectra at different
excitation energies. The mean frequencies and standard deviation for each peak are
provided in Table 6.4. Each peak has also been assigned a labelled using the categories
defined in Table 6.3. Overall the majority of Raman peaks identified from fitting are
observed on all three sample regions. There is some variation in the obtained frequencies
when comparing the heterostructures and monolayers, but these are typically less than 1
cm~! difference. These shifts in the peak frequencies are not unexpected as the Raman
shift is sensitive to a range of factors including sample strain, dielectric environment and
interlayer coupling [52, 157, 219]. It is also unlikely that these shifts are due to different
Raman peaks being observed gs the shifts are significantly smaller than the widths of
the Raman peaks, with the narrowest peaks having a width of ~ 2 cm™! and suggest a

single peak is responsible.

Inspection of Table 6.4 reveals that a total of 24 different Raman peaks are observed when
resonant with the MoSes intralayer excitons. Overall 14 of the peaks have been classified

as bulk standard (BS) Raman peaks. This classification requires that the Raman peaks
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Figure 6.5: Panel a) Raman spectra obtained using an excitation energy of 1.851
eV when resonant with the MoSes B exciton for both HS1 and HS2 are presented
along with monolayer spectra for comparison. Panel b) presents Raman spectra
on all sample areas from 50 to 700 cm~!. Panel b) Raman spectra obtained
using an excitation energy of 1.631 eV on both HS1 and HS2 are presented. For
HS1 spectra there are several peaks in the range of 100 to 200 cm™1 which are
not observed in spectra at other excitation energies and so are likely unwanted

luminescence.
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are observed on the constituent monolayer and that their Raman resonances behave as
expected. An exception is the peak at 357.9 cm™!': as seen in Table 6.4 this peak is
only observed for HS2 when resonant with the B exciton. However, close inspection
of the Raman spectra for both monolayer MoSe, and HS1 reveals weak features in
this frequency range in several spectra . As a result the peak at 357.9 cm™' has been
classified as a BS peak, as it is likely present in all samples. The next classification
with a significant number of peaks are the low frequency modes (HLF), which are only
observed for HS1, and results in 5 new Raman peaks. A more detailed discussion of the
HLF peaks is presented in Section 6.3.3 due to the appearance of similar peaks when

resonant with the WSey intralayer excitons.

Of the remaining Raman peaks there are three BA peaks, two BD peaks, a HA peak
and a HS peak identified when resonant with the MoSe; intralayer excitons. Considering
first the bulk dispersive Raman peak at ~ 288 cm™'. In monolayer MoSe, two dispersive
Raman peaks were identified near ~ 280 and 288 cm™! (see Chapter 4). In HS1 similar
dispersive peaks are also observed with frequencies in the range of 278 to 280.5 cm ™!
and from 285.9 to 287.7 cm~!. However, for HS2 the Raman peaks in this range show
no significant dispersion. In particular dispersive peaks between 284 and 288 cm ™! are
observed on both monolayer MoSe, and HS1, but are not seen in the HS2. This is
apparent in Figure 6.6 where the resonance data for HS1 and HS2 is presented. For
HS1 a dispersive peak is visible as a shoulder to the peak at 290.9 cm™!, whilst for HS2
there is no obvious dispersive peak near 289.2 cm~! with the Raman peak appearing
to be symmetric at all excitation energies. The lack of dispersive Raman peaks on HS2
suggests either a modification of the phonon dispersion or change in the availability of
large wavevector electronic states to mediate these processes. Although as seen in Table
6.4 the frequencies of the Raman peaks are in reasonable agreement and suggests the
phonon dispersion relation is not significantly different for either HS1, HS2 or monolayer
MoSesy. In Chapters 4 & 5 the dispersive Raman peaks in both MoSes and WSey also
display a distinct resonance behaviour. Therefore, the most plausible explanation for
the disappearance of the dispersive peak in HS2 is due to changes in the availability of

electronic states required to satisfy the resonance conditions for these dispersive peaks.

The BA Raman peaks are observed at ~ 481, 530, 581 cm ™! in HS1 and were also seen
in monolayer MoSes. The results for monolayer MoSes revealed these peaks had an
anomalous resonance behaviour, which was attributed to a double resonance between
the MoSes B exciton and a lower energy electronic state at 1.802 eV (see Chapter 4). For
HS1 these Raman peaks are also observed to exhibit an anomalous resonance behaviour
with a lower energy state at 1.755 eV (see Section 6.4.3). From Table 6.4 it is also clear
that the peaks at ~ 481 and 530 cm ™! are not observed in HS2. Whilst the peak at ~
581 cm ™! is seen in both HS1 and monolayer MoSes it also demonstrates an anomalous
resonance behaviour. There are two possible explanations for the 581 cm ™! showing both
BS and BA behaviours. Either the 581 cm™! peak is able to satisfy both the resonance
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Figure 6.6: Colourmaps of the resonance Raman data for HS1 (panel a) and
HS2 (panel b) are presented when resonant with the MoSes B exciton. Raman
peaks near 288 cm ™! are indicated by the white arrows. In HS1 a dispersive peak
can clearly been seen as a shoulder on the peak, whereas in HS2 no dispersive
Raman peaks are observed.
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conditions with the anomalous resonance and B exciton, or the anomalous resonance
is the result of another peak coincidentally degenerate with the 581 cm™' peak. The
energy of the anomalous resonance in HS1 and monolayer MoSey is also shifted by
~ 47 meV, and implies a difference in the underlying electronic states. The absence
of the anomalous Raman peaks on HS2 suggests that there may be a difference in the
electronic states present in HS1 and HS2. The behaviour of the anomalous Raman peaks
may allow for the differences in the electronic states in monolayers and heterostructures
to be probed. A more complete discussion of these anomalous resonances is presented

in Section 6.5.1 following a thorough analysis of the resonance behaviour.

The Raman peak at 245.8 cm™! has been classified as HA. This peak is only observed
on HS2 near resonance with the MoSes A and WSes A excitons. As a result, it is not
clear which layer this peak is associated with and so is included in Table 6.4 to allow
for a comparison to the other MoSes Raman peaks. This reveals that no other Raman
peaks at this frequency are observed in either HS1 or monolayer MoSes. Due to this
Raman peak only being observed near resonance with both the MoSe; and WSey A
excitons a comparison to the WSey Raman peaks is required before discussing this peak
further. Consequently, a detailed discussion of this Raman peak will be presented when

discussing the WSey Raman spectra.

Finally we consider the peak at 235.8 cm ™! which is classified as a HS peak. From Table
6.4 it is obvious that this Raman peak is only observed on HS1 when resonant with the
MoSes A and excitons. The MoSes phonon dispersion relation indicates that there are
no I' point phonons expected at frequencies consistent with this new peak. The relatively
low frequency of this new peak also limits the number of predicted multi-phonon modes.
Two possibilities are the 2TA(K) at 233 cm™! or the TA(M) + ZA(M) at 223 cm™!
(predicted shifts determined using dispersion relation from Bilgin et al.[144]). However,
the absence of this peak in monolayer MoSes implies it is intrinsic to the heterostructure.
Likewise, the appearance of this peak on HS1 and not on HS2 suggests this new Raman
peak is dependent on the sample twist angle. The appearance of HLF modes also
supports this argument as the low frequencies of these peaks cannot be explained by
phonons at the high symmetry points of the Brillouin zone. A clear possibility is that the
peak at 235.8 cm ™! is the result of the moiré interference arising in the heterostructure.
Moiré phonons have been previously reported for twisted MoSs homobilayers [123], and
arise from zone folding of large wavevector phonon onto the Brillouin zone centre. For
the 235.8 cm™! Raman peak the only phonon branch that could give rise to this peak is
the A branch. The frequency of this branch decreases for small changes in wavevector
away from the I' point, and so it is possible that the 235.8 cm™! peak is the zone folded
A’l. However, more detailed survey of heterostructures with different twist angles is

necessary to confirm this proposed origin.

In summary the Raman spectra when resonant with the MoSes intralayer excitons reveals

the majority of Raman peaks observed on HS1 and HS2 are attributed to bulk peaks
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Table 6.4: Raman shifts are presented for all peaks observed on HS1, HS2
and Monolayer MoSes; when resonant with the A and B excitons. The Raman
spectra were fitted using a summation of Lorentzian line shapes and calibrated
to the Silicon peak at 520 cm'. The values presented are the mean and standard
deviation obtained from fitting several spectra at different excitation energies.

All presented values have units of cm™".

1

MoSey A MoSe; B Peak Type
HS1 HS2 HS1 HS2 MoSes
35.3£0.1 - 35.4+0.2 - - HLF
39.14+0.05 - 38.940.1 - - HLF
42.440.05 - 42.14+0.2 - - HLF
59.34+0.05 - 59.0+0.1 - - HLF
63.5+0.1 - 63.8+0.1 - - HLF
235.840.1 - 235.840.1 - - HLF
240.8+£0.05 240.8+£0.05 | 241.04+0.1 240.9+£0.4 241.5+£0.1 BS
- 245.8 - - - HA
- - 260.4+£0.4 261.2+0.8 260.7+1.3 BS
- - 277.7+1.2  280.1+0.4 277.4+1.2 BS/BD
288.3£0.1  287.04+0.2 | 286.0+0.6 - 288.6+£0.5 BD
- - 290.94+0.1  289.2+0.7 290.7+0.3 BS
303.4+0.4  303.5+0.3 | 304.2+0.6 304.9+0.8 304.6+0.2 BS
313.1+0.4 - 316.1+0.1  316.3£0.2 314.6+0.3 BS
319.840.1  320.5+0.1 320.24+0.1 319.6+0.6 321.440.2 BS
- - 357.940.5 - - BS
- - 410.6+0.8 413+0.7 412.240.4 BS
432.0+1.3 - 431.54+0.1  432.2+0.5 432.5+£0.1 BS
455.3+0.1  455.3+0.1 | 450.24+0.05 447.54+0.4 450.4+1.3 BS
- - 456.94+0.05  4564+0.8  458.5+0.3 BS
- - 480.6+1.4 - 481.5+0.5 BA
- - 529.5+0.5 - 531.2+0.2 BA
- - 581.71+0 580.24+0.8 581.1+0.1 BS/BA
596.7£0.4  596.940.4 599.8+0  596.0+0.5 598.7+0.2 BS

previously seen in monolayer MoSes. Although there are several differences between HS1
and HS2, such as the absence of BD and BA peaks on HS2, which suggests a difference

in the electronic states available in the two samples. The new Raman peaks in HS1

classified as HLF and HS peaks are not seen in HS2 and maybe dependent on sample

twist angle. These peaks are likely the result of moiré interference resulting in zone

folding of off zone center phonons.
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6.3.1.1 Observation of hBN phonons in Heterostructures

When near resonance with the MoSey B exciton in both HS1 and HS2 two Raman peaks
are observed at ~ 800 and 1050 cm', and are only seen when using excitation energies
in the range of ~ 1.8 to 1.88 eV (see Figure 6.7). These peaks were previously reported
for encapsulated monolayers of WSey and arise due to coupling of hBN phonons to
electronic states in the WSey layer [198, 199, 190]. The resonance profiles for these
peaks were investigated by Jin et al. and attributed to a double resonance with the A
exciton and a higher energy state [198]. We also observed these peaks during resonance
Raman measurements on monolayer WSes (see Chapter 5). Our results are in agreement
with the published literature and also require a double resonance process with the WSes
A outgoing resonance and the WSey A* state. To confirm these are Raman peaks
spectra were obtained for both crossed and parallel polarisations and demonstrate that
the peaks are linearly polarised, and confirms that these features are Raman peaks and
not unpolarised luminescence. Overall these peaks are of interest for future studies of
encapsulated TMDCs, but are not investigated further in this thesis. Instead the aim
of this section is to ensure the reader is aware of these peaks as they are visible in the

Raman spectra presented for HS1 and HS2.
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Figure 6.7: Raman spectra obtained on HS1 using excitation energies of 1.800
and 1.873 eV are presented in panels a) and b) respectively. For each excitation
energy spectra polarisation resolved spectra are presented with the incident light

linearly polarised and the scattered light measured in both parallel (Z(XX)Z)
and crossed configurations (Z(XY)Z). Two additional peaks are observed at ~
790 and 1050 cm ™! which are both linearly polarised indicating these peaks are

Raman peaks and not photoluminescence.
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6.3.2 WSe; Resonant Raman Spectra

Exemplar spectra for both the heterostructures and monolayer WSey when resonant with
the A and B intralayer excitons are presented in Figure 6.8. In each case the Raman
spectra have been normalised to the peak intensity and offset to allow for easier visual
comparison. In Figure 6.8 panel a) when resonant with the WSes A exciton, there is
a clear similarity between the Raman spectra across all three sample regions. In each
case the dominant peak in the spectra is located at ~ 250 cm™! with several weaker
peaks appearing between 255 and 270 cm~! and a weak peak also observed at ~ 400

cm~!. There are several Raman peaks between 200 and 250 cm™!, and a dispersive

I on all samples. The Raman spectra in Figure 6.8

Raman peak is seen at ~ 208 cm™
panel b) also shows that when resonant with the WSes B exciton the resulting spectra
are clearly different for the three sample regions. The differences in these spectra can
be characterised by changes in the relative intensity of the Raman peaks and the total
number of observed peaks. In particular on HS1 three new Raman peaks appear between

280 and 360 cm™!, and are not observed on either HS2 or monolayer WSes.

To quantify the positions of the Raman peaks the spectra have been fitted to a sum-
mation of Lorentzian lineshapes. To compare the peak frequencies across the different
samples the Raman spectra were calibrated using the Silicon peak at 520 cm™! as an
internal reference. The mean values and standard deviation of the peak positions was
obtained for each sample by fitting multiple spectra at different excitation energies. The
peak positions are provided in Table 6.5 and each peak has been labelled using the
classifications presented at the start of this section. The Raman peaks across all three
sample regions have been compared and the equivalent Raman peaks in each sample
are presented in the same row in Table 6.5. In general the frequencies of the peaks are

I across the different sample regions. The

found to be in agreement to within ~ 1 cm™
shifts in the peak frequencies are not unexpected as the Raman shift is sensitive to a
range of factors including sample strain, dielectric environment and interlayer coupling
[280, 52, 219]. It is also unlikely that these shifts are due to differences in the Raman
peaks as the shifts are significantly smaller than the widths of the Raman peaks, with

the narrowest peaks having a width of ~ 2 cm™1.

From Table 6.5 21 different Raman peaks have been identified when resonant with the
WSes A and B intralayer excitons. Of these Raman peaks 13 peaks are bulk related with
12 classified as BS and one as BD. For the peaks associated with the heterostructure
there are a total of 9 peaks which are separated into four HLF, a HD and 3 HA Raman
peaks. Several of the Raman peaks between 370 and 400 cm™! are not observed when
resonant with the A exciton, but are seen on all sample areas at the B exciton. The
lack of these peaks at the A exciton in monolayer WSe, is attributed to intense photolu-
minescence background observed when resonant. The assignments of the BS peaks has

been considered in Chapter 5 and so are not discussed further in this section. The HLF
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Figure 6.8: Raman spectra are presented for both heterostructures and mono-
layer WSey when resonant with both the A and B intralayer excitons associated
with the WSey layer. Panel a) shows Raman spectra obtained when resonant
with WSes A exciton using an excitation energy 1.74 eV which is resonant with
the A exciton. Panel b) Raman spectra obtained when resonant with WSey B
exciton using an excitation energy 2.14 eV and is resonant with the WSe, B
exciton.

Raman peaks are observed when resonant with the WSes A exciton and are exclusive
to HS1. As previously seen in Section 6.3.1 a similar set of peaks is observed on HS1
at the MoSes intralayer excitons and so a more detailed discussion and comparison of

these peaks is presented in Section 6.3.3.
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At the A exciton resonance a BD Raman peak is observed on all samples area near
208 cm~!. The dispersive nature of this Raman peak indicates the involvement of large
wavevector phonons. The resonance behaviour for these dispersive Raman peaks is dis-
tinct from the BS peak suggesting the involvement of large wavevector electronic states.
The observation of this dispersive mode on both heterostructures and the monolayer in-
dicates a similarity in the resonance behaviour at the WSes A exciton and also suggests
that the phonon dispersion in the heterostructures is not significantly modified relative

to the constituent monolayer.

The HA peak at 245.8 cm™! was observed only on HS2 when near resonance with
the MoSey and WSey A excitons. The resonance behaviour of this peak is anomalous
compared to the BS peaks associated with the MoSes and WSey layers respectively. As
will be presented in Section 6.4.1, this peak is resonant with two excitonic states at 1.688
and 1.703 eV which may be associated with either the MoSes or WSes layers. As a result
a clear assignment of this peak to a particular layer is not possible. Consideration of the
MoSes phonon dispersion relations indicate possible assignment peak to the 2ZA (M) or
ZA(K)+TA(K) peaks with predicted frequencies of 248.7 and 245.6 cm ™! respectively.
Likewise, this peak can also be assigned to WSey 2ZA(K) combination mode, which is

predicted to appear at 245.9 cm™!.

The WSes phonon dispersion also indicates that
this peak maybe the result of zone folding of the E’ branch and so could also be a moiré
phonon. Although, there is no other evidence of zone folded moiré phonons in HS2.
The final possibility for the origin of the 245.8 cm™' peak is a multiphonon process
involving both MoSey and WSes phonons. For both the MoSe, and WSes layers the
acoustic phonons have similar frequencies with the ZA phonons in the range of 119 to
129 cm™!. As a result the peak at 245.8 cm ™! could be the result of a 2ZA peak involving
a WSeg and MoSey phonon with the M point mode having a predicted frequency of ~
243 cm™!. However, from the Raman data presented in this thesis there is no clear
evidence indicating which of these assignments is correct. Therefore, the assignment of

1

the anomalous peak at 245.8 cm™" is inconclusive and will require further investigation

of other heterostructure samples.

The remaining heterostructure related peak exclusive to HS2 is the peak at 261.2 cm ™!,

which is classified as both BS and HD. For both monolayer and WSes, the Raman peak
near 261.2 ~ is observed and is classified as BS. However in HS2 the 261.2 cm ™! peak is
clearly a dispersive Raman peak. This dispersive behaviour can be seen in Figures 6.9
& 6.10. The assignment of the Raman peaks near ~ 260 cm™! is disputed in literature
with most reports proposing that there are only two Raman peaks, whereas Du et al.
propose this peak is composed of at least three separate Raman peaks. Similar results for
monolayer MoSy by Carvalho et al. also demonstrated that the peak commonly assigned
to the 2L A was actually the result of five almost degenerate Raman peaks some of which
were dispersive in nature [141]. Therefore it is possible this dispersive behaviour could

1

occur due to the presence of an new Raman peak near 262 cm™". However, for our
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results we find that only two Lorentzian line shapes are required to achieve a best fit to
the Raman spectra. Therefore, we attribute this behaviour to a dispersive Raman peak.
The lack of a dispersive Raman peak in monolayer WSey and in HS1 implies either a

change in the phonon dispersion or a difference in the underlying electronic states.

The final peaks to consider are the new Raman peaks seen exclusively on HS1 at 290.7,
309.1 and 353.8cm~!. As seen in Figure 6.8 panel b) these Raman peaks are only ob-
served for HS1 when resonant with the WSes B exciton. From the fitted peak frequencies
in Table 6.5 it is clear that the 290.7 cm™! peak is close to peaks reported in both mono-
layer WSes and HS2 between 286.5 and 288 cm™!. As a result, we cannot discount the
possibility that this Raman peak is a WSes bulk related peak. Whereas, the peaks at
309.1 and 353.8 cm™! are clearly only seen in HS1. The absence of these peaks in the
monolayer spectrum and their appearance only in Raman spectra on HS1 suggests that
these peaks are associated with the heterostructure and maybe dependent on the sample
twist angle. As a result these peaks may arise from zone folding of off centre phonons

due to the moiré interference in the heterostructure.

Considering the possibility that these new peaks are moiré phonons requires the use of
the phonon dispersion relations for WSes (see Figure 5.3 in Chapter 5). For WSe; the
highest frequency single phonon peak is predicted to be the A at the I point with a

frequency of ~ 308 cm™!.

This could explain the 309.1 cm~! Raman peak, and zone
folding of the A} branch could also explain the 290.7 cm~! peak. However, Raman peak
at 353.8 cm~! must a multiphonon peak as there are no single phonon branches with
frequencies predicted above 308 cm ™! in the WSe, phonon dispersion. As a result it is
not possible to explain these new Raman peaks using only zone folded moiré phonons.
In addition, the observation of these peaks at only the WSey B exciton suggests that the
underlying electronic states play a significant role in observing these peaks. Therefore,

it seems unlikely that these Raman peaks are the result of moiré phonons.

An alternative explanation for the origin of these peaks becomes apparent from consid-
ering the reported Raman spectra for other heterobilayers in literature. For comparable
MoSes/WSes heterostructures a Raman peak has been reported at 309 cm~! by Nayak et
al. [107] and has also been observed in several other heterobilayers including WSes/WSs
and WSey/MoSs [281, 282]. These reports propose an assignment of this Raman peak
to the AY phonon at the I' point. The AJ peak is not expected to be Raman active in
monolayer but is observed in bilayer and few layer WSey [52]. In addition, the results of
Nayak et al. also report a Raman peak at 353 cm~! and assign this to the A%(T") phonon
associated with the MoSey layer [107, 283]. Similarly the A) phonon is not Raman active
in monolayer MoSes, but is active in bilayer and few layer MoSey [194]. Therefore, our
results are in agreement with those reported in literature for MoSes/WSes heterostruc-
tures and suggests that the peaks at 309.1 and 353.8 cm~! may be assigned to the A%(T")

phonons.
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Figure 6.9: Colourmap showing resonance Raman data for HS2 when resonant
with the WSes B exciton from 200 to 300 cm~!. As a visual aid red dashed
lines have been added to indicate the location of the dispersive Raman peak
observed for the peak at 261.2 cm™!

10 T T T T T T T

8 . .
—~ 2.197 eV
‘v
£ 61 1
>
3
>
S 4 2.169eV |
C
(0]

2 . .

2.138 eV
0 1 1 1 1 1 1 1

220 230 240 250 260 270 280 290 300
Raman Shift (cm'1)

Figure 6.10: Exemplar Raman spectra for HS2 when resonant with the WSes
B exciton using excitation energies of 2.138, 2.169 and 2.197 eV. At 2.197 eV
at least two Raman peaks near ~ 260 cm~!. At lower excitation energies the
dispersive Raman peak in the range of 259 to 262 cm™! then shifts in frequency
and resulting in a broad peak near 260 cm ™.
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The possibility of MoSes Raman peaks appearing at the WSes B exciton resonance
requires a revised analysis of the Raman spectra for HS1. In particular the Raman peak
at 240.4 cm~! was initially classified as BS/HA. In Figure 6.8 and Table 6.4 it is clear
that peaks near ~ 240 cm™! are observed in all samples at both the WSey A and B
excitons. However, for HS1 at the WSey B exciton the intensity of the 240.4 cm™! peak
is significantly enhanced relative to the other WSeo, Raman peaks. Typically the most
intense peaks in WSey are those between 250-270 cm ™!, however in HS1 the 240.4 c™*
is the dominant peak in the spectrum (see Figure 6.8 panel b). A natural explanation
for the atypical intensity of the 240.4 cm ™! arises if it is the MoSey A’ (") phonon, which
is observed at 240.8 cm™' on HS1 when resonant with the MoSe, intralayer excitons.
It is also possible to assign the new peak at 290.7 cm~! to the MoSey E/(T") phonon.
To confirm that these new peaks assigned to MoSes phonons are not the result of an
additional MoSey resonance measurements were carried out on the monolayer MoSes
sample over the same energy range. However, no resonance Raman behaviour was
observed in the monolayer MoSes sample. Therefore, the observation of MoSes Raman
peaks at the WSey B exciton, in HS1 is not due to an accidental degeneracy with a
higher energy MoSes state. The resonance Raman behaviour for these Raman peaks
is discussed in Section 6.4.4 and reveals differences in the resonance behaviour of these
new peaks, and may be the result of hybridisation of intralayer and interlayer excitons.

This possibility is discussed in more detail in Section 6.5.1.1.

In summary the Raman spectra when resonant with the WSes A and B intralayer
excitons have been presented. The majority of Raman peaks observed in the spectra
have been assigned to BS peaks. However, there are several Raman peaks which have
been observed only in the heterostructures. For HS1 the HA peak at 245.8 cm ™! has been
considered and it is concluded that an assignment of this peak to phonon associated with
the MoSey or WSes layer is not possible. For HS1 three new Raman peaks are observed
at 290.7, 309.1 and 353.8cm~!. The peaks at 309.1 and 353.8 cm ™! are assigned to the
A%(T') phonon associated with the WSey and MoSes layer and are in agreement with
reports in literature [107]. The participation of MoSey I" point phonons can also explain
the Raman peaks at 290.7 cm™! and the atypical behaviour of the 240.4 cm™! peak if
they are also the E/(T") and A} (T') phonons. Therefore, for HS1 both MoSes and WSes

phonons are observed and suggests the hybridisation states between the two layers.
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Table 6.5: Raman Peak positions are given for HS1, HS2 and WSes monolayer
when resonant with the A and B WSey excitons respectively. Peak position
obtained from fitting spectra at several excitation energies to Lorentzian line
shapes. The values given are then the mean and standard deviation. In all cases

spectra have been calibrated to the Silicon peak at 520 cm ™.

WSey A WSey B Peak Type
WSes HS1 HS2 WSes HS1 HS2

- 34.6+0.1 - - - - HLF

- 38.8+1.1 - - - - HLF

- 52.940.1 - - - - HLF

- 57.840.5 - - - - HLF
206.3+1.7 206.2+0.7 207.3+0.6 - - - BD
219.24+0.7 219+0.9 219.3+0.3 | 218.1+£0.7 218.0+1.6 218.3+0.6 BS
- - - 224.6+1.3 - - BS
235.1£1.3 236.7£0.5 - 236.3+0.2 235.0£0.7 235.7+£0.5 BS
245.8 HA

241.5+0.7 240.3+0.9 239.841.0 | 241.840.6 240.44+0.1 240.24+0.3 BS/HA
249.5+0.1 248.840.1 249.0+0.4 | 249.5+0.2 248.7+0.2 249+£0.2 BS

- - - 255.240.2 255.2+0.8 255.8+0.6 BS
257.7£0.2  256.5+0.1 257.0£0.2 | 258.0+0.4 - 258.3+0.3 BS
261.94+0.2 260.44+0.2 261.24+0.2 | 262.0+0.1 260.44+0.5 261.24+0.2 BS/HD

- 287.2+0.1 288.0+1.7 | 286.5£1.4 - - BS
- - - - 290.7£0.8 - HA
- - - - 309.1+0.6 - HA
- - - - 353.8+£0.8 HA

- 373+£0.9  372.3x1.2 | 374.1£3.6 374.5+0.4 372.7£1.3 BS
- 395.2+1.8 394.940.7 | 392.4£0.3 393.3£2.0 392.24+0.3 BS
396.6+£0.4 399.1+£0.8 398.6+0.5 | 398.7£0.3 398.2+0.9 396.3£0.5 BS
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6.3.3 Low Frequency Raman Peaks

As presented in Sections 6.3.1 & 6.3.2 new low frequency Raman peaks in the range
of 35 to 65 cm™! are observed on HS1 when resonant with both the MoSes and WSesy
intralayer excitons. The appearance of these modes only on HS1 suggests that these
peaks may be strongly dependent on the twist angle of the heterostructures. It is also
apparent that the number of observed peaks and their Raman shifts are dependent on
whether the exciton involved in the resonance process is associated with the MoSes
or WSey layer. To demonstrate this Raman spectra for the low frequency modes are
presented in Figure 6.11 when resonant with the WSes A and MoSe, A and B excitons.
When resonant with the MoSey A and B excitons the number of Raman peaks and their
positions appear to be in agreement with some variation in the relative intensity of the
peaks. Whereas, the low frequency peaks seen when resonant with the WSes A exciton
appear at different shifts compared to those observed when resonant with the MoSes A

and B excitons.

To further investigate this for each resonance Raman spectra have been fitted for multiple

excitation energies and calibrated to the silicon peak of the substrate at 520 cm™!. The
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Figure 6.11: Raman Spectra were obtained on HS1 when resonant with the
WSes A exciton and MoSe, A and B excitons using excitation energies of 1.710,
1.625 and 1.848 eV respectively. In each case the Raman spectra have been
calibrated using the Silicon peak at 520 cm™! as an external reference, and
have been scaled and offset for ease of comparison. For each resonance there
are a series of low frequency modes that are only observed on HS1.
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Table 6.6: Raman Shifts for low frequency peaks observed on HS1 when resonant
with the WSes A exciton were obtained from fitting. Values given are the
mean and standard deviation obtained from fitting multiple spectra at several
excitation energies.

Raman Shift cm™1

1 2 3 4
WSey A 34.6£0.1 38.8+1.1 52.9+0.1 57.840.5

Table 6.7: Raman Shifts for low frequency peaks observed on HS1 when resonant
with the MoSes A and B excitons were obtained from fitting. Values given
are the mean and standard deviation obtained from fitting multiple spectra at
several excitation energies.

Raman Shift cm™—!
1 2 3 4 5
MoSey A 35.3+0.1 39.1£0.1 42.4+0.1 59.3+0.1 63.5+0.3
MoSe; B 35.4+0.3 38.9+0.4 42.1+0.2 59.0+£0.2 63.8+0.9

resulting mean values and standard deviations obtained from fitting multiple spectra for
each peak are provided in Table 6.7 & 6.6. For the low frequency modes when resonant
with the MoSes A and B excitons the resulting peak positions are in excellent agreement
for all peaks. This confirms that the low frequency Raman peaks observed for the MoSe,
A and B exciton are the same peaks with no significant shifts in the peak positions. For
the low frequency peaks seen when resonant with the WSes A exciton four separate
Raman peaks are identified. Comparing the frequencies of these peaks to those in the
MoSes spectra it is clear that the peaks have different frequencies. The possible exception
to this is the peak at 38.8 cm ™! which to within the error is in agreement with the peaks
observed at 38.9 and 39.1 cm~! when resonant with the MoSey excitons. Whilst the
Raman spectra clearly have different Raman shifts there is an obvious similarity to the
spectra for the low frequency modes when resonant with the MoSes; and WSe, layers.
In each case there are generally two dominant peaks with one in the range of 20 to 50

cm~! and a higher frequency peak between 50 and 70 cm™!.

It also seems clear that
the lower intensity peaks in the WSey and MoSes spectra have similar positions relative
to the dominant peaks. A likely explanation is that the low frequency peaks at both
the WSes and MoSe; resonances have the same underlying physical mechanism with the
Raman peaks shifted as a result of the difference in mass of the two TMDC layers. In
this case the peaks associated with the heavier WSey layer are expected to have lower
frequencies than their MoSes counterparts, which is in agreement with our experimental

results.

Considering the origin of these peaks an obvious possibility is that they are the result of
layer breathing or shear modes arising in the heterostructure. However, results reported
by Nayak et al. for eight different twist angles on similar unencapsulated MoSes/WSes

heterostructures assigned the peaks associated with the layer breathing and shear modes
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to peaks in the range of 15 to 30 cm~! [107]. In comparison the low frequency observed
in HS1 have frequencies in the range of 34 to 65 cm™! and are different depending on
which layer is being excited. Therefore, it is not possible for these peaks to be the result
of shear and layer breathing modes as these are collection motions of the two layers and
are not dependent on which layer is excited. Another possible mechanism for these low
frequency modes is zone folding of off centre acoustic phonons due to moiré interference.
moiré phonons have previously been observed in twisted homobilayers of MoSy for all
twist angles [123]. It is possible that the low frequency of the modes for HS1 are the
result of moiré phonons, although the lack of similar peaks in HS2 is unexpected. In
addition the resonance behaviour of the low frequency modes appears to demonstrate a
preferentially coupling to the lower energy trion states. Therefore, to fully address the
potential origins of these peaks requires a discussion of both the Raman spectra and the

resonance data, and is presented later in this chapter in Section 6.5.2.

In summary, the Raman spectra of the low frequency modes are dependent on which
layer is being resonantly excited, with a different characteristic spectrum observed when
exciting either the WSey or MoSey excitons. The similarity of the low frequency modes
in the MoSes and WSey spectra suggests that these peaks likely have the same origin,

but are shifted due to the difference in mass of the Mo and W atoms.
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6.4 Resonance Raman Spectroscopy of TMDC Heterostruc-

tures

The following sections present the resonance Raman data for both HS1 and HS2 using
excitation energies from 1.60 to 2.24 eV. In total there are four separate resonances
which are addressed corresponding to the MoSes A and B excitons and the WSey A and

B excitons for each heterostructure.

6.4.1 Resonance Raman with MoSe;, A Exciton

This section presents the resonance Raman data for both HS1 and HS2 using excitation
energies from 1.6 to 1.75 eV when resonant with the MoSes A exciton. For monolayer
MoSe, it was not possible to observe resonance Raman scattering with the MoSes A
exciton due to the intense PL emission from the exciton and trions. For the heterostruc-
tures the intensity of PL is significantly lower and so resonance Raman data has been
obtained for the MoSes A exciton. However for both heterostructure regions there are
several spectra when near resonance with the PL where it is not possible to resolve the

Raman peaks.

6.4.1.1 HS1 Resonance Raman with MoSe; A Exciton

The Raman data for HS1 when resonant with the MoSes A exciton is presented in the
colourmap and waterfall plots shown in Figures 6.36 & 6.37 respectively. As seen in
Figure 6.36 the resonance Raman data is presented from 1.6 to 1.75 eV, as a result both
resonances associated with the MoSes A and WSey A excitons are visible in the data.
From 1.68 to 1.75 eV the colourmap and spectra are dominated by the WSes Raman
peaks which are observed between 250 to 270 cm™!. The resonance features associated
with MoSes A exciton are observed between 1.62 and 1.71 eV with an incident resonance
at ~ 1.64 eV. The outgoing resonance is visible between 1.65 and 1.71 eV with the energy
of the resonance dependent on the energy of the phonons. For the Raman peaks near ~
460 cm~! there is also a significant difference in the intensity of the outgoing resonance
at ~ 1.682 eV compared to the incident resonance at ~ 1.636 eV. The asymmetry
of these resonances suggests the presence of multiple excitonic states at the MoSes A
exciton. Another indicator for multiple excitonic states is the characteristic variation in
the relative intensity of Raman peaks with similar shifts. This is visible in Figure 6.13
when comparing the Raman peaks between 280 to 320 cm ™! at 1.664 and 1.653 eV.

The resonance Raman profiles for eight different peaks at 240.8, 288.3, 303.4, 313.1,

319.8, 450.7, 455.3, 569.7 were obtained when resonant with the MoSes A exciton. The

1

Raman peak near 240 cm™" was used to investigate which Raman model provides the
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Figure 6.12: Colourmap presenting the resonance Raman data taken obtained
on HS1 using excitation energies from 1.60 to 1.75 eV when resonant with the

MoSes A exciton.
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Figure 6.13: Waterfall plot presenting a Raman spectra obtained when resonant
with MoSes A exciton on HS1 using excitation energies from 1.60 to 1.75 eV.
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Figure 6.14: Resonance Raman profile for the Raman peak at 455.3 cm™! when
resonant with the MoSes A exciton is shown and has been fitted to three single
phonon event models for a) single electronic state, b) two independent electronic
states and c) two electronic states allowing interstate scattering with the fits
indicated by the red lines. Errorbars shown were determined from fitting the
Raman spectra.

best fit to the data, before extending the process to other resonance profiles. This peak
was chosen as it is unambiguously assigned to the A’(T") phonon. Raman scattering
by this mode is a single phonon process and so should be well described by the single
phonon event models used in the fitting process. However, when resonant with the
MoSes A exciton intense photoluminescence from the neutral exciton and trion prevents
useful Raman spectra being obtained at several excitation energies from 1.640 to 1.655
eV. As a result it is more convenient to consider the resonance behaviour for higher wave
number Raman peaks as these profiles have a larger separation between the incoming
and outgoing resonance conditions which allows for more complete resonance profiles to
be obtained. Therefore, the Raman peak at 455.3 cm™! has been fitted to three single
phonon event models for a single electronic state, two independent electronic states and

two electronic states with interstate scattering allowed.

The resonance profiles and fits are shown in Figure 6.14 and the adjusted R-square values
and fitted coefficients are provided in Table 6.8. The resonance profile for the 455.3 cm™!
Raman peak in Figure 6.14 is composed of two peaks at ~ 1.63 and 1.68 eV and has a
clear asymmetry with the higher energy peak a factor of 4 more intense. Considering all
of the fitted profiles shown in Figure 6.14 a visual comparison of the fits reveals that the
best fit for the resonance data is obtained using a Raman model assuming two electronic
states with interstate scattering allowed (see Figure 6.14 panel ¢). The energies from the
fitting process are 1.626+0.001 and 1.649+0.009 eV. Comparing these energies to the
PL spectra the results are in close agreement with the PL peaks at 1.622 and 1.648 eV
which were assigned to the MoSes A trion and neutral exciton respectively. Therefore,
the resonance Raman behaviour of the 455.3 cm~! Raman peak is due to scattering with
both the neutral exciton at 1.648 eV and trion at 1.622 eV.
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Table 6.8: Adjusted R-square values and coefficients obtained from fitting the
resonance Raman profile for the 455.3 cm™! Raman observed on HS1 when
resonant with the MoSes A Exciton. Resonance profile has been fitted to three
single phonon event models assuming a single state, two independent states
and two states with interstate scattering allowed. Errors given are a standard
deviation from the fitting process. Amplitude coefficients have units of 1073
VCounts s~1.eV2,

Single State ~ Two State =~ Two \w scatter
Adjusted R-Square 0.528 0.579 0.996
Ay 9.5+2.2 3.4+1.1 0£1.3
Amplitude A, - 11.1£7.1 12.84+9.6
A; : - 7.9+1.1
Width Iy 6.8+2.1 3£NaN 6.0+£0.3
Iy - 15.5+12.2 22.6+13.4
Energy Eq 1.627+0.002 1.628+0.001 1.626+0.001
Es - 1.642+0.008 1.649+0.009

The resonance profiles for all Raman peaks were fitted to a single phonon event model
assuming two electronic states with interstate scattering allowed. The resonance profiles
and resulting fits are presented in Figure 6.15 with the coefficients from fitting provided
in Table 6.9. The energies for the lower energy state E; are in good agreement with
values between 1.624 to 1.628 eV and a mean value of 1.62740.001 eV. The higher energy
state Eo is less well bounded with some coefficients having errors exceeding 10 meV.
However the values for this energy still show a general agreement with energies between
1.644 and 1.655 eV and a mean value of 1.648 +0.001 eV. Although the variation in the
energies of the higher energy state may indicate the presence of multiple excitonic states.
However, in this instance the variation in the energy of E, is likely due to the absence
of several data points between 1.637 and 1.655 eV, which were excluded due to the
intense photoluminescence from the MoSes A exciton. Therefore, when resonant with
the MoSes A exciton on HS1 there are at least two electronic states present with energies
of 1.627+0.001 and 1.648+0.005 eV respectively. These energies are in good agreement
with the neutral exciton and trions peaks identified in photoluminescence spectra (see

Figure 6.1), and are in agreement with reported energies in literature [244, 235, 245].
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Table 6.9: Coefficients from fitting the resonance Raman profiles on HS1 when
resonant with MoSey A exciton. Resonance profiles have been fitted to a single
phonon event model assuming two electronic states with interstate scattering
allowed. Errors given are a standard deviation determined from the fitting
process. Amplitude coefficients have units of 1072 vCounts s—1 - eV2.

Amplitude Width (meV) Energy (eV)
Raman A1 A2 A3 Fl FQ E1 E2
Shift
(cm )
240.8 6.9£1.2 20.8411.68.2+2.3 6.6+4.3 43.2£26.5 1.6244+0.001 1.641£0.007
288.3 3.3£0.6 3.3£2.2 1.24+09 12.6+1.5 20.7+12.6 1.623+0.001 1.65440.008
303.4 5.1£0.6 0.3£0.1 0.9+£0.2 10.5£1.3 4.943.1 1.6274+0.001 1.651£0.001
313.1 3.3+0.2 2.14+04 1.3£0.2 8.1£0.6 &8.2.7+£2.1 1.626+£0.001 1.652+0.011
319.8 0 9.5+2.2 6.3£1.0 6.7£0.7 19/7+9.1 1.628+0.001 1.650+0.006
450.7 0 10.7£3.6 6.8t1.4 6.5+0.4 24.1£3.0 1.626+0.001 1.646+0.007
455.3 0 13.2+£2.4 8.0+£0.9 6.1£0.3 21.1£9.1 1.626+£0.001 1.649+0.002
599.7 0 13.74£4.2 9.841.6 7.4+0.7 19.4+11.7 1.626+0.001 1.649+0.002
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Figure 6.15: Resonance Raman profiles obtained for the Raman peaks observed
on HS1 when resonant with the MoSes A exciton are presented. In each case the
resonance profiles have been fitted to a single phonon event model assuming two
electronic states allowing interstate scattering with the fitted profiles indicated
by the red lines. Error bars shown were determined from fitting the Raman

spectra.
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6.4.1.2 HS2 Resonance Raman with MoSe; A Exciton

The resonance Raman data for HS2 when resonant with the MoSey A exciton using
excitation energies from 1.6 to 1.75 eV is presented in this section. In this case the
analysis of the data is more limited due to difficulty resolving the Raman signal from the
PL background. Previously in this Chapter and those presenting the data for monolayer
MoSe; and WSe; ( Chapters 4 & 5 ) photoluminescence has been removed by subtracting
crossed and parallel polarised Raman spectra. For the data presented in this section both
polarisation resolved measurements and fitting of the background to a combination of
a higher order polynomial and Gaussian line shapes were used. However, for several
spectra when resonant with the MoSey A exciton the PL is too intense to resolve the

Raman peaks and so these spectra were excluded from the presented data.

Considering the colourmap and waterfall plot presented in Figures 6.16 & 6.17 both the
WSes A exciton and MoSes A exciton resonances are clearly visible. In Figure 6.16
the WSey A exciton is resonant between 1.67 to 1.72 eV and the MoSes; A exciton is
resonant in the range of 1.6 to 1.7 eV. Considering the Raman peaks associated with the
MoSesg layer there is an obvious resonance centred at ~ 1.644 eV with peaks near 300
and 460 cm ™! also resonant at ~ 1.683 eV. In general the higher energy resonance peaks
observed in this thesis are typically associated with an outgoing resonance condition,
with the energy of the peak dependent on the phonon energy. In this instance the
higher energy resonance appears at the same energy for all of the Raman peaks and
so does not appear to be an outgoing resonance. The Raman peaks near ~ 460 cm™!
also have an asymmetric resonance behaviour. This asymmetry suggests that there are
multiple excitonic states contributing to the resonance process. This is also apparent in
the spectra presented in Figure 6.17 at 1.685 eV where the peaks near ~ 460 cm™! are

significantly stronger than at lower energies.

1 is observed on

As discussed in Section 6.3.2 an additional Raman peak at 245.8 cm™
HS2 when near resonance with the MoSes and WSes A excitons. The assignment process
revealed that is not possible to provide a definite assignment to either MoSey or WSes
phonons for this peak. The exemplar spectra in Figure 6.18 show the typical spectra
associated with the WSes A and MoSes A excitons at 1.757 eV and 1.632 eV along with
an intermediate spectra at 1.685 eV. The spectra at 1.685 eV is of interest due to the
presence of both MoSes and WSeo Raman peaks and the emergence of the new peak at
245.8 cm ™!, which is not observed at any other resonance with either WSes or MoSes
intralayer excitons. This peak is observed exclusively on HS2 and is not seen in HS1
or either of the monolayer samples. Whilst the origin of the 245.8 cm~! Raman peak
is uncertain in regards to which layer it is associated with the analysis of its resonance

behaviour will be presented in this section.

In this case the resonance Raman profiles have been obtained for the Raman peaks at

240.8, 320.5, 455.3 cm~ ' which are unambiguously associated with the MoSey layer.
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Figure 6.16: Colourmap presenting the resonance Raman data for HS2 using
excitation energies from 1.60 to 1.75 eV and is resonant with the MoSe, A

exciton.
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Figure 6.17: Waterfall showing Raman spectra obtained when resonant with
MoSez A exciton on HS2 using excitation energies from 1.60 to 1.75 eV.
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Figure 6.18: Raman spectra presented were obtained using excitation energies
of 1.632, 1.685 and 1.757 eV and the spectra have been offset and normalised to
the maximum intensity in each case. The spectra at 1.632 and 1.757 eV appear
to show the spectra typically seen when resonant with the MoSes monolayer and
WSes monolayer respectively. Whereas at 1.685 eV the spectra contains both
MoSe, and WSe, Raman peaks with a new Raman peak appearing at 245.8
cm .

Whilst, three additional peaks are observed on HS2 when resonant with the MoSes A
exciton (see Table 6.4), it is not possible to resolve their resonance profiles due to their
low intensity. In addition the anomalous Raman peak at 245.8cm™! resonance profile
is also obtained. The resonance profiles are presented in Figure 6.19 and were all fitted
using a single phonon event model. The obtained coefficients from fitting are provided
in Table 6.10. Considering first the 240.8 cm~! peak profile in Figure 6.19 panel a) in
this case data is shown from 1.6 to 1.7 eV, but is not shown for higher energies due to
the presence of the WSey A exciton resonance and WSey Raman peaks. The resonance
profile for the 240.8 cm™! peak is relatively broad and centred at ~ 1.645 eV. In addition
for several data points it is not possible to resolve the 240.8 cm™' peak and so no data
points are available 1.648 to 1.665 eV, which handicaps the fitting process. Nonetheless

the resonance profile for the 240.8 cm™!

was fitted to a single phonon event model
assuming a single electronic state. The energy from fitting for this peak is 1.627+0.003
eV. A comparison of the fitted profile in Figure 6.19 panel a) shows that the fit is not
ideal as the width of the fitted profile is too broad and unable to describe the low energy
shoulder near 1.624 eV. This suggests the resonance profile is the result of multiple

excitonic states. However, attempts to fit the profile using two state models failed due
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Table 6.10: Coeflicients were obtained from fitting the resonance profiles for
HS2 when resonant with the MoSes A Exciton. Errors given are a standard
deviation from the fitting process. Amplitude coefficients have units of 1073
VCounts s~1-eV2.

Amplitude Width (meV) Energy (eV)
Raman Shift (Clnil) A, A, A3 Iy Iy Eq Eo
240.8 7.5+£4.6 - - 14.2£7.8 - 1.62740.003 -
320.5 12.749.3  83£3.0 7.1£2.7 20.1£11.4 11.9.4+£5.5 1.6264+0.008 1.65740.003
455.3 0.2+0.1  54+£1.8 6.5£1.4 11.7£0.7 15.3+£3.1  1.631£0.001 1.655+0.003
245.8 8.24+1.0 104+14 7.8+14 5.3+0.6 20.7+£2.9  1.688+0.001 1.70340.002

to the lack of data points between 1.65 to 1.665 eV. Therefore for the 240.8 cm~! peak
we conclude it is resonant with an electronic state at 1.62740.003 eV but is also likely to
be resonant with a higher energy state the energy of which cannot be determined from
this dataset.

The remaining resonance profiles for the 320.5, 455.3 cm~! and anomalous peak at
245.8 ecm~! in Figure 6.19 all show significant asymmetry. The profile for the 320.5
cm~! Raman peak shows a broad resonance at ~ 1.65 eV with a high energy shoulder
at ~ 1.69 eV, whereas, for the 455.3 cm™! peak profile there is a significant peak at ~
1.68 eV with a low energy shoulder between 1.66 to 1.6 eV. The anomalous resonance
then shows clearly different behaviour with a peak at ~ 1.716 eV and a low energy tail
from 1.675 to 1.700 eV. The asymmetry observed for each of the three resonance Raman
profiles is then best fit by a two state model with interstate scattering allowed. The
fitted profiles for the 455.3 and 245.8 cm~! Raman peak show good agreement with the
data and are able to reproduce the asymmetry and low energy shoulders. For the 320.5
cm ™! Raman peak the lower energy peak is well described by the fitted model although
the higher energy shoulder at 1.69 eV is not reproduced by the fit.

For the Raman peaks at 320.5 and 455.3 cm™! the energies obtained for lowest energy
state are 1.6331+0.003 and 1.625+0.001 eV with the higher energy state having values of
1.6524+0.004 and 1.648+0.003 eV respectively. The energies for the higher energy state
are in good agreement and consistent with the Raman peak identified in PL spectra
at 1.649 eV and assigned to the neutral A exciton in MoSes. The energy of the lower
energy state for the 455.3 cm™! resonance is in agreement with the PL peak assigned to
the MoSes trion at 1.622 eV. This assignment is in agreement with the energies obtained
from fitting the 320.5 cm™! peak. Overall the resonance profiles for the MoSe; Raman
peaks at 240.8, 320.5 and 455.3 cm ™! show clear evidence of multiple electronic states
contributing to the resonance behaviour at the MoSes A exciton. The higher energy state
identified in fitting is in agreement with the observed energies of the neutral MoSe, A
exciton, with the lower energy state attributed to the trion. Therefore the resonance
behaviour for the MoSe; Raman peaks at the A exciton involves both the neutral exciton

and trion.
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Figure 6.19: Resonance Raman profiles are presented for the Raman peaks
observed on HS2 when resonant with the MoSes A Exciton. Panel a) shows
resonance profile for the 240.8 cm~! peak along with the fitted profile given by
the red line and obtained from fitting to a single phonon event model assuming
a single electronic state. Panels c-d show the resonance profiles for the 320.5,
455.3 and 245.8 cm~! Raman peaks and their fitted profiles indicated by the
red line and were obtained from fitting to a single phonon model for a two state
model with interstate scattering allowed. Error bars shown were determined
from fitting the Raman spectra.

! resonance profile is considered. The

Finally the anomalous Raman peak at 245.8 cm™
resonance profile contains significant asymmetry, but is well fitted by a single phonon
event model assuming two electronic states with interstate scattering allowed. The en-
ergies obtained from fitting are then 1.688 and 1.703 eV. These energies are significantly
higher than those observed for the MoSes A exciton and trion. The higher energy state
at 1.703 eV is in agreement with the energy of WSey A intra-valley trion and so sug-
gests the 245.8 cm™! is resonant with the WSes layer. The lower energy state at 1.688
eV may also be due to a state in the WSes layer. As a result, to fully consider the
behaviour of this Raman peaks requires a discussion of both the MoSes; and WSey A

exciton resonances on HS2 and will be presented in Section 6.5.1.
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6.4.2 Resonance Raman with WSey; A Exciton

This section presents the resonance Raman data on both HS1 and HS2 using excitation
energies from 1.7 to 1.8 eV. In the constituent monolayers resonances in this energy

range were attributed to the WSes neutral A exciton as presented in Chapter 5.

6.4.2.1 HS1 Resonance Raman with WSey; A Exciton

For HS1 the Raman data when resonant with the WSes A exciton is shown in Figures
6.20 & 6.21 for excitation energies between 1.68 and 1.82 eV. Due to the proximity to
the MoSez A exciton ( near ~ 1.65 eV) there are several Raman peaks visible in Figure
6.20 which are associated with the the MoSes A exciton. This can be seen between 1.68
and 1.71 eV with the MoSe, Raman peaks at 319.8, 455.3 and 596.7 cm ™! visible. The
WSes Raman peaks are resonant between 1.69 and 1.79 eV with the Raman peak at
248.8 cm~! dominating the Raman spectra and is visible in Figures 6.20 & 6.21. There
are also several weaker WSe, Raman peaks near ~ 260 and 400 cm ™!, which are also
resonantly enhanced. In addition to the BS Raman peaks a dispersive Raman peak near
~ 207 cm~! is observed. The low intensity of this peak relative to the 248.8 cm™! makes
is difficult to see visually in Figures 6.20 & 6.21, but is clearly evident in the Raman
spectra shown in Figure 6.8. This peak appears to be resonant at lower energies that the
other WSe, Raman peaks. For all of the WSes Raman peaks the resonance behaviour
seen in Figures 6.20 & 6.21 suggests a single broad resonance with no obvious signs of

multiple electronic states.

Resonance profiles for the Raman peaks at 206.2, 219.0, 236.7, 240.3, 248.8, 256.5, 260.4
and 287.2 cm~! were obtained when resonant with the WSes A exciton on HS1. There
are also several Raman peaks which were identified in Section 6.3.2, but were too weak
to extract their resonance behaviour. To analyse the resonance Raman behaviour the
resonance profile for the 248.8 cm~! Raman peak was fitted to three single phonon
event models assuming a single electronic state, two independent electronic states and
two states with interstate scattering allowed. The resonance profile for the 248.8 cm™!
peak and the resultant fits are presented in Figure 6.22 with the adjusted R-square values
and coefficients obtained from fitting provided in Table 6.11. As seen in Figure 6.22 the
resonance profile for the 248.8 cm™' Raman peak has a broad resonance characterised by
two peaks at ~ 1.713 and 1.732 eV and is asymmetric. The asymmetry of the resonance
profiles suggests the involvement of multiple excitonic states. From the fitted profiles in
Figure 6.22 it is clear that the single state model is unable to account for the asymmetry
of the resonance profile. Therefore, a single state model cannot explain the resonance
behaviour. Whereas, the two state models show improved fits to the resonance profile
and are able to account for the asymmetry. The adjusted R-square values indicate the

best fit for the 248.8 cm™! peak profile is to a two state model assuming interstate
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Figure 6.20: Colourmap presenting the resonance Raman data obtained for HS1
using excitation energies from 1.68 to 1.82 eV and is resonant with the WSey A
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Figure 6.21: Waterfall plot showing Raman spectra obtained when resonant
with WSey A exciton on HS1 using excitation energies from 1.68 to 1.82 eV.
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Figure 6.22: The resonance Raman profile obtained from fitting the 248.8 cm ™!
Raman peaks observed for HS1 when resonant with the WSey A exciton. The
resonance profile has been fitted using three single phonon event model assuming
a) a single electronic excitation, b) two independent electronic excitations and
¢) two underlying electronic excitations and with interstate scattering allowed.

Single Two States Two States Scatter
Adjusted R-Square 0.952 0.992 0.995
Ay 12.3+1.0 13.240.6 13.8+1.1
Amplitude A, - 25.542.1 8.84+2.2
As - - 7.3+£1.5
Width (meV) I 12.0£1.1 11.1+0.4 11.7+0.5
Iy - 55.240.1 6.5+£1.1
Energy (eV) Eq 1.709+0.001 1.704+0.001 1.70740.001
Es - 1.70540.001 1.72840.002

Table 6.11: Adjusted R-square values and coefficients obtained from fitting the
248.8cm ™! Raman peak on HS1 when resonant with the WSey A Exciton. Reso-
nance profile has been fitted to three Raman scattering models assuming a single
phonon event model for a single electronic excitation, two independent electronic
excitations and two electronic excitations with interstate scattering allowed.
The errors given for each coefficient are a standard deviation obtained from
fitting. The units for the amplitude coefficients are 1073 v/Counts s—1 - V2.

scattering. Therefore, the resonance Raman behaviour of the 248.8 cm™! Raman peak

is the result of contributions from two electronic states at 1.707 and 1.728 eV.

Following the analysis of the 248.8 cm™! resonance behaviour the resonance Raman
profiles for the other Raman peaks have also been fitted to a single phonon event model
assuming two electronic states with interstate scattering allowed. The resonance profiles
and resulting fits for all Raman peaks are presented in Figure 6.23 and the coefficients
obtained from fitting are provided in Table 6.12. The resonance profiles for the Raman
peaks at 238.8, 243.2, 256.5, 260.4 cm ™! have a similar appearance to the 248.8 cm™!
resonance profile and are all well fitted by the two state model. Whereas, the resonance
profiles for the peaks at 219.0 and 287.2 cm™! show a more prominent peak at ~ 1.74
eV and a low energy shoulder between 1.70 and 1.73 eV. The resonance profiles for these
peaks are also well fitted by the two state model. The only Raman peak which does

not produce a good fit to the two state model is the dispersive Raman peak near ~ 207
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Table 6.12: Coefficients obtained from fitting the resonance profiles for the Ra-
man peaks observed on HS1 when resonant with the WSes A exciton. Resonance
profiles have been fitted to a single phonon event model for two electronic exci-
tations with interstate scattering allowed. The errors given for each coefficient
are a standard deviation obtained from fitting. The units for the amplitude
coefficients are 1073 v/Counts s~ - eV2.

Amplitude Width (meV) Energy (eV)
Raman A1 A2 A3 Fl PQ E1 E2
Shift
(em™)

207.1 1.3+04 0.7£0.3 0.6+£0.3 12.2+3.6 2.940.9 1.720£0.004 1.73440.001
219.0 3.2+0.4 0.5£0.1 0.3+£0.1 13.4+£1.5 4.840.5 1.707£0.001 1.73040.001
238.3 3.1+0.2 0.4£0.1 0.1£0.1 9.8£0.6 2.6+£0.3 1.707£0.001 1.732+0.001
243.2 5.1+0.7 0.1£0.1 04+0.2 18.1+£2.0 5.44+1.5 1.704£0.001 1.73440.001
248.8 13.8+1.1 8.8£2.2 7.3+£1.5 11.7+£0.5 6.5+1.1 1.707£0.001 1.7284+0.002
256.5 12.7£0.6 5.2£1.7 5.7£1.5 11.3£0.5 5.8+1.6 1.706£0.001 1.7344+0.002
260.4 6.8+0.6 3.4£0.9 3.1+£0.7 12.0£0.7 5.5+£1.0 1.706£0.001 1.73240.001
287.2 42409 1.7£0.6 2.2+0.8 10.2+£2.6 8.5+2.7 1.704£0.002 1.736+0.002

cm . However, this is not unexpected as a dispersive Raman peak requires multiple

scattering events and so should not be well described by a single phonon event model.

Considering the coefficients obtained from fitting in Table 6.12 the energies and widths
appear to be in reasonable agreement. The lower energy states E; is in the range of
1.704 to 1.707 and is in agreement to within the errors from fitting with a mean value
of 1.706£0.001 eV. For the higher energy state Ea the energies are in also in agreement
to within the errors with a mean value of 1.7324+0.003 eV. The separation of these
two electronic states is 26 meV. From photoluminescence measurements the neutral A
exciton and trion were attributed to peaks at 1.729 and 1.704 eV with a separation of 25
meV. Therefore, the higher energy state at 1.732 eV is attributed to the WSes neutral
A exciton and the 1.707 eV peak to the trion. The widths obtained from fitting the
resonance profiles are is close agreement for with the widths of the trion state between
9.8 to 18.1 meV and the width of the neutral exciton between 2.6 to 8.5 meV. This
suggests that the trion state is ~ a factor of two broader than the neutral exciton. A
possible explanation is the trion state involves both the intra-valley and inter-valley

trions in WSey, which are well separated in PL of monolayer WSes [258, 92].
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Figure 6.23: Resonance Raman profiles obtained from fitting Raman peaks ob-
served for HS1 when resonant with the WSey A exciton. Each profiles has been
fitted using a single phonon event model assuming two underlying electronic
excitations and allowing scattering between the two states.
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6.4.2.2 HS2 Resonance Raman with WSey; A Exciton

The Raman data for HS2 when resonant with the WSes A exciton is presented in Figures
6.24 & 6.25. In Figure 6.24 a clear resonance is observed between 1.73 to 1.77 eV with
the peak at the 249.0 cm~! the most intense. For the 249.0 cm™! peak there is a splitting
of the resonance with two peaks at ~ 1.737 and 1.765 eV, along with a low energy tail
from 1.73 to 1.68 eV. Similar resonance behaviour can also be seen for the peaks near
~ 260 cm~!. A dispersive Raman peak is also visible in the colourmap with a Raman
shift ranging from 204 to 208 cm™!, and is resonant between 1.73 and 1.76 eV. These
features are visible in the Raman spectra presented in Figure 6.25 with the dispersive
peak shifting as a function of excitation energy. A weak Raman peak is also observed
near 400 cm~!, however, this peak is difficult to resolve due to the photoluminescence

background present when resonant with the WSes A exciton.

To quantify the resonance behaviour profiles were obtained for the Raman peaks at
207.3, 249.0, 257.0 and 261.2 cm~'. Although, there are several other peaks identified
in the Raman spectra for HS2 when resonant with the WSes A exciton (see Table 6.5)
these peaks have a low intensity and so it is not possible to extract reliable resonance
profiles. As with previous resonances the behaviour of the Raman peak at 249 .0cm ™!
peak is investigated first to determine the best model for fitting. This peak was chosen
due to its assignment to the A} or E' Raman peaks and so is the result of a single phonon
process. As a result this peak should be well described by a single phonon event model.
The resonance data has been fitted to three single phonon event models assuming a
single electronic state, two independent electronic states and two electronic states with
interstate scattering allowed. The resonance profiles and resulting fits are presented in
Figure 6.26 with the adjusted R-square and coefficients from fitting provided in Table
6.13.

As seen in the resonance profile in Figure 6.26 there are two clear peaks at ~ 1.733
and 1.766 eV that are asymmetric along with a low energy shoulder below 1.720 eV.
Comparing the fitted profile in Figure 6.26 panel a) it is clear that a single electronic
state is unable to account for the asymmetry of the peaks or the low energy shoulder.
The fitted profiles obtained for the two state models in Figure 6.26 panels b & ¢ produce
show a significant improvement with each fit able to account for the asymmetry of the
resonance and the low energy shoulder. The adjusted R-square values in Table 6.13
are unable to differentiate between the two fits in this case with both having a value of
0.984. To determine which of these models provides the best fit requires an examination
of the coefficients obtained from fitting. An obvious difference between the two models is
the widths obtained from fitting. The widths for the higher energy states are relatively
consistent with values of 7.3 and 7.6 meV for the two independent state model and two
state model with interstate scattering respectively. Whereas, the lower energy state has
significantly different widths with values of 39.3 meV and 7.653 meV obtained for the
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Figure 6.24: Colourmap showing resonance Raman data taken on HS2 using
excitation energies from 1.68 to 1.82 eV probing the WSes A exciton.
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Figure 6.25: Raman spectra obtained when resonant with WSeo A exciton on
HS2 using excitation energies from 1.68 to 1.82 eV.
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Model Single State  Two State  Two State with Scatter
Adjusted R-square 0.930 0.984 0.984
Ay - 27.3+17.0 4.0+2.3
A, 13.6£0.7 14.0£1.1 12.5+1.7
Aj - - 0.5£0.4
Iy - 39.3+16.8 4.842.2
Iy 7.240.5 7.3+£0.4 7.0£0.6
Eq - 1.690£0.006 1.701£0.001
Es 1.73440.001  1.735+£0.001 1.736+0.001

Table 6.13: Adjusted R-Square values and coefficients from fitting the resonance
profile for the 249.0 cm™' Raman peak observed on HS2 when resonant with
the WSes A exciton. Resonance profile has been fitted to three single phonon
event models assuming a single electronic excitation, two independent electronic
excitations and two electronic excitations with interstate scattering allowed.The
errors given for each coefficient are a standard deviation obtained from fitting.
The units for the amplitude coefficients are 1073 v/Counts s—1 - V2.
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Figure 6.26: Resonance Raman profile obtained from fitting the Raman peak
at 249.0 cm™! on HS2 when resonant with the WSes A exciton. Each profiles
has been fitted to a different single phonon event model assuming a) a single
electronic state, b) two independent electronic states and c¢) two underlying
electronic states with interstate scattering allowed.

two models. It is possible that the width of 39.2 meV is correct, however this value
is anomalously large when compared to the widths obtained for the WSes A exciton
on HS1 and monolayer WSey which are between 5.1 to 12.2 meV and so we reject the
two state model from our analysis. Therefore, the best fit is obtained assuming two
electronic states with interstate scattering allowed and indicates the presence of two
electronic states at 1.699+0.002 and 1.736+£0.001 eV.

The two state model was then used to fit the resonance profiles for the Raman peaks
at 257.0 and 261.2 cm~!. The resonance profiles and fits are presented for these peaks

along with the dispersive Raman peak at 205 cm ™!

are shown in Figure 6.27 and the
coefficients from fitting provided in Table 6.14. The resonance profiles for the two peaks
at 257.0 and 261.2 cm~! are both similar in appearance to the 249.0 cm—1 profile with

two peaks at ~ 1.738 and 1.766 eV along with a low energy shoulder between 1.680
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Table 6.14: Coefficients obtained from fitting the resonance profiles for the Ra-
man peaks observed on HS2 when resonant with the WSes A exciton. Resonance
profiles have been fitted to a single phonon event model with two electronic exci-
tations with interstate scattering allowed. The errors given for each coefficient
are a standard deviation obtained from fitting. The units for the amplitude
coefficients are 1073 v/Counts s~ - eV2.

Raman Shift (cm~1) A Ampj‘itude N . Width o . Energy .
249.0 4.0+£2.3 12.6+1.7 0.5+0.3 4.8+2.2 7.0+£0.6 1.701£0.001 1.73640.001
257.0 13.3+4.6 15.6+£5.0 11.245.5 20.6+£4.9 6.1+1.1 1.710£0.003 1.732+0.001
261.2 1.940.8 6.6+0.4 0.3£0.2 4.241.0 6.1£0.5 1.708+0.001 1.73440.001

and 1.723 eV. In each case the fitted profiles using a two state model with interstate
scattering are in good agreement with the data. Considering the coefficients for the
three fitted profiles the higher energy states have values for Eo in the range of 1.733
to 1.736 and are in agreement to within the errors obtained from fitting. The mean
value and standard deviation of Es is 1.74340.002 eV. The lower energy state for E; is
varies with the values for the 257.0 and 261.2 cm ™! peaks in good agreement with values
of 1.709 and 1.708 eV respectively. However, for the 249.0 cm™! resonance the energy
obtained is 1.699 eV and so is 10 meV lower in energy than the other Raman peak

energies. However, it is possible to produce a good fit for 249.0 cm™!

resonance profile
by constraining the energy of E; to 1.708 eV. Therefore, it is possible to explain all
three resonance profiles using a two state model involving excitonic states between 1.708
to 1.709 eV and 1.733 to 1.736 eV. Comparing these energies to those obtained from
fitting the PL spectrum for HS2 the higher energy state between the neutral A exciton
and trion were attributed to the peaks at 1.739 and 1.704 eV respectively. Therefore we

attribute the two states to the WSey neutral A exciton and trion.
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Figure 6.27: Resonance Raman profiles shown for all Raman peaks observed
on HS2 when resonant with the WSey A Exciton including the dispersive peak
between 204 to 207 cm~!. The resonance profiles for the Raman peaks at 249.0,
255.8 and 260.6 cm™! have been fitted to a single phonon event model for two
electronic states with interstate scattering allowed. Errors given on data points
are a standard deviation obtained from the fitting process. Where shown (D)
indicates the resonance profile shown is related to a dispersive Raman peak.
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6.4.3 Resonance Raman with MoSe, B Exciton

This section presents the resonance Raman data for both HS1 and HS2 using excitation
energies from 1.8 to 1.96 eV. As seen previously in Chapters 4 and 5 resonances are
observed in this energy range for both MoSes and WSes monolayers. These resonances
have been attributed to the MoSes B Exciton and WSey A* state respectively.

6.4.3.1 HS1 Resonance Raman with MoSey; B Exciton

The resonance Raman data for HS1 when resonant with the MoSes B exciton is presented
in Figures 6.28 & 6.29. From Figure 6.28 there is a clear resonance for the Raman peaks
associated with MoSes layer at ~ 1.86 eV. In addition the resonances for different Raman
peaks broaden as a function of Raman shift. This indicates the presence of both incoming
and outgoing resonances with at least one electronic excitation. Between 1.78 to 1.82 eV
in Figure 6.28 there is also significant Raman signal and Photoluminescence associated
with the WSey A exciton near ~ 1.74 eV. There is also a Raman peak at ~ 800 cm ™1,
which is strongly resonant at ~ 1.81 eV. As discussed in Section 6.3.1 this peak was
previously reported in literature [190, 198] and attributed to coupling of the ZO phonon
in hBN to a double resonance with the WSey A exciton. The resonance behaviour of this
feature is not considered further in this thesis. Considering the spectra shown in Figure
6.29 there are several Raman peaks near ~ 300 cm™!, which show significant variation
in their relative intensities as a function of excitation energy. This behaviour suggests

the presence of multiple electronic states contributing to the resonance process.

To further investigate the resonance behaviour the Raman spectra have been fitted to
determine the spectral weight as a function of excitation energy and obtain the resonance
profiles. In total resonance profiles were obtained for 17 Raman peaks associated with
the MoSey layer. Three of these Raman peaks at 480.6, 529.5 and 581.7 cm™! demon-
strate clearly anomalous resonance behaviour and are analysed separately. In addition

1

resonance profiles were also obtained for the low frequency modes below 100 cm™" and

are presented later in Section 6.4.5.

Each resonance profile has been fitted to a Raman model for a single phonon event
assuming a single electronic excitation. The resonance profiles and resultant fits are
presented in Figure 6.30 and the coefficients obtained from fitting are provided in Table
6.15. For the Raman peaks in the range 235 to 320 cm ™! the resonance profiles all have
a similar appearance characterised by a broad symmetric peak with the incoming and
outgoing terms not clearly resolved. However, resonance profiles for peaks at higher
frequencies (>350 cm™!) (see Figure 6.30 panels i to n) are clearly different with two
peaks appearing in the profiles near ~ 1.85 and 1.89 eV. These peaks appear to be
symmetric and the separation dependent on the Raman shift. Therefore, it is likely

that the two peaks observed are the incoming and outgoing resonances for the MoSes
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Figure 6.28: Colourmap showing resonance Raman data taken on HS1 using
excitation energies from 1.8 to 1.96 eV probing the MoSe; B exciton. The
white dashed circle indicates the location of the anomalous Raman peaks at
480.6, 529.5 and 581.7 cm™!.
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Figure 6.29: Raman spectra obtained when resonant with MoSey B exciton on
HS1 using excitation energies from 1.8 to 1.96 eV.



Chapter 6 Resonance Raman Spectroscopy of Encapsulated WSey /MoSes
Heterostructures 165

Table 6.15: Table of coefficients for fitting the resonance profiles for HS1 when
resonant with the MoSes B exciton using a single phonon event model assuming
a single electronic state. Coefficients for the 277.7 cm~! peak are highlighted
in gray as this peak demonstrates dispersive behaviour. The errors given for
each coefficient are a standard deviation obtained from fitting. The units for
the amplitude coefficients are 1073 v/Counts s—1 - eV2.

Raman Shift cn~! Amplitude Width (meV) Energy (eV)

235.8 2.5+0.4 32.6+£3.4 1.850+0.001
241.0 2.240.3 21.14£2.2 1.84340.001
277.7 1.6+0.3 19.4£3.4 1.828+0.001
286.0 2.1+0.4 23.5+3.5 1.853+0.001
290.9 4.840.6 33.3£3.1 1.84640.001
304.2 6.31+0.7 31.1£2.5 1.84240.001
316.1 3.240.6 24.243.5 1.84540.001
320.2 3.04+0.2 19.3+1.3 1.846+0.001
357.9 1.4+0.1 14.5+1.6 1.84740.001
410.6 1.8+1.4 14.24+1.6 1.846+0.001
431.5 2.6+0.2 15.6+1.6 1.84340.001
450.2 4.0+0.3 17.8£1.3 1.843+0.001
456.9 5.8+0.9 20.6+£3.4 1.848+0.002
599.8 7.4£0.8 24.7£3.2 1.845+0.002

B exciton. For the Raman peaks at 357.9, 410.6, 456.9 and 599.8 cm ™! there is a slight
asymmetry, and may suggests the presence of multiple underlying electronic states. In
this case fits were attempted using single phonon event models assuming two independent
electronic states and two electronic states with interstate scattering allowed. However,
for the two state models it was not possible to produce well constrained fits to the data
Therefore, whilst the data maybe more complex and involving multiple excitonic states

we limit our analysis to a single excitonic state model.

The coefficients from fitting to a single electronic state in Table 6.15 are in agreement
with energy of the underlying state near ~ 1.845 eV in almost all cases. An exception
is the peak at 277.7 cm™! which is a dispersive Raman peak. From Table 6.15 it is
immediately obvious that this dispersive peak is resonant at a lower energy of 1.828
eV. In addition the Raman peak at 286.0 cm™! is accidentally degenerate with another
dispersive Raman peak at lower excitation energies and so its resonance profile may
not be representative of a non-dispersive process. Excluding these two peaks from our
consideration of the single state fits it is clear that the energies obtained from fitting
are in good agreement with values from 1.843 to 1.850 eV. A mean value was obtained
and suggests the electronic state involved in the MoSes B resonance is at 1.84540.002
eV. Therefore, for the BS Raman peaks observed in HS1 at the MoSes B the resonance
behaviour can be explained due to the presence of a single electronic state at 1.845
eV. The energy of this state is in agreement with the results of Wang et al. [255] and

indicates this state is likely the neutral B exciton.
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Figure 6.30: Resonance profiles have been obtained for 14 Raman different
peaks on HS1 when resonant with the MoSes B exciton. Each resonance profile
has been fitted using a single phonon event model assuming a single underlying
electronic excitation with the resultant fit shown in red. Error bars shown are
a standard deviation obtained from the fitting process.
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Table 6.16: Coefficients obtained from fitting the anomalous resonance profiles
for the Raman peaks at 480.1, 530.4 and 483.3 cm™! to a single Lorentzian line
shape with a linear background. The errors given for each coefficient are a stan-
dard deviation obtained from fitting. The units for the amplitude coefficients
are 1073 v/Counts s=1 - eV2.

Raman Shift (cm™! Amplitude Width (meV) Energy (eV) E,, (meV) E-E,, (eV)

480.6 3.2£1.5 5.5+3.2 1.814+0.001 59.5 1.755
529.5 15.6£1.6 10.0£2.0 1.818+0.001 65.8 1.752
581.7 7.44£0.9 12.7£2.9 1.827+0.001 72.3 1.755

The Raman peaks observed at 480.6, 529.5 and 581.7 cm~! demonstrate anomalous
resonance behaviour. This can be seen in Figure 6.28 between 1.8 to 1.82 eV. The
resonances associated with these Raman peaks are significantly narrower than the BS
peaks and their energies are observed to increase with increasing phonon energy. This
behaviour implies an outgoing resonance with a lower energy state and is similar to
the anomalous peaks observed in monolayer MoSes (see Chapter 4). The resonance
profiles for these modes are presented in Figure 6.31 a comparison of these profiles to
the resonance profiles shown in Figure 6.30 reveals that the anomalous peak profiles are
significantly narrower and at lower energies with the widths of the anomalous resonances
in the range of ~ 20 to 30 meV. The energies of the Raman peaks are then 59, 66 and
72 meV for the peaks at 480.6, 529.5 and 581.7 cm ™! respectively. Therefore, the width
of the anomalous resonances are too narrow to involve both incoming and outgoing

resonances.

Due to the narrow width of the anomalous resonance profiles a single phonon event
model assuming a single electronic state will not produce a good fit. As a result, each
resonance profile was fitted to a single Lorentzian line shape as shown in Figure 6.31.
The coefficients from fitting the resonance profiles are provided in Table 6.16 along with
the energies of the Raman peaks. The energies from fitting confirms that the energy
of the resonance increases as a function of Raman shift. This behaviour indicates that
the anomalous resonances is due to an outgoing resonance condition. In Table 6.16 the
energy of the lower energy state involved in the resonance was determined by calculating
E-E,), for each resonance. For all three anomalous resonances the energy of the lower
energy state is in good agreement with an average value of 1.754+0.002 eV. Raman
spectra were also obtained at energies near 1.754 eV but no incident resonance with the
anomalous Raman peaks was observed. Therefore, the anomalous resonances are likely
the result of a double resonance between the MoSes B exciton and the lower energy state
at 1.754 eV.

In summary the resonance Raman behaviour at the MoSes B exciton in HS1 has been
investigated. The majority of Raman peaks can be explained by a resonance with a single
electronic state at 1.845 eV, which is attributed to the neutral B exciton. Dispersive

Raman peaks are also observed when resonant with the MoSe, B exciton and is resonant
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Figure 6.31: Resonance profiles obtained for peaks at 480.1, 530.4 and 583.3
cm ™! for sample HS1 when resonant with the MoSe; B Exciton are presented
in panels a,b and c¢ respectively. Comparing these profiles to those previously
presented in Figure 6.30 these peaks demonstrate anomalous behaviour with
only a sharp resonance between 1.8 to 1.84 eV and are narrower with widths
~ 10 meV. Profiles were fitted to a single Lorentzian line shape with a linear
background to determine the energy of the resonance the fitted coefficients are
shown in Table 6.16.

at lower energies this is similar to results for monolayer MoSes and suggests the presence
of large wavevector electronic states at the B exciton in HS1. The resonance profiles for
the three anomalous peaks at 480, 530, 583 cm ™! were also observed and are similar to
those seen on monolayer MoSe,. Analysis of these resonance profiles suggests a double
resonance between the MoSes B exciton and a as yet unidentified lower energy state at
1.755 eV.



Chapter 6 Resonance Raman Spectroscopy of Encapsulated WSey /MoSes
Heterostructures 169

6.4.3.2 HS2 Raman Resonance with the MoSe; B Exciton

For HS2 the resonance Raman data when resonant with the MoSes B exciton is presented
in Figures 6.32 & 6.33. From Figure 6.32 the Raman peaks associated with the MoSe,
layer are resonant between 1.82 and 1.86 eV. In this case the proximity of the MoSe; B
and WSes A excitons results in features associated with both resonances appearing in
Figure 6.32 & 6.33. In particular there are several WSey Raman peaks between 1.79 and
1.81 eV near ~ 250 and 400 cm~!. There is also a prominent peak at ~ 800 cm~! between
1.8 and 1.85 eV. As discussed in Section 6.3.2 this Raman peak was previously reported
in encapsulated monolayers of WSes and is attributed to the ZO phonon associated with
hBN coupling to electronic states in the TMDC layer. Having identified the extraneous
Raman features in the resonance data the Raman peaks associated with the MoSe, layers
are strongly resonance from 1.81 to 1.92 eV. In Figure 6.32 it becomes obvious that the
resonances for higher frequency Raman peaks are significantly broader with the width
increasing as a function of Raman shift. This suggests the presence of both incoming and
outgoing resonances with at least a single electronic state. The Raman spectra in Figure
6.33 also suggests the presence of multiple electronic excitations present at the MoSes
B exciton. This can be seen by comparing the relative intensities of the Raman peaks
between 260 and 320 cm~'. The energy of these Raman peaks are between 32 to 39 meV
for such a small difference in the energy of the Raman peaks we would expect the peaks
to have an almost identical resonance behaviour with only slight shifts in the energies of
the outgoing resonance term. The significant variation in the relative intensities is then
a clear indication of more complex resonance behaviour involving multiple electronic

states.

The resonance profiles were extracted by fitting the Raman spectra and a total of 9
resonance profiles were obtained. The resonance Raman profiles were each fitted to a
single phonon event model assuming a single underlying electronic state. The resonance
profiles and results of fitting are presented in Figure 6.34 and the coefficients from fit-
ting are provided in Table 6.17. The resonance Raman profiles shown in Figure 6.34
are reasonably similar with a single broad peak and no clear separation of the incoming
and outgoing resonance terms. Although, there is a consistent asymmetry in all of the
resonance profiles. In particular the profiles for the peaks between 240.9 and 304.9 cm ™!
all show a rapid decrease in spectral weight at lower energies and a more gradual tail
at higher energies. For the Raman peaks from 319.6 to 456.0 cm™' this asymmetry
manifests as a lower energy shoulder to the resonance between 1.8 and 1.83 eV. The
asymmetry of the resonance Raman profiles requires the presence of at least two elec-
tronic states. However, fitting to a single state model does appear to produce reasonable

fits to the resonance profiles.

Considering the fitted coefficients in Table 6.17 the energies obtained cover a broad

range from 1.815 to 1.840 eV. However the Raman peak at 280.1 cm~! appears to
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Figure 6.32: Colourmap showing resonance Raman data taken on HS2 using
excitation energies from 1.8 to 1.96 eV probing the MoSes B exciton.
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Figure 6.33: Raman spectra obtained when resonant with MoSey B exciton on
HS2 using excitation energies from 1.8 to 1.96 eV.
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Figure 6.34: Resonance profiles for Raman peaks observed on HS2 when reso-
nant with MoSes B exciton.

Table 6.17: Table of coefficients obtained from fitting the resonance profiles
for the Raman peaks observed when resonant with the MoSey B Exciton on
HS2. Coefficients from fitting with a single phonon event model assuming a
single electronic state. The rows shaded grey indicate that the Raman peaks
are dispersive or degenerate with dispersive Raman peaks and so are likely
to exhibit different resonance behaviour. The errors given for each coefficient
are a standard deviation obtained from fitting. The units for the amplitude
coefficients are 107 v/Counts s~ - eV2.

Raman Shift (ecm~!) Amplitude Width (meV) Energy (eV)

240.9 4.24+1.2 35.6+6.4 1.82740.003
280.1 1.1+£0.3 16.3+4.2 1.815+0.001
289.2 6.0£1.5 43.4£6.7 1.83140.003
304.9 4.9+1.1 32.0+4.9 1.826+0.002
319.6 3.9£0.7 27.0£3.8 1.837+0.001
413.0 2.8£0.7 39.1+7.4 1.837%0.003
432.2 24404 23.2+4.2 1.82540.002
447.5 3.7£0.6 29.1+4.5 1.828+0.002

456.0 9.5+2.0 34.5+6.0 1.840£0.002
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be an outlier with a lower energy than the other peaks of 1.815 eV. For monolayer
MoSe; and HS1 the Raman the peak at 280.1 cm™! was classified as a bulk dispersive
Raman peak. As presented in Section 6.3.1 there does not appear to be any significant
dispersion in the Raman peaks between 270 and 290 cm™! for HS2 when resonant with
the MoSes B exciton. However, the resonance behaviour of HS1 and monolayer MoSes
has consistently shown that the dispersive Raman peaks are resonant at lower energies.
This is in agreement with the behaviour of the 280.1 cm™! Raman peak in HS2. In
addition the Raman peak at 289.2 cm ™! has been previously observed to be degenerate
with a dispersive Raman peak in monolayer MoSes and so when considering the results
of fitting both the 280.1 and 289.2 cm ™! were excluded. The range of possible energies
for the resonance profiles is then between 1.825 and 1.840 eV. From Table 6.17 the
energies obtained from fitting also appear to be clustered near either ~ 1.827 or 1.837
eV. This may indicate the presence of two distinct electronic states. Therefore, the
range of different energies obtained from fitting along with the observed asymmetry in
the resonance profiles suggests the presence of multiple electronic states contributing to

the MoSes; B exciton resonance in HS2.

To further investigate the possibility of multiple electronic states involved in the reso-
nance Raman data the profile for the 240.9 cm™! Raman peak was fitted to a single
phonon event model assuming two independent electronic states and two states with
interstate scattering allowed. The resulting fits to all three fitted models for the 240.9
cm ™! are presented in Figure 6.35 with the adjusted r-square values and coefficients
from fitting provided in Table 6.18. An inspection of the resulting fits for the two state
models in Figure 6.35 panels b) & c) reveals the best fit to the data appears to be the two
state with interstate scattering (panel c¢). However the fitted coefficients in Table 6.18
shows that these values are not well constrained and have large errors for the energies,
widths and amplitudes. For example the energy for the higher energy state at 1.830
eV has an error of 83 meV. Therefore, despite the apparent improvement of the fit for
the two state model with interstate scattering it is necessary to reject the fit obtained
in this case. Considering the coefficients from fitting to the two independent electronic
states we find the obtained errors are more reasonable with energies of 1.8224-0.009 and
1.846+0.016 eV. This suggests the presence of two electronic states are involved when

resonant with the MoSeo, B exciton.

Previously the two state model has been considered in detail for a particular resonance
profile and then extended to the other resonance Raman profiles. However, in this case
fitting of the remaining resonance profiles to a two state model was attempted but unable
to produce well constrained fits. However, the results of fitting to a single state model
clearly suggest the presence of multiple excitonic states at the MoSey B exciotn. The
energy of the two states from fitting the 240.9 cm ™! peak profile are 1.822 and 1.846 eV.
These are in agreement with the results of Wang et al. [255] for the B trion and neutral

exciton. Therefore, the resonance Raman behaviour at the MoSey B exciton in HS2 is
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Figure 6.35: Resonance profiles for 240.9 cm~! Raman peak observed on HS2
when resonant with MoSes B exciton fitted to three single phonon event mod-
els assuming a) a single electronic state, b) two electronic states and c¢) two
electronic states with scattering between states allowed.

Model Single State  Two State  Two State with Scatter
Adjusted R-Square 0.8597 0.9434 0.9495
A4 4.2+1.2 1.0+0.6 2.2£0.8
A, - 1.5+2.1 6.0£1.4
Aj - - 3.1+1.7
I, 35.44+6.3 14.8+4.7 9.6£2.0
Iy - 22.1+13.4 56.9+9.5
E; 1.82740.003 1.82240.009 1.820+0.002
E, - 1.846+0.016 1.84340.010

Table 6.18: Table of coefficients obtained from fitting the resonance profile for
the 240.9 cm™! Raman peak observed on HS2 when resonant with MoSe; B
exciton. Resonance profile has been fitted to three single phonon event models
assuming a) a single electronic state, b) two electronic states and c) two elec-
tronic states with scattering between states allowed. The errors given for each
coefficient are a standard deviation obtained from fitting. The units for the
amplitude coefficients are 1073 v/Counts s~ - eV2.

likely the result of resonance with the trion at 1.822 eV and the neutral B exciton at
1.846 eV.

Overall the resonance Raman behaviour of the MoSes B exciton on HS2 has revealed the
involvement of both excitons and trions with energies of 1.846 and 1.822 eV respectively.
In addition the Raman peak at 280.1 cm™' and has been associated with a dispersive
Raman peak in monolayer MoSe, and HS1 is resonant at lower energies that the BS
Raman peaks. Whilst, the Raman peak did not appear dispersive in HS2 the difference
in resonance behaviour is in agreement with the dispersive peaks on monolayer MoSes
and HS1. The difference in dispersion of this peak suggests either a modification of the

phonon dispersion in HS2 or a change in the excitonic dispersion.
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6.4.4 Resonance Raman with WSe, B Exciton

This section presents the resonance Raman data for both HS1 and HS2 using excitation
energies from 2.0 to 2.25 eV. In the constituent monolayers resonances in this energy
range were attributed to the WSes B exciton (see Chapter 5). In both HS1 and HS2
resonances are observed at similar energies however the Raman peaks are much weaker
compared to monolayer WSes with an order of magnitude decrease in the Raman inten-
sity and so we are only able to extract resonance profiles for the most intense Raman

peaks.

6.4.4.1 HS1 Resonance Raman with WSey; B Exciton

For HS1 the Raman data when resonant with the WSes B exciton is presented in Figures
6.36 & 6.37. In Figure 6.36 the resonance behaviour is dominated by four Raman peaks
at 240.4, 248.7, 255.2 and 260.4 cm~!. There are also several weaker Raman peaks visible
including peaks at 290.7, 309.1 and 353.8 cm~' and the Raman peak at 398.2 cm™!.
The resonance behaviour of these peaks reveals three distinct behaviours. The 240.4
cm ™! peak can be seen in Figure 6.36 and has a lower energy resonance centred at 2.15
eV. The Raman peaks at 255.2 and 260.4 cm~! demonstrate a similar behaviour to the
248.7 cm ™! with the resonances centred at ~ 2.18 eV. However, the 248.7 cm~! Raman
peak also shows significant enhancement at energies above 2.2 eV and suggests this peak
is resonant with higher energy states above the B exciton, that are not accessible with
our experimental setup. These differences in the resonance behaviour can be seen in the
exemplar spectra in Figure 6.37 by comparing the relative intensity of the Raman peaks.
As a result the resonance Raman behaviour when resonant with the WSe; B exciton on

HS1 likely involves multiple underlying electronic states.

The resonance Raman profiles were obtained for the peaks at 240.4, 248.7, 255.2 and
260.4 cm~! and are shown in Figure 6.38. In the mode assignment in Section 6.3.2
there are additional Raman peaks present in the Raman spectra when resonant with
the WSes B exciton. However these peaks are too weak to allow their resonance profiles
to be resolved. The resonance profiles for the different Raman peaks show significant
variations with the peaks at 240.4, 255.2, 260.4 cm~! dominated by a single broad peaks,
whereas the 248.7 cm™! peak shows two clear peaks near 2.11 and 2.18 eV and is also
enhanced at 2.2 to 2.25 eV. To analyse the data the resonance profiles were fitted to
a single phonon event model assuming a single electronic state. The resulting fits are
shown in Figure 6.38 with the coefficients from fitting provided in Table 6.19. The single
state model is able to reasonably fit the 240.4 cm™! peak, however, for the peak at 248.7
cm ™! a single state model is clearly unable to describe the data. For the Raman peaks
at 255.2 and 260.4 cm™! the fits to a single state model are able to explain the main

peak in the resonance near 2.17 eV, although there is a significant spectral weight at
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Figure 6.36: Colourmap showing resonance Raman data taken on HS1 using
excitation energies from 2.05 to 2.25 eV probing the WSey B exciton.
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Figure 6.37: Raman spectra obtained when resonant with WSey B exciton on
HS1 using excitation energies from 2.05 to 2.25 eV.
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Raman Shift (em~!) Amplitude Width (meV) Energy (eV)

240.4 3.2+0.6 29.8+4.1 2.135+0.002
248.7 11.14+1.8 70.6+6.5 2.162£0.003
255.2 4.1+1.1 38.2+6.4 2.154£0.003
260.4 2.440.6 28.7+5.2 2.164+£0.002

Table 6.19: Coefficients obtained from fitting the resonance profiles for the
Raman peaks observed on HS1 when resonant with the WSes B Exciton. Res-
onance profiles were fitted to a single phonon model assuming a single elec-
tronic excitation. The errors given for each coefficient are a standard devia-
tion obtained from fitting. The units for the amplitude coefficients are 1073

VCounts s—1 - eV2.
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Figure 6.38: Resonance Raman profiles are presented for the Raman peaks at
240.4, 248.7, 255.2 and 260.4 cm™! observed when resonant with the WSe, B
exciton. Each profile has then been fitted to a single phonon model assuming
an underlying electronic excitation.

lower energies which is not accounted for in this model. The complex nature of the 248.7
cm~! Raman peak and clear differences in the energies obtained for the fitted profiles

clearly indicates the presence of multiple electronic states.

The resonance profile for the 248.7 cm~! Raman peak shows clear evidence of multiple
excitonic states. To analyse this further the resonance profile has been fitted using a sin-
gle phonon event models assuming two independent electronic states and two electronic
states with interstate scattering allowed. In addition to account for the enhancement of
the 248.7 cm ™! peak at energies above 2.2 eV a linear background was introduced into
the fitted model. The resonance profiles for all three models with a linear background
are presented in Figure 6.39 and the adjusted R-square values and coefficients are pro-

vided in Table 6.20. From Figure 6.39 there is a clear improvement in the fits for both
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Table 6.20: Adjusted R-square values and coefficients from fitting the reso-
nance profile for the 248.7 cm~! Raman peak observed on HS1 when resonant
with the WSes B Exciton. In this case the resonance profile has been fitted
to three Raman scattering models assuming a single electronic excitation, two
independent electronic excitations and two electronic excitations with interstate
scattering allowed. The errors given for each coefficient are a standard devia-
tion obtained from fitting. The units for the amplitude coefficients are 103
VCounts s~1-eV2,

Single Two Two with scatter
Adjusted R-Square 0.862 0.955 0.941
Aq 1.3£0.6 0
Amplitude A, 10.0+4.5 2.7+1.1 3.6+1.5
Aj - - 2.0£0.9
Width (meV) Ty - 17.4+4.6 12.9+4.2
Iy 67.5+£14.7 27.9+6.5 36.5+4.2
Energy (eV) FE; - 2.119+0.003 2.10840.005
Eo 2.159+0.004 2.16440.003 2.169+0.002
= 6 6 b) 6 C)
2 g4 4 4
§_ 92 2 2
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Figure 6.39: Resonance Raman profile for the 248.7 cm~! Raman peak has been
fitted to a single phonon event model assuming a) a single electronic excitation,
b) two independent electronic excitation and ¢ ) two electronic excitations with
scattering allowed between the states. In each case a linear background has also
been included in the model.

of the two state models able, which are able to account for the multiple peaks in the
resonance profile. The adjusted R-square values from Table 6.20 indicate that the best
fit to the data is for the single phonon event model assuming two independent electronic
excitations. The energies obtained using this model for the two electronic states are
then 2.119+0.003 and 2.164+0.003 eV. It is useful to compare these energies to those
obtained from fitting a single electronic state to the resonance profiles for the peaks at
240.4, 255.2 and 260.4 cm~!. The higher energy obtained for the two state model is
in good agreement with the energy of the 2.164 eV obtained for the Raman peak at
260.4 cm~! and is close to the value of 2.154 eV obtained for the Raman peak at 255.2
cm~!'. The presence of an additional electronic state at 2.119 eV can also explain the
spectral weight seen in both the 255.2 and 260.4 cm ™! resonance profiles. Therefore, the
resonance profiles for the Raman peak at 248.7, 255.2 and 260.4 cm™! can be explained
by the presence of two electronic states at 2.119 and 2.164 eV.
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Figure 6.40: The Resonance Raman profile for the Raman peak observed at
240.4 cm™! on HS1 when resonant with the WSey B Exciton is presented and
has been refitted to single and two state Raman models. a) Single state Raman
model for a single phonon event process, b) Two independent state model and
c) Two states with interstate scattering allowed. For the case of the Two inde-
pendent state model the values for the energies and widths of the states were
fixed to those obtained from fitting the 248.7 cm™! peak. Error bars shown are
standard deviation obtained from fitting each spectra.

The resonance profile for the 240.4 cm™' peak is centred at 2.148 eV and so it is not
obvious if this resonance profile can be explained by a two electronic states at 2.119 and
2.164 eV. As a result further fitting of the 240.4 cm ™! resonance profile has been carried
using a single phonon event model assuming two independent electronic states and two
electronic states with interstate scattering allowed. The fitted resonance profiles for the
240.4 cm~! Raman peak are presented in Figure 6.40 and the adjusted R-square values
and coefficients from the fits are also provided in Table 6.21. When fitting using the
two independent electronic state model it was found that the fitted energies and widths
reached the limits of the defined bounds and so the fit was unable to converge. Therefore,
the fitted profile presented for this model was obtained by fixing the widths and energies

to those obtained when fitting the 248.7 cm™! leaving the amplitudes unconstrained.

From Figure 6.40 panels a) & c) the fitted profiles for the single state and two state with
interstate scattering models are able to produce reasonable fits to the data. The adjusted
r-square values indicate that the best fit for the resonance profiles is achieved using the
two state model with interstate scattering. The coefficients from Table 6.21 reveal
energies for the two electronic states in this model of 2.103 and 2.163 eV. Comparing
these energies to those obtained for the 248.7 cm ™! peak the higher energy states are in
excellent agreement with values of 2.163 and 2.164 eV. For the lower energy states there
is a larger variation with values of 2.119 and 2.103 eV. Although a comparison of the
two peaks using the values from the two state model with interstate scattering allowed
produces better agreement between the lower energy states. Therefore, the resonance
Raman behaviour of both the 240.4 and 248.7 cm™' Raman peaks can be explained by
the presence of two electronic states with a higher energy state at 2.164 eV and a lower

energy state in the range of 2.103 to 2.119 eV.
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Single State Two States Two State with Scatter

Adjusted R-square 0.927 0.879 0.983
Ay 3.2£0.6 1.240.3 1.14+0.6
Amplitude A, - 1.7+£0.4 1.84+0.9
As - - 3.4+£1.5
Width (meV) I 29.84+4.1 174 19.6+4.9
Iy - 27.9 20.0£5.1
Energy (eV) Eq 2.135+0.002 2.119 2.103%0.003
Es - 2.164 2.163+0.004

Table 6.21: Adjusted R-square values and coefficients are presented from fitting
the 240.4 cm™' Raman peak observed on HS1 when resonant with the WSes
B Exciton to single state and two state Raman models. For the case of the
two independent state model it was not possible to obtain a good fit within the
constrains for the widths and energies and so these values were fixed to those
obtained for the Raman peak at 248.7 cm™! to allow for comparison.

There are several additional Raman peaks which are visible in Figure 6.37 but whose
resonance profiles were not resolved due to their low intensity. However, it is possible
to discuss the resonance behaviour of these additional peaks by using the colourmap
presented in Figure 6.41. To aid in visual comparison of the different resonance behaviour
the intensity of the peaks has been scaled emphasize the weaker Raman peaks. In Figure
6.41 the Raman peaks at 290.7, 309.1, 353.8 and 398.2 cm ™! are clearly visible. The peak
at 398.2 cm™! has been observed at both the WSep A and B resonance on monolayer
WSe, and is classified as a BS peak. The energies of the electronic states obtained from
fitting the 248.7 cm™! resonance profile at 2.119 and 2.164 eV are indicated in Figure
6.41 by the blue lines, with a red line also showing the centre of the 240.4 cm™! peak
resonance at 2.148 eV. Comparing the resonance behaviour of the 398.2 cm™! peak we
find it is in good agreement with the energy of the state at 2.119 and 2.164 eV. For the
peaks at 290.7, 309.1 and 353.8 cm™! it is apparent that these peaks are resonant at

energies below 2.164 eV and have a resonance behaviour similar to the 240.4 cm~! peak.

From this qualitative analysis there are two clear groups of Raman peaks with similar
resonance behaviour. The peaks at 248.7, 255.2, 260.4 and 398.2 cm ™! all show similar
behaviour and are also observed when resonant with the WSes A exciton in HS1. The
second group contains the Raman peaks at 240.4, 290.7, 309.1 and 353.8 cm ™', which
are not observed at the A exciton in either HS1, HS2 or monolayer WSes. The 309.1 and
353.8 cm ™! peaks have been assigned to the A} phonons in WSey and MoSes respectively,
which are Raman inactive in monolayers. As a result we propose the assignment of the
240.4 and 290.7 cm™! peaks to MoSes I' point phonons. A potential explanation for
the observation of MoSes Raman peaks to MoSe; at a WSey B exciton resonance is
the hybridisation of the WSes B exciton with MoSe, states. Whilst, it is possible that
the anomalous resonance behaviour of the 240.4 cm™! peak can be explained due to
resonance with the electronic states at 2.119 and 2.164 eV. The hybridisation of the

WSes B exciton resonance with MoSes states can explain both the anomalous resonance
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Figure 6.41: Colourmap showing resonance Raman data taken on HS1 using
excitation energies from 2.05 to 2.25 eV probing the WSey B exciton. Intensity
data has been adjusted to emphasise the resonances for the Raman peaks that
were too weak to be resolved for fitting. Coloured lines have been added to
indicate the energies obtained from fitting the resonance profiles for the 240.3
and 249 cm ™! peaks.

behaviour and the appearance of the Raman peaks at 240.4, 290.7, 309.1 and 353.8 cm™!.
A more thorough discussion of the hybridisation of the WSes B exciton is presented in
Section 6.5.1.1.

In summary the resonance Raman behaviour for HS1 when resonant with the WSey B
exciton has been presented. The resonance Raman data demonstrated several different
resonance behaviours with the 240.4 cm~! peak profile showing a resonance at lower
energy of 2.148 eV. Fitting of the 248.7 cm~! resonance profile revealed the presence of
two electronic states at 2.119 and 2.164 eV. The anomalous resonance behaviour of the
240.4 cm ™! was also fitted to a two state model and can be explained by resonance with
two electronic states at 2.164 and 2.103 eV. A qualitative comparison of the resonance
behaviour for the 290.7, 309.1 and 353.8 cm~! Raman peaks revealed a similar behaviour
to the 240.4 cm™! peak. The proposed mode assignment for these Raman peaks to
bilayer active and MoSe, Raman peaks suggests a likely explanation for the anomalous
resonance behaviour of these Raman peaks is the hybridisation of the WSes B exciton
with MoSeq states.
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6.4.4.2 HS2 Resonance Raman with WSey B Exciton

For HS2 the Raman data when resonant with the WSey B exciton is presented in Fig-
ures 6.42 & 6.43. From Figure 6.42 the resonance enhancement of several Raman peaks
between 230 to 280 cm ™! is observed between 2.12 and 2.20 eV. As seen in HS1 the
Raman peak at 249.0 cm™! has a high energy tail, with the peak still showing signifi-
cant intensity at the highest energies accessible with our experimental apparatus. This
suggests that the 249.0 cm~! Raman peak is also resonant with higher energy states
above the B exciton. In addition there are several Raman peaks at 240.2, 258.3 and
261.2 cm ™! which are also clearly resonant at similar energies to the 249.0 cm,™! peak
but are not strongly resonant above 2.22 eV. It is also clear from Figure 6.43 that there

are several weak peaks near 400 cm™! and below 240 cm™!.

The Raman spectra were fitted and resonance profiles extracted for the Raman peaks at
240.2, 249.0, 258.3, 261.2, 392.2 and 396.3 cm~'. The resonance profiles were then fitted
to a single phonon event model assuming a single electronic state and are presented
in Figure 6.44. Excluding the 249.0 cm™! peak the resonance profiles all appear to be
characterized by a single broad peak. For the Raman peaks at 240.2, 249.0, 258.3 and
261.2 cm™! the resonance profiles appear to be in good agreement with the single state
model. The coefficients from fitting are presented in Table 6.22 and show a significant
variation in the energies obtained from the fitting process between 2.130 to 2.163 eV.
The widths of the resonances are also relatively broad with values in the range of 42 to
68 meV. In comparison for HS1 the resonances have widths in the range of 17 to 38 meV
and for monolayer WSey (see Chapter 5) the widths are between 16 to 31 meV. Whilst
it is possible that the resonances in HS2 are naturally broader a distinct possibility is
the presence of multiple electronic states. The range of energies obtained from fitting
the single state model between 2.130 and 2.163 eV also suggest the presence of multiple

excitonic states.

Table 6.22: Coefficients obtained from fitting the resonance profiles for the
Raman peaks observed on HS2 when resonant at the WSes B exciton. Reso-
nance profiles have been fitted to a single phonon event model assuming a single
electronic excitation. The errors given for each coefficient are a standard devi-

ation obtained from fitting. The units for the amplitude coefficients are 1073
VCounts s1.eV2,

Raman Shift (em~') Amplitude Width (meV) Energy (eV)

240.2 6.0+0.8 57.3+4.3 2.140+£0.002
249.0 9.5+1.3 53.7£4.3 2.163+0.002
258.3 7.44+0.6 56.2+2.7 2.135£0.001
261.2 3.5£0.5 42.1+4.1 2.15740.002
392.2 4.94+1.2 59.4+9.4 2.130£0.004

396.3 6.1+£0.9 67.5£6.1 2.146£0.003
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Figure 6.42: Colourmap showing resonance Raman data taken on HS2 using
excitation energies from 2.05 to 2.25 eV probing the MoSes B exciton.
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Figure 6.43: Raman spectra obtained when resonant with WSes B exciton on
HS2 using excitation energies from 2.05 to 2.25 eV.
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Figure 6.44: Resonance Raman profiles obtained for Raman peaks observed on
HS2 when resonant with the WSes B Exciton along with fits to a single phonon
event model for a single electronic excitation.

Considering the energies from fitting in more detail the Raman peaks at 240.2, 255.8,
392.2 and 396.3 cm~! all have energies in the range of 2.130 to 2.146 eV. Whereas,
the energies for the Raman peaks at 249.0 and 261.2 cm™! are significantly higher at
2.157 and 2.163 eV respectively. It is useful to consider if there is any justification for
these two Raman peaks to act differently compared to the other Raman peaks. For the
case of the 261.2 cm ™! peak the results presented in the mode assignment Section when
resonant with the WSes B exciton indicate this peak is dispersive. The dispersive nature
of the 261.2 cm ™! peak can be seen upon a closer examination of the spectra presented
in Figure 6.43 and is shown in Figure 6.9 in Section 6.3.2. In Figure 6.43 at 2.152 eV two
clearly separated peaks are observed near 260 cm ™! whereas at 2.182 eV the dispersive
nature of the 261.2 cm™1 peak results in a broader single peak. As previously stated

dispersive Raman peaks require scattering to large wavevector intermediate states and
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so cannot be well approximated by the single phonon event models used in the fitting
process. Therefore, the resonance energy for the 261.2 cm~! should be omitted from
the consideration of the resonance energies as it is unlikely to be representative of a
discrete underlying electronic state. Considering the 249.0 cm™! peak when comparing
it’s resonance profile to the remaining Raman peaks there is considerable spectral weight
at energies above 2.25 eV, which is not observed in the other resonance profiles. Similar
behaviour was also seen for the same peak in HS1. This implies that there are higher
energy resonances which are not accessible for in our experiments and couple strongly
to the 249.0 cm~! peak. As a result it seems reasonable to consider this Raman peak
as a separate case. For all the remaining Raman peaks observed on HS2 when resonant
with the WSey B exciton the energies obtained from fitting indicate the presence of an

electronic state with a mean value and standard deviation of 2.1384+0.007 eV.

Overall the resonance Raman profiles for HS2 when resonant with the WSes B indicate
the presence of an excitonic state at 2.13840.007 eV. In addition the 249.0 cm~!' Raman
peak has a distinct resonance profile and appears to be resonant with a state at 2.163
eV, but is also still resonant at higher energies above 2.22 eV. The exact behaviour of
the 249.0 cm™! peak is not resolved in these experiments, as 2.25 eV is the highest
excitation available with our setup. These results suggest that the WSey B exciton
resonance for HS2 involves two electronic states at 2.138 and 2.163 eV. Comparing our
results to those presented in Wang et al. [255] a likely assignment of these states is to
the WSey B trion at 2.138 €V and neutral exciton at 2.163 eV. The Raman spectra for
HS2 at the WSey B exciton also includes a dispersive Raman peak near ~ 261.2 cm™".
Peaks at similar frequencies in monolayer WSes and HS1 have also been observed but
are not obviously dispersive. A possibility is that this is a different Raman peak to
those observed previously. This is supported by the work of Du et al. [190] who have
suggested the presence of at least three Raman peaks near ~ 260 cm™!. For our results
we find the best fit to the spectra only requires two peaks at 258.3 cm™! and 261.2
cm~!. The dispersion of this peak in HS2 and not HS1 or monolayer WSey suggests
either a modification of the WSey phonon dispersion or difference in the underlying
electronic states. A modification of the phonon dispersion seems unlikely due to the good
agreement between the Raman peaks frequencies between HS2 and the other samples
regions. Furthermore, the observation of a peak at 261.2 cm™! at the WSey A exciton
in HS2 which is not dispersive suggests that the dispersion of this peak is a result of the
electronic states available a the WSes B exciton. Therefore, the dispersive behaviour of
the 261.2 cm™! is due to changes in the dispersion relation for excitons in HS2 compared

to HS1 and monolayer WSes.
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6.4.5 Resonance Raman of Low Frequency Modes

As presented in Sections 6.3.1 & 6.3.2 on HS1 there are several low frequency modes
which are only observed for this sample region and have a different Raman spectra
depending on if the resonant state is associated with the MoSes or WSes layer. This
section presents the resonance Raman data for the low frequency modes observed in
resonance Raman experiments. The low frequency modes are observed when resonant
with the WSey A exciton and for both the MoSes A and B excitons.

6.4.5.1 Resonance with WSey A Exciton

The resonance Raman data showing the low frequency modes when resonant with the
WSes A exciton is presented in Figure 6.45 with panel a) showing the resonance observed
for the low frequency modes and panel b) showing the higher frequency WSey Raman
peaks near ~ 250 cm™!. For the low frequency modes a resonance is clearly observed at ~
1.71 eV with four Raman peaks clearly visible at 35, 39, 53, 58 cm~!. In comparison the
BS peaks observed at higher frequencies on HS1 have much broader resonance profiles
between 1.69 and 1.76 eV (see Section 6.4.1). The analysis of the higher frequency peaks
demonstrated that the resonance profile was the result of resonance with two electronic
states at 1.70740.002 and 1.731£0.003 eV attributed to the trion and neutral exciton
respectively. This suggests the low frequency peaks are only strongly resonant with the
trion at the WSes A exciton.
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Figure 6.45: Colourmap shows resonance Raman data for the low frequency
modes observed on HS1 when resonant with the WSey A exciton.

The resonance profiles for the low frequency peaks are presented in Figure 6.46 and
were fitted to a single phonon event model for a single electronic state. Overall the
fits assuming a single electronic state are in good agreement with the data for the four
low frequency Raman peaks. There is no visible asymmetry to the resonance profiles
and so the low frequency peaks are likely resonant with a single electronic state. The
coefficients from fitting are provided in Table 6.23. The energies obtained from fitting

for all four Raman peaks are in agreement to within the errors with a mean value of
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Figure 6.46: Fitted resonance profiles for all low frequency modes observed when
resonant with WSey A exciton and have been fitted using a single state Raman
model.Error bars have been obtained from fitting and are given as a standard
deviation.

1.7084+0.001 eV. This is in excellent agreement with the lower energy state observed for
the higher frequency WSey modes. Therefore, the resonance Raman behaviour of the

low frequency modes is due to resonance with the WSey A trion.

Table 6.23: Coefficients from fitting the low frequency Raman peaks observed
on HS1 when resonant with WSes A exciton. Resonance profiles have been
fitted to a single phonon event model for a single electronic excitation. The
errors given for each coefficient are a standard deviation obtained from fitting.
The units for the amplitude coefficients are 10~4 v/Counts s—1 - V2.

Mode Raman Shift (cm™!) Amplitude Width (meV) Energy (eV)

LF1 34.4 0.7 £ 0.1 8.9 £ 0.3 1.707 £ 0.001
LF2 38.5 1.1 £ 0.2 16.2 £ 1.7 1.709 £+ 0.001
LF3 52.6 0.7+ 0.1 94 £04 1.707 £ 0.001

LF4 57.8 0.8+0.1 13.1 £ 0.9 1.707 £+ 0.001
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Figure 6.47: Comparison of the resonance profiles for the low frequency peak
at 34.4 cm~! (LF1) and 248.8 cm~! (A/E) Raman peak when resonant with
the WSey A exciton. The best fit obtained from the analysis of both resonance
profiles is also shown as indicated by the blue and red lines. In the case of the
A/E resonance profile the fitted amplitude have been scaled by a factor of 37
for visual comparison.

6.4.5.2 Resonance with MoSe; B Exciton

The Raman data when resonant with the MoSes B exciton is presented in Figure 6.48
with panel a) showing the low frequency range from 15 to 100 cm ™! and panel b) presents
the higher frequency range from 100 to 350 cm™! to allow a direct comparison with the
typical MoSe, Raman peaks. The low frequency peaks at 39 and 58 cm ™! are resonant
between 1.83 and 1.87 eV with the other low frequency Raman peaks also resonant but
significantly weaker. In comparison the higher frequency MoSes peaks are resonant from
1.83 to 1.89 eV and are significantly broader due to the larger separation of the incident

and outgoing resonances.

Resonance profiles were obtained for the Raman peaks at 38.5 and 58.4 cm™! and are
presented in Figure 6.49. Whilst there are several other low frequency peaks visible
these are relatively weak and it is not possible to extract their resonance profiles. Each
resonance profile was fitted to a single phonon event model assuming a single electronic
state and the resulting fits are shown in Figure 6.49 with the obtained coefficients are
provided in Table 6.24 along with the phonon energies. Overall the coefficients for both
peaks are in good agreement. The energies from fitting are 1.846+0.002 and 1.84440.001
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Figure 6.48: Colourmaps showing the resonance Raman data for HS1 when
resonant with the MoSes B Exciton. Panel a) Shows low frequency Raman
from 15 to 100 cm~! and panel b) show higher frequency range from 100 to 350
cm . Colourbars shown have units of Counts per second.
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Figure 6.49: Resonance profiles for the low frequency Raman peaks at 38.5 and
58.4 cm™~! are presented in panels a) and b) respectively. In each case resonances
have been fitted to a single phonon event model for a single electronic state with
the resulting fit shown by the red line. The errors shown for the data are those
obtained from fitting the Raman spectra.

eV for the 38.5 and 58.4 cm™! peaks respectively and are in agreement to within the
errors from fitting. In comparison the higher frequency TMDC Raman peaks (see Section
6.4.3) are also resonant with a state at 1.846+0.003 eV. Once again the energies obtained
for the low frequency peak resonances are in excellent agreement with the energies of

the higher frequency BS peaks.
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Table 6.24: Coefficients obtained from fitting the resonance profiles for the
low frequency modes at 38.5 and 58.4 cm ™! observed on HS1 when resonant
with the MoSes B Exciton. Resonance profiles have been fitted using a single
phonon event model with a single electronic excitation. The errors given for
each coefficient are a standard deviation obtained from fitting. The units for
the amplitude coefficients are 1072 v/Counts s—1 - eV2.

Raman Shift (cm™!) Amplitude Width (meV) Energy (eV) Ep, (meV)
38.5 1.1+0.4 20.843.5 1.846+0.002 4.7
58.4 0.3+0.1 10.9£2.4 1.844+0.001 7.3

6.4.5.3 Resonance with the MoSey; A exciton

The resonance Raman data obtained for the low frequency Raman peaks observed on
HS1 when resonant with the MoSey A exciton is presented in Figure 6.50. From the
colourmap in Figure 6.50 there are four low frequency Raman peaks at 39.1, 42.4, 59.3
and 63.5 cm ™! with a fifth Raman peak at 35.3 cm~! appearing as a shoulder below the
39.1 cm~! Raman peak. All the Raman peaks in this case are resonant between 1.62
and 1.635 eV although there appears to be some variation in the resonance energies for

these peaks.
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Figure 6.50: Colourmap presenting the resonance Raman data for the low fre-
quency modes on HS1 observed when resonant with the MoSes A exciton. Four
of the Raman peaks are clearly resolved with a fifth Raman peak at 35.3 cm™!
appearing as a shoulder below the 38.9 cm™! peak are observed and resonant
at ~ 1.63 eV at 34.2 cm~ L.
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Table 6.25: Coefficients obtained from fitting the resonance profiles for the low
frequency modes observed on HS1 when resonant with the MoSey A exciton.
Resonance profiles were fitted to a single phonon event model assuming a single
electronic excitation. The errors given for each coefficient are a standard devi-
ation obtained from fitting. The units for the amplitude coefficients are 1073
VCounts s~1-eV2,

Raman Shift (em~!) Amplitude Width (meV) Energy (eV)

35.3 0.7£0.3 8.9£1.8 1.623+0.001
39.1 1.8+£0.2 8.440.7 1.624+0.001
42.4 0.9£0.2 7.3£0.9 1.628+0.001
59.3 1.7+0.2 7.8£0.7 1.625+0.001
63.5 0.8+0.1 5.0£2.0 1.62940.001

The resonance profiles for all five peaks were obtained and fitted to a single phonon event
model assuming a single electronic excitation. The resonance profiles and obtained
fits are presented in Figure 6.51 with the coefficients from fitting provided in Table
6.25. The resonance profiles data is shown for excitation energies between 1.6 and 1.65
eV. Measurements were made at higher excitation energies as shown in Section for the
Bulk TMDC Raman peaks. However, no low frequency modes were observed at higher
energies above 1.65 eV at the MoSey A exciton resonance. The resonance profiles for all
of the Raman peaks have a similar appearance characterised by a single symmetric peak.
The fitted model for a single electronic state is in good agreement with the experimental
data in each case. Considering the coefficients obtained from fitting in Table 6.25 the
energies for all of the Raman peaks are between 1.623 to 1.629 eV, with a mean value
and standard deviation of 1.62640.003 eV. Closer inspection reveals that the energies
appear to form two subsets with the Raman peaks at 35.3, 39.1 and 59.3 cm ™! all having
similar energies between 1.623 and 1.625 eV. Whereas, the Raman peaks at 42.4 and
63.5 cm~! both have slightly higher energies of 1.628 and 1.629 eV respectively. Whilst
the differences between these energies is relatively small 4-5 meV a clear difference in
the resonance energy is also apparent in Figure 6.50. It is therefore possible that the
resonances for the low frequency modes requires two electronic excitations separated
by 4-5 meV. However, at present the nature of these states is not clear. For the BS
Raman peaks the analysis of the resonances at the MoSey A exciton demonstrated the
involvement of the MoSe; A trion at 1.627 eV and the neutral exciton at 1.648 eV.
Therefore, the low frequency modes on HS1 appear to be only resonant with the MoSe,
A trion. These results may suggest a fine structure to the trion with a separation of ~

5 meV, and requires further investigation.
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Figure 6.51: Resonance Raman profiles for the low frequency Raman peaks
observed on HS1 when resonant with the MoSey A exciton are presented. In
each case the resonance profile has been fitted to a single phonon event model
for a single electronic excitation with the fitted profile shown as a red line. Error
bars shown were obtained from fitting the Raman spectra.
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6.5 Discussion

The following sections present a discussion of the resonance Raman results presented
in the previous section. There are two sections to this analysis the first considers the
behaviour of the intralayer excitons in HS1 and HS2 providing a comparison of there two
sample regions. The second section then focuses on the low frequency modes observed on
HS1 comparing the resonance behaviour of these peaks to the more typical bulk TMDC

Raman peaks and proposing the origin of these peaks in the Raman spectra.

6.5.1 Intralayer Excitons in TMDC Heterostructures

The resonance Raman data for both HS1 and HS2 has been analysed at each of the
intralayer excitons and has revealed resonances with excitons, trions and additional
anomalous states. In this section the resonance behaviour of HS1, HS2 are compared
to the results for the constituent monolayers. To aid in this discussion the results of
resonance Raman analysis for all four sample regions is summarised in Table 6.26. For
each of the intralayer excitons it is possible to classify the different states in each case

as either the neutral exciton (X), the trion (T) or an anomalous resonance (A).

For the MoSes A exciton resonance Raman data was obtained for both HS1 and HS2
and indicates the presence of two excitonic states. However, for monolayer MoSes it

was not possible to measure the resonance Raman behaviour due to intense PL from the

Sample Region
HS1 HS2 ML MoSe, ML WSes

MoSes A T 1.627+0.001 1.629+0.002 1.622+0.001 * -

X 1.6484+0.005 1.6504+0.003 1.6494+0.001 * -
WSes A T 1.706£0.001  1.706+0.005 - -

X 1.73240.003 1.73440.002 - 1.742 £ 0.002

A - 1.688+0.001 - -
WSeq A*  A(2s) - - - 1.866+0.001
WSey A**  A(3s/4s) - - - 1.904+0.002
MoSes B T - 1.822+0.009  1.82840.002 -

X 1.845+£0.002 1.846+£0.016  1.862+0.001 -

A 1.75440.002 - 1.80240.001 -
WSes; B T 2.110+0.011  2.13840.007 - 2.136+0.004

X 2.1644+0.003 2.16340.002 - 2.16240.004

Table 6.26: This table provides a summary of the different states observed

for both heterostructures and monolayers.

For each resonance the multiple

excitonic states have been labelled as follows: neutral exciton (X), trion (T)
and states with anomalous resonance behaviour (A). For monolayer MoSey A
exciton it was not possible to resolve the resonance behaviour and so the energies
given for the exciton and trion are those determined from the PL spectrum and
are labelled with an asterisk (*).
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sample. To allow for a comparison with the heterostructures the energies shown in Table
6.26 for the exciton and trion in monolayer MoSe, were obtained from the PL spectrum.
Comparing the energies of the MoSes A exciton for all three sample regions we find they
are all in excellent agreement to within the given errors. For the trions observed at the
MoSes A exciton the energies obtained for HS1 and HS2 are in agreement, but are found
to be ~ 6 meV above the energy of the trion in monolayer MoSes. A shift in the energy
of the trion is not unexpected as the energy of this state is dependent on the carrier
density [255, 92]. The formation of the heterostructure should result in charge transfer
between the two layers due to their band alignment. As a result a the shift in the energy
of the trion is likely a result of the change in carrier density in the heterostructures.
Therefore, the MoSey A exciton energy is in agreement for all sample regions and shows
no appreciable change in energy. The energy of the trion in HS1 and HS2 is observed to

shift to higher energies, and is attributed to charge transfer altering the carrier density.

Considering next the resonance Raman behaviour of the WSes A excitons for the het-
erostructures two states were required to fit the data. These were attributed to the
neutral exciton and trion and for HS1 and HS2 the energies of the X and T (see Ta-
ble 6.26) are both in agreement to within the obtained errors. However, for monolayer
WSe; the resonance Raman behaviour only required the presence of a single electronic
state at 1.742 eV attributed to the neutral A exciton. This is ~ 9 meV greater than the
energies of the X in HS1 and HS2 and so there is a significant shift in the energy of the
X in the heterostructures. The presence of the trion state in both HS1 and HS2 also
suggests a significant change in the carrier density in agreement with the shift proposed
for the trions at the MoSes A exciton. The separations of the X and T in HS1 and
HS2 are 26 and 28 meV respectively. Comparing these separations to the monolayer
WSes PL spectra indicates a possible assignment of the T in the heterostructures to
the negatively charged intra-valley trion. However, it is difficult to be certain of the
precise nature of this trion state, due to the dependence on charge carrier density and
the presence of other excitonic states in WSes such as biexcitons. Although the latter
possibility is considered unlikely due to the low oscillator strength and excitation density
of the biexciton states [132, 92, 93]. Comparing the obtained energies for the WSes A
exciton with the PL spectra there is also further evidence of shifts with the X in HS1
observed at 1.72940.001 eV and HS2 at 1.73940.001 eV. It is possible that the shift
in energy of the exciton at the WSes is a result in the difference in the dielectric envi-
ronment between the heterostructure and monolayer [33], which can alter the exciton
binding energies. However, we would also expect to see similar shifts for the MoSes A
excitons in the heterostructure. For similar TMDC heterobilayers several recent studies
report photoluminescence spectra as a function of twist angle and observe changes on
the energies of the exciton and trion states, which may be able to explain the variation
in the energies of the WSea A X [122]. Further studies of the intralayer excitons as a

function of twist angle are required to confirm this mechanism.
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In monolayer WSey there are several additional excitonic states in Table 6.26 denoted
as the A* and A**. These states have been attributed to resonances with excited states
of the WSey A exciton. For HS1 and HS2 there was no observed resonant enhancement
at the expected energies of the WSey A* or A** states. For monolayer WSes the A
exciton showed only resonant enhancement with the neutral exciton, whereas both HS1
and HS2 were resonant with both excitons and trions. The emergence of trions in the
WSesy layer suggests a change in the carrier density resulting from charge transfer in the
heterostructure. In gated PL and reflectance contrast measurements the appearance of
the trion is associated with a decrease in the strength of the neutral exciton [255, 92, 261]
Therefore, in HS1 and HS2 the lack of resonance with the WSeo A* and A** states is
likely due to the suppression of the WSes A exciton due to changes in charge carrier

density.

In HS2 near resonance with the WSes and MoSes A excitons an additional Raman peak
was observed at 245.8 cm~!. Comparison of the Raman spectra in Section 6.3.1 revealed
that it is not possible from the Raman spectra along to associated this peak with either
the WSey or MoSes phonons. The resonance Raman data for this peak was analysed and
was shown to be resonant with two excitonic states at 1.688+£0.001 and 1.703£0.002 eV.
Comparing these energies to those for HS2 in Table 6.26 suggests that the peak at 1.703
eV is in agreement with the energy of the trion at the WSes A exciton. However, for
the BS Raman peaks at the WSes A exciton there is no evidence of a resonance at 1.688
eV for any other Raman peaks. Reports of the excitonic states in monolayer WSes
have demonstrated the presence of a dark exciton and charged biexcitons at similar
energies, and could explain the state at 1.688 eV. On the other hand the energy of
the 245.8 cm™! peak is 30.5 meV, and so an outgoing resonance with the MoSe; A X
would be expected at ~ 1.681 eV. Whilst there energies are not in direct agreement
they are close enough that a double resonance between the WSey A trion and MoSey A
exciton is worth considering. The band alignment of the WSes and MoSes layers should
result in charge transfer of electrons in the WSes conduction band to the lower energy
states in MoSes and with holes transferring from the MoSey valence band to the WSes
band. Studies of the charge transfer dynamics in TMDC heterostructures [103, 105]
suggests that phonons play an important role in overcoming the momentum mismatch
between the Brillouin zones of the different layers and allowing relaxation to lower energy
states. This may support the interpretation that this anomalous low energy state is the
result of scattering between the WSey and MoSes monolayer. However, there is no
clear evidence suggesting which of the two proposed explanations is correct. Further
measurements of other heterostructures combined with gated measurements may allow

further clarification of the origin of this anomalous state.

In Table 6.26 the energies associated with the MoSey B exciton are shown for all samples
and reveal the presence of three different resonances associated with a neutral exciton,

trion and anomalous state. For both heterostructures and the monolayer region a state
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has been attributed to the MoSes B X, and in HS1 and HS2 the energy of this state
is in found to be in excellent agreement with an energy of ~ 1.846 e¢V. In comparison
the state attributed to the neutral B exciton in monolayer MoSe;y is observed at 1.862
eV and is ~ 16 meV higher in energy. For HS2 and monolayer MoSes a resonance was
also observed with a lower energy state attributed to the B trion. The identification of
the neutral exciton and trions at the B excitons in MoSes is not trivial with only a few
reported observations in literature. The results of reflectance contrast measurements by
Wang et al. provide the clearest identification of neutral and charged exciton at the
B excitons in MoSey and WSey layers [255]. These results indicate that the neutral B
exciton is observed in the range of 1.84 to 1.87 eV with the negatively charged trion in
the range of 1.815 to 1.845 eV and the positively charged trion in the range of 1.800 to
1.840 eV. Therefore our results for the energy of the excitons and trions at the MoSes
B resonance in each sample are consistent with the work of Wang et al. Whilst the
energies obtained for HS2 and monolayer MoSes suggest a difference in the exciton and
trion separation the uncertainty in the energies for HS2 means it is difficult to be sure
if this shift is significant. The lack of a lower energy trion in HS1 compared to HS2 can
also be explained by difference in the carrier density of the heterostructures which has

been shown to be dependent on the sample twist angle [100].

In addition to the excitons and trions observed when resonant with the MoSes B exciton
an anomalous resonance is observed in both HS1 and monolayer MoSes, but not in HS2.
In both cases the anomalous resonance is only observed for three particular Raman peaks
with shifts of ~ 481, 530 and 582 cm~!. The frequencies of these peaks are in agreement
to within 1 cm™! when comparing HS1 and monolayer MoSey (see Table 6.4 in Section
6.3.1). The anomalous resonance behaviour in both cases is similar with the resonance
profiles of the peaks narrower than their peak energies and demonstrate a increase in the
resonance energy as a function of Raman shift. However, we do not observe the expected
incoming or outgoing resonances required for a resonance with a single excitonic state.
Instead the resonance profiles are attributed to a double resonance process involving
the incoming resonance at the MoSes B exciton and the outgoing resonance of a lower
energy anomalous state. The lower energy state energies as given in Table 6.26 as 1.754
and 1.802 eV for HS1 and monolayer MoSes respectively. For monolayer MoSes we
proposed that this resonance may involve scattering from the MoSes B exciton to the
2s excited state of the MoSes A exciton (see Chapter 4). However, the difference in
energy of the anomalous state in HS1 and monolayer MoSes shows a shift of 48 meV
and so likely involves a different excitonic state in HS1. The involvement of identical
Raman peaks suggests the underlying mechanism is similar, and must be the result
of of multi-phonon processes. Although, the precise assignment of these peaks to a
particular set of underlying phonons is not possible due to the degeneracy of several
different combination modes allowing for multiple assignments to each Raman peak. The
measurements presented in this thesis do not allow for the nature of these anomalous

resonances to be addressed further. Therefore, we can conclude that the anomalous
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resonances observed in both HS1 and in monolayer MoSey both result from similar
scattering processes coupling to a lower energy state, and have not been previously
reported in literature. However, further measurements are required to determine the

precise nature of the excitonic states involved.

Finally the resonance Raman behaviour at the WSey B exciton has been investigated
for all sample regions. From Table 6.26 two states have been identified in both the
heterostructures and monolayer WSey. The highest energy states in each case have
been attributed to the neutral exciton the obtained energies are in agreement to within
the obtained errors and indicate at state at ~ 2.163 eV. The energy of this state is also
in agreement with the energy of the neutral exciton reported by Wang et al. between
2.145 and 2.17 eV [255]. The second state was attributed to the trion and for HS2
and monolayer WSes the energies of this state are in good agreement. Whereas, the
energy of the trion state in HS1 is found to have an energy of 2.110 eV and is ~ 27
meV below the energy of the trion in HS2 and monolayer WSes. The results of Wang
et al. suggests the WSes B trion has an energy between 2.1 and 2.145 eV, although it
is not possible from the energy of the states to determine if the trion is positively or
negatively charged. Therefore, it is possible to assign the lower energy state in HS1,
HS2 and monolayer WSey to the WSes B trion. The shift in energy for HS1 is the
result of differences in the charge carrier density and could result from charge transfer
in the heterostructure. However, as demonstrated in Section 6.3.2 there are the Raman
spectra are also signifiant different for all three sample regions. For both HS1 and HS2
the Raman peak at ~ 249 cm ™" still appears resonant at the highest energies accessible
by our setup and suggests the presence of additional higher energy excitonic states.
These higher energy states may be associated with excited states of the B exciton or the
C exciton in WSes which have been reported using reflectance contrast and resonance
Raman spectroscopy [132, 193, 35]. In particular there are also several new Raman
peaks on HS1 at 290.7, 309.1 and 353.8 cm~! and a Raman peak at 240.4 cm™!, which
may show anomalous resonance behaviour. These peaks are discussed in more detail
in Section 6.5.1.1 and may indicate hybridisation of the WSey B exciton with MoSes

states.

In conclusion the intralayer excitons in both HS1 and HS2 have been probed using reso-
nance Raman spectroscopy and compared to the results from the constituent monolayers.
Overall the energies of the intralayer excitons in HS1 and HS2 are in good agreement
with the energies observed in the constituent monolayers. For the heterostructures the
resonance Raman behaviour in several instances indicates a change in carrier density
likely a result of charge transfer between the layers. This leads to the appearance of
significant trion scattering at the WSey A exciton and shifts in the energies of the trion
states observed at the other intralayer excitons. For the MoSes, A and WSe, B excitons
the observed energies of the neutral excitons are in good agreement with no appreciable

shifts in energy. However, at the WSey A and MoSey B excitons the state attributed to
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the neutral exciton are shifted between 10 and 16 meV. The exact mechanism for the
shift in the energy of these excitons is not clear. A change in dielectric would require
changes in the binding energies for all excitons and so seems unlikely. Although this
may be consistent with reported shifts in the energies of the intralayer excitons in other
heterobilayers as a function of twist angle. At present there are only a limited number
of reports probing the intralayer excitons in heterobilayers and none to our knowledge
probing the B excitons or higher energy states. Consequently, it is not obvious if the
changes in the energies of these excitons are to be expected or not and requires fur-
ther measurements of other heterobilayers to ensure this result is significant. However,
there are several indications of twist angle dependence affecting the resonance Raman
behaviour of the heterostructures, such as the shift of the MoSe, B anomalous resonance
energy on HS1 and its disappearance in HS2; appearance of a new Raman peak at 245.8
cm ™! only in HS2 coupling to states between the WSey and MoSes A excitons; and the
contrasting resonance behaviour at the WSes B exciton resonance. These observations
potentially indicate the coupling between different excitonic states via large wavevec-
tor phonons and dark states, significant modification of electronic state energies as a
function of twist angle and the possibility of hybridisation between layers in TMDC het-
erostructure which in this case can only be accessed via resonance Raman spectroscopy.
There is a host of new and unexplored physics available in these TMDC heterostruc-
ture, but to fully understand the differences in the intralayer excitons behaviour requires

further resonance Raman studies as both a function of twist angles and gate voltage.
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6.5.1.1 Hybridisation of the WSe,; B Exciton in HS1

On HS1 when resonant with the WSes B exciton three new Raman peaks are observed
and warrant further discussion. These new peaks at 290.7, 309.1 and 353.8 cm™! are
only seen on HS1 and are not observed at the A exciton resonance. When resonant
with the WSes B exciton there are significant differences between the heterostructure
and monolayer Raman spectra. In particular on HS1 an intense Raman peak at 240.4
cm~! is observed. Although there are peaks in both HS2 and monolayer WSes at
similar frequencies these peaks have relatively low intensities. However, on HS1 the
peak at 240.4 cm~! is the dominant peak in the Raman spectra. The resonance profile
for this peak is also unusual when compared to the other Raman peaks observed on
HS1 at the B exciton resonance. The resonance profiles for the other peaks on HS1
are the result of resonance with two different states at the WSey B exciton. The 240.4
cm™! peak resonance profile can be explained by two states at similar energies to the
other Raman peaks. However, the amplitudes for the different scattering channels are
significantly different and require the interstate scattering terms to be the dominant
scattering channel in order to explain the narrower resonance profile centred at ~ 2.148
eV. Due to the low intensity of the peaks at 290.7, 309.1 and 353.8 cm™! it was not
possible to extract useful resonance profile. Although, a qualitative comparison suggests
they have a similar resonance behaviour to the 240.4 cm™! Raman peak. The appearance
of these new peaks and their atypical resonance behaviour suggests a similar underlying

mechanism.

Consideration of the mode assignments for the Raman peaks at 240.4, 290.7, 309.1 and
353.8 cm™! indicates that it is possible to determine multiphonon processes using the
WSe; dispersion relation to explain all of these peaks. Of these only the 309.1 cm~! peak
has a possible assignment to the AJ(T") phonon. This Raman peak is not observed in
monolayer WSes due to the motion of the vibration being anti-symmetric upon reflection
in the plane of the W atoms. However, this peak is allowed in multilayer WSey and has
been reported in the Raman spectra of WSeg bilayers [52]. Interestingly the Raman peak
at 353.8 cm~! can be assigned to the equivalent A%(T') phonon in MoSey [194, 144]. A
further review of the Raman spectra reported for heterobilayers in literature reveals that
the 309.1 cm~! Raman is seen in several different heterobilayers containing a WSes layer
[107, 281, 282]. Similarly the MoSey A} peak has also been observed at ~ 353 cm~! in
several heterobilayers containing a MoSes layer[107, 283]. These Raman peaks were also
observed along with the typical zone centre MoSes and WSes in all cases. Although, this
is not unexpected as these measurements were performed at energies above 2.33 eV at
room temperature and are likely resonant with the C excitons in both MoSes and WSes
[132, 133]. In contrast our results observe both of these peaks when resonant with the
WSes B exciton with no coincident resonance observed in monolayer MoSes. Including
MoSe; Raman peaks in our mode assignment for the HS1 Raman spectra reveals natural

explanations for the 240.4, 290.7 and 353.8 cm~! peaks to zone centre single phonon
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processes. The 240.4 cm~! peak can be assigned to the Af(I") phonon, which is the
dominant peak in the MoSes Raman spectra and is observed when resonant with the
MoSes A and B excitons in HS1, HS2 and monolayer MoSe;. The Raman peak at 290.7
cm~! has an assignment to the E/(T") and is frequently reported in literature [194, 144].
As previously discussed the 353.8 cm™! Raman peak also has an assignment to the
AZ(T) phonon. The only I" point phonon not assigned is the E”(T") phonon. This peak
is forbidden in backscattering geometry due to the in plane symmetry of the vibrational
mode [48]. However, unlike the AJ phonon the transition from monolayer to multilayer
does not change the symmetry of this mode and so it is still expected to be forbidden
regardless of the number of layers in the sample. As a result if we assign the 353.8 cm ™!
to the AZ(T") phonon in MoSes it is possible to explain the remaining anomalous Raman
peaks to MoSes zone centre single phonon processes. Comparing the anomalous peaks

at 240.4 and 290.7 cm~! to those observed when resonant with the MoSes intralayer

excitons on HS1 we find the frequencies of these peaks to be in excellent agreement.

The breaking of the symmetry in the heterobilayer provides a natural explanation for the
appearance of the WSea AZ(I") point phonon in a heterobilayer. But does not explain
why this peak is not observed at the WSey A exciton. Similarly the MoSey AJ(T") is
only seen at the WSes B exciton and is not observed at the MoSe; A or B excitons.
In order to observe phonons associated with the MoSes layer at the WSes B exciton
requires hybridisation of either the phonon modes or the electronic states. If the phonons
themselves were hybridised we would expect to see scattering with the anomalous Raman
peaks at multiple resonances. However, it is entirely believable that hybridisation of the
electronic states could occur at a single resonance due to the alignment of the energies of
the relevant states. As has previously discussed the energy of the lower energy state in
HS1 is shifted by ~ 20 meV compared to HS2 and monolayer WSey suggests a change in
the underlying electronic states. The lack of similar anomalous peaks in HS2 indicates
a possible twist angle dependence on this hybridisation. This is not surprising and is
supported by the DFT predictions of Gillen et al. who demonstrate that the twist angle

of the structure can tune the energies of both the inter and intralayer excitons [112].

For the hybridisation of the electronic states it is useful to consider the possible states
involved. An obvious candidate is the WSes B exciton, although it is possible that the
degeneracy of this anomalous resonance with the WSes B exciton is coincidental this
seems unlikely. As a result a likely state involve in the hybridisation is the WSey B
exciton. The other potential states that could be involved are the MoSes intralayer ex-
citons and the interlayer excitons present in the heterobilayer. Of these two possibilities
the most likely is the interlayer exciton, due to the visibility of the AJ phonons. In
order to see strong scattering from these Raman peaks requires a change in the out of
plane symmetry. As such, an interlayer exciton is more likely to be asymmetric upon
reflection in plane of the metal atoms. If this proposal is correct the anomalous Raman

peaks observed when resonant with the MoSey are the result of a hybridisation of the
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Figure 6.52: Diagram showing the four possible interlayer excitons which can
form in a MoSes and WSes heterobilayer with a twist angle of 60°. The blue
and orange lines distinguish between the two different materials, with dashed
and solid lines indicating the spin states. The different interlayer excitons are
distinguished by the different black dashed lines and the band offset between
the valence bands of the two materials is indicated by the grey arrow.

WSes B exciton. The anomalous Raman peaks are not observed at the other resonance

as they are not hybridised with interlayer excitations.

Recently there have been similar reports of hybridisation in a MoSes /WSs heterobilayer
[122]. In this instance the hybridisation was associated with the alignment of the con-
duction band states in the two layers. For our heterostructure a similar statement could
be made regarding the valence band states of the MoSes and WSey layers which are
predicted to be degenerate in DFT calculations [112]. Whilst the tunnelling between
the two layers will depend on the energies of the single particle electronic states. When
considering the hybridisation of the excitons the relevant energies will be the excitonic
energies. If the hybridisation was dependent on the alignment of the single particle va-
lence band states then we would expect to see hybridisation of both the MoSes and WSes
B excitons. Our experimental results demonstrate the observation of the new Raman
peaks at only the WSes B exciton. This supports our interpretation that the relevant
energies are those associated with the intralayer and interlayer excitons. Therefore, we

would only expect to observe hybridisation with a single intralayer exciton.
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Exciton Energies (eV)
A(1s) B(ls) IX
WSes 1.742  2.166 -
E+X, 1.911 2.335 -
MoSes 1.648 1.854 -
E+X, 1.833 2.039 -
WSez/MoSes - - 1.328
E+IX, _ _ 1.486

Table 6.27: The energies of the different optical transitions observed in HS1 are
given. For each transition we provide the measured excitonic energy and the
total energy of the state including the excitonic binding energy (E+Xj}), which

is determined using the excitonic binding energies predicted by Ruiz-Tijerinma
and Fal’ko [129].

Predicted Energies (eV)

IX1 1.328
IX2 1.768
IX3 2.084
X4 2.306

Table 6.28: Predicted energies for the three higher energy interlayer excitons
(IX) are presented along with the measured energy of the bright IX; exciton
observed in HSI.

Using the energies of the intralayer and interlayer excitons, theoretical predictions of the
excitonic binding energies [129] and conduction band and valence band spin splitting we
can predict the energies of the different interlayer excitons. The energies of the optical
transitions are given in Table 6.27. To correctly predict the energies of the different
interlayer excitons we must also include the exciton binding energies in our calculations.
The binding energies used are those calculated by Ruiz-Tjerina and Fal’ko and are
169, 185 and 158 meV for the WSes, MoSes and Interlayer excitons respectively. As
illustrated in Figure 6.52 there are four possible interlayer excitons at the K point. The
predicted energies of the three higher energy interlayer excitons are given in Table 6.28.
From this prediction we obtain a band offset between the two layers of 371 meV. The
predicted energies of the interlayer excitons reveals that IX3 is predicted to have an
energy of 2.084 eV and is the most likely candidate for hybridisation with the WSey Bls

intralayer exciton.

As discussed, the hybridisation of the WSes B exciton with an interlayer exciton is able to
explain the observation of MoSes phonons in HS1 at a WSes resonance, and can account
for the anomalous resonance behaviour of these peaks. The appearance of the Raman
peaks at 309.1 and 353.8 cm !, which are only observed in bilayer or few layer WSes
and MoSes has been observed previously in other homo and heterobilayers, and can be
explained due to the change in symmetry of the excitonic state when hybridised. These

peaks are not seen at the other intralayer excitons and suggests that these states have
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monolayer symmetry. We also identify the IX3 interlayer exciton as a likely candidate
for this hybridisation. Whilst, this model is compelling due to its ability to explain
multiple features in our experiment data the hybridisation with an interlayer exciton is
yet to be fully proven. An obvious experiment to test our proposed hybridisation model
would require applying an electric field perpendicular to the heterobilayer. As has been
shown for the interlayer excitons in TMDC heterostructures a double gate device can be
used to tune the energy of the interlayer excitons. If our proposed model is correct the
resonance Raman behaviour for the anomalous peaks should be significantly modulated
by the application of a electric field normal to the sample plane. This would allow a

tuning of the interlayer exciton energies and result in a detuning of the hybridised states.
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6.5.2 Origin of Low Frequency Modes

Section 6.3.3 demonstrated the presence of LF Raman peaks seen exclusively on HS1.
The LF modes are observed when resonant with both MoSes and WSe, intralayer ex-
citons and have a characteristic Raman spectra when exciting the different materials.
Comparing the WSes and MoSes spectra the LF peaks appear similar in both cases but
with their frequencies shifted depending on which material is being excited. This change
in frequency of the LF peaks is likely due to the different masses of the transition metal
atoms. Overall this suggests that the LF modes arise via the same mechanism and are
associated with the different TMDC layers.

The resonance profiles for the LF Raman peaks were analysed and at each resonance
were found to be associated with a single excitonic state. The energies from this analysis
and the assignment of the underlying excitonic state to either the exciton or trion are
summarised in Table 6.29. At both the MoSes and WSes A exciton the LF peaks
are resonant with trion states. However, at the MoSey B exciton it is not possible to
attribute the LF peak resonance to either the exciton or trion. Attempts were also
made to observe the LF peaks when resonant with the WSes B exciton. However, these
measurements were unable to resolve the LF peaks even using exposure times of ~ 1
hour. This is not surprising as the intensity of the LF modes is two orders of magnitude
weaker than the bulk TMDC peaks, and the Raman intensity at the B exciton is also
a order of magnitude lower than the A exciton. Similar, attempts to observe the LF

peaks at 2.33 eV were also unsuccessful.

LF Raman peaks have been reported for both few layer and bulk TMDCs [284, 177, 44],
and are attributed to layer breathing (LB) and shear modes (SM). The LB and SM
modes have been studied as a function of twist angle for both twisted homobilayers and
TMDC heterostructures [27, 107]. The results of Nayak et al. identified the LF peaks
associated with the SM and LB modes in MoSes/WSey heterobilayers and confirmed
their frequencies to be between 15 to 30 cm~! [107]. Therefore, it is unlikely that the
LF peaks observed on HS1 are LB or SM modes due to their higher frequencies between
34 to 64 cm~!. Furthermore, LB and SM modes are the result of collective motions of
the TMDC layers and so we would expect the LF peaks associated with these modes to
have identical frequencies when resonant with either layer. As a result, the observation
of different LF peaks when resonant with the WSes and MoSey excitons provides further

evidence that these are not LB or SM modes.

Energy (eV) XorT
WSey A 1.707+0.001 T
MoSez A 1.6274+0.001 T
MoSe2 B 1.8454+0.001 X/T

Table 6.29: Summary of the energies and assignments for the underlying exci-
tonic states resonant with the LF Raman peaks on HS1.
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A difference between the MoSey/WSes heterobilayers investigated by Nayak et al. and
our samples is the encapsulation between layers of hBN. The coupling of the hBN and
TMDC layers may allow for additional LB and SM in our spectra. Recently, Ding et
al. reported several LF peaks in an encapsulated monolayer of WSy at 28.8, 33.1 and
51.1 ecm~! and proposed that the 28.8 cm™! peaks is a TMDC-hBN shear mode [179).
However, the DFT calculations used to support this assertion are unable to reproduce
the frequency of the observed peak. The choice of WSy as the TMDC layer is also
concerning as the 33.1 cm ™! peak has been reported for unencapsulated WSy monolayers
[177], and the origin of this peak remains unclear. The 51.1 ecm~! has been reported
in several studies and is associated with shear motion between the hBN layers [285].
This frequency is close to the LF peak observed at 52.9 cm™' on HS1, however it is
unlikely that this peak is a hBN shear mode as it is only seen when resonant with the
WSe, excitons. Therefore, SM and LB modes do not seem capable of explaining the LF

Raman peaks observed on HS1.

Our assertion that the LF peaks are not SM or LB modes requires a brief consideration of
why these features are not observed in our spectra. A review of the literature reveals that
the SM and LB modes have only been reported when exciting with energies resonant with
the C exciton above 2.33 eV at room temperature [107, 177, 44]. In addition, neither the
resonance Raman behaviour or the temperature dependence of the SM or LB has been
reported. As a result differences in the experimental conditions may explain the absence
of SM or LB modes, or our samples are not of comparable quality to those reported in
literature. However, the observation of intense interlayer exciton PL for HS2 suggests a
good interface between the TMDC layers. Subsequently, the most likely explanation for
the absence of SM or LB modes in our spectra is due to a difference in either excitation
energy, temperature or the throughput/signal to noise of our system. Notably, all reports
of the SM and LB modes have used notch filters to allow measurements of Raman shifts
<10 cm~!. In comparison the triple spectrometer setup used in our experiments allows
for measurements over a broad wavelength range, but is only able to reliably measure
to within 20 cm™! of the laser line. Therefore, the lack of SM and LB modes in our
measurements is likely due to differences in the experimental setup between our work

and those reported in literature.

The LF Raman peaks are only observed for HS1 and are not seen on HS2, and suggests
that these peaks may be sensitive to the sample twist angle. In twisted homobilayers of
MoSs moiré phonons have been observed and their twist angle dependence investigated
[123]. In heterobilayers the alignment of the layers can produce a moiré interference
pattern, which introduce an additional periodic potential across the sample [181]. The
resulting moiré superlattice is dependent on the twist angle and is spatially larger than
the monolayer TMDC lattice. The resulting moiré reciprocal lattice vector allows zone
folding of large wavevector phonons onto the Brillouin zone centre. To ascertain if the

LF peaks observed on HS1 are moiré phonons an analysis of the phonon dispersion
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Table 6.30: The predicted frequencies for the acoustic phonons have been ob-
tained using the wavevectors indicates in Figure 6.53. The predicted frequencies
of the TA phonons are highlighted as these were used to determine the wavevec-
tors shown in Figure 6.53. The experimental values for the low frequency spectra
from Section 6.3.3 are also provided for reference.

Predicted Frequencies

MoSes WSes

ky ko ks ky ko
LA 64.9 60.7 55.7 56.7 51.7
TA 41.5 39.7 35.8 37.2 33.7
ZA 20 18.8 15.8 17.9 14.6

Experimental Values
1 2 3 4 5
WSes A 34.6£0.1 38.8+1.1 52.9+0.1 57.840.5 -
MoSey A 35.3+0.1 39.14+0.1 42.4+0.1 59.3+0.1 63.5+0.3
MoSe; B 35.440.3 38.94+0.4 42.1£0.2 59.0+0.2 63.84+0.9

relations reported by Kumar et al. [62] for monolayer MoSey; and WSey was carried out.
The phonon dispersion used in this analysis was calculated by Kumar et al. [62] and is

shown in Figure 6.53.

Investigation of the phonon dispersion in Figure 6.53 reveals that the LF peaks must
occur due to the zone folding of the acoustic phonon branches. However, are only three
acoustic phonon branches predicted for monolayer TMDCs and so a single wavevector
cannot explain the number of LF peaks observed on HS1. Instead we propose that the
observed LF peaks are the result of zone folding via both the moiré and crystallographic
superlattice wavevectors. For this analysis we have assumed that the moiré reciprocal
lattice vector is aligned with the I" to K wavevector in the monolayer Brillouin zone,
which is a valid assumption for small twist angles [123]. The LF peaks observed on
HS1 form two bands of peaks between 30 to 45 cm™' and 50 to 65 cm™!. From the
phonon dispersion relation we assert that the higher frequency band is due to zone
folded LA phonons, while the lower frequency band is due to zone folded TA phonons.
The frequency of the two peaks at 35.4 and 39.1 cm™! when resonant with MoSe;
excitons were selected, and the wavevectors required to reproduce these frequencies
were determined using the phonon dispersion relation. The wavevector for the 39.1
cm ™! peak is then interpreted as our moiré wavevector(k,, ), and the difference between
the two wavevectors is defined as our crystallographic wavevector (k.). In Figure 6.53
the three wavevectors corresponding to k;,, k,,-k. and k,,,+k. have been projected onto
the phonon dispersion relations for both MoSes and WSey. For each wavevector the
predicted frequencies of the TA and LA phonons are compared to the experimental

frequencies of the LF Raman peaks in Table 6.30.

Comparing first the experimental and predicted frequencies for the TA phonon in MoSes
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Figure 6.53: The phonon dispersion relations reported by Kumar et al. are
presented here for both monolayer MoSey and WSes. To explore the origin of

the low frequency Raman peaks lines have been drawn at several wavevectors

assuming that each of the peaks arising in the range of 30 to 50 cm™! are

associated with different wavevectors along the TA phonon branch between the
I and K points of the Brillouin zone. This Figure has been adapted with
permission from [62]. Copyright 2019 American Chemical Society.

the experimental and predicted frequencies of the TA (k,,,+k.) phonon are in remarkable
agreement. Likewise in WSey the predicted frequencies of the TA(kas-k.) and TA(k,)
phonons are in agreement to within the errors given. The higher frequency peaks pre-
dicted by the LA phonons and experimental frequencies of the LF Raman peaks are in
close agreement. However, for the MoSey and WSes spectra we observe either the k,,,-k.
or k,,+k. peak but not both in our experiments. Although, it is possible that these
peaks are present in our spectra but are too weak to be clearly resolved. In addition
,the predicted frequencies for the ZA phonons were also obtained but are not shown as
they are all below 20 ecm™!. The lack of a third band of peaks associated with the ZA
phonons in our experimental results is not surprising as the frequencies of these peaks
would be at the limit of our experimental system. Furthermore, these predictions give no

indication as to the relative strength of the ZA, TA or LA phonons and so it is possible
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that the ZA peaks could have a significantly lower Raman cross-section.

Further evidence supporting our proposed zone folding is the predicted frequency for
the A} zone folded phonon. When resonant with MoSes excitons in HS1 an additional
Raman peak is observed at 235.8 cm ™!, and is 5 cm ™! below the A} peak at 240.8 cm™!.
From our analysis the predicted frequency of the A} (ky,) phonon has been extracted,
and the frequency difference between the A/ (T ) and A/ (k,,) phonons is determined to
be 5.1 cm™!. This is in excellent agreement with the separation of the peaks at 235.8
and 240.8 cm~! and supports that this peak is the result of zone folding of the A}
phonon in HS1. In this case we only observe a single peak with no obvious indication of
crystallographic side bands. However, as seen in Figure 6.53 the phonon dispersion for
the acoustic phonons at k,, is approximately linear, whereas the dispersion of the A}
branch is non-linear and does not vary significantly near k,,,. As a result the difference
between the predicted frequencies for k,,, and k,,+k. along the A} branch is less than
0.75 cm ™! and so it may not be possible to clearly separate these peaks in the Raman

spectra.

Thus far the zone folding model presented here is able to reproduce the frequencies of
the LF peaks using only two wavevectors. We propose that these two wavevectors re-
sults from the crystallographic and moiré superlattices. The zone folding of the phonons
results in a low frequency spectrum consisting of moiré folded phonons and side bands
resulting from the crystallographic wavevector. The presence of both crystallographic
and moiré superlattices is expected in homobilayer structures due to the commensurate
nature of the lattice vectors [123]. For our heterostructures the lattice constants of the
MoSes and WSey differ by around 0.2% [286], and so can likely be considered com-
mensurate allowing for crystallographic superlattices. The sizes of the two superlattices
are dependent on the twist angle and are not always identical. As a result, the crys-
tallographic and moiré superlattices can have wavevectors with different magnitudes as

proposed in our model.

The relationship between the moiré reciprocal lattice vector and the sample twist angle
is given by | K™ |= 2bsz’n(g) where 6 is the twist angle, and b is the magnitude of
the reciprocal lattice vector for the monolayer TMDC lattice and Kj; is the moiré and
Kr_g is wavevector for the monolayer BZ along the direction I" to K [123, 181]. In this
case the sample twist angle can be constrained between 0 to 30°, due to the symmetry
of the TMDC lattice. From our analysis using the phonon dispersion relation the ratio
of k,,/Kr_g has been determined for each wavevector and is provided in Table 6.31.
K™ 4sin(g). The predicted value of &=L for HS1

|Kr-xk| |Kr-xkl
is with a twist angle of 57 ° is found to be 0.105 4+ 0.04 where the error was determined

This ratio can be predicted by

using the uncertainty of 1° inherent in the measurement of the twist angle. The values

of K,,,/Kr_x obtained from the phonon dispersion analysis are shown in Table 6.31.
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Table 6.31: Values determined for K,,, K,,-K., K,,+K. and K. were the given
values are the ratio K,,/Kr_g.

K KK Kp+K. K.
0.192 0.175 0.204 0.017

Comparing the results in Table 6.31 to the predicted moiré wavevector we find a factor
of two difference in the magnitudes of the wavevectors. This unexpected result suggests
that the LF Raman peaks are either due to zone folded phonons at twice k,,, or that the
observed LF peaks are two phonon moiré modes. The only other report of moiré phonons
in TMDCs materials to date is in twisted homobilayers of MoSy [123],which observed
Raman peaks consistent with first order moiré phonons. In addition the lack of moiré
phonons in HS2 is unexpected as in MoSs homobilayers the moiré phonons were observed
for samples with twist angles from 10 to 50 °. Therefore, further investigations of other
MoSes /WSe; heterobilayers are necessary to reproduce these results. This would require
measurements with both twist angles near 57° and at a larger angles. This would allow
us to establish if the observed peaks are due to twice the moiré wavevector or if these

peaks are two phonon moiré peaks.

Our measurements have also provided information on the resonance behaviour of the LF
modes, which are resonant with both the MoSes and WSe; intra-layer excitons. At the
MoSes and WSey A excitons a comparison of the LF peak resonance behaviour to the
BS TMDC Raman peaks reveals that the LF peaks are only resonantly enhanced when
resonant with the A trions (See Table 6.29). When resonant with the MoSes B exciton
there is no clear difference in resonance behaviour of the LF or bulk TMDC Raman
peaks. However, the nature of the excitonic states at the B excitons is not well defined
with only a few reports of B trions in literature on TMDCs [254, 88, 253] and with only
one report of clearly separated neutral and charged B excitons [255]. Regardless the
preferential coupling of the LF modes to trions is intriguing. The resonance behaviour
of moiré phonons with the intralayer excitons has not been previously addressed and
so it is not known if this coupling is peculiar to the MoSea/WSey heterostructure. A
possible reason for this may be the charge distribution in the monolayers when resonant
with the trion enhancing the Van der Waals interaction between the constituent layers
and so increasing the interlayer coupling. However, a more thorough analysis of the
possible mechanisms theoretically would be necessary to further understand the nature

of the preferential coupling to trions.

Overall the resonance Raman behaviour of the LF modes suggest that these peaks are the
result of moiré phonons arising from zone folding. The different Raman peak frequencies
when exciting at the MoSes or WSey intralayer excitons can be understood due to the
difference in mass of the Mo and W atoms. The resonance Raman profiles for these
peaks demonstrate that they are resonant with the intralayer excitons in MoSes and

WSe, with the resulting energies in agreement with those obtained from analysis of the
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bulk TMDC peaks. However, when resonant with the MoSes A and WSes A excitons
the LF Raman peaks appear to be only strongly resonant with trions. The physical
reason for this preferential coupling of the LF modes to the trion states is intriguing,
but further experiments on different twist angle samples are required to elucidate the
underlying physics. An obvious continuation of this work would be to investigate the
nature of other heterostructures with a range of twist angles to confirm the origin of the

LF Raman peak as moiré phonons.

6.6 Conclusions

This chapter has presented a thorough analysis of the resonance Raman behaviour of two
heterobilayers with different twist angles. The Raman spectra of both heterostructures
and monolayers have been compared and new peaks identified that are exclusive to the
heterostructures. The most intriguing of these are the low frequency modes observed on
HS1 between 30 to 65 cm™! and the observation of additional higher frequency peaks
exclusive to HS1 when resonant with the WSes B exciton. At the WSey B exciton the
HS1 reveals new peak at 290.7, 309.1 and 353.8 cm™! along with a peak at 240.4 cm ™!
which is surprisingly intense. The resonance behaviour of the Raman peaks reveals that
the typical WSes TMDC peaks (at 248.7, 255.2, 260.4 cm~!) have resonance profiles
which are explained by two excitonic states at 2.110 and 2.164 eV. The resonance profile
of the peak at 240.4 cm~! also appears to be resonant at a different energy but from
analysis is also found to be explained using the two identified excitonic states, but with
much stronger interstate scattering terms. However, assignment of the peaks at 309.1
and 353.8 cm ™! reveals that these peaks are due to the A4(T') phonons for WSes and
MoSes respectively. The peak at 240.4 and 290.7 cm~! can also be explained by the
A (T") and E/(T") phonons associated with the MoSes layer respectively. The appearance
of MoSe, phonons at the WSes B exciton and anomalous resonance of the 240.4 cm™*
peak indicate a hybridisation of WSes and MoSey excitonic states. The AJ(T") point
phonon are not Raman active in monolayer TMDCs due to the crystal symmetry and
suggests that the excitonic state involved is the result of the hybridisation of the WSe,

B intralayer exciton with a interlayer exciton.

For the low frequency modes observed on HS1 between 30 and 65 cm™! analysis of the
phonon dispersion indicates these peaks are the result of zone folded acoustic phonons.
To account for the number of low frequency peaks seen requires zone folding with multi-
ple wavevectors. This is attributed to zone folding with the moiré superlattice wavevector
with additional side band resulting from the crystallographic superlattice vector. This
model can also account for the additional Raman peak on HS1 when resonant with the

! as a zone folded A} phonon. The magnitude obtained for

MoSes excitons at 235.8 cm™
our moiré wavevector is found to be a factor of two larger than expected from theory

and contrasts with results on MoSy homobilayers [123]. This suggests that either the
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zone folded phonons are the result of two phonon moiré Raman peaks or associated with
zone folding at twice the moiré wavevector. However, to further clarify this will require
additional measurements on other heterobilayer samples with larger twist angles. The
resonance behaviour of the low frequency Raman peaks was also analysed and at the
A excitons reveals that they are only strongly resonant with the A trions. Whereas,
the typical bulk TMDC Raman peaks are all observed to have resonance profiles which
require the involvement of both excitons and trions. The coupling of these zone folded
moiré peaks to trions may indicate a different underlying mechanism for the exciton-

phonon interactions and can be further investigated through use of gated samples.

Overall these results demonstrate the ability of resonance Raman spectroscopy to probe
the properties of heterobilayer TMDC samples and provides a powerful probe for inves-
tigating moiré effects. If the proposed interpretation of our experimental results can be
confirmed this will demonstrate the ability of Raman to provide valuable information on
the electronic and vibrational properties of TMDC heterostructures. The development
of resonance Raman as a material sensitive probe for exploring the fundamental physics
of hybridisation and moiré effects, which could lead to new methods for evaluating the

quality of sample interfaces in these structures.
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Conclusions

The aim of this thesis was to explore the different excitonic states in TMDC mono-
layers and heterobilayers using resonance Raman spectroscopy. The resonance Raman
behaviour at the A and B excitons in WSes and B exciton in MoSe, has been probed,
and shown to involve scattering with multiple excitonic states. In TMDC heterobilayers
the effect of twist angle on both phonons and excitons in these materials has been ex-
plored and attributed to the formation of a moiré superlattice resulting in zone folding
of both optical and acoustic phonons. The investigation of the A and B excitons in
heterobilayers has revealed the possible hybridisation of intra and inter-layer excitons in
a MoSey/WSes heterostructure.

Resonance Raman studies of both encapsulated monolayers of MoSes and WSey, were
presented in this thesis. For MoSes and WSes monolayers the resonance Raman spec-
tra have revealed a plethora of both single phonon and multiphonon Raman peaks.
Comparison of these peaks to previous assignments of their underlying phonons in lit-
erature reveals the potential erroneous assignment of several Raman peaks. A thorough
combinatorial assignment of the Raman peaks was carried out using available phonon
dispersion relations, and demonstrated multiple possible assignments for each of the
high frequency multiphonon Raman peaks, which can involve up to third and fourth
order phonon processes. This analysis highlights the difficulty and need for caution
when considering the assignment of Raman peaks. In monolayer MoSey the resonance
Raman profiles demonstrate significant asymmetry, and is the result of scattering with
multiple excitonic states at 1.828 and 1.862 eV, which are attributed to the B trion and
neutral exciton respectively. The resonance Raman measurements also reveal several
continuously dispersive Raman peaks, which indicate the presence of additional large
wavevector dark states. In addition the Raman peaks at 481.5, 531.2 and 581.1 cm ™!
demonstrated anomalous resonance Raman profiles, and are the result of a double res-
onance between the neutral B exciton and a lower energy state at 1.802 eV. A possible

assignment for this state is to the MoSey 2s excited state of the A exciton. The coupling
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of only these three Raman peaks to this excitonic state suggests that the phonons me-
diating this process requires particular symmetries, wavevectors or energies. Although,
the precise scattering mechanism with this lower energy state is still unclear and requires

further consideration.

Resonance Raman spectroscopy of an encapsulated WSes monolayer has revealed three
resonances between 1.7 and 2.25 eV, which are attributed to the 1s A and B excitons
and to an excited 2s (A*) state of the A exciton at 1.866 eV. For the WSey A exciton
the resonance profiles were analysed and indicate this resonance involves a single exci-
tonic state at 1.742 eV assigned to the neutral A exciton. For the WSes A* state the

L are all due to resonance with a

resonance profiles for the Raman peaks near 250 cm™
single excitonic state at 1.866 eV. However, a new Raman peak at 494.6 cm~! is also
observed when resonant with the A* state and found to have an asymmetric resonance
profile. Analysis of the resonance profile reveals this asymmetry can be explained by
resonance with two excitonic states at 1.866 and 1.904 eV and indicates a double reso-
nance process between the 2s and a higher energy state. This higher energy state has
possible assignments to either a 3s/4s excited state or to a large wavevector dark state.
When resonant with the WSes B exciton the obtained resonance profiles demonstrate
a significant asymmetry, due to the involvement of two excitonic states with energies
between 2.133 to 2.144 eV and 2.159 to 2.171 eV and are attributed to the WSey; B
trion and neutral exciton respectively. However, the Raman peaks at 230.5 and 234.5
cm~! only couple to one of the excitonic states, which may suggests a difference in
the exciton-phonon coupling for these peaks. Comparison of the Raman spectra at the
WSey A and B exciton also reveals that at the B exciton the spectra are dominated
by multiphonon Raman peaks. This difference in the relative scattering strength of
the multiphonon peaks is is likely due to the availability of large wavevector states at
the I' when resonant with the B exciton. Lastly, the observation of strong resonances
with both the WSes A and B excitons demonstrates that the atypical exciton-phonon

coupling proposed by Del Corro et al. in WSes is erroneous.

The resonance Raman profiles for both HS1 and HS2 have been analysed when resonant
with both the MoSes and WSes intralayer excitons. Overall the energies obtained for
resonance with the MoSes and WSes A and B neutral excitons are in agreement with
the values obtained for the monolayers. However, at the WSey A exciton in both HS1
and HS2 the resonance profiles are asymmetric and require a two state model involving
both neutral excitons and trions. The appearance of trions in the heterostructures but
not the monolayers suggests this maybe the result of charge transfer between the layers.
In addition for the heterostructures there is no obvious resonance with the WSey A* (2s)
state. At the MoSey B exciton in HS1 the Raman peaks at 481.5, 531.2 and 581.1 cm ™!
have anomalous resonance profiles similar to the double resonance seen in monolayer
MoSes. Analysis of these profiles reveals this is due to resonance with a state at 1.754

eV and the neutral B exciton. In comparison to monolayer MoSes this significantly lower
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in energy than the state at 1.802 eV observed in monolayer MoSes, which was tentatively
assigned to the 2s state of the MoSes A exciton. The involvement of the same Raman
peaks as observed for the monolayer suggest a similar scattering mechanism, and so

could indicate the involvement of an excited 2s state of the MoSey A trion.

For the WSey B exciton the resonance Raman analysis of HS2 is in agreement with
the results for monolayer WSes involving two excitonic states at 2.137 and 2.163 eV
attributed to the trion and neutral exciton. For HS1 the resonance profiles are more
diverse with a Raman peak at 240.4 cm~! appearing to show a different resonance
behaviour to the typical WSey Raman peaks. Despite this it is possible to explain the
resonance behaviour of all Raman peaks on HS1 using two excitonic states at 2.110
and 2.164 eV. On the other hand, the Raman spectra obtained when resonant with the
WSes B exciton on HS1 also reveals several new peaks at 290.7, 309.1 and 353.8 cm™!.
A peak is observed at 240.4 cm~! on HS1 and has a much higher intensity, becoming the

1'is assigned to

dominant Raman peak in the spectra. The Raman peak at 309.1 cm™
the AJ(I") and has been reported in homobilayers and heterobilayers containing WSes
layers. The Raman peak at 353.8 cm™! is also assigned to the A5(I') MoSey phonon.
The participation of MoSes phonons at this resonance leads to the assignment of the
peaks at 240.4 and 290.7 cm~! to the Raman active MoSes A’ (T') and E'(T") phonons.
For monolayer TMDCs the AJ(I') Raman peak is inactive in monolayers due to the
difference in crystal symmetry. The involvement of both MoSes phonons at the WSes
B resonance and required change in symmetry to observe the AJ(I") phonons indicates
the potential hybridisation of the WSes B exciton with an interlayer excitonic state.
However, to confirm and validate this theory will require further Raman measurements

with gated heterobilayer samples.

The resonance Raman behaviour of two MoSes/WSey heterobilayers HS1 and HS2 with
twist angles of 57 © and 6 ° has been investigated. Comparison of the Raman spectra
obtained on both the heterostructures and monolayers has revealed the appearance of
several new Raman peaks in the heterobilayers. For HS1 a set of low frequency Raman
peaks were observed between 30 and 65 cm ™! when resonant with both MoSe, and WSes
intralayer excitons. On HS1 when resonant with the MoSes intralayer excitons a peak at
235.8 cm ™! is also observed in the Raman spectra. Analysis of the resonance profiles for
the low frequency peaks demonstrated resonance with the intralayer excitons, however
these peaks were found to only couple strongly to trion states. Using phonon dispersion
relations analysis of the low frequency Raman peaks reveals that these are zone folded

l'is a zone folded A} phonon. The

acoustic phonons, whilst the peak at 235.8 cm™
zone folding occurs due to the resulting moiré and crystallographic superlattice in the
heterobilayers. Surprisingly, the magnitude of the moiré wavevector obtained from our
analysis is a factor of two larger than the theoretically predicted value. This suggests

that these peaks are either single phonons associated with twice the moiré wavevector
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or two phonon moiré Raman peaks, but further investigation of other heterobilayers is

required to clarify this mechanism.

In general the results of resonance Raman spectroscopy on TMDC encapsulated mono-
layers and heterobilayers have revealed significant information regarding exciton-phonon
interactions in these materials. For encapsulated monolayers we have demonstrated scat-
tering with excited Rydberg states and the potential coupling of B to A excitons via
scattering with multiple phonons. The comparison of low temperature Raman spec-
tra and reported results at room temperature has revealed the potential erroneous as-
signment of Raman peaks in literature and demonstrates the need for more thorough
temperature dependent investigations. For heterostructures the Raman spectra have
allowed the observation of moiré phonons, potential hybridisation of intra and interlayer
excitons and revealed several differences in the energy of the excitonic states involved in
the heterobilayers. From these results it is clear that further measurements of different
twist angle heterobilayers and the use of gated samples will be required to confirm both
the hybridisation of excitonic states and anomalous magnitude of the moiré wavevector.
Nevertheless, these results demonstrate that resonance Raman spectroscopy at cryogenic
temperatures can provide a wealth of information regarding the properties of 2D mate-
rials. The application of resonance Raman to investigate moiré effects and hybridisation
of excitonic states has potential to contribute significantly to the understanding of Van

der Waals structures and inform future applications.
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7.1 Outlook and Perspectives

The aim of this thesis was to better understand the optical transitions in both TMDC
monolayer and heterobilayers. Overall the results from our experiments clearly demon-
strate the abundance of new physics which can be probed using resonance Raman spec-
troscopy. In the short term a natural extension of this work is to perform resonance
Raman spectroscopy measurements on a gated TMDC heterobilayer as a function of
gate voltage. These measurements would be able to confirm the proposed hybridisa-
tion of the WSey B exciton with an interlayer exciton and, given recent publications
[278, 277, 122, 129], is an area of significant interest at present in TMDC research.
Likewise gated measurements would allow for the coupling of the low frequency Raman
peaks to trion states to be probed allowing the underlying mechanism to be elucidated.
These experiments would allow the unambiguous assignment of the neutral and charged
excitonic states and enable more detailed investigations of interstate scattering pro-
cesses. It would also be interesting to further investigate the moiré folded phonons by
measuring additional samples with a variety of twist angles. So far there is only one
other report of moiré phonons which were observed for twisted homobilayers [123]. Our
observation of zone folded phonons at twice the expected moiré wavevector and addi-
tional peaks attributed to crystallographic sidebands may indicate new physics unique

to heterobilayers.

A particular challenge demonstrated in this thesis is the assignment of the observed
Raman peaks in our spectra to the underlying phonons. For multiphonon processes
this is particularly challenging due to the number of different combinations of phonons
which can produce peaks with almost degenerate frequencies. A possibility to aid in
the assignment of these peaks would be a more complete theoretical analysis to evaluate
the symmetries of two phonon and higher order processes allowing the selection rules for
these peaks to be obtained and may reduce the number of possible assignments. Similarly
DFT analysis of the dispersive Raman peaks observed in our experiments would also
clarify their proposed assignments. Our results also suggest that temperature depen-
dence Raman measurements could assist in understanding the Raman peak assignments
and allow for combination modes involving both emission and absorption of phonons
to be identified. Raman studies of the resonant spectra as a function of applied strain
and use of polarisation resolved measurements may also allow for improved assignment
of the Raman peaks. Studies of TMDC alloys, Janus monolayer or isotopically pure
TMDCs [287, 288] could also further our understanding of the different TMDC Raman

peaks and their assignments.

In the medium to long-term the most promising applications of TMDCs are in optoelec-
tronic and valleytronic applications. As demonstrated in this thesis, resonance Raman
can provide information on both the A and B excitonic states interstate scattering and

large wavevector dark states which are not observed in other optical measurements.
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In particular phonon mediated processes are involved in ultrafast charge transfer, for-
mation of interlayer excitons and contribute to valley depolarisation. The coupling of
phonons at the interfaces of 2D materials is also significant and in Graphene limits the
mobility of electrical devices [289]. The understanding of the coupling of phonons at the
interfaces of 2D materials to underlying electronic states could have significant impact
on the practical applications. As a technique resonance Raman spectroscopy provides a

powerful tool to further understand these processes.

Considering the field of 2D materials it is clear that there is still a wealth of physics
to be understood. In particular the area of Van der Waals structures is still relatively
new with the dramatic discovery of superconductivity in twisted bilayer Graphene [28]
occurring within the last two years. The emerging role of moiré effects in these materials
is likely to result in the discovery of other novel physical effects and provides an additional
method for tuning of device properties. At present the limiting factor for the application
of these materials in devices is the scalability of fabrication techniques. Mechanical
exfoliation at present is ubiquitous with the samples utilised in research due to the
high quality and broad array of available materials, whilst CVD, MBE or ALD grown
TMDCs are not yet mature enough for these applications. Although, it seems likely that
the challenges with scalable growth of TMDCs and other 2D materials will be overcome
given time, as has been observed with Graphene through programs such as the European
Graphene Flagship. The array of potential applications of TMDCs and Van der Waals
heterostructures in optoelectronic and valleytronic devices presents an optimistic future
for the field of 2D materials.
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