Anna Carolina Marx Goncalves

Optical properties of suspended and supported MoS,

monolayers

Dissertation presented to the Physics Depart-
ment of the Universidade Federal de Minas
Gerais to partially fulfill the Master of Science
in Physics degree requirements.

Supervisor: Paulo Sérgio Soares Guimaraes

Co-supervisor: Pierre-Louis de Assis

Belo Horizonte

2019



Dados Internacionais de Catalogacao na Publicagéo (CIP)

G6360 Gongalves, Anna Carolina Marx.
Optical properties of suspended and supported MoS2 monolayers / Anna
Carolina Marx Gongalves. — 2019.
55f., enc. :il.

Orientador: Paulo Sérgio Soares Guimaraes.

Coorientador: Pierre-Louis de Assis.

Dissertacdo (mestrado) — Universidade Federal de Minas Gerais,
Departamento de Fisica.

Bibliografia: f. 49-55.

1. Propriedades Opticas. 2. Semicondutores. 3. Matéria condensada.
[. Titulo. 1l. Guimarées, Paulo Sérgio Soares. lll. Assis, Pierre-Louis de.
IV. Universidade Federal de Minas Gerais, Departamento de Fisica.

CDU - 538.9(043)

Elaborada pela Biblioteca Professor Manoel Lopes de Siqueira da UFMG.




v

Universidade Federal de Minas Gerais Telefone (xx) (31) 3499 5637

Instituto de Ciéncias Exatas (xx) (31) 3499 5633
Programa de Pés-Graduagao em Fisica Fax (xx) (31) 3499 5688

Caixa Postal 702 (xx) (31) 3499 5600
30.123-970 Belo Horizonte - MG - Brasil e-mail pgfisica@fisica.ufmg.br

ATA DA S~ESSAO DE ARGUICAO DA 6282 DISSERTAGAO DO PROGRAMA DE POS-
GRADUAGCAO EM FiSICA DEFENDIDA POR ANNA CAROLINA MARX GONCALVES,
orientada pelo professor Paulo Sérgio Soares Guimaraes € coorientada pelo professor Pierre-
Louis de Assis para obtengdo do grau de MESTRE EM FiSICA. As 09:00 horas de treze de
agosto de 2019, na sala 4123A do Departamento de Fisica da UFMG, reuniu-se a Comissé&o
Examinadora, composta pelos professores Paulo Sérgio Soares Guimaraes (Orientador -
Departamento de Fisica/UFMG), Pierre-Louis de Assis (Coorientador - Instituto de Fisica "Gleb
Wataghin"/UNICAMP), Leandro Malard Moreira (Departamento de Fisica/lUFMG) e pelo doutor
Guilherme Almeida Silva Ribeiro (Departamento de Fisica/lUFMG) para dar cumprimento ao
Artigo 37 do Regimento Geral da UFMG, submetendo a bacharel ANNA CAROLINA MARX
GONGALVES a arguigdo de seu trabalho de dissertacdo, que recebeu o titulo de “Optical
properties of suspended and supported MoS2 monolayers”. As 14:00 horas do mesmo dia a
candidata fez uma exposicdo oral de seu trabalho durante aproximadamente 50 minutos. Apos
esta, os membros da comissdo prosseguiram com a sua arguicdo e apresentaram seus
pareceres individuais sobre o trabalho, concluindo pela aprovagéo da candidata.

Belo Horizonte, 13 de agosto de 2019.

g

§ _T/) 7 | ~ <
it
Prof’ Paulo Sérgio Soares Guimaraes
Orientador da estudante

Departamento de Fisica/UFMG

Pt ,t e
TSNS

Prof. Pierré—Léuis de\'Assis

Coorientador da estudante
Instituto de Fisica/UNICAMP

/ %}v fale S henia

//'/5rof. Leandro Malard Moreira
Departamento de Fisica/lUFMG

A A7

AN Y5 )
RIS

Dr. Guilherme Almeida Silva Ribeiro
Departamento de Fisica/lUFMG

Candidata






Acknowledgements

Esse trabalho é fruto de uma das muitas ideias do meu co-orientador, Pierre, a
quem sou imensamente grata. Obrigada por acreditar em mim e confiar que eu seria capaz
de entregar este trabalho. Obrigada, também, por todas as discussoes, e por se fazer

presente no projeto mesmo estando distante.

Ao Paulo, que mais do que meu orientador, é um grande professor, amigo, psicologo
e conselheiro nas horas vagas. Obrigada por absolutamente tudo. Por acreditar que eu seria
capaz. Por me escutar quando eu precisava. Por todos os ensinamentos, seja sobre ciéncia,
seja sobre a vida. Por sempre ter uma xicara de café disponivel. A minha admiracao e

gratidao por vocé sdo imensas.

Agradeco as grandes mulheres que conheci no laboratorio, Barbara, Ingrid e Juliana.
Obrigada por me ensinarem, nao somente ciéncia e praticas de laboratoério, mas também a
ser mulher, fisica, numa 4rea cuja maioria sdo homens. A Juliana, agradeco especialmente
por toda colaboragao. Esse trabalho nao teria sido concluido sem toda sua ajuda. Aos
amigos que fiz no laboratorio, Rafael, Henrique, Tulio e Thiago, por toda a ajuda e pela
amizade que construimos nos ultimos anos. Vocés tornaram meus dias melhores, muito

obrigada!
Aos amigos que fiz na UFMG, Lucas, Stela, André, Rofolfo, Bel, Bonnie, Rodrigo,

obrigada por todas as conversas, risadas e discussoes. Vocés tornaram meus dias na federal
mais agradaveis. Agradeco especialmente ao Lucas, um grande amigo que fiz nesses tltimos
sete anos. Obrigada por todos os ensinamentos, conselhos e ajuda. Obrigada pela paciéncia,
pelos desabafos e por sempre estar disponivel quando precisei de um ombro e ouvido

amigos.

A minha familia, principalmente ao meu pai, Claudio, que sempre acreditou no
meu potencial e me deu todo apoio para que eu pudesse seguir meus sonhos. Agradeco
a familia que eu ganhei: avos, tios e sogros. Especialmente a minha sogra, Aline, uma
grande amiga que a vida me deu. Também agradeco aos meus amigos do Povo de Sempre,

especialmente Clara e Chen, por todos esses anos de amizade.

Ao meu namorado, Mateus, obrigada por todos os momentos juntos. Por me
incentivar e acreditar em todo meu potencial. Por me ouvir e me aconselhar. Pela paciéncia
e compreensao. Por estar sempre ao meu lado, nos momentos bons e ruins. Eu nao teria

chegado aqui sem voce.

Por fim, agradeco as agéncias de fomento, Capes, CNPq e Fapemig, cujo apoio

financeiro permitiu que este trabalho pudesse ser concluido. Muito obrigada.






Resumo

Dicalcogenetos de metais de transicao, como o MoS,, tém atraido muita atencao na tltima
década, dado que sao semicondutores com um gap de energia no infravermelho /visivel,
abrindo caminho para muitas aplicagoes tecnoldgicas e estudos fundamentais. Nesse
trabalho, investigamos as propriedades 6pticas de monocamadas de MoS,, tanto suspensas
como suportadas em substratos de SiOy/Si. Espectros de fotoluminescéncia e Raman
foram obtidos em funcao da temperatura, de 7K a 300K, em vacuo. Vemos mudancas
significativas no espectro de fotoluminescéncia das amostras suspensas e suportadas. Além
das transi¢oes excitOnicas caracteristicas, conhecidas como A e B na literatura, observamos
também a emissao de éxcitons carregados (trions). Apresentamos e explicamos a evolugao
dessas emissoes a medida que varia-se a temperatura. Para baixas temperaturas, duas

novas emissoes se tornam mais evidentes e as atribuimos a éxcitons ligados a impurezas.

Palavras-chave: Dicalcogenetos de Metais de Transicao, MoS,, monocamada.






Abstract

Transition metal dichalcogenides, like MoS,, have attracted a lot of attention in the last
decade, due to the fact that they are layered semiconductors with an energy gap in the
near infrared /visible, opening the way to many technological applications and fundamental
studies. In this work we investigate the optical properties of MoS, single layers both
suspended and supported on a SiO,/Si substrates. Photoluminescence (PL) and Raman
spectra were taken as a function of temperature from 7K to 300 K in vacuum. We see
significant differences in the PL spectra of the suspended and supported samples. In
addition to the well-known excitonic features, called A and B in the literature, we observe
emission from charged excitons (trions). We show and explain the evolution of these
emissions as the temperature changes. At low temperature two new features become more

noticeable and we attribute them to bound excitons.

Keywords: Transition Metal Dichalcogenides, MoS,, monolayer.
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1 Introduction

Transition metal dichalcogenides (TMDs) are a promising family of semiconduct-
ing materials for many technological applications [1-9], owning to their intrinsic near
infrared /red energy bandgap [10,11] and the easiness with which these materials can be
stacked on top of one another, due to the weak van der Waals interaction between the
layers [12]. In addition, their electronic and mechanical properties can be engineered by
their surrounding environment, since these two-dimensional materials are highly sensitive

to the substrate they are placed on [13].

In the past decade, many studies were done on these materials features and
applications, and there is a extensive list of reviews concerning their chemical and physical
properties [14-17]. Even though some reports on the optical properties of both suspended
and supported TMD monolayers can be found in the literature [18-22], a complete study on
the temperature and laser power dependency is lacking. Also, there is not an agreement on
characterizing and addressing the features found in the photoluminescence spectra in these
studies: bound excitons, associated with defect states, and biexcitons are usually attributed
to those unknown states. In this work, we try to identify these features and understand
how they differ for the suspended and the supported MoS; monolayers. We collect the
Raman and photoluminescence spectra in both samples, as a function of temperature and
laser power, in vacuum. We see how these features evolve with the change in temperature

and propose a model for understanding the nature of these features.

In Chapter 2 we present some of the transition metal dichalcogenides properties,
focusing on MoS,. We briefly describe their electronic band structure, optical and me-
chanical properties. We also account for the possible substrate effects that can alter the
intrinsic features of these thin films and we explain the method we applied in obtaining

the monolayers.

Chapter 3 is dedicated to the description of the experimental methods used in this
study. We illustrate every step in the production of the substrates, from preparing the
wafers for the lithography patterning to the etching process for creating the holes and,
finally, the transfer method for placing the monolayers on top of it. We follow with a short
description of the Raman and photoluminescence processes, and then we illustrate the
experimental setup used in the measurements. The last section is a quick explanation of
the AFM method, used in measuring the holes’ depth.

The results we obtained are discussed in Chapter 4. We overview the Raman
spectra for the supported and suspended monolayers and see that it gives a reasonable

confirmation that the films are one-layer thick. We also see indications that the suspended
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monolayer might be under stress. The details of the photoluminescence spectra collected are
treated separately for the supported and suspended monolayers. We see striking differences

between them, and those are addressed individually for each sample.

We conclude our study in Chapter 5, giving a brief summary of this work and
address the issues we found throughout the treatment of the photoluminescence spectra.
We give possible routes to correct those problems and how we intend to keep our study on
the optical properties of the supported and suspended monolayers, not only for MoS,, but
also including another TMD: WS,.



2 Overview of MoSy Features

The family of transition metal dichalcogenides (TMDs) amounts to about 60
different species, with the majority of them being layered structures [23]. The electrical
properties of these materials can vary extensively: metallic, semi-metallic, semi-conducting
and insulating character can be found in these compounds, according to their atomic

coordination in the layer structure.

In this chapter we will review some of the most important features of the semi-
conducting layered family MX, (M = Mo,W; X = S, Se), focusing specially in MoS,

properties.

2.1 Layer Structure

c Arm-chair edge

@ Chalcogenide

Arm-chair edge

@ Transition Metal

Trigonal Octahedral
h Prismatic (11)
Zig-zag edge )
_ C
L s b) )

Figure 2.1 — Structure of a prototypical TMD: (a) side and (b) top views of a monolayer;
(c) the two atomic arrangements. Extracted from [24].

The structural composition of a monolayer (ML) of semiconducting TMDs is a
sandwich-like covalent-bonded layer, where a transition metal sheet is enclosed by two
chalcogen planes. In that way, the monolayer can be viewed as tri-layer structure, which is
coupled to another identical structure by weak van der Waals interaction. The atoms are

arranged in a hexagonal lattice and, depending on their stacking order, these structures
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can give rise to many polytypes; the principal ones being in the trigonal prismatic (2H) or

octahedral (1T) coordination (see Figure 2.1).

Naturally formed MoSs is usually found in the 2H phase, while the 1T arrangement
can be obtained via lithium intercalation. In this work, all monolayers are arranged in the
2H phase, since they were obtained from mechanical exfoliation (see Sec. 2.6.1) of MoSy

crystals.

The 2H phase of bulk TMDs is inversion symmetric, but in the monolayer limit
these materials lack an inversion symmetry: taking the molybdenum atom as an inversion
centre, the sulfur atoms will be mapped out in an empty space. This gives rise to different
behaviours in the band structure and electronic properties of the bulk and monolayer

semiconductors’.

The top view of a TMD structure is that of a honeycomb lattice, similar to graphene,
with an inter atomic distance @ = 3.16 A and an interlayer separation of ¢ = 6.41 A [23].
This hexagonal Bravais lattice is defined by two lattice vectors, which are related to the
lattice parameter a as follows: a; = §(1, V3) and ag = 5(1, —/3), drawn in Figure 2.1b.

2.2 Band Structure and Electronic Properties

For a given Bravais lattice there is a corresponding reciprocal lattice, defined by a

ikr

set of wave vectors k that generate plane waves, ", with the same periodicity of the

direct lattice [25]. That is, k is a vector of the reciprocal lattice if

6zk-(r‘—&—R) _ 6zk~r‘

is obeyed for any r, where R = nja; + neas + nsas> (with ny, ny and ng being integer
numbers) defines the respective Bravais lattice.

The reciprocal lattice can be constructed from primitive vectors by that satisfy
bi : aj = 271'(5@'

where a; are the primitive vectors of the Bravais lattice and d;; is the Kronecker delta.

It is possible to define a primitive cell in the reciprocal space that maintains all the
symmetry of the lattice. This primitive cell, known as the first Brillouin zone, is a surface
enclosing the smallest volume® in the space which contains all the information about
the lattice and can be translated without overlapping itself. For instance, the primitive

vectors of the Brillouin zone for the TMD monolayers, defined in sec. 2.1, generate the

L In particular, the emergence of a spin-orbit splitting of the valence band in the ML, which is treated in

Sec. 2.2.1.
This is the general case for a three dimensional lattice. In the case of TMD monolayers, we take ag = 0.
Again, this concerns a general case in three dimensions. The two-dimensional case refers to an area.
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a 3 a

hexagonal lattice in the reciprocal space. In Figure 2.2a, the Brillouin zone and respective

reciprocal primitive vectors by = 2%(1, L) and by = 27(1, —%), which also describe a

high symmetry points for these materials are sketched.

The first Brillouin zone plays a major role in the evaluation of a crystal’s electronic
properties, since the description of the band structure of the material is done in the
reciprocal space. An electronic band structure is a set of energy values that an electron,
with a defined wave vector within the Brillouin zone, can have. In a simplified way, the
electronic energy bands come from the overlapping of the electronic wavefunctions of the
N atoms that constitute the crystal. Due to this overlap, each atom’s electronic energy
levels split into N levels. With so many atoms (~ 10?* cm™2), these levels are so close
together that is not possible to resolve them individually, and thus it can be considered a
continuum of energies. The range of energies that an electron may have within the crystal

is called a band, while the set of forbidden values is distinctively called a gap.

(a) (b) E ] %%

M r K M r K

Figure 2.2 — (a) First Brillouin zone of a TMD monolayer with the high symmetry points

highlighted: I' = [0,0], M = [£,0] and K = [, —¥3]. (b) Electronic band

structures calculated for some TMD monolayers. M, I', K are the high
symmetry points as shown in (a) and Ep is the Fermi energy. Black lines
include spin-orbit splitting (Sec. 2.2.1) and red lines do not. Adapted from [26].

The electronic band structure can give many informations about the material’s
electronic properties. The two most important energy bands are the conduction and valence
bands, and their position relative to the Fermi level. The latter is related to the occupation

number of electrons in a band, and can be seen as the energy of the most energetic valence
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electron in the ground state at zero Kelvin [27]. At room temperature, the Fermi level can
be located within a gap or an energy band. For the first situation, the material can be

either an insulator or semiconductor, while in the other case, it behaves as a metal.

The highest occupied energy band at zero Kelvin is called the valence band, while
the lowest unoccupied energy band at zero Kelvin is known as the conduction band.
In metals, these two bands overlap, while in semiconductors and insulators there is a
separation between then; for the former the gap is up to 4eV and can take even greater

values in the latter case.

Figure 2.2b shows the band structures calculated for the most studied TMD
monolayers. There is a clear bandgap, ocurring at the K point, of approximatelly ~ 2eV
in each material, evidencing their semiconducting behaviour. This bandgap energy value

is related to the optical properties of these materials and will be addressed in Section 2.3.

In the complete description of the band structure of a crystalline solid, one needs
to account for the properties of all valence electrons by computing the corresponding
wavefunction for the system. The exact solution for the Schrodinger equation relies on a
set of 3N coupled second order differential equations, where N is the number of electrons
in the solid. This task becomes overly complicated to perform computationally, and only

approximated solutions are possible.

To deal with this problem, Walter Kohn and John Pople presented a method that
relies on the collective properties of the electrons, such as the electron density, to describe
the ground state electronic properties of the material: the Density Functional Theory
(DFT) [28]. Although this is still the most used method in computing the band structure of
many solids, other complementary methods can be used to account for deficiencies in the
DFT mode. For example, since DFT has an in-built underestimation of the bandgap value,
it cannot account properly for the excited states and its application is limited to lattices
with a small number of sites only. The GW approximation is a method that uses Green
functions to account for the exchange and correlation effects, providing bandgap values
closer to the obtained experimental values [29]. Another method is the tight-binding method,
which is related to the Linear Combination of Atomic Orbitals (LCAO) method and is
based upon the linear superposition of atomic wavefunctions in each lattice site [30-32].
There is also the k- p theory, which relies on a perturbative analysis of the system’s

Hamiltonian to compute the energy bands [33,34].

The energy band theory encloses even more information about the electronic
features of the crystal. For instance, it is possible to obtain an important parameter based
on the curvature of the bands, called the effective mass. Taking, as an example, the model

of a free-electron, its energy is related to its momentum as

p=2 (2.1)
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while the momentum p can be written
p = hk (2.2)
in terms of the wave vector k. Substituting 2.2 into 2.1, we obtain

27.2
E:hk

- (2.3)

which is known as the energy dispersion relation. This gives rise to the curvature of the
bands in the electronic band structure, since the energy is a function of the square of the

wave vector.

The curvature of the bands can be calculated by differentiating the energy twice
with respect to the wave number:
d’E  K?
a2~ m
and conversely we can see that the mass of the electron is an inverse function of the

curvature of the bands: )
h

" RE/dk

(2.4)
Although this was calculated for a free-electron model, equation 2.4 still applies to
electrons in a crystal, and the generalization would be:
h2
d2E/dk? (25)
where m* is called the effective mass of a particle. This becomes an important concept
when evaluating the valence and conduction bands, since most commonly they will not

have the same curvatures?.

Not only the curvatures of these bands are generally not the same, but their minima
an maxima can be located at different wave numbers. The characteristic energy gap of a
material is denoted by the one with with the least energy difference between a conduction
band minimum (CBM) and valence band maximum (VBM). If the CBM and VBM are
located at different values of k, then the gap is said to be indirect; if they are located at

the same k, then the gap is a direct one.

In transition metal dichalcogenides, there is a change from an indirect energy gap
to a direct one, when they go from bulk to monolayer [10, 11,30, 35]. In the monolayer
limit, the CBM and VBM are both located at the K point in the Brillouin zone and their
separation is of the order of ~ 2 eV, as mentioned before (for MoS, the calculated value is
1.9 eV, see Fig. 2.3). Yet, in the bilayer and multi-layer form, the least energetic gap is an
indirect one, with the VBM located at the I' point and the CBM midway between the K

and [' points. This gap is even smaller than the monolayer direct gap, with a value close
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MDSE bulk MDSE bilayear MDSE monolayer

E. [Hartree]

Figure 2.3 — Calculation of the dispersion relation for two different TMDs, MoS, (top)
and WS, (bottom), evidencing the clear transition, as the number of layers
is reduced, from an indirect-gap semiconductor in bulk form to a direct-gap
one in the monolayer limit. The red dashed line represents the Fermi energy,
the green curve is the bottom of the conduction band and the blue line is the
top of the valence band. The arrows indicate the fundamental bandgap for
each case. Modified from [35].

to 1.2 eV in bulk MoS,, as shown in Fig 2.3, which also includes the calculated band gaps

for mono- and multi-layer WS, for comparison.

Some other interesting electronic properties of these TMD monolayers arise due to
their reduced size in the direction perpendicular to the layer of atoms and the interaction of
the electronic orbitals of the heavy elements in their composition. Those will be accounted

for separately in the two sections that follow.

2.2.1 Spin-Orbit Splitting

The electronic configuration of the transition metal atoms shows that the valence

electrons are located within the d-shell, while for the chalcogenides the electronic distribu-

4 A brief comment on this is made in Section 2.2.2
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tion of the carriers is mainly in the p orbital. In the TMDs, the band structure can be
approximated by transition metal’s d-orbital partially filled bands between hybridized s-p

bands that arise from the transition metal-chalcogen interaction [36].

The valence electrons from the d shell in transition metals exhibit high angular
momentum which interacts with the electron’s spin magnetic moment, giving rise to
a strong spin-orbit coupling (SOC). In this case, the electron spin interacts with the
magnetic field created by the electron’s orbital angular momentum, thus affecting the
energy levels in the band structure. This can be treated by perturbation theory, lifting the
energy degeneracy in the band structure in monolayer TMDs and which can be seen as a
spin-orbit splitting (SOS) of the valence and conduction bands [26, 36, 37]. Figure 2.2b
shows a calculation for the band structure of MoS, and WS, monolayers including the
SOS (black solid lines). It is important to notice that the splitting is much larger in the
valence band than it is in the conduction band. This is so, because the valence band is
mainly constructed from the d-orbitals, while the conduction band is formed essentially

from hybridized s-p orbitals.

Figure 2.4 — Spin and valley coupling in transition metal dichalcogenides, with the optical
selection rules in each valley for a monolayer TMD, evidencing the splitting
bands in each point. The SOC induced splitting in the conduction band is
denoted by A., while A, is the SOC induced splitting in the valence band. The
colours represent the spin-locking for each band edge: green for spin-down
and orange for spin-up. Adapted from [38].

Another effect on the band structure of these monolayers is due to the lack of
inversion symmetry in odd-numbered layers TMDs. In this case, for the lowest energy
bands in the high symmetry points, the band edges at K and K’ points will have opposite
spin signs, which is known as the spin-valley coupling [38—40]. In that way, the spin-down
state at K is degenerate with the spin-up state at the K’ valley, shown schematically in

Figure 2.4. This becomes interesting when exciting the electrons from the valence bands
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to the conduction bands with polarized light, since the K and K’ points will be excited

with opposing polarizations, as illustrated in Figure 2.4.

2.2.2 Excitonic Features

An electron in the valence band can be excited to the conduction band provided
that it acquires enough energy to cross the energy gap between the bands. When this is
the case, the conduction band is filled with an electron and the valence band is left with a
deficiency of it. This absence of an electron, called a hole, behaves as it was a particle,
very similar to the one it was originated from, but has a positive charge and a negative

mass associated with it.

The arising positive charge is related to the conservation of charge in the material:
since the conduction band has acquired an electron with a negative charge, the crystal
must maintain its neutrality and thus the valence band’s hole must be positively charged.
The negative mass, in turn, comes from the curvature of the top of the valence band,
as can be seen from Equation 2.5, which shows that a negative curvature of the band is

associated with a negative effective mass.

Both electron and hole are free to move within the crystal’s band they are located
in and contribute to the crystal’s electronic features. Since they have opposite charges,
they can interact with each other via Coulomb attraction and this interaction gives rise
to a new quasi-particle called the ezciton [41]. In this view, the excitonic behaviour of a
material depends on its energy band structure and also on the dielectric environment it is

enclosed.

In a modest approximation, the exciton can be treated within an hydrogenic model,
where the negative electron and the positive hole orbit each other. It is possible, then,
to characterize them in two different regimes: the Wannier-Mott or Frenkel types. The
former describes interactions with a large radius, surrounding many lattice atoms and a
small binding energy (see Figure 2.5a); and the latter, in contrast, refers to those with a

radius compared to the lattice constant and a strong binding energy (Figure 2.5b).

The formation and stability of excitons in a material depends on their attractive
potential, since they can be scattered by other quasi-particles in the material as, for
example, phonons®. The number of phonons in the system is proportional to the thermal
energy, kg1, where kg is the Boltzmann constant and T is the temperature. At room
temperature, kg ~ 0.025eV. For the Wannier-Mott type of excitons, the large radius imply
a small binding energy (~ 0.01eV) and in the Frenkel regime this energy is much higher
(~ 0.1—1eV). Thus, Wannier-Mott excitons can be seen mainly at cryogenic temperatures,

while Frenkel ones are stable at room temperature conditions.

> Phonons are quantized vibrational modes of the lattice.
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Figure 2.5 — Schematics of the (a) Wannier-Mott and (b) Frenkel excitons. Adapted
from [41].

Since TMD monolayers present a strong confinement of electrons in the planar
direction, there is a strong excitonic behaviour of these materials even at room temperature
[10,42,43]. This is characteristic of the Frenkel regime, as the electrons and holes will
be spatially close together in the direction perpendicular to the plane of the monolayer.
Nonetheless, the excitonic properties in these materials remain mostly close to the Wannier-

Mott regime.

Also, the spin-orbit splitting in the valence band, mentioned in Section 2.2.1
gives rise to two excitonic energies, known as excitons A (highest valence band; smallest
energy) and B (lowest valence band, highest energy). These excitons are present in all four
semiconducting TMDs (MoSy, WS, MoSe, and WSe,), with slightly different energies

between each other.

Another important excitonic feature of these two-dimensional semiconducting
materials are the charged exciton (also known as trion) and the system formed in the
two-excitons interaction (called biexciton). A trion occurs mainly in doped semiconductors,
where one of the charge carriers has a higher concentration than the other one. The extra
charge carrier interacts with the neutral exciton, forming a charged quasi-particle. A
negative trion emerges from the interaction of a neutral exciton and an electron, and a
positive trion arises from the hole-exciton state formation. MoSs and WS, are known to
present high negative-trion intensities, in some cases even exceding the neutral-exciton
intensity in their luminescence® spectrum [44,45]. In contrast, biexcitons appear in systems

with high densities of neutral exciton states and due to the mutual interaction between these

6 Photoluminescence phenomena is explained in Section 3.2.2.
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quasi-particles, the biexciton energy is located below the exciton and trion energies [46-48].

These excitonic features can appear through many mechanisms, such as application
of electric fields [44,49], through high laser excitation powers [45,47], defect states [48,50]
and doping. The latter is covered in Section 2.5.2 for the substrate-type doping.

2.3 Optical Properties

The light-matter interaction can occur in many different ways. The easiest way to
classify them is by accounting the distinct phenomena that can happen, such as reflection,
propagation and transmission. As light is shone to the material, some will be reflected
from its surface, the remaining light will propagate through the material and whichever (if
any) light reaches the back surface of it, it can be either reflected again or transmitted to
the other side [41].

When propagating through a medium, there are other optical phenomena that the
incident light can experience. Examples are refraction, scattering, absorption, luminescence
and non-linear effects, that can change the direction, frequency and intensity of the
incoming beam. In refraction, the velocity of the light wave is changed inside the medium
and this can lead to the bending of the light rays, described by Snell’s law. Scattering is
responsible for changing the direction and possibly the frequency of the incident light,
and thus reducing the intensity of the collected beam. The absorption process can occur
if the frequency of incoming photons is resonant with energetic transitions of the atoms
and molecules in the material. The excited atoms can then decay to lower energy states
in a radiative or non-radiative way. Radiative processes are associated with a photon’s
emission, while in non-radiative processes the atom can dissipate energy by other means,

such as phonon emission.

These process are important in the characterization and description of the material’s
optical properties. For instance, refraction and absorption are linked to the complex
refractive index 1 = n + ik, where n is a ratio between the velocity of light in two media
and k is the extinction coefficient, which is related to the absorption coefficient («) as:
o= 4”7’“, with A the wavelength of the light in vacuum [41]. The real part of the refractive
index (n) can be used in the optical identification of monolayer TMDs [51], as the optical
contrast of these films and the substrate in which they are sitting is related to the difference
between their indexes. The absorption coefficient is, in turn, related to the luminescence
spectra of these materials, since they will absorb light with frequencies that are at least

the size of their bandgap.

The direct gap in the monolayers of the semiconducting transition metal dichalco-
genides, along with the spin-orbit splitting and pronounced excitonic behaviour, gives

rise to many features in their optical spectra. For instance, their intrinsic bandgap is
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Figure 2.6 — Photoluminescence (PL) spectra of monolayer, bilayer, hexalayer and bulk
MoSs: (a) Original and (b) normalized data. Extracted from [11]. (¢) Absorp-
tion spectra (black) and corresponding PL (red) from MoS, mono and bilayer.
A and B are the corresponding excitonic transitions and I is the indirect gap
energy. Adapted from [10].

located in the red or infrared part of the electromagnetic spectrum, which accounts for
their strong light absorption in the visible region [10]. Not only that, but the direct gap is
responsible for the strong luminescence intensity of the monolayers, in contrast with their
bulk counterparts, which present an indirect bandgap [11]. These features are shown in
Figure 2.6 for MoS,.

The photoluminescence (PL) spectrum of ML TMDs is characterized by two
distinctive peaks, which are attributed to the excitonic transitions at the K (or K’) valley,
and are labelled A (lowest energy) and B (highest energy). In the case of MoS,, the
experimental values found for these energy transitions are ~1.8-1.9 eV (A exciton) and
~2 eV (B exciton).

The PL spectrum is heavily influenced by the temperature. At cryogenic tempera-
tures the excitonic features can be easily resolved from one another and their intensities

are usually higher than in room temperature measurements.
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2.4 Mechanical Properties

The elastic properties of homogeneous and isotropic materials can be described by
the Young’s modulus (Y), which measures the stiffness of a solid and is defined as:
1 d?E,

Yy — —
Vo de?

(2.6)

where € is the strain, F; is the strain energy (calculated from the difference between the
unstrained and strained system) and Vj is the total volume. For monolayers, instead if
calculating the Young’s modulus, the in-plane stiffness

1 d?E,

C:Sio de?

(2.7)

is regarded a better parameter for evaluating the elastic behaviour of the material. In this

case, Sy is the sample’s surface area.

Molybdenum disulphide monolayers, although apparent fragile, are regarded as
very hard, with in-plane stiffness calculated by Ataca et al. [52] as C = 145.8 Nm ™! and
by Yue et al. [53] as C = 123N m~!. Also, an experimental value of the Young’s modulus
was reported to be Y = (270 £ 100)GPa, which is comparable to stainless steel (205 GPa)
but softer than graphene (1000 GPa) [54].

Another feature of these materials is related to the vibrational modes of the lattice,
known as phonons. Phonons are quantized modes of vibration in the material and can be
treated as plane waves, where the frequency and wavenumber are related by the dispersion
relation. They can be classified as either optical or acoustic. In the latter case, the motion of
the atoms resembles that of an acoustic wave (hence the name), where the displacement of
all the constituent atoms will be in the same direction at any given moment. For an optical
phonon, the displacement of different charges are in opposite directions. The phonon is
called optical because it is usually excited by optical radiation. Figure 2.7 schematically

shows the two types of phonons.

. Optical mode Acoustical mode

Figure 2.7 — Schematics of the optical and acoustic phonon modes in a diatomic linear
lattice. Extracted from [27].

One way to determine at least some of the phonon energies is through Raman
spectroscopy, which is explained in Section 3.2.1. The Raman spectrum changes slightly
for each type of TMD, but two main frequencies appear consistently in their spectra: the

in-plane Ej, and out-of-plane A;; modes (Figure 2.8). The distance between these two
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modes in the Raman spectrum is an indication of the number of layers of the material, as
the two modes tend to shift away from each other with increasing thickness [21,55]. For

MoS, monolayers, this separation is between 18-19 cm™1.
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Figure 2.8 — (a) Raman spectra for few- and multilayer MoSs, evidencing the character-
istic frequencies Ej, and Ay,y. (b) Dependency with layer tickness for the
frequency difference of the main Raman modes of MoS,. Adapted from [55].
(c) Schematics of the Raman modes for TMDs. Extracted from [50].

2.5 Substrate Effects

The optical and electrical properties of monolayers of transition metal dichalco-
genides are heavily influenced by the substrate they sit on, due to the reduced size of
the former in the vertical direction. Dielectric constant, defects and charge impurities,
roughness and even the thickness of the supporting material can alter the TMDs intrinsic

properties.
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Since the substrate performs a very important role in the monolayer features, this
section is intended to give an insight on how these changes arise. Each point will be briefly
covered and the reader is referred to [13] for a detailed account of the substrate influence

on TMD monolayers.

2.5.1 Mechanical Strain

There are many different ways to produce strain in two-dimensional materials. As
they consist of large-area slabs of reduced thickness, the adherence to a supporting substrate
is usually via the van der Waals interaction. Van der Waals forces are proportional to the
contact area and, if they are high enough, can deform the monolayers. In the exfoliation
process, wrinkles, ripples and even bubbles can appear in these materials; for Chemical
Vapour Deposition (CVD)-grown samples, the mismatch between expansion coefficients
can cause a strain in the sample during the cooling process [56]. Mechanical strain can
also be applied via Atomic Force Microscopy (AFM) indentation [54,57], engineering of
the 2D materials by an elastic polymer substrate [58-62] and suspension over structural
arrays [63,64].

The electronic properties of these materials are known to change with strain
application. For instance, the photoluminescence intensity of monolayer MoSs is diminished
with increasing tensile strain, indicating a cross-over from a direct to an indirect gap [59,63].
Also, a semiconductor to metal transition upon 8% tensile strain and 15% compressive
strain was calculated in [65]. Another work related the mechanical coupling of the film
with the substrate to the amount of doping in the TMD [18]. In this case, when an MoS,
film is placed closer and in uniform contact with the substrate, there is an efficient charge
transfer to the ML, which appears as an enhanced intensity of the negative trion in the

photoluminescence spectrum.

Since the Raman spectra is directly related to the mechanical properties of the
material (Sec. 2.4), it will also be affected by the applied strain. A redshift of the active

modes, Eég and Aj,, has been reported for MoS, under uniaxial strain [62].

2.5.2 Charge Transfer

In the junction formed between the TMD and the substrate, the charge transfer
occurs when electrons flow from the material with the higher Fermi level to that with
the lower one. In this process, a surface potential appears, owing to the accumulation of
charges in the monolayer, and this can give rise to surface states (such as charge traps). In
this way, the electronic structure of the TMDs can be modified, reflecting in changes in

the optical and electronic features of the material.

Many works have reported that the photoluminescence emission of a TMD mono-
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layer is strongly influenced by the substrate they sit on [18,66,67]. There is a noticeable
peak shift in the luminescence spectra and the intensity can be enhanced or diminished,
depending on the substrate. Not only that, but the luminescence intensity is higher for

suspended monolayers, compared to the supported ones [22,67].

These phenomena are attributed to a charge transfer that occurs between the
substrate and the TMDs, suppressing the neutral exciton emission and thus evidencing

the emission from the trion.

2.5.3 Optical Interference

The intensity from both Raman and photoluminescence spectroscopy can be either
enhanced or reduced by the optical interference arising from reflection and refraction
effects at the interface between the monolayer and the substrate. A work done on MoS,

monolayers, deposited on different types of substrate, shows how this effect takes place [66].

(a) (b)
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Figure 2.9 — Interference effect on the interface between (a) two and (b) various media,
as can be illustrated for the monolayer on top of different substrates. Taken
from [66].

The monolayer on top of the substrate is seen as a vertically stacked medium,
consisting of three different interfaces: (i) the boundary between the air and the monolayer
and (ii) the boundary between the monolayer and the substrate (see Fig. 2.9a). As more
layers are added between the interfaces (Fig. 2.9b), the optical path becomes more elaborate.
The thickness of each layer, as well as their optical constants, can affect the interference

pattern, and thus influence in the resulting intensity.

In the mentioned work [66], it was seen that the intensity of monolayer MoS, in

different types of substrates can be enhanced by a factor of ~4 compared to that on top
of SIOQ
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2.6 Production of Monolayers

There are several ways to obtain few-layer flakes of the TMDs. Top-down approaches
include the scotch-tape method (also known as micromechanical cleavage) and chemical
exfoliation, while some bottom-up ways are Chemical Vapour Deposition (CVD) [68,69],
Physical Vapour Transport (PVT) and Molecular-Beam Epitaxy (MBE) [70]. Samples
obtained in top-down approaches have a higher quality and are suitable for studying the
intrinsic characteristics of the material. On the other hand, bottom-up methods produce
larger flakes, which is desirable for application in electronic and optical devices, but the
samples generally have a large amount of impurities and consequently a lower quality

compared to the ones produced via top-down approaches.

For the purpose of our work we used the mechanical exfoliation technique to obtain
the monolayers, as we wanted few um large sheets and the least amount of defects as

possible.

2.6.1 Mechanical Exfoliation

Figure 2.10 — Mechanical exfoliation process. The yellowness of the picture comes from
the clean-room’s illumination, place where the samples were produced. (a)
Tape covered with flakes of MoS,. (b) Flakes of MoS, being transfered to a
viscoelastic material (gel film).

The layered structure of these TMDs makes it possible to obtain few layer samples
by mechanically exfoliating the crystals, in a technique known as micromechanical cleavage,
first used in the production of graphene [71,72]. In the process, a tiny piece of the crystal
is placed on an adhesive tape and from it small flakes of the material will be originated,
reason why this first piece of bulk crystal is commonly called seed. Another tape is pressed
against the one containing the seed, and a few flakes are transferred to this strip. These
are generally multi-layer flakes, and the few and single layer ones are often not as many.
To overcome this issue and facilitate finding fewer layer regions, this new tape is pressed
against itself and to other tapes if necessary, exfoliating the multi-layer flakes. An image

of a tape made in this process is shown in Figure 2.10a.
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Figure 2.11 — Exfoliated monolayers of TMDs characterized by (a, ¢) optical and (b, d)
fluorescence microscopy. Top is WS, and bottom is MoS,.

After filling the tape with flakes, a last exfoliation is necessary to transfer them
to a desired substrate (commonly a SiOy/Si wafer or a transparent gelfilm). The tape is
cut into pieces, carefully enclosing one or two flakes, and then each piece is put in contact
with the supporting material, as demonstrated in Figure 2.10b. Each slice of tape is slowly
peeled off from the substrate, leaving as many flakes as possible on the latter. The prepared
samples are then taken to an optical microscope, where the mapping process takes place.
In this step, optical contrast between the flakes and the supporting substrate is used to
identify prospective monolayers. Since one-layer TMDs are direct gap semiconductors (Sec.

2.2) and bilayers to bulk are indirect ones, the probable candidates from the last step are
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confirmed (or discarded) using fluorescence microscopy. This imaging technique relies on
the radiation emitted by the sample, when excited by an ultraviolet (mercury) lamp, so
monolayers will appear brighter than all the rest. Figure 2.11 shows examples of exfoliated

monolayers found by optical and fluorescence microscopy.
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3 Experimental Methods

The goal of this project was to observe and understand the changes in the optical
features of strained monolayers of MoS,. To accomplish that, we performed Raman and
photoluminescence spectroscopies in MoSs monolayers, suspended over pre-etched holes
in a SiO,/Si substrate, to try and understand the differences in both suspended and
substrate-supported monolayers. The procedures employed in making the sample, as well

as the experimental setup used to measure them, are described in the sections below.

3.1 Sample Preparation

To create the holes in the substrate, we used electron-beam lithography followed

by fluorine-buffered etching.

The process of lithography consists in exposing a sensitive film, known as resist, to a
beam of either light (photolithography or optical lithography) or electrons (electron-beam
or e-beam lithography) in order to draw patterns on the surface of the resist. The exposed
material is then treated in a developer solution, dissolving part of the resistive film. There
are two types of resist: positive and negative ones. For positive resist, the surface exposed
is dissolved in the development process, while for negative resist, the developer acts on

the unexposed surface.

For the photolithography process, the pattern resolution is limited by the optical
apparatus and the wavelength of the light (generally UV) to about 1pum, while in electron-
beam lithography this resolution can be sized-down to write sub-nm features. For the
purpose of this work, the holes were designed to have about 5pm in size and e-beam

lithography was used for better hole definition in the matrices.

We prepared the substrates by spin-coating them with a positive resist film (PMMA
950K-C4). Each wafer was covered with a few drops of PMMA and put to rotate for 1
minute in a spinner. To form a thin even coat of resist in the surface of the substrate, the
rotation velocity of the spinner was set to 4000 rpm and the centripetal acceleration to
500 rpm/s. Next, the wafer was heated by 180°C for 90 seconds in a hot plate, to solidify

the resist film and evaporate solvents at the interface.

The following step was drawing the desired pattern in the substrate via e-beam
lithography. To achieve the intended size and definition of the hole shape, the parameters
set for the incident electronic beam were an acceleration tension of 20kV and a 225 pC cm ™2
dose. We wanted to explore different shapes of cavities to study how the strain would

affect the clamping parameters, so we designed three types of matrices: circles, squares
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and equilateral triangles (see Fig. 3.1).

Figure 3.1 — The three types of shapes drawn via lithography, after etching the substrate.
Circles have 5 pm diameter, and squares and triangles have sides of 5 pm in
size. Each shape centre is spaced by about 15 pm from the adjacent one.

After writing on the resist-covered-substrates, they were immersed in a ~3mL
developer solution consisting of isopropyl alcohool (IPA) and methyl isobutyl ketone
(MIBK) in a 3:1 proportion. Each substrate was left for about 2 minutes in the solution,
washed out with IPA for about 30 seconds and dried out with compressed air. In this step,
the exposed resist is removed by the developer, leaving a mask of unexposed resist over
the wafer surface. This mask permits the surface that is not covered to be removed by an

etching mechanism.

To remove the exposed SiOs layer, we used a fluorine-buffered etching, prepared
from 28 mL of hydrogen fluoride (HF'), 170 mL of deionized water (DI HyO) and 113 g of
ammonium fluoride (NH4F). The substrates were left in the solution for 4 minutes and 30
seconds, then washed out with DI HyO for a short time and left to dry (some of them
were dried with compressed air, resulting in no difference from the other ones). The rate of
etching with this recipe in SiO, is approximately 70 nm/min, which would result in holes
with ~300nm depth (the SiO, layer is about 285 nm, which means that some of the Si
layer would be removed as well). From previous try-outs we saw that this rate is not linear
in time, and the holes created were not as deep, as evidenced by AFM measurements (see
Sec. 3.3).

After etching the substrate, the PMMA needed to be removed. Two processes were
used in this step. First, the substrates were immersed in a 60 °C heated acetone in a hot
plate for about 5 minutes, then cleaned with IPA and dried out with compressed air. The
second method was a plasma-cleaning session. The wafers were left in a plasma chamber
filled with Os gas, with a pressure of 0.300 mTorr, for about 20 minutes. The first 10
minutes were used to purge the chamber and in the remaining 10 minutes, a RF power of

150 W was turned on, so ionized gas particles would gain enough kinetic energy to clean



3.1. Sample Preparation 23

the samples and get rid of the remaining PMMA. Some of the etched, cleaned substrate

matrices are shown in Figure 3.1.

The final step was the transfer of MoS, monolayers to the pre-etched wafers. We
adapted the system used in Ref. [73] and also depicted in Fig. 3.2a, but instead of a
microscope, a long-working distance objective was attached to a camera connected to a
screen. The method used for transferring the monolayers to the substrate is also based on

this same reference.

() (b)
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Stamping stage ’ Long working-distance with tape
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Figure 3.2 — Schematics of the transference (a) system and (b) method used in suspending
the MoSy monolayers over the hole matrices in SiOs substrates. Extracted
from [73].
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upside down of the target substrate

A brief description of the transfer method is depicted in Figure 3.2b. Firstly, MoS,
(crystal from HQ-Graphene) flakes are transferred to a small piece of a viscoelastic material
(a Gelfilm from Gelpak) by the exfoliation technique and the monolayers are identified
in the same way described in Sec. 2.6.1. The substrate is then fixed to the sample stage
and the film containing the selected monolayer is put on a glass slide, which is turned
upside down and placed above the substrate. Since the film is transparent, it is possible to
align the monolayer on the wafer surface, in a way that it lays just above the holes in the

patterned matrix.

The monolayer is brought near the surface of the wafer and the substrate is heated
to 50-60 °C. By slowly pressing the film over the substrate for about 2 minutes and then
slowly peeling it off, the monolayer is adhered to the SiO, surface, covering the etched
holes. This last step was the one most prone to failures and a lot of try outs were needed
before achieving satisfactory results. Figure 3.3 shows two samples obtained using this

technique.

Since the optical properties of these materials are affected by the substrate (see
Section 2.5), the free-standing monolayers should present stronger luminescence than the
substrate-supported ones. This was used as an indication that the transfer method was
successful and the monolayers were actually suspended over the holes. To observe that,

we performed fluorescence microscopy in the final samples, and observed that in fact the
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Figure 3.3 — Samples of MoS, over different hole shapes in SiO5 obtained by the methods
described in this section. (a) Optical microscopy and (b) fluorescence mi-
croscopy images of MoS, suspended over squared holes. (¢) Optical microscopy
and (d) fluorescence microscopy images of MoSs suspended over a circular
hole.

suspended monolayers had a higher emission yield than the supported ones (Fig. 3.3).

In Figure 3.3, the light-purple area enclosing some of the holes in (a,b) are the
MoS, monolayers, while few-layer ones are the darker-purple/blue regions. The light-green
squares and circle are the covered holes where the monolayer is suspended, while the
darker-green ones represent the region where the monolayer collapsed to the bottom of
the hole. The suspended monolayers are the brightest features in Figure 3.3(b,d), while

the supported and collapsed ones can still be seen, but not as bright.

Finally, we wanted to apply strain to these samples and perform optical measure-
ments to observe the changes in the monolayer. To do so, we used the fact that TMDs
are impermeable to standard gases, so the covered hole could be seen as a cavity with
trapped air molecules and pressure equal to the atmospheric pressure. Placing this sample
in vacuum would create a pressure difference between the inside and outside of the cavity,

making the monolayer bulge [63,74], and consequently causing a tensile strain in it, as
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shown schematically in Figure 3.4.

Po Z2a, Da
-
Si0, Po h Pi
L J
a b

Figure 3.4 — Schematics for creating a tensile strain in the suspended MoS; monolayers
by putting the sample in a vacuum chamber. p, is the atmospheric pressure,
Do is the vacuum pressure and p; is the pressure inside the cavity when the
system is put on vacuum. h is the height of the hole and 2aq is the lateral
size (for squares and triangles, for circles is the diameter). Adapted from [74].

3.2 Raman and Photoluminescence Spectroscopy

As incident light can be reflected, absorbed or transmitted by a material, the
light-matter interaction can result in a plethora of phenomena. Studying these interactions
and related phenomena, it is possible to obtain information about many physical properties

of the corresponding material.

3.2.1 Raman Spectroscopy

Raman spectroscopy is an experimental technique that uses the inelastic scattering
of light to give information about the vibrational properties of the material. The method
consists of shining a monochromatic beam of light through the sample and collecting the
scattered light from it. In the elastic scattering, known as Rayleigh scattering, the light
collected has the same frequency as the incident light, while in the inelastic scattering, or

Raman scattering, the incoming and outgoing light have slightly different frequencies.

When interacting with the material, the incident photons exchange energy with it.
If during the interaction the incident photon loses energy to the lattice, the frequency of
the collected light will be lower than the incoming one, which is associated with the Stokes
process. When the the out-coming light is higher in frequency than the incoming one,
meaning that the incident photon gained energy from the lattice, it is said to be a anti-
Stokes process. These exchanges in energy between the photon and the lattice are related
to the creation and annihilation of phonons in the material, which are quasi-particles
associated with the vibrational modes in the lattice. These interactions are sketched in

Figure 4.2.
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Figure 3.5 — Diagrams for the Stokes and anti-Stokes processes associated with Raman
scattering. wy is the phonon frequency, wy is the absorbed photon frequency,
wg and w,g are the emitted photon frequencies for the Stokes and anti-Stokes

process, respectively.

Since the frequency distance between the modes A;, and Eég can be an indication
of the number of layers in MoS, flakes (Sec. 2.3), Raman spectroscopy was used to assure

that the flake transferred to the sample was in fact a monolayer.

3.2.2 Photoluminescence Spectroscopy

conduction band

Figure 3.6 — Diagram for the photoluminescence process in a direct-gap material. Adapted
from [41].

The process in which the material emits electromagnetic radiation through an
electron decay from a higher energy level to a lower energy level is called luminescence. In

solids, this process usually arises from the transitions between the conduction and valence
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bands. When the material re-emits radiation after absorbing photons with higher energy

than the emitted ones, the process is called photoluminescence (PL).

For materials with a direct gap, as is the case of MoSs monolayers, the absorbed
photon promotes and electron from the valence band to a higher energy state in the
conduction band, leaving a hole in the valence band. The energetic state in which the
promoted electron is sent to depends on the energy of the incoming photon. This electron
quickly decays to the bottom of the conduction band by means of non-radiative processes
(i.e. creating phonons). This is so, because these non-radiative processes occur in a shorter
(~ 10713 s) time-scale than for the radiative one (~ 107" s). After reaching the bottom of
the conduction band, the electron re-combines with the hole it left in the valence band,
emitting a photon with energy equal to the gap of the material (Figure 3.6). In the case
of the MoS,, the emitted photon energy corresponds to the excitonic transitions in the

material, as discussed in Sec. 2.2.2.

3.2.3 Experimental Setup

o
w
spectrometer E BS1 F1 D
Ml ~ | |
1T u N 1 laser
. F2 Ma
ME\ MS.\ ‘ \ 7]
e
[ o]
=8
/ BS2 /M2

computer

1100x Objective

Vacuum pum:pl/l
He Drain E'.C‘r\foastat; He Source

Figure 3.7 — Experimental setup for Raman and PL measurements in our laboratory.
Adapted from [24].

The experimental setup used in photoluminescence as well as Raman spectroscopy
measurements is shown in Figure 3.7. The sample is placed in a cryostat, which is vertically
aligned with the objective (in a different plane of that indicated in the figure, see inset).

To direct the laser beam to the sample, a mirror (M3) is placed above the objective (see
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inset). A light source and a camera were used to identify the location within the sample

where the spectra would be taken.

An incident laser of 568 nm follows the path illustrated in the figure. A diaphragm
(D) and an intensity filter (F1) are used to control the intensity of the incoming laser. Two
mirrors (M1 and M2) redirect the beam to a 90:10 beam-splitter (BS2), which divides
the beam in two. The one with lower intensity is sent in the cryostat direction, passing
through a 100x magnification objective attached to an electronic controlled piezoelectric
station. The light emitted by the sample is collected by the same objective, passes through
the beam-splitter BS2, with 90% of it being transmitted, is deflected by another mirror
(M4) and then passes through a high-pass filter (F2) of 568 nm, to suppress the reflected
laser line. This is needed as we want to observe the signal coming from the sample only.
Another mirror (M6) is used to redirect the beam to the spectrometer and a mobile mirror
(M5) is placed between F2 and M6 to redirect the laser to a camera, when one wants to
see the actual optical image of the sample. Two 100 mm convergent lenses (L1 and L2)

are used to focus the beam to either sensor.

In spectroscopy measurements, a light source excites the sample, which in return
produces a response signal. This signal is sent to a monochromator, consisting (roughly)
of diffraction grattings that select an interval of wavelengths that are detected by a charge
coupled device (CCD). In our measurements, we used a Horiba iHR-550 spectrometer
with both 600 lines/mm (photoluminescence measurements) and 1200 lines/mm (Raman)

gratings coupled to a Horiba Synphony II CCD device.

We performed low-temperature measurements, placing the sample in a cryostat and
cooling it with liquid Helium. To produce vacuum, an Edwards XDS10 pumping station
was used, lowering the pressure inside the cryostat to ~ 107 Pa, before opening the He
source to cool down the sample. For the Raman measurements, a laser power of 1 mW was
used, while for photoluminescence measurements, we used 4 different values (400, 600, 800

and 1000 pW), in order to observe possible energy shifts and changes in peak intensities.

3.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is an experimental technique that gives infor-
mation about the material’s morphology by scanning its surface with a small probe.
This scanning probe method was developed by Binnig [75] from his Scanning Tunneling
Microscopy (STM) technique. The AFM measurement is based on the displacement of the
scanning probe, caused by attractive or repulsive forces between the probe’s tip and the

atoms on the surface of the material being scanned.

In a short description, a cantilever is attached to piezoelectric material that is

carried by a support. At the free end of the cantilever, there is a small sharp tip acting
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as a scanning probe. In that way, the tip is put in contact with the sample’s surface and
its motion on the sample is controlled by the piezoelectric. A laser beam impinges at the
end of the cantilever and the reflected light is collected by a detector, which is sensitive to
changes in the collected signal. When the tip is displaced vertically, the collected signal
changes, as the light reflected by the end of the cantilever is shifted. The piezoelectric
responds to this change by acting on the cantilever, maintaining constant the distance
between the surface and the tip. Figure 3.8 shows the schematical configuration of an

atomic force miscroscope.

Nl

antilever
' Computer

Figure 3.8 — Schematical configuration of an atomic force microscope. Extracted from [57].

In this work, the AFM was used to measure the depth of the etched holes. Figure
3.9 shows the AFM image and height profile of square holes made on SiO4/Si substrate.
From the height profile, we extracted a value of approximately 190 nm for the holes depth.
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Figure 3.9 — AFM (a) image and (b) profile of the square hole matrix.
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4 Results and Discussion

In this work we collected both Raman and photoluminescence (PL) spectra of
four different suspended points and three supported ones of a MoS, monolayer. All
measurements were carried out in vacuum and at different temperatures, ranging from 7K
to 300 K. The points measured are shown in Figure 4.1a. Figure 4.1b shows the fluorescence
image of the sample, indicating that the suspended monolayers are brighter than the
supported ones. The right-most square (next to point 2 and above point 5) is not as bright
as the suspended ones because the monolayer has collapsed to the bottom of the hole.

This case is not of interest for this study.

(a) [{e);
a1l 2 B

3] 4 15

Figure 4.1 — (a) Optical and (b) fluorescence images of the suspended and supported
monolayers of MoSy. Odd numbers represent points were the spectra were
taken for suspended monolayers, while even numbers are the points for
measurements in the supported ones.

The Raman spectra were measured in all temperatures with a 1 mW laser (A = 568 nm)
power for all the seven points and the collected data was used as an indication that they
were indeed monolayers. We measured the distance between the two well known modes,
Eég and A, and we obtained values between 19-20 cm ™ for all suspended and supported

points, which are in perfect agreement with values found on the literature [55,76,77].

Figure 4.2 shows the Raman spectra collected for points (1) and (2) addressed in
Figure 4.1a, at 7K. The spectra for the other suspended and supported points is very
similar. As we raised the temperature, we noticed a wobbling behaviour of the Ezlg and
Aiy modes around their expected frequency values (~385cm™" for E;, and ~405cm™"

for A;,). This behaviour could be due to a misconfiguration in the calibration of our
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spectrometer, but it may also be due to the fact that the suspended sample is under stress,
due to the air trapped beneath it, as explained above. This behaviour will be studied in a

future work.

Suspended (1) Supported (2)
ELT O A E;gr—zoawl A,

2g 9

9

L T T T T — T
350 360 370 380 390 400 410 420350 360 370 380 390 400 410 420

Wavelength (cm™)

Figure 4.2 — Raman spectra of suspended and supported points of a MoS; monolayer at

7K.

In the PL measurements, the collected spectra were taken with four different
laser powers: 400 pW, 600 pW, 800 pW and 1 mW. For the 600 pW and 1 mW powers, we
collected data for all the points in 21 different temperatures within the temperature range
mentioned above. For the other two laser powers, only five temperatures in this range were
considered in the measurements: 7K, 55K, 105 K, 200 K and 300 K. The spectra for all
the supported points were very similar, so we chose one of them [point (6)] to exemplify
the features of the supported monolayer. The same applied for the suspended ones, and in

this case, we chose point (1) to account for the suspended monolayer behaviour.

All the PL spectra were fitted using a combination of Gaussians and split Voigts
(which is a convolution of a Gaussian and a Lorentzian), with a different number of fitted
curves between the suspended and the supported monolayers. We tried to understand the
behaviour of each peak with temperature and laser power to properly identify their origin.

The detailed study of these spectra is given in the sections below.

4.1 Supported Monolayer

The evolution of the photoluminescence spectrum, for the supported monolayer, as
the temperature increases and for two different excitation powers, is shown in Figure 4.3.

The spectra were normalized in respect to the high energy feature at around 1.9¢eV.
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For both powers, the spectra evolve similarly with the change in temperature and
we can see that the difference in intensity between the two main features is higher for the
lower excitation power. The high energy peak redshifts and becomes the main feature in

the spectrum as the low energy peak rapidly falls off with the increase in temperature.
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Figure 4.3 — Photoluminescence spectra for one of the supported MoS,; monolayer for two
different excitation powers and within a temperature range of 7K to 300 K.

We use the 600 pW excitation power spectra to continue our description of the
supported MoS, monolayer features. We fitted five curves to adjust the experimental data
in all temperatures measured: three Gaussians and two split Voigts. Figure 4.4 shows
the experimental data and the corresponding fitting curves for some of the temperatures
considered. Very narrow features appear at the high-energy end of the spectra and those
become more evident as the temperature increases. These sharp peaks are the Raman
modes, visible in the spectra due to the excitation wavelength being close to the exciton B

energy.

In Figure 4.3 and Figure 4.4 we see a long tail at the low energy end of the spectra,
and we found that the best fitting for that part was achieved using a splitVoigt and a
Gaussian curve. We decided to label these curves L2 and L1, respectively. Excitons A
and B photoluminescence are easily fitted with a Gaussian curve each, but the same
does not occur for the trion peak. Instead, we found that a better fitting was achieved
using another split Voigt for this feature. The split Voigt introduces an asymmetry in the
trion energy and this was also seen by Christopher et al. [78] in a temperature-dependent
photoluminescence study of MoS,; monolayers. This behaviour is understood as the ejection
of one electron (or hole) with considerable momentum and the following recombination of

the remaining electron-hole pair.

Similar photoluminescence spectra for MoSs monolayers were seen by Tongay et
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Figure 4.4 — Fitted curves for the PL spectra of a supported MoSs monolayer with 600 pW
laser power for some of the temperatures measured. The black dots are the
experimental data and the coloured lines are the fitting curves. The dark blue
line (L1), purple (exciton A) and yellow (exciton B) are Gaussians, while the
green (L2) and red (trion) are split Voigts.

al. [20], Korn et al. [76], Jadczak et al. [79] and Pandey and Soni [48]. They all see a similar
evolution of the PL spectrum with increasing temperature, where the low-energy shoulder
quenches as the temperature is increased. This feature is usually attributed to defects

and bound excitons, but biexcitonic recombinations were also considered by Pandey and

Soni [48].
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Figure 4.5 shows the change in energy of all identified emission peaks of the
supported sample, for two different excitation powers. All other supported samples show
similar behaviour. As the temperature increases, we see a redshift for all peaks. For all
semiconductors, the bandgap decreases as the temperature rises. Qualitatively, this can be
explained by the increase of the inter atomic spacing with increased thermal energy. The
exciton recombination is expected to follow the decrease in energy of the bandgap, since
the exciton is formed by the interaction between an electron in the conduction band and a
hole in the valence band, as explained before. The exciton binding energy can also depend
on the temperature, but on a smaller degree, so in general one would expect the excitonic

recombination to follow the redshift of the bandgap as the temperature is increased.
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Figure 4.5 — Energy shift as a function of temperature of all identified peaks on the
supported monolayer for 600 pW (left) and 1 mW (right) excitation powers.
Coloured points are the original data L1 (blue squares), L2 (green circles),
trion (red diamonds) and excitons A (purple pointed-up triangles) and B
(yellow pointed-down triangles). The curves are the two types of fittings we
tried: Varshni (grey full-line) and Phonon coupling (black dashed-line).

The change in temperature of a semiconductor bandgap is difficult to model
theoretically. Usually, the dependency of gap energy with temperature is represented by
the well known semi-empirical Varshni equation [80]:

aT?
T+
where Fj is the bandgap energy at 0 K and o and (3 are fitting parameters typical of each

Eg(T) = FEy —

(4.1)

material. In general, § is loosely associated with the Debye temperature, so for MoS,
it should be of the order of 250 K. The grey full-line curves in Figure 4.5 are fits to the
energy change with temperature using the Varshni formula. The parameters for the fits

are shown in Table 1.

The fitting parameters in the Varshni formula are difficult to interpret and to relate

to known physical quantities. Motivated by this, O’'Donnel and Chen [81] proposed another
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Table 1 — Varshni law parameters for each feature in the supported monolayer fitting.

Eg (ev) a (VK™ B (K)
600 pW  1mW 600 pW 1 mW 600 pW 1 mW
L1| 1.71 1.71]4.16-10"" 8.37-10"% | 7.32-10' 1.42.10%
L2| 1.81 1.81 911 1370 5.11-10% 8.12-108
Trion | 1.91 1.919.68-10"* 9.44-107* 561 555
Exciton A | 1.93 1.93|2.84-107* 2.35-107* 110 63.9
Exciton B | 2.07 2.07|2.73-1073 12.8 2110 1.07 - 107

empirical expression to replace Varshni’s:

E,(T) = E, — SEp (coth ( 25;) - 1) (4.2)

where Ej is again the gap at zero Kelvin, Ep is an average phonon energy for the material
and S is a dimensionless coupling constant. The black dashed lines in Figure 4.5 are fits

for the data using this expression. The parameters used for the fits are shown in Table 2.

Table 2 — O’Donnel’s law parameters for each feature in the supported monolayer fitting.

Eq (ev) S Ep (mev)
600pW  1mW | 600pW  1mW | 600pW 1mW
L1 1.70 1.70 | 469 596 | 88.1 98.2
L2| 1.81 180 0.786 51.7 | 51.2 357
Trion | 1.91 191 0.852 0.824| 85.1 82.9
Exciton A | 1.92 1.92| 0426 0.362| 48.8 31.1
Exciton B | 2.07 2.07 | 0.993 1.12 101 120

It is clear that both expressions provide very similar fits. Looking at the parameters
provided by the fitting of Equation 4.2, one sees an average phonon in the 30 meV to
approximatelly 100 meV, which is reasonable, since the A;, and E21g phonons of MoS, are
around 50 meV. The exception is peak L2, at excitation power 1 mW, which has fitting
parameter Ep ~ 360 meV, a too high phonon energy. It also displays an extremely high
coupling constant S, of the order of 50. The other coupling constants have acceptable

values, around 1.

Looking at the Varshni fits for the same curves, we see that only for peaks identified
as exciton A and trion the temperature (5 is of the order of hundreds of Kelvins, which is

reasonable.

We also plotted the intensity change of each feature as a function of temperature.
These are shown in Figure 4.6 for two different excitation powers. The intensity axis is in a

logarithmic scale, and we can see the almost linear decay of both L1 and L2 peaks as the
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Figure 4.6 — Evolution of the intensity for the supported monolayer as a function of
temperature, for 600 pW (left) and 1 mW (right) excitation powers. Each
color is attributed to one feature of the fitted spectrum: blue squares for L1,
green circles for L2, red diamonds for trion, purple pointed-up-triangles for
exciton A and yellow pointed-dow-triangles for exciton B.

temperature increases. This behaviour is typical for bound excitons, and we expect that

their intensity is related to their binding energy as expressed in the following equation:
it/
I = CeFsT (4.3)

where C is a constant, T" the temperature and E; the exciton binding energy. We can take

the logarithm of each side in equation 4.3, which gives:

-1
In(l) =In(C)+ —= 4.4
n(l) = In(C) + ' (14)
Figure 4.7 shows a graph of In(I) versus 7' for the L1 and L2 peaks and the fit
of Equation 4.4 to the experimental data, for both excitation powers considered above. We
compute F; multiplying the slopes of the fitted curves by kg. The obtained parameters

and corresponding binding energies found are shown in Table 3.

Table 3 — Binding energies for the L1 and L2 features in the supported monolayer.

Slope (K) E; (mev)

600pW  1mW | 600pW 1mW
L1 | 2669 259.6| 23.0 22.3
L2 | 320.5 372.2| 276 32.1

Our fitting returned the binding energies of around 23 meV for the L1 feature, while
the L2 feature presented higher values, closer to 30 meV. These are consistent with bound

excitons binding energies.
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Figure 4.7 — Logarithm of the intensity as a function of the inverse of temperature for the
L1 (blue squares) and L2 (green circles) features in the supported monolayer,
for 600 pW (left) and 1 mW (right) excitation powers. The grey line shows
the linear fit for obtaining the binding energies of these bound excitons.

To make sure that our fitting accurately reproduce the quasi-particles in the system,
we fitted these same curves for the other excitation power spectra. Although there were
only few temperatures to consider for 400 pW and 800 pW, they showed how each peak
changed with the increase in laser power. This is particularly important to correctly

identify the features in our fittings.

The luminescence intensity I in the PL spectrum is related to the incident laser

power P by a power relation:
I=CP" (4.5)

where C' is a constant and n the power index. Taking the logarithmic of this equation
yields:

In(I) = A+ nin(P) (4.6)
which is a linear equation, with A = In(C) and n the slope. This linear relation is very
important in the identification of excitons, trions, biexcitons and bound states. Figure
4.8 shows the linear fit of equation 4.6 for all the features identified in the supported

monolayer.

For bound excitons, the behaviour should be sublinear, as is observed in Figure
4.8. Both excitons should have a power dependency of n = 1, which is found to be very
close in our fitting. On the other hand, the expected power dependecy for the trion should
be n between 1 and 2, and this is not found in our study, although its dependency still

higher then the excitonic ones. For biexcitons, the slope should be close to n = 2.

We see that our fit gives a reasonable explanation for the behaviour of the supported

monolayer as the temperature changes. From the analysis of emission energies with
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Figure 4.8 — Linear fit (coloured lines) for the logarithmic of intensity versus logarithmic of
laser power at 55 K. The values at the far-right indicate the slope (n) for each
fitting . L1 (blue squares) and L2 (green circles) show sublinear behaviour.
Trion (red diamonds), exciton A (purple pointed-up triangles) and exciton B
(yellow pointed-down triangles) all show sublinear behaviour, although very
close to n=1.

temperature, we obtain a confirmation of the identification of the exciton A and trion
peaks, although their intensity-power relation does not show the linear (for the neutral
excitons) and supra-linear (trion) behaviour. This could be due to the difficult associated in
fitting many curves into the experimental data. We conclude also that there are additonal
phenomena affecting the energy change of the other peaks, as the temperature is varied.
For the peak identified as exciton B, we propose the hypothesis that this peak is actually
a convolution of the emission of the exciton B and an excited state of the exciton A, as
first suggested by Pandey and Soni [48]. For peaks L1 and L2 we propose that their origin
is excitons bound to defects in the material, one of them possibly sulphur vacancies and
the other one to be identified. In this way, the change in temperature of these emissions
will also depend on the binding energies of the excitons and the emission energy should
not follow the gap closely. This is further confirmed by computing their respective binding
energies and showing their sublinear behaviour for the intensity-power relation. Further

work, with the support of theoretical calculations is needed to clarify these points.

4.2 Suspended Monolayer

Figure 4.9 shows how the PL spectra of one of the suspended monolayer changes
with the increase in temperature for 600 pW and 1 mW laser powers. The other suspended

samples show almost identical behaviour. Similarly to the supported monolayer, there is
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a broad low-energy peak (at ~1.8¢eV) and this is much more intense in the suspended
than it is in the supported monolayer. Again, with the increase in temperature, this
feature redshifts and fades quickly. The high energy peak (at ~1.9€eV) also redshifts with

temperature.
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Figure 4.9 — Photoluminescence spectra for one of the suspended MoSs monolayers for two
different excitation powers and within a temperature range of 7K to 300 K.

As for the supported monolayer, we chose to use the spectra under 600 pW excitation
power to detail our description of the features of the PL of the suspended one. Instead
of fitting five curves, as in the previous case, we found it impossible to have an accurate
fitting without at least six curves. So we maintained the three Gaussians and two split
Voigts and their respective labels (L1, L2, trion, excitons A and B) and decided to add
another Gaussian between L2 and the trion, which we called L3. Figure 4.10 shows the
experimental data and these fitting curves, for some of the temperatures considered. At
120 K is clear that there is at least 4 peaks below 1.9¢€V.

We use the same argumentations for the fittings of the Gaussians and split Voigts
as we used in the supported monolayer. The new feature (L3) could be as well adjusted

with a split Voigt or a Gaussian, and we decided to go with the last for simplicity.

As with the supported monolayer, the low-energy shoulder in the suspended one
decreases in intensity with the increase of temperature, but it does not fade out as in
the previous case. The L1 and L2 features lose their importance very rapidly, but remain
present even at room temperature. The L3 feature, on the other hand, loses importance

for the trion feature, but is still very intense at high temperatures.

Figure 4.11 shows the change in energy of all identified emission for one of the
suspended samples, for two different excitation powers. The other suspended samples
show similar behaviour. Again, the grey full-lines are Varshni fits to the data and the

black dotted-lines are fits using O’Donnel and Chen’s equation. The fitting parameters for
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Figure 4.10 — Fitted curves for the PL spectra of a suspended MoS; monolayer with
600 pW laser power for some of the temperatures measured. The black dots
are the experimental data and the coloured lines are the fitting curves. The
dark blue line (L1), light blue (L3), purple (exciton A) and yellow (exciton
B) are Gaussians, while the green (L2) and red (trion) are split Voigts.

Varshni’s are shown in Table 4, while the phonon-coupling parameters are shown in Table
5. Again, we obtain reasonable fitting parameters for the exciton A and trion emissions,
with average phonon energy Ep in the range 35meV to 100 meV and coupling constants

somewhat below unit. The Varshni parameters for these peaks are also acceptable, with
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Figure 4.11 — Energy shift as a function of temperature of all identified peaks on the
suspendedd monolayer for 600 pW (left) and 1 mW (right) excitation powers.
Coloured points are the original data L1 (dark-blue squares), L2 (green
circles), L3 (light-blue stars), trion (red diamonds) and excitons A (purple
pointed-up triangles) and B (yellow pointed-down triangles). The curves
are the two types of fittings we tried: Varshni (grey full-line) and Phonon
coupling (black dashed-line).

[ temperatures of the order of some hundreds of Kelvins. The surprise is that the peak
at 1.76 eV (L2) at low temperatures, which is only seen in the suspended samples, also
produces reasonable fitting parameters, with phonon energies of 35-50 meV. This seems
to suggest that this is a well-behaved exciton, probably bound to a defect as well, but
which follows closely the bandgap. We propose that this defect could be an oxygen linked
to a sulphur vacancy, but this hypothesis needs further experimental and theoretical
confirmation. Also, it should be noted that for the highest excitation power, 1 mW, the
peak identified as exciton B displays reasonable fitting parameters. This might indicate
that, at this high excitation power, the emission around 2.1 €V is dominated possibly by

the excited state of exciton A, as proposed by Pandey and Soni [48].

Table 4 — Varshni law parameters for each feature in the suspended monolayer fitting.

Eoq (ev) a (eVK™) 5 (K)
600pW 1mW | 600 W 1 mW 600pW  1mW
L1] 1.63 1.63 | 1.10-10~> 4.20-107° —57.8  —39.2
L2 | 1.76 1.77 |5.10-107* 3.77-107* 504 132
L3 | 1.84 1.83 | 5.60-10° —9.03-10% | 1.11-10"% —1.41
Trion | 1.92 1.92 | 1.34-107% 4.78-10"* 1050 170
Exciton A | 194 194 |6.36-10~* 1.42-1073 715 1130
Exciton B | 212 211 [4.25-10~* 7.30-10* 6.65 173

We have plotted the intensity change of each feature as a function of temperature
as well. These are shown in Figure 4.12 for two different excitation powers. We see that

the L3 intensity changes differently from the other bound states, L1 and L2. It begins
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Table 5 — O’Donnel’s law parameters for each feature in the suspended monolayer fitting.

Eq (ev) S Ep (mev)
600 pW  1mW | 600 pW 1 mW 600 pW 1mW
L1 1.64 1.64 0.110 0.140 | —=5.51-10~* —6.38-107*
L2 1.76 1.77 0.379  0.503 47.0 36.0
L3 1.83 1.83 21.2 3.59 531 333
Trion 1.92 1.92 0.722  0.647 80.4 54.2
Exciton A 1.93 1.94 0.512  0.779 97.6 92.1
Exciton B 2.12 2.11 0.688  0.947 —8.26 47.7

close to L2 until around 140 K and then decreases almost the same as the trion.
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Figure 4.12 — Evolution of the intensity for the suspended monolayer as a function of
temperature, for 600 pW (left) and 1 mW (right) excitation powers. Each
colour is attributed to one feature of the fitted spectrum: dark-blue squares
for L1, green circles for L2, light-blue stars for L3, red diamonds for trion,
purple pointed-up-triangles for exciton A and yellow pointed-dow-triangles
for exciton B.

As we have done for the bound excitons .1 and L2 in the supported monolayer,
we took the logarithm of the intensity of the bound excitons in the suspended monolayer
as a function of the inverse of the temperature. This is shown in Figure 4.13. We used a
linear fit, as indicated by the gray lines in Figure 4.13, to get information on the binding
energy F; of these excitons. The obtained parameters and respective binding energies are

shown in Table 6.

We see that the binding energies acquired by this method for the suspend monolayer
are much lower than the values obtained for the supported samples, being below 20 meV.
This could be due to the difficulty in adjusting many curves into the experimental data,
but it is an indication that the binding energies of the excitons to the defects for the
suspended layer are smaller than the binding energies in the supported sample. One

possible explanation for this is the strain in the suspended layer, due to the trapped air
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beneath the membrane.
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Figure 4.13 — Logarithm of the intensity as a function of the inverse of temperature for the
L1 (dark-blue squares), L2 (green circles) and L1 (light-blue stars) features
in the suspended monolayer, for 600 pW (left) and 1 mW (right) excitation
powers. The grey line shows the linear fit for obtaining the binding energies
of these bound excitons.

Table 6 — Binding energies for the L1 and L2 features in the suspended monolayer.

Slope (K) E; (mev)
600pW  1mW | 600pW 1mW
L1 1543 64.01 | 13.3 5.52
L2 226.1 110.3| 19.5 9.50
L3 1150 75.7 | 991 6.52

Our final approach to understand the nature of these features in the suspended
monolayer was to plot the power-intensity relation and calculate the power relation between
them, as done for the supported monolayer. We plotted the logarithm of intensity as
a function of the logarithm of the excitation power at 55K for all the features in the
suspended monolayer, as shown in Figure 4.14. The values obtained for L1 and L2 agree
well with those found in the supported monolayer, with an inclination below unity. The
trion and exciton B features also present reasonable values, with slopes close to one, and
so does exciton A, in spite of a somewhat odd behaviour, with a a power dependency that
does not clearly follow the I = C'P™ behaviour. The unknown feature L3 show sublinear

behaviour, but very close to unity, which is unusual for a bound exciton.

In conclusion, we see that the model used in fitting the suspended MoS, monolayer

data is not as good as the one chosen for the supported monolayer. Some refinements need
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to be done and there is strong indication that we need to take into account the effects

caused by the strain in the suspended monolayer.
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Figure 4.14 — Linear fit (coloured lines) for the logarithmic of intensity versus logarithmic

of laser power at 55 K. The values at the far-right indicate the slope (n) for
each fitting . L1 (dark-blue squares) and L2 (green circles) show sublinear
behaviour. L3 (light-blue stars), trion (red diamonds) and exciton B (yellow
pointed-down triangles) all show sublinear behaviour, although very close
to n=1. Exciton A shows a slope around unity, but the data is not a good
fit to a straight line, with a high error, 1.0 & 0.6.
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5 Conclusions and Future Work

In this work we studied the optical properties of suspended and supported mono-
layers of MoS,. We created a matrix of holes on SiO5/Si substrate and transferred a MoS,
monolayer on top of it, effectively covering some of the holes. Spectra of a set of suspended
and supported points within this sample were taken, in a range of different temperatures
and excitation powers. At the low energy end of the spectra, two distinctive features are
noticed: an asymmetric energy tail, specially in the suspended monolayer, and a broad
prominent peak around 1.80eV that fades at high temperatures, vanishingly completely for
the supported monolayer. We fitted a combination of Gaussian curves and split Voigts to
try and account for this behaviour. The number of fitted curves is different for each type:
a total of 5 curves for the supported monolayer and 6 for the suspended one. We ascribed
these curves to the known neutral excitons, A and B, a trion and bound excitons. We
plotted the intensity change and energy shift with temperature for each curve, and tried to
ascribe to each a power law for the intensity and excitation power relation. This provides
support for our model for the quasi-particles present in the system (excitons, trion, bound
excitons) but also gives evidence that further work is needed to clarify the role of the
strain in the suspended layers and the nature of the defects to which the excitons are

bound.

Our next goal then is to refine our fitting model, perhaps adding another curve to
account for the broadening of the high-energy part of the spectrum, which is possible due
to the excited state of the neutral exciton A. We also want to understand the part that
biexcitons, reported for similar samples by other authors, and bound states take in the
photoluminescence spectra, and how they evolve with the increase in temperature. Also,
to our knowledge, a complete study of the optical properties of the suspended monolayer
(not only for MoS, but also for other types of TMDs, such as WS,) is lacking, and this

opens up possibilities to explore new physics in these materials.
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