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Resumo
Os Dicalcogenetos de Metais de Transição (TMDs) são estruturas cristalinas da forma
MX2, onde M é um metal de transição, como Mo ou W, e X é um calcogênio, como S ou Se.
Eles são estruturas compostas por multicamadas tipo X-M-X com ligações covalentes na
camada e de Van der Waals nas interfaces entre camadas. Quando a espessura é reduzida
até o limite de uma camada, pode-se observar uma transição de um semicondutor de
gap indireto para um com gap direto em frequências do visível e infravermelho próximo.
Assim, os TMDs são bons candidatos para a implementação de dispositivos optoeletrônicos
ultrafinos. Por esse motivo, assim como pelo seu interesse no estudo de novos fenômenos
físicos, eles tem sido amplamente pesquisados na ultima década. Já está estabelecido que
as propriedades óticas dos TMDs são fortemente afetadas pelo substrato. Neste trabalho
apresentaremos como as propriedades óticas de três TMDs diferentes, MoS2, WS2 e WSe2,
mudam depois deles serem colocadas em substratos de GaAs. Foram investigadas amostras
sobre três tipos de substratos: GaAs dopado p, GaAs dopado n, e GaAs não dopado.
As monocamadas foram obtidas pelo método de exfoliação mecânica e transferidas ao
substrato. Como os índices de refração do GaAs e dos TMDs são muito próximos, tornando
muito dificil a visualizção das monocamadas transferidas, estabelecemos um procedimento
apropriado para a localização e manipulação dessas monocamadas. Apresentamos a análise
espectral da luminescência em cada caso assim como os seus espectros Raman. Achamos
que os substratos de GaAs produzem alterações na luminescência dos TMDs que podem
ser entendidas com base no alinhamento de bandas dos TMDs com o GaAs. Concluimos
que as heteroestruturas GaAs/TMDs tem um grande potencial para aplicações como
fotodetetores e celulas solares.

Palavras chave: Dicalcogenetos de Metais de Transição, GaAs, MoS2, WS2, WSe2,
heteroestrutura, monocamada.



Abstract
Transition metal dichalcogenides (TMDs) are crystalline structures of the form MX2,
where M is a transition metal, like Mo or W, and X is a chalcogenide, as S or Se. They
are multilayer structures, with X-M-X covalent bonds within a layer and Van der Waals
bonds at the interlayer interfaces. As the thickness is reduced from several layers to a
single monolayer, a transition is observed from a semiconductor with indirect band gap
to a direct band gap in the visible or near infrared frequencies. Therefore, the TMDs are
good candidates for the implementation of ultra-thin optoelectronical devices. For this
reason, and also for their interest in the study of new physical phenomena, they have been
extensively investigated over the last decade. It is already well established that the optical
properties of monolayer TMDs are strongly affected by the substrate. In this work, we
will present how the optical properties of three different TMDs, MoS2, WS2 and WSe2,
are modified by placing them on GaAs substrates. We investigate samples on three types
of substrates: p-doped GaAs, n-doped GaAs and undoped GaAs. The monolayers were
obtained by mechanical exfoliation and transfered to the substrates. Since the refraction
indexes of GaAs and the TMDs are similar, we had to establish a procedure to locate
and deal with suitable monolayers. We present a spectral analysis of the luminescence
emission for each case, as well as their Raman spectra. We find that the GaAs substrates
produce significant changes in the luminescence of the TMDs, which can be understood
with basis on the band alignment of the TMD with GaAs. We conclude that GaAs/TMDs
heterojunctions have a great potential for applications as photodetectors and solar cells.

Key words: Transition metal dichalcogenides, GaAs, MoS2, WS2, WSe2, 2D materials,
monolayer, optical properties.
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CHAPTER 1

Introduction

The present work will be divided into five chapters. In chapter one, the reader can
find a brief introduction to the topic. Here we will explain the interest of our work as well
as its main idea. The second chapter will present the whole necessary theory to understand
the main features of the TMDs and what is the state of the art, of our topic, through
a summary of the more relevant works in literature. In chapter three we will show and
explain the experimental techniques used for the analysis of the samples. Chapter four
contains all the spectral results and their analysis through a band offset proposition and
finally, in chapter five we will present the conclusions and perspectives of the entire work.

1.1 Motivation

Development of new and better electronic devices imply in the improvement of
their internal components. In 2004 Novoselov et al. found a bidimensional crystal of carbon
atoms: graphene [5]. This new material consisting of a monoatomic carbon layer exhibits
several interesting properties such as flexibility, better electrical conductivity than metals,
very high tensile strength, among others. It can be classified as a semiconductor but with
a zero band gap. Graphene research is still raising in a dramatical way pointing it to be
the solution for several technological challenges.

Graphene lack of a band gap gives rise to interesting properties but is also a
disadvantage for some applications. There are some ways to produce a gap in graphene [6]
but for an application that requires a low dimensional semiconductor there are many other
2D materials that can be considered, like black phosphorus (BP), hexagonal boron nitride
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(hBN) and transition metal dichalcogenides (TMDs).

Transition metal dichalcogenides are a family of materials with the form MX2, with
M a transition metal and X a chalcogenide. They are multilayer structures, with X-M-X
covalent bonds within a layer and van der Waals bonds at the interlayer interface. This
graphene-like configuration allows the fabrication of monolayer samples through techniques
like mechanical exfoliation or chemical vapor deposition (CVD).

It was found that at the monolayer limit the TMD presents a transition from a
semiconductor with an indirect gap to a semiconductor with a direct gap, enabling a
more efficient electronic transition [7] [8] [9]. This transition to a direct gap increases
remarkably the intensity of light emission, producing photoluminescence in the visible and
near-infrared region.

These properties have attracted great interest because of their huge potential for the
development of more efficient devices for optoelectronic applications (phototransistors [10],
photodetectors [11], sensors [12], solar cells [13], etc) and basic research (single photon
generation [14], etc) as well as their already established use at the industry as a dry
lubricant [15].

1.2 Physical system

As already mentioned, the TMDs have interesting properties for technological
development, in that way, there are many variables that can enhance or produce worse
devices. We will study in this work the effect of some of those variables. One of them is the
substrate; due to the strong electronic interaction with the TMD monolayer, the substrate
affects the optical properties of the semiconductor in a significant way [16] [17] [18] [19].

First of all, it is important to study the best way to obtain larger TMD monolayers
on the substrate for the future realization of devices, including electrical contacts fabrication.
In this work, we will use the mechanical exfoliation method by direct transference to
the substrate and by gel film transference. The most efficient method of exfoliation will
be determined, taking into account effects like size, contrast, time of production among
others. Roughness in monolayers is also an important factor to take into account because
it can cause interference effects at different points of the sample in addition to the different
interaction with the substrate at each point [16].

It is well known that GaAs has a high electron mobility and a direct band gap,
which makes it a good candidate to be used in technological devices [2]. So, to study the
influence of the substrate and the suitable properties of GaAs, we will study the optical
properties of different TMDs over three kinds of GaAs: p-doped, n-doped and undoped,
looking for the ideal one for future applications and determining the differences in theire
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behavior. Differences are to be expected since it has already been shown that charge
transfer occurs between the TMDs and the substrate. The different band alignments and
charge concentrations of the different substrates should lead to differences in the optical
emission.

Changes in the optical properties have been reported due to temperature depen-
dence: improvement of photoresponse by interface effects reduction [20], new photolumines-
cence peaks emerging [21] [22] , changes of intensity between mono and bilayer cases [23],
etc. In this way, we will study possible changes in the optical properties of our system
TMD/GaAs at low temperature.

We studied the three more popular TMDs: MoS2, WS2 and WSe2 owing to their
differences in the band structure (and consequently in its emission energy) which can lead
to a better response of one of them for possible future applications.
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CHAPTER 2

Transition Metal Dichalcogenides

Transition Metal Dichalcogenides (TMDs), as aforementioned, are a family of
materials with the general formula MX2 with M a Transition Metal and X a Chalcogenide.
There are around sixty different TMDs which can vary from insulators to metals and
around two-thirds of them are layered materials [24]. These last ones can also have different
properties depending on the physical and electronic features of the transition metal and
the chalcogenide. In that way, we will present below the principal properties but focus on
the three TMDs studied on this work.

2.1 Structure

Different from graphene, TMDs are not mono-atomic layer structures, instead
they present a sandwich-like configuration with the transition metal in the middle of
two chalcogenide layers (see Figure 1). Depending on the constituent atoms of the TMD,
it can be arranged in two principal configurations (phases) trigonal prismatic (2H)1 or
octahedral (1T ) [25] (Figure 1). The prismatic phase is the one normally found in thermal
equilibrium at room temperature [26], however the 1T phase can often be obtained as a
metastable one [27]. Also, there are several polytypes due to the displacement of some
of the atoms with respect to the lattice e.g. a transition metal displacement from the
dichalcogenides [24]. However, for our work: WS2, WSe2 and MoS2, have all a prismatic
1 In this convention, H represents the hexagonal character of the lattice and 2, the number of layers in

the unit cell. Properly speaking, in the monolayer limit there is not necessarily the number 2, however,
convention is maintained.
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configuration under mechanical exfoliation condition 2.

Figure 1 – a) Side view of typical TMD layers XZ plane (left) and Y Z plane (right). b)
Top view of the lattice and c) the two principal phases of layered TMDs.

In its 2H phase, TMDs have a top view of a honeycomb lattice just like graphene,
in this way, we will define the primitive vectors a1 and a2 at the layer plane equal to
their graphene analogous, and the third vector, c, will describe the interlayer periodicity
(Figure 1) which, due to thermal equilibrium condition, is of two layers (Figure 2.a). Table
1 presents the lattice parameters for the three TMDs.

TMD a (Å) c (Å)
MoS2 3.162 12.29
WSe2 3.286 12.99
WS2 3.162 12.37

Table 1 – Experimental lattice parameters [29].

It is possible to express the two lattice vectors, in the atomic layer plane, in therms
of the inter-atomic distance a, as a1 = a

2(1,
√

3) and a2 = a
2(1, −

√
3). With these vectors it

is possible to find their analogous in the reciprocal space b1 = 2π
a

(1, 1√
3) and b2 = 2π

a
(1, − 1√

3)
which describe the reciprocal lattice that is also a hexagonal one. The Brillouin zone in
the reciprocal space shows the high symmetry points (Figure 2.b) , which are important
for electric band modeling, as it will be explained bellow.
2 The 1T -phase can be reached through lithium exfoliation [28].



Chapter 2. Transition Metal Dichalcogenides 16

2.2 Electronic Properties

The determination of the wave function of all electrons in a crystalline structure,
like that of the TMDs, is not a straightforward work if an exact solution of the Schrödinger
equation is tried. When all interactions are considered, one has a set of 3N coupled second
order differential equations. Even numerical solutions become an impossible task, because
of the number of electrons in a crystal (N) tends to the thermodynamic limit. In this
way, approximations have to be used, like the Hartree-Fock method. Nevertheless, in
1998 Walter Kohn and John Pople found a new way to resolve this problem, with the
development of the Density Functional Theory (DFT) [30]. On their work, they did not
use individual properties of atoms or wave functions but their collective properties like the
electron density.

However, different analytic approaches were also developed to study these systems,
as the k·p theory [31] or the tight binding model [32]. In both cases symmetry considerations
are taken into account, although in the first one, a perturbative study is developed while
in the second one a superposition of individual electronic states of atoms is made, e.g. at
the TMDs: chalcogenides provides the dominant p-orbitals while transition metals, the
d-orbitals [33] [34].

Figure 2 – (a) Profile view of a bilayer section from a TMD. (b) First Brillouin zone with
the high symmetry points. (c)-(f) Electronic band structures for the principal
TMD monolayer: with (solid line) and without (dotted line) inclusion of the
spin-orbit interaction. Figure modified from [35].
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The analysis of the electronic properties is made using the reciprocal lattice
generated by all wave vectors k that yield plane waves with the periodicity of the crystal
lattice [36]. On the space generated by these vectors (reciprocal space), it is possible to
construct a unit cell with the smallest area possible, which is called the first Brillouin
zone. Because this cell is able to reproduce all the lattice, the study of the states on it,
is enough to describe all the crystal. On figure 2.b it is presented the Brillouin zone of a
TMD monolayer and its high symmetry points, and also, (in green) the path along which
the band structure shown in Figures 2 c-f is calculated.

When individual electronic states of all the crystal are represented on the space,
bands of states will appear. Depending on how is the relation between these bands and
the Fermi level it is possible to classify the material as a metal, if the Fermi level is on
the middle of a band, semiconductor, if it is placed on the middle of two bands with a
separation less than ≈ 3 eV , or insulating if this separation is larger. In this way, the bands
above and bellow the Fermi level are called conduction and valence band, respectively.
The separation between the conduction and the valence bands is called the "band gap".
Table 2 presents the band gaps of the TMDs of interest to this work.

Concerning the exchange of energy with photons, three different electronic processes
can occur on the crystal: first, absorption process, in which an electron passes to a higher
energy level by a photon absorption. Second, photon emission by spontaneously decay of
the electron to a lower energy level and finally, a transition to a less energetic level by
being stimulated externally by a photon [37]. The minimum energy for the photons in all
these processes occurs when the electronic levels involved are the valence band maximum
(VBM) and the conduction band minimum (CBM).

Nevertheless, VBM and CBM do not necessarily occur at the same point in k-space.
It is possible to classify a semiconductor by the alignment of the valence and conduction
band extrema in direct or indirect band gap semiconductors. In the first one, the VBM
and CBM occurs at the same value of k-vector and the transition is purely photonic, while
in the second case they are at different values of k and a phononic process is needed to
allow the transition. TMDs in their bulk state are indirect band gap materials.

Symmetry considerations are also necessary to understand how electronic transitions
and band structures are given on a crystal. In Figure 2(a) a profile view of a bilayer section
of a TMD is presented. It is possible to see how in the monolayer limit an inversion
symmetry breaking (ISB) takes place; it means: taking a Mo atom as a center of inversion,
an S atom will be mapped onto an empty point [38] .

Also, MoS2 has a strong spin-orbit coupling (SOC) originated from the d orbitals
of the heavy metal atoms. Thus, when SOC and ISB are taken into account, a spin-orbit
splitting (SOS) will emerge and the band structure will change with particular importance
at Γ and K points of the Brillouin zone (see Figure 2 (c)-(f)), but also in the inequivalent
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K ′ points, with an inverse spin relation [39].

Figure 3 – Band structure evolution of WSe2 as a function of the layer thickness. Figure
taken from [35].

Further, achieving the monolayer limit induces an electron confinement in the z

direction, producing an energy splitting at the Γ point due to the reduction of Van der
Waals interactions. Due to this and the SOS, a transition to direct band gap (see Figure
3) takes place when the thickness is reduced to one (or two) monolayers.

2.3 Excitonic Properties

The excitons are bound states (also called quasiparticles) of an excited electron
on the conduction band and a hole in the valence band through a Coulomb interaction.
Therefore, there is a dependence of the exciton binding energy with the band structure
but also with the dielectric constant. In that way, it is possible to classify the excitons
in two types: Frenkel or Wannier-Mott. The first ones are present principally on organic
crystals and have a large binding energy (0.1 eV − 1.0 eV ). The second ones are usually
present on semiconducting materials that have a large dielectric constant and, for this
reason, binding energies are typically of the order of 0.01eV , with exciton radius larger
than Frenkel ones [26].

Exciton binding energy depends also on the dimensionality, it means, excitons on
two-dimensional materials will have larger binding energies than in their bulk counterparts.
On this way, excitons in 2D TMDs will usually exhibit a Frenkel character. Nevertheless,
large exciton radius has been also reported for TMDs giving to them a Wannier-Mott
character.

Other bound states, besides the exciton, can be found in nature; it is the case of
the trion, also called positively (negatively) charged exciton, that consists of one exciton
bound to a hole (electron). In addition, when exciton concentration is increased, two
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excitons can be bound to form a biexciton. In Figure 4 a schematic view of the bound
states in the K point of the Brillouin zone is presented .

K
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Figure 4 – (a)-(b) Representation of different bound states at the K point. (c) Schematic
drawing of the band structure at the K and K ′ points representing the spin-up
(red) and spin-down (blue) states. Modified from [38].

Despite the differences in the reported values, the binding energies of the TMD
excitons are large as compared to the values of excitons in conventional semiconductors
(Table 2). The excitons in TMDs have a lifetime of the order of few ps and can decay
in a radiative way or by several pathways such as electron-phonon relaxation, Auger
recombination [40], etc.

MoS2 WSe2 WS2
Band gap (eV) 1.90 [7] 1.72 [41] 2.11 [41]
Exciton BE (meV) 570 [42] 370 [43] 312 [44]
Trion BE (meV) 18 [45] 30 [46] 26 [47]
Biexciton BE (meV) 70 [48] 52 [49] 65 [50]

Table 2 – Experimental values of gap and binding energies (BE) in bound states at TMDs.

One of the effects of the SOS is the emergence of spin states that will produce two
types of excitons in the K and K ′ points (see Figure 4) with opposite spin states. The
binding of an electron on the CBM and a hole in the VBM will produce the A-exciton.
On the other hand, an electron in the CBM can be bound with a hole at a less energetic
spin state at the same point producing the so-called B-exciton. Due to the fact that they
are located on local minima, the study of the interactions and control of the excitons in
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these points is called valleytronics and, particularly, TMDs has been exhibit interesting
properties for possible applications in this area [48].

2.4 Optical Properties

Interaction of light with matter can be classified into three types: reflection, propaga-
tion, and transmission. Furthermore, reflection can be seen as a specific case of scattering,
a process in which light changes its trajectory and possibly its frequency, due to the
changes in the medium. On the other hand, in the propagation process, light which enters
the crystal can be absorbed when the frequency of incoming light is resonant with the
transition frequencies of the atoms in the crystal. The excited atoms can decay to a low
energy state, by a photon emission in a process called luminescence. The light will be
emitted in all directions with a different frequency from the incoming beam3. Finally, light
which is transmitted will be refracted in the process: the propagation velocity will change
due to a propagation medium change [51].

Characterization of a material in each step above mentioned enables to know its
classification and possible applications. In this work, we will focus on the luminescence
process of TMDs which are closely related to the electronic structure and excitonic features
explained before.

When the photons are absorbed by the TMDs, electrons will be promoted to the
conduction band and excitons can appear. After electron energy relaxation, a photon with
a different frequency from the incoming beam will be emitted, but also with an energy
different from the electronic band gap of the material. This is due to the binding energy of
the exciton. Therefore, the emission spectrum will have peaks on the exciton recombination
energies, also called as the optical gap. In the same way, emissions from other quasiparticles
like trions or biexcitons will also be detected. The whole set of emissions by recombination
is known as photoluminescence (PL) spectrum, one kind of luminescence in which the
material emits light due to optical excitation. Figure 5 (b)-(e) presents the characteristic
photoluminescence spectrum of the TMDs monolayer.

A clear dominant A-exciton peak is seen in all different spectra, at 1.61 eV (765
nm) for WSe2, 1.96 eV (633 nm) for WS2 and 1.83 eV (678 nm) for MoS2. Less intense
B-exciton peak is presented in gray; it is many times weaker due to the much smaller
transition probability from the electron in the conduction band to a lower valence band
state. Although, depending on the monolayer production method, defects, temperature,
etc. the B-exciton intensity would increase. Thus, small differences will emerge in the PL
spectra in the literature [9] [45] [49]. Specifically, MoS2 presents a partial overlapping of
3 Although excited atoms does not always decay in a radiatively way. Energy can be dissipated, for

instance by phonon emission.
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Figure 5 – Raman (a) and Photoluminescence (b)-(e) spectra of the TMDs monolayer on
SiO2. Taken from [52]

the two excitons due to the small SOS of the states making the transition more probable
and intense. B-exciton energies are 2.04 eV (608 nm) for WSe2, 2.34 eV (530 nm) for WS2

and 1.98 eV (626 nm) for MoS2.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6 – Refractive index and extinction coefficient of (a)MoS2 (b) MoSe2 (c)WS2 and
(d)WSe2. Absorption coefficient of (e)MoS2 (f) MoSe2 (g)WS2 and (h)WSe2. [41]

The complex refractive index n̄ = n + iκ provides knowledge about the change
in the beam velocity in the crystal (n) but also information about the system such as
the extinction coefficient (κ), the absorption coefficient α = 4πκ

λ
, as well as the dielectric
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function of the crystal n =
√

ϵ [51]. Differences on the refractive index between the TMD
and substrate, for instance, will be related to the optical contrast, providing information
about the more efficient way for the monolayer identification. In Figure 6 (a)-(d), the
refractive index n (red) and extinction coefficient (blue) of the main TMDs are presented.
Additionally, Figures 6 (e)-(f) show the absorption coefficient indicating with arrows the
position of the A and B-excitons. It is possible to see how photons with less energy than
excitons are not absorbed by the TMDs; it is because the minimum of energy which
produces a transition from valence to the conduction bands is, in fact, the exciton energy.
Higher energy photons will be absorbed in many different pathways producing transitions
between different bands.

2.5 Substrate effects

The properties of the TMDs can be affected in many different ways by roughness,
defects in the crystal, temperature, etc. The substrate, for example, is in direct contact
with the TMD playing a pivotal role in its properties. For instance, charge transfer between
the substrate and the TMDs induces changes in the electronic and optical properties of
the TMDs. Here we will focus principally on two types of substrate effects which affect
the TMDs: strain and charge transference. Below, we will present a brief review of them
but a full review of all substrate effects can be read at [16].

2.5.1 Charge transference

When a TMD is put on a substrate, electrons will be transferred to the material
with smaller Fermi energy level. Thus, to understand how the charge transfer is performed,
it is necessary to understand how the electronic band structure is at the junction. In
MoS2 on SiO2, for instance, there is a rise on its Fermi level due to more electrons
being transferred to the conduction band coming from the substrate and increasing the
probability of formation of negatively charged excitons on the TMDs [53].

After the charge transference from the substrate to the TMD, exceeding electrons
can link up to the excitons in the TMDs to form negatively charged excitons (negative
trions). The PL spectrum thereby will show an increase on the respective trion peak and
a corresponding decrease of the intensity of the uncharged exciton peak [4] [54].

Charge transference also occurs on a substrate such as Si/SiO2, one of the most
common in the literature. Silica substrate is a semiconductor material negatively charged
which also will transfer charge to the TMD improving the trion emission. In Figure 7 the
MoS2 PL spectrum is presented, showing the position of the neutral excitons A0 and B as
well as the trion A− on different substrates. A clear lower intensity for the PL spectra of
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Figure 7 – (a) Photoluminescence of MoS2 on different substrates SrTiO3 (STO), Gel-film,
LaAlO3 (LAO) and SiO2. (b) Schematic band structure alignment on the
junction MoS2/SiO2 with the representation of the WF (work function), EA
(the electron affinity) and CNL (charge neutrality level). Modified from [53]

MoS2 on SiO2 is visible, and also a dominance of the trion emission. A schematic band
representation of the junction is propoused by the authors in 7.(b) [55].

In the exfoliation process, defects such as sulfur vacancies or water moisture can
appear on the interface. They will induce a doping effect which improves the trion emission
but increases the non radiatively exciton decay [56] [57]. Nevertheless, doping can improve
general properties if it is correctly selected. Thus, the natural charge of the TMDs could
give information about how the substrate should be. Yu et al. [56] propose that doping
mitigation can be done through the use of p-doping substrates for the negatively charged
WS2 and MoS2 while an n-doping substrate is suggested for the positively charged WSe2.

2.5.2 Strain effects

Flexibility is one of the interesting properties of TMDs because of its potential
applications in flexible devices [58] [59]. However, tensile strain affects the natural properties
of the TMDs. When mechanically exfoliated monolayers are transferred to the substrate,
roughness can appear and local variances on the mechanical and electrical properties can
be produced [60].

Holes on the substrate can appear as undesirable defects or in a controlled way.
A TMD monolayer transferred to a matrix of holes in the substrate has been studied in
order to characterize its properties [61]. A PL enhancement was observed in the suspended
single layer at each hole (Figure 8.b). The Raman spectrum is also modified on MoS2. A
displacement is produced on the in-plane E1

2g Raman mode while the out-of-plane A1g

remains at its position [61] [55].
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Figure 8 – (a) Atomic force microscopy (AFM) on a MoS2 monolayer and its (b) Photolu-
minescence map. Scale bar 5 µm [61]. (c) MoS2 PL spectrum in the freestanding
and supported single layer [55]. (d) MoS2 Raman spectrum under different
applied strain [62] (e) Illustrative representation of a single layer over a thin
hBN buffer on Silica substrate. (f) MoS2 PL spectrum over different substrates
and (g) representation of the interface bounding and distortions [63].

Moreover, strain can be produced by defects on the substrate or by a distorted
crystalline structure of TMD with regard to the substrate. For example, strain can be
produced by the non-symmetrical binding between the MoS2 and Si/SiO2 through the
interface; it could produce a reduction of the photon emissions and thus a less intense PL and
Raman spectrum. To prevent it, an isolation of MoS2 is proposed though another layered
material, hexagonal boron nitride (hBN). This arrangement leads to an enhancement
of the TMD properties by decreasing the charge transfer, interface effects or roughness
(Figure 8 (e)-(g)) [63].

Furthermore, the strain has also been studied by applying different quantities of it
on a MoS2 monolayer. As studied for charge transfer, a redshift on the PL spectrum occurs
and a dramatical decrease of the intensity is detected. In the other hand, for strain up to
0.8%, the Raman E1

2g in-plane mode will also present a redshift with a strain dependent
peak splitting, while the A1g mode remains unaffected (Figure 8) [62].
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2.5.3 GaAs properties

Galium Arsenide is a crystalline material with a zinc blende lattice configuration4

and a unit cube length of 5.65 Å. It is a semiconductor material with a direct band gap of
1.42 eV at room temperature [64]. It can be doped by replacing some gallium atoms in the
lattice by, in our case, zinc atoms for a positive doping or by silicon atoms for negative
doping.

Its Raman spectra will present a prominent longitudinal optical (LO) peak at
292 cm−1 and a small transverse optical (TO) peak in 267 cm−1 [65] for the undoped
case (see Figure 9) whereas doped samples present a highly relevant TO peak which will
vary depending on the doping level of the crystal [66]. Doped samples have an electron
mobility of a few thousands cm2V −1s−1 for a concentration of carriers of the order of 1018

cm−3 [67, 68].

Figure 9 – Features of GaAs (a) Unitary cube structure [68], (b) band structure [69], (c)
Raman spectrum of undoped and n-doped (inset) cases [70] [65] and its (d) PL
for the p and n doped cases. [65].

Photoluminescence spectra will exhibit different features depending on the doping
4 This is, in principle the face centered cubic (FCC) structures of an atomic species interpenetrated by a

second FCC lattice of a different atomic species [36].
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and temperature, usually presenting many peaks. Nevertheless a broad main peak at
1.42 eV at room temperature will be an important feature in particular for the doped
cases.

2.6 Monolayer Production

Monolayers of transition metal dichalcogenides can be achieved in many ways.
However, here we present the three most used methods in literature.

2.6.1 Mechanical Exfoliation

Owing to the TMD layered condition, disengagement of the layers can be made
through the same graphene mechanical exfoliation5 method: a piece of adhesive tape is
placed over one seed6 of the TMD and slowly peeled back off. Interlayer bonding within the
films can be broken and small regions with material will be glued to the tape. Nevertheless,
few or single layer regions will be less probable. Thereby, to improve the number of
few-layer regions, the tape should be glued into itself and peeled it back of to make a new
exfoliation of the TMD. Subsequently, few-layer regions in the tape are transferred to the
previously prepared substrate. In the transference process, a final exfoliation is produced
between tape and substrate. Finally, the substrate with potential monolayer is mapped
with an optic microscope to identify the single layers by optical contrast.

Figure 10 – Schematic illustration of mechanical exfoliation process. Taken from [71].

5 Last folds extraction.
6 A crystal seed is referred to be a small piece of the material used for sample fabrication.
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2.6.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a method to produce thin films from precursors
which react in vapor phase to generate a thin film on a given substrate. Different kinds of
CVD procedures can be performed depending on the conditions in which they are made:
pressure, precursors, temperature, etc. One of the methods used to grow TMD films is
to place the substrate on a boat which will be put on a sapphire or quartz chamber, at
vacuum, together with the MX2 precursors. Subsequently, an initiator (H2 for instance)
gas is sent through the chamber and the vaporization process is made by heating them.
TMD begins to link up over the surface of the substrate and depending on the time of
interaction single or few layers can be formed on it.

Figure 11 – Schematic illustration of the CVD set up. Taken from [72].

Another way to grow it is in two steps. A single film of the transition metal is
grown on the substrate then CVD process is used to vaporize a dichalcogenide precursor
to make it interact with the coated substrate. The difference with the first method is
the achieving of large area monolayers due to the homogeneous film of transition metal
precursor. However, it was found that CVD grow monolayer has less quality in comparison
with other exfoliation methods. In [73] [74] is presented an extended review of the main
methods, precursors and main features of the CVD grown single layers.

2.6.3 Physical Vapor Deposition

Physical Vapor Deposition (PVD) is closely related to the CVD process. While in
CVD method precursors react in vapor phase to form the film, in PVD, precursors are
in solid state. In PVD, substrate is put in a vacuum chamber along with the transition
metal precursor target. Then, Argon gas is injected into the system. A magnetic field is
applied to the target and Ar plasma is generated over it. Positively charged argon atoms
will collide with the transition metal (TM) target and sputtering takes place. The TM
atoms are adsorbed on the substrate and a thin film of TMD is produced. The result can,
nevertheless, have impurities depending on factors like precursor target quality.
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Figure 12 – Schematic illustration of the PVD set up.

2.7 State of the art

In the following, we will review the three more interesting studies that have been
reported so far on TMDs on GaAs and also an investigation on the effect of different
substrates on the optical properties of MoS2.

2.7.1 Interface designed MoS2/GaAs heterostructure solar cell with sandwich
stacked hexagonal boron nitride [1]

In this work, the authors made a solar cell with an n-type GaAs substrate and a
MoS2 monolayer. To make electrical measurements they used rear and frontal Au contacts,
letting an open entrance region that allows light to interact with the MoS2 monolayer (see
Figure 13).

The MoS2 monolayer is obtained through a chemical vapor deposition method
(CVD) (see chapter 2.6.2) on a Si/SiO2 substrate. After growth, they made a spun-on
polymethilmethacrylate (PMMA) coating to paste the monolayer to it. This sample is
immersed into deionized water to lift-off the PMMA-MoS2 films. They are transferred to
the n-GaAs and the PMMA coating is removed with acetone.

Figure 13 – a) Schematic structure and b) electronic band alignment of the
MoS2/hBN/GaAs solar cell. Taken from [1]
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It is found that there is a static charge transfer from the n-GaAs substrate to the
TMD monolayer, decreasing the solar cell efficiency. To eliminate the electron transference
they put an h-BN monolayer in between the GaAs and MoS2, which in fact let the substrate
holes pass to the TMD, letting it positively charged and producing, in this way, the usual
p-n junction of solar cells.

As a result, they obtain a power conversion efficiency (PCE) of 5.48% with the
h-BN monolayer and 4.82% with the n-GaAs/MoS2 original junction. To improve the solar
cell PCE, MoS2 is dopped with a nitromethane solution and an electrical gating is used
too, obtaining a PCE of 9.03%, the highest value obtained for a TMD solar cell so far, in
our knowledge.

2.7.2 Monolayer MoS2/GaAs heterostructure self-driven photodetector with
extremely high detectivity [2]

In this work, the authors create a self-driven photodetector (zero external voltage)
with a GaAs/h-BN/MoS2/ Si QDs structure (see Figure 14). They use the same electronic
band structure alignment from the last article for the n-GaAs/MoS2 junction, as well as
the use of h-BN to control the static charge transfer between the MoS2 monolayer and the
GaAs substrate.

In this device n-GaAs provides the majority charge carriers, the h-BN diminishes
the dark current (detected current at static equilibrium) and finally, the QDs increase the
absorption of light, especially for low power incident light, since the small thickness of the
monolayer decreases its light absorption.

Figure 14 – a) Schematic structure and b) electronic band alignment of the
QDs/MoS2/hBN/GaAs photodetector. Taken from [2]

Finally, the photodetector is covered with a PMMA coating to conserve it. They
obtain a responsivity of 419 mA/W and a detectivity of 1.9 × 1014 Jones.
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2.7.3 Large Lateral Photovoltaic Effect in MoS2/GaAs Heterojunction [3]

The lateral photovoltaic effect (LPE) consists on the lateral flux of the photogen-
erated electrons and holes and their recombination on the same surface of the material,
in other words, the flux of charges and the recombination occurs on the same side of the
structure (see Figure 15 inset a). It’s a useful property for the design of position sensitive
detectors, since the lateral photovoltage measured between two contacts changes linearly
with the position of the spot of illumination on the active region of the device.

Figure 15 – a) Raman spectra of MoS2 bulk with the two phonon modes. Inset: schematic
structure of the device. b) Electric response of the device for different laser
power and MoS2 thickness. c) Electronic band alignment of the MoS2/GaAs
junction for p-type and d) n-type substrates. Taken from [3]

In this article, the authors study this effect on a MoS2/GaAs junction. They work
on n- and p-type GaAs substrates and different thicknesses of MoS2 from 10 nm to 90
nm (see Figure 15 b). However, since the monolayer thickness is of ≈ 0.8 nm [75], all this
work is absolutely at the bulk limit.

To have a homogeneous thickness the authors grow the bulk through a physical
vapor deposition method (see chapter 2.6.3) on GaAs. Through the voltage/current
relations for each sample and a proposed band alignment for the junctions, they explain
that there is a charge transference from the substrate to the MoS2 bulk, of electrons for
the n-type GaAs and of holes for the p-type one. They explain that due to that charge
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transference a built-in field (Ebi) will appear in the interface producing an inversion layer.

They compare the results between n- and p-type substrates, finding that there is a
much larger LPE for the n-type one, because of its electronic band alignment (see Figure
15 c and d) which lets the electrons be transferred to the TMD. Also, they conclude that
the thickness with the best sensitivity is that one of 30 nm.

2.7.4 The effect of the substrate on the Raman and photoluminescence
emission of single-layer MoS2 [4]

The authors studied dielectric substrates like SiO2, Mica, Gel-Film and hexagonal
boron nitride as well as conducting substrates such as Au and few-layer graphene (FLG).
In this work, the authors consider effects such as the interference produced by the different
interfaces and the charge transference between the materials.

To study the interference effect they take into account the multiple internal reflec-
tions at every interface media (Figure 16.a). They determine the light intensity absorbed
and emitted by employing two methods, an effective medium approach and the transfer
matrix formalism, getting consistent results. Using the intensity emission, they determine
the enhancement factor

Γ−1 =
Ifreestanding

MoS2

Ionsubstrate
MoS2

where Ifreestanding
MoS2 is the emission intensity from the freestanding monolayer MoS2

and Ionsubstrate
MoS2 is the total emission intensity from the monolayer on a substrate. Thus,

they plot the enhancement factor as a function of the wavelength for different substrates
(Figure 16.b) producing changes on the spectral intensities.

After they measure the Raman and photoluminescence spectra, they normalize them
by the enhancement factor (Figures 16.c and 16.e). Although, interference considerations
do not change the spectral peak positions, differences are appreciated on both Raman and
PL spectra.

For the Raman case, considerable changes are observed just in the A1
2g mode

while differences of less than 0.4 cm−1 were observed in the E1g mode (Figure 16.d). The
authors also inform uniformity along the monolayer surface concluding thus that they
have unstrained monolayers, which explains the unaffected E1g peak.

In the PL spectra, an increase of the trion peak is presented for some substrates. It
was explained by doping effects through charge transfer from the substrate charging the
neutral A excitons. This effect is also presented as the one responsible for the A1

2g changes.
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Figure 16 – (a) Interface representation in which 2-Spacer corresponds to the substrate to
be studied. (b) Wavelength dependence of the enhancement factor of some
substrates. (c) Raman spectra of the MoS2 monolayer over different substrates
and (d) the changes on its active Raman modes E1

2g (top) A1g (bottom).(e)
Photoluminescence spectrum of the MoS2 monolayer in each substrate. Taken
from [4].

The study of PL reveals also that all the substrates investigated improve the monolayer
emission in comparison with the SiO2 substrate.
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CHAPTER 3

Experimental Setup

3.1 Sample fabrication

When the mechanical exfoliation method is used to produce samples on GaAs,
a low contrast between a few layer flake and the substrate is observed. Single layers
of TMDs are difficult to find by this way. Thus, identifying the single layer before the
transference increases the probability of finding the monolayers after it. In this way, the
all-dry viscoelastic stamping method is used: an exfoliated tape is pressed against a gel
film1 and then it is peeled off slowly [76]. This will allow an improvement of the optical
contrast for mapping the sample in the microscope, in search of TMD monolayers. After
identifying all possible monolayers in the gel, a Hg lamp is used to see its fluorescence
under the microscope. If strong fluorescence occurs, there is a high probability of having
found a single layer or even a bilayer for WSe2. Photos are taken of each flake in order to
know its exact position on the gel. In Figure 17 it is presented a schematic illustration of
the fabrication process.

Then, the GaAs substrate is cleaved in small squares of ∼ 6 mm by side and
ultrasonically cleaned by five minutes on acetone and isopropyl alcohol, in this order.
Subsequently, gel film samples are aligned with the substrate and softly pressed against it.
Without separating them, the junction is put on the hot plate at 80◦C for ten minutes.
Then, the gel is peeled off slowly to improve the transference of the flakes. Previously
identified monolayers should be found by comparing the flakes with the photos taken from
1 It is possible to use ©Gel Film available on its site, or by preparing it. We fabricate it in the clean

room with ten parts of silicone SYLGARD 184 BASE by one of SYLGARD 184 CURING AGENT
mixing it well and leaving it to dry over three days.
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(a) Exfoliated flakes on 
the tape are transferred 

onto the gel film

(b) The gel is mapped, 
looking for TMDs 

monolayers

(c) The gel is turned upside 
down and aligned with the 

GaAs substrate

(d) The stuck sample is put 
over the hot plate 

(f) The final  sample is mapped 
in search of previously found 

monolayers

(e) Gel film is peeled off 
from the GaAs

Figure 17 – Schematic illustration of the sample fabrication process.

gel2. Thereby, new photos of single layers on the substrate should be taken to determine
their exact position for their subsequent measurement. Figure 18 presents the optical
images of a flake in each step of the fabrication process.

After using the reference photos from the gel and identifying the flake or the
region in which the single layer should be, it is possible that it apparently has not been
transferred. Due to the low contrast, the optical image cannot be used to define if the
transference process has been successful. Then, fluorescence by Hg lamp is used again for
the WS2/GaAs junction, revealing if there is single layer emission. Moreover, for MoS2

and WSe2 on GaAs, monolayer fluorescence is suppressed, which gives us the first hint
that charge transfer occurs in these cases, from the TMD to the substrate. Owing to this,
to locate the single layers in these cases we have to use a dark field filter, which provides
us an image of the scattered light by any edge or defect in the surface.

Figure 19 presents the refractive index of some representative materials. It is
possible to see that GaAs and MoS2

3 have close values of the refractive index in the visible
range, explaining the low optical contrast at the monolayer limit. On the other hand, it is
possible to see the significant difference between the SiO2 and the TMDs refractive indexes,
which can explain why monolayers are much easier to identify on this type of substrate.
2 Transference process does not necessarily transfer the entire flakes, they can appear in a fragmented

way or even remains on the gel.
3 As well as the other TMDs, by comparison with Figure 6.
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Figure 18 – Single layer identification process. Optical image of a WSe2 sample over
gel film (top left) and after transference on a GaAs substrate (bottom left).
Fluorescence of the same sample on gel (top right) and optical image using a
dark field filter of the sample on GaAs (bottom right).
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Figure 19 – Refractive index for some substrates and a the MoS2 monolayer. Data taken
from [77] [78] [79] [80].

3.2 Raman Spectroscopy

Sample characterization can be done in many possible ways, one of them is Raman
spectroscopy. This powerful optical characterization technique allows us to study the
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vibrational modes of the material. In that, the photons from a laser beam excite the
molecules in a sample, driving them up to a virtual state for its subsequent decay in one
of three possible ways. First, molecules can decay to the same initial state, by emitting a
photon with the same energy of the incoming beam (Rayleigh scattering). Second, they
can decay to state with energy higher than the initial state by emitting less energetic
photons than the incoming ones (Stokes scattering). Third, the molecules can go to a
less energetic state than its initial condition, by emitting photons with an energy higher
than the energy of the incoming beam (anti-Stokes scattering). In the latter two cases,
the difference in energy is given by the emission (Stokes scattering) or the absorption
(anti-Stokes scattering) of a phonon of the scattering material. Usually, measurement of
the intensity of these emissions is done as a function of the difference between the wave
number of the excitation beam and the emitted light:

Rs =
( 1

λex

− 1
λ

)
(3.1)

with Rs the Raman shift in cm−1, λex is the wavelength of the excitation beam
and λ is the wavelength of the scattered light.

Figure 20 – Schematic illustration of the main Raman modes of the transition metal
dichalcogenides [81].

Figure 20 shows the Raman modes of the TMDs in a bilayer representation. When
the light interacts with the molecules in the lattice, the vibration modes can affect the
charge distribution. Those modes which have oscillating polarizability in the normal
direction will be called the active Raman modes and otherwise, the inactive ones. In
particular, for the single layer case, the two main active modes will be the E1

2g (in-plane
oscillation) and A1g (out of-plane oscillation) detected as two thin peaks in the Raman
spectrum.

The main setup for optical spectra measurements consists of a light exciting source
(laser), a diffraction grating/monochromator and a sensor. The photons emitted by the
sample arrive at the diffraction grating which separates them by their wavelength and also
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determines the range of spectrum that will be analyzed. Depending on its number of lines
per millimeter, the grating can provide better resolution in the spectrum by reducing, in
consequence, the range of wavelengths on the spectrum. Once the photons pass by the
grating, they are detected by a sensor (CCD) which transforms the light into electrical
signals that are converted by a software into a spectrum.

For Raman spectroscopy, we use the WITec [82] alpha 300A experimental setup
available in the laboratory LCPNano at UFMG. The samples were excited with a 532
nm wavelength laser with a 0.8 mW power4. The Table 3 presents the position of the two
active Raman modes in the monolayer of the different TMDs.

Raman mode (cm−1)
TMD E1

2g A1g

WS2 357 418
MoS2 384 404
WSe2 - 249
MoSe2 286 239

Table 3 – Experimental values of the active Raman modes in TMD monolayers [52].

3.3 Photoluminescence Spectroscopy

As explained in the last chapter, the photoluminescence spectrum measurement
allows us to study the electronic transitions produced in the sample. For the measurements
of spectra at room temperature, the same system used for Raman spectroscopy, the UFMG
WITec equipment was used5. The flakes are localized and measured with a 100x objective
in order to reduce the spot size and improve the control about which point (region) in the
sample is excited.

Two kinds of spectral measurements were taken, single spectrum and spectral
maps. In the first one, the emissions of a specific point of the monolayer are analyzed. To
reduce the noise, the exposition time of the CCD as well as the number of acquisitions are
pre-defined. In the second one, a region of the sample is defined, along which a set of single
spectra will be taken to construct the spectral map of the region. Thus, the parameters as
the number of spectral points in the x and y direction should be defined as well as the
CCD exposition time and number of acquisitions of each single spectrum.

High reliability of the measurements is provided by the WITec system, due to its
high optical precision as well as its CCD quality. However, due to its configuration, it is
4 Warning: a high laser power can damage the single layers. This power is enough to see weak emissions

without damages. Nevertheless, short exposition time (few seconds or less) is recommended.
5 Some measurements were done in a similar equipment but in the CTNano-UFMG laboratory.
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physically impossible to place a cryostat in it in order to make low temperature or vacuum
measurements. In this way, it was decided to adapt a low-temperature setup available
on the Semiconductor Laboratory, discussed below, for photoluminescence measurements
below room temperature.

3.3.1 Low temperature Photoluminescence

For the low-temperature measurements, the setup presented in the Figure 21 was
used. In the diagram, it is possible to see the optical path followed by the excitation laser
and how it reaches the sample, placed in the cryostat, for its subsequent reflection up to
the spectrometer. In the inset we can see a photo of the setup centered in the cryostat
region which is placed in a different plane of the rest of the optical system; the latter with
the purpose to give more stability to the mapping system as well as to the cryostat. The
objective is placed over an electronically controlled piezoelectric (P) which allows us to
make spectral maps over a region of the sample by using its three axes. To orientate the
laser beam to the sample, the M3 mirror is placed above the objective (inset Figure 21).
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Figure 21 – Diagram of the experimental setup for low temperature measurements. The
inset shows a photography of the cryostat with the objective and the mirror
M3 above it.

To control the intensity and the spot size, an intensity filter (F0) and an iris (D)
were used to prevent possible damages on the sensors6. The F1 filter with a 568 nm value
is a high-pass filter used to suppress the laser line, allowing us to focus on the light coming
from the sample. Owing to the high intensity of the GaAs luminescence peak, an additional
filter (F2) is needed specifically at low temperatures, where overlapping with the TMDs
PL is highest. Due to the separation of the PL peaks of the GaAs (830 nm) and the MoS2

6 It is not considered a risk for the single layers due to the low laser power (∼ 0.5mW ).
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(678 nm) or WS2 (640 nm), a low-pass filter F2 = 750 nm is enough to mitigate the
substrate effect. For the WSe2 case, whose photoluminescence (750 nm) is closer to the
GaAs value, a low-pass filter F2 = 810 nm is used.

To find the TMDs single layers, the white collimated light source is turned on and
the beam splitter BS1 drives the beam to the optical path of the laser. By placing a mirror
(M5) we direct the image of the sample to the camera. Once the monolayer is located, the
lamp is turned off and M5 mirror is removed7 in order that the optical path continues
up to the spectrometer. Two 100 mm convergent lenses L1 and L2 are used to focus the
light beams into each sensor. An Ocean Optics USB2000 spectrometer with an internal
(and fixed) 600 lines/mm grating is used. The advantage of this spectrometer is its high
spectral range, although the spectral quality is affected owing to the short optical path
and low resolution grating.

To realize the measurements, first conductive silver paste is used to fix the sample
to the cryostat and then the monolayer is found by using the system. Thereby, the cryostat
window is placed and vacuum is made by using the Edwards pumping station XDS10.
After a stable inside pressure of the order of ∼ 10−5Pa is achieved, He flux is opened and
temperature is monitored until the desired value is reached.

7 A Thorlabs flip mount adapter is used to maintain the system alignment.
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CHAPTER 4

Results - TMDs on GaAs

The use of the transference method described before does not imply a full transfer-
ence of the flakes or bulks; the transference can happen in a partial way or the flakes may
even remain on the gel. Also, the transference process can be seen as a new exfoliation of
the TMDs. The Figures 22 - 24 present the samples used in this work. Low contrast is
appreciated in the GaAs substrates demonstrating the difficulty to see the single layers
with the optical microscope.

For the MoS2 samples, in Figure 22, the images on the GaAs with the dark field
filter show a transference of most of the previously identify monolayers. In the undoped
substrate the monolayer does not seem to have been transferred, however the sample is
studied to see if there occurs a new exfoliation transforming the few layer (FL) region in a
single layer one. In the n-GaAs substrate, on the other hand, the majority of the single
layer seems to be transferred, but in a rough way.

For the WS2 flakes, Figure 23, the undoped and p-GaAs substrates show a partial
transference of the TMD bulk as well as the monolayers. The presence of bulk regions close
to the single layers facilitates their location for the subsequent measurement. In particular,
the p-doped case is challenging owing to the single layer being isolated of any bulk. This
monolayer, in other conditions, would go unnoticed. In contrast, the flake on the n-GaAs
substrate is one of the full transference cases, making it easy to find.

Finally, the WSe2 on GaAs, Figure 24, is the set with the best transferences
obtained, almost the entire flakes (bulk and monolayer) were transferred.

Fluorescence of the flakes, in the gel, is not enough to determine if the flakes are
in fact monolayers, thus, characterization should be done through Raman spectroscopy,
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Figure 22 – Set of MoS2 samples on the gel (left), on the substrate (middle) and the dark
field filter image of the flake (right). The monolayer areas (1L) and few layer
(FL) are represented with dotted lines.

which will be presented in the next section.

4.1 Raman spectrum

The Raman emission, as mentioned before, provides information about the vi-
brational modes of a material, which can change depending on the number of layers. In
particular, the relative positions of the E1

2g and the A1g Raman modes of MoS2 will provide
information about the number of layers in the crystal. This distance, for the monolayer
case takes values between 18 cm−1 to 19 cm−1 [83, 84].

Figure 25 displays the Raman spectra of the MoS2 monolayers on the different
substrates. Peak differences of 19.0, 18.1 and 17.8 cm−1 in the undoped, n-doped and
p-doped substrates respectively, are found. This fact reveals the unambiguous single layer
character of the samples. The inset also presents an expanded view of the spectra, with
the respective substrate peaks at ∼ 267cm−1 and ∼ 290 cm−1 for the doped cases and
292.4 cm−1 for the undoped one.
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Figure 23 – Set of WS2 samples on the gel (left), on the substrate (middle) and the fluo-
rescence image of the flake (right). The monolayer areas (1L) are represented
with dotted lines.

These results are obtained after making three single acquisitions of ten seconds
each in the single layer regions represented in Figure 22 for both doped cases. For the
undoped substrate, despite the invisible state of the previously identified monolayer, after
measurements in that region, a single layer spectrum (presented in Figure 25) is obtained.
It shows the difficulty in the single layer identification even with the use of the DF filter
and underlines the importance of the monolayers on the gel film.

The WS2 single layer features of the Raman spectra, as studied by Berkdemir et
al. [85], will exhibit a dependence on the wavelength of the excitation laser. For example,
a richer spectrum, with second-order peaks, is obtained with λexc = 514.5 nm, while a
more clear signal of the two main Raman modes is observed with λexc = 488 nm. Due
to these changes, WS2 single layer determination will also depend on the laser line. For
λexc = 514.5 nm the spectrum is dominated by three main peaks: the first is the strongest
second order Raman peak associated to a longitudinal acoustic mode (2LA). This mode is
produced by collective in-plane movements of the atoms in the lattice. The second is the
E1

2g peak which, in this case, will be overlapped with the 2LA peak but also resolvable.
The third is the A1g peak, which in the monolayer case will present an intensity of about
a half of the 2LA mode. The latter will be the determinant criteria of the single layer
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Figure 24 – Set of WSe2 samples on the gel (left), on the substrate (middle) and the dark
field filter image of the flake (right). The monolayer areas are represented with
dotted lines.
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Figure 25 – Raman spectra for MoS2 in each GaAs substrate. Dotted lines: 385 cm−1 and
404 cm−1. λexc = 532 nm.
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condition. For λexc = 488 nm, the authors report a linear increase of the intensity with
the number of layers up to three layers and then a decrease from four layers to the bulk.
The dominant Raman modes in these spectra will be the two active modes of the TMD.
In both cases an additional criteria for the monolayer identification is observed: a redshift
of the A1g mode produced by the less intense restoring force caused by the van der Waals
interactions. This is the same phenomenon observed for MoS2 [83]. For WS2, the E1

2g mode
will be close to 355 cm−1 without thickness dependence, and the A1g will be placed close
to 417 cm−1 for the monolayer case and close to 420 cm−1 for the bulk.

For the Raman spectrum measurement, a laser line of λexc = 532 nm was chosen
due to the deterministic intensity relation between the 2LA and A1g modes. However a low
resolution was observed for the doped substrates. Then, an increment in the acquisition
time to 20 seconds was made to improve the spectra, without significant changes. The
Figure 26 (left) presents the Raman spectrum measurements in each GaAs substrate. The
undoped GaAs substrate shows the expected peak intensity relation and all the second
order reported modes [85] for the λexc = 514.5 nm, confirming the monolayer condition of
the sample.
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Figure 26 – Raman Spectrum for WS2 with a 532 nm (left) and 457 nm (right) wavelength
excitation lasers.

On the other hand, the determination of the monolayer limit for the doped samples
required the use of a different laser line of λexc = 457 nm to use the criteria of the A1g

peak displacement to determine if the selected flakes are monolayer. The measured spectra
are presented in the Figure 26 (right). As expected, strong TMD main modes are observed,
similar to the reported case of λexc = 488 nm. The positions of the peaks agrees with those
reported for the monolayer case giving us the certainty about the flakes number of layers.
Nevertheless a difference in the intensity relation of the two modes is observed. Thus,
additional spectra are taken for the bulk and a few layer region to observe how the spectra
changes in each case. Figure 27 presents these results and confirms the A1g redshift when
the single layer dimension is achieved. In addition a high intensity is observed for the few
layer spectra, it is explained as an interference effect produced by the substrate and layer
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interfaces [85]. Finally, the different relation of intensity between the A1g and E1
2g modes

with the reported values can be due to the difference in the laser lines. Figure 27 shows
the spectra in the undoped substrate; analogous results are observed for the doped cases.

Bulk

Few Layers

1L

E2 g
1 A1 g

250 300 350 400 450

Raman Shift (cm-1)

In
te

ns
it

y
(a

.u
.)

Figure 27 – Raman spectra for different thicknesses of WS2 over an undoped GaAs sub-
strate and a 457 nm wavelength laser excitation. Dotted lines: 355 nm and
417 nm. Few layer spectra is presented with half of its intensity.

In the WSe2 case, the Raman monolayer spectrum will differ from its bulk coun-
terpart by three representative features: a high intensity emission of the A1g mode close
to 250 cm−1 with no clear signal of the E1

2g mode1, a broad 2LA peak close to 260 cm−1,
and the absence of a tiny peak at 309 cm−1 [81, 86]. The Raman spectra of the WSe2

monolayers is presented in Figure 28. All three features are observed with less intense
emission for the doped cases. Differences are observed in the substrate peaks, the undoped
GaAs mode exhibits a comparable intensity to that of the A1g mode whereas the doped
GaAs (p and n) Raman modes are almost unobservable in comparison with the WSe2

emission.

MoS2 WS2 WSe2
E1

2g A1g E1
2g A1g E1

2g A1g

GaAs 385.1 404.1 356.5 416.4 - 249.1
n-GaAs 385.1 403.2 360.1 421.2 - 250.2
p-GaAs 384.7 402.5 359.5 420.0 - 249.3

Table 4 – Measured values of the active Raman modes of TMD monolayers in (cm−1).

1 The observed signal can be produced for either unresolvable peaks or by a degenerated condition. Solid
evidence is not presented in the literature so far.
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Figure 28 – Raman spectra for WSe2 in each GaAs substrate for a 532 nm wavelength
laser excitation.

4.2 Photoluminescence

The main physical features involved on the PL spectra of the TMDs were previously
discussed in section 2.4. Here, we will present the main results of the different measurements.
An initial clarification about emission intensity must be done: just room temperature
measurements were taken under equal conditions (laser power, acquisition time, system
alignment), thus it is natural to expect a direct comparison between samples in that case
among different substrates, nevertheless TMD monolayers are materials subjected to many
variables (as mentioned in chapter 2) such as defects on the TMD lattice, defects on
the substrate, inhomogeneous transference of the monolayer to the substrate leading to
roughness and thus, an inhomogeneous charge transfer. On this way, when one chooses
an arbitrary point in the sample to make the measurements, it is not guaranteed that
the measurements will describe the monolayer general behavior. On that way, a more
objective intensity analysis could be realized by taking spectra in different points of the
monolayer from different samples and constructing a complete statistics. Owing to this
latter, a spectral intensity comparison will not be done among substrates.

Low temperature spectra were taken under different conditions (acquisition time,
laser power) due principally to the too intense GaAs PL emission. Even with a filter
for the laser beam, the broad linewidth of its PL and the blue shift at low temperature,
allowed the pass of an intense PL substrate tail. In addition, PL from some TMDs were
too weak in comparison to that background, making it dangerous for the spectrometer
CCD detector that can not withstand a long exposure time measurement. Nevertheless an
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enhancement in the intensity is observed in all the samples at low temperature. This is
commonly associated with a decrease of the non-radiative processes at low temperature
condition and is also described as [22]

I(T ) = I0
kr(T )

kr(T ) + knr(T )

where I0 is the approximated intensity at 0 K, kr and knr the radiative and non-
radiative recombination rate [87]. In addition, low temperature increases the band gap in
semiconductors [88] producing higher energy transitions.

Due to the high and overlapped intensity of emission of the GaAs substrates, all
the PL spectra were filtered by subtracting from them the substrate PL and then cleaning
the signal with a low pass filter in ©Mathematica2. Finally, the signal was fitted by the
individual contributions of each quasiparticle in order to facilitate the spectral analysis
(see Appendix A).

The PL of the MoS2 monolayers at room and low temperature is presented in
Figure 29. Main emissions in the room temperature spectra are produced by the A and
B excitons with the higher contribution from A exciton since that exciton require less
energy to be formed as is widely reported in the literature. The spectra were fitted by a
sum of Voigt lineshapes (for excitons A and B) and an asymmetric Voigt line (for the
trion). We find that the trion can only be fitted by an asymmetric lineshape, which can
be understood, as discussed below.

Figure 29 – PL spectra for MoS2 at room temperature (left) and T=11 K (right). Experi-
mental data (dashed line) and fits (continuous line).

To analyze the PL at low temperature it is useful to determine if charge transfer
occurs and in what way. When the junction of MoS2 and GaAs is produced, charges can
2 https://www.wolfram.com/mathematica/
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transit from one material to the other depending on the band structure offset. Figure
30 presents the band alignment for each substrate by representing the Fermi level (FL)
in green (dashed line). The actual band offsets for the system MoS2/GaAs is still not
firmly established. We follow the proposal of Lin et al. [1], that will help us to explain the
obtained results.

We can see that charge transfer must occur from the negatively and undoped
substrates to the monolayer owing to the difference in the Fermi level on each material.
Once the Fermi level reaches the equilibrium in the junction, the density of electrons in the
TMD will be higher. When the laser beam excites electrons from the valence band they
will achieve the conduction band of the monolayer but part of them will be transferred
onto the substrate owing to the energy difference. This behavior will be more prominent
in the n-GaAs substrate than in the undoped one. Now, for the holes in the valence band,
for n-GaAs, we can see that their energy minimum will be at the MoS2 monolayer, while
for the undoped one, holes are transferred into the substrate. These transfer will favor the
dissociation of the excitons in the negatively doped substrate and the complete transfer of
them to the undoped one.

On the other hand, for the positively doped GaAs, photo-excited electrons in the
monolayer will remain in the dichalcogenide, while the associated holes in the valence band
will have an increased probability to be transferred to the substrate owing to the energy
difference in the interface. It means that in this case, excitons will have an increased rate
of dissociation.
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Figure 30 – Proposed band alignment diagram of the MoS2/GaAs junction.

According to our last analysis, photoluminescence should be less intense for MoS2

on GaAs than for MoS2 on an insulator or a SiO2 substrate. However, it is difficult to
quantify, from an experimental point of view, which of the substrates will have the more
important mitigating effect on the PL, because of the many variables involved. From a
qualitative point of view, we observe a less intense emission, in all three samples, compared
to those obtained in a conventional SiO2. However, we can make a ratio between the
intensity of the exciton peaks IB/IA to obtain information about the different effects of the
substrate. Since exciton B requires higher energy to be created, it has less probability to
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be formed in a system with a low charge density. For this reason, it is more common that
they emerge and remain in defects on the single layer which trap the exciton. Furthermore,
IB/IA relation can be related to the number of defects in the monolayer [89].

Room Temperature Low Temperature
Substrate IB/IA IB/IA IT /IA

n-GaAs 0.23 0.05 1.59
GaAs 0.30 0.14 1.68
p-GaAs 0.19 - 0.62

Table 5 – Relative intensities of the emission peaks in the PL spectrum of MoS2 on different
GaAs substrates.

We obtain the intensity ratios of 0.23, in the negatively doped substrate, 0.30 in the
undoped one and 0.19 for the positively doped. It implies that many of the luminescence
that we can see is associated with excitons that remain trapped in the single layer, especially
in the undoped substrate. These defects should also be responsible for most of the emissions
coming from the exciton A. Furthermore, we believe that due to the small energy difference
in the conduction and valence band between the materials, in the junction of the undoped
sample, the dissociation of excitons is smaller and enables that some of them remain on
the MoS2 flake.

At low temperatures, non-radiative processes decrease and it is possible to obtain
more information from the PL. From our results in Figure 29 we observe a prominent,
unexpected, trion emission in all the samples. However, since charge transfer occurs, low
charge density was expected. Trion emerging, on the other hand, is a signal of high charge
density. In Table 5 we present the relative peak intensity in each sample. We observe that
the same pattern obtained for room temperature is maintained: low relative intensity for
the positively doped sample emission, and the highest value for the undoped one. Thus,
we can say there is a high hole transfer from the MoS2 monolayer to the p-GaAs substrate
that dissociates the excitons and mitigates the photoluminescence of the sample. At low
temperature, excitons and charges remain (defect assisted) on the monolayer and form
trions, most of them negatively charged.

The negatively doped substrate exhibits the second highest charge transfer, in this
case, of electrons from the TMD to the substrate. At low temperature the high density
trapped in the defects gives rise to an intense trion peak; we believe most of its emission
coming from positively doped excitons, according to our proposed band offset.

Finally, the undoped substrate shows the most intense emission, which suggests a
higher density of defects that capture the excitons and favors the emerging of trions at low
temperatures. Some of these defects can be observed all around the undoped substrate in
the dark field filter in Figrure 22 for MoS2 as well as in the WS2 and WSe2 samples. It



Chapter 4. Results - TMDs on GaAs 50

n-GaAs GaAs p-GaAs

Figure 31 – MoS2 PL maps of the red areas shown in the Figure 22. The scale bar is 1 µm
in all panels; the PL maps do not have the same color scale.

could be due to how the substrate is produced 3, or its cleaning procedures. New cleaning
procedures could help to reduce this fact. In the same way, the photoluminescence map of
this substrate exhibits less uniform intensity (Figure 31), in agreement with our defect
hypothesis.

It is worth noting that the trion emission presents a long low energy tail, which
gives rise to its asymmetric lineshape. It is produced by its recombination pathway: the
trion decay can be understood as a two-step process: first an electron is unbound from
the trion and then the recombination of the electron-hole pair occurs. When the electron
leaves the trion, in general, it will be released with a non-zero momentum, producing a
less energetic photon emission owing to the less energetic electron-hole pair [22].

Photoluminescence maps were taken over the areas in the samples marked by red
squares on Figure 22, and are presented on Figure 31. A small PL contribution of the
as-called few layer region in the undoped substrate is observed, probably produced by strain
in the wrinkles. The doped substrates, on the other hand, present a more homogeneous
intensity distribution, associated, as mentioned before, to a minor quantity of defects on
the monolayer or in the interface. A better contrast can be seen on the undoped substrate,
which could be related to the small line width of the pristine GaAs PL in comparison with
the doped ones (See Appendix A).

As expected from the fluorescence process, a high PL intensity was observed in
the WS2 samples. In Figure 32 we can see the PL map of the sample on the undoped
substrate which exhibits two intense regions, one in the middle, over a defect (visible in
Figure 23) and the second over an edge. The first one suggests a strain over the single layer
producing a PL enhancement. The second one is probably a non-full contact region with
the substrate which also leads to a more intense luminescence. The latter phenomenon
can also be observed in the n-doped GaAs substrate which has an intense emission in
the middle region. Finally the p-doped sample presents two regions with a high intensity,
3 Wafer Technology http://www.wafertech.co.uk/products/gallium-arsenide-gaas
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n-GaAs GaAs p-GaAs

Figure 32 – WS2 PL maps of the red areas shown in the Figure 23. The scale bar is 2 µm
in all panels; the PL maps do not have the same color scale.

produced by local defects of the substrate or the TMD.

Three important features are observed in the spectra of Figure 33: a trion dominated
emission, an intense luminescence of the undoped sample and a different blue shift of the
low temperature measurements. Explanation will be developed through a band structure
analysis but, unlike the MoS2 band offset, for WS2 as well as for WSe2 there have not been
any band alignment reports for a GaAs heterojunction, in our knowledge. However, due
to the fact that TMDs are van der Waals bounded layers and the lattice parameters will
not be affected by the substrate, we can estimate the band alignment of WS2 (and WSe2)
with GaAs by transitivity, using band offset studies among MoS2/WSe2 and MoS2/WS2.
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Figure 33 – PL spectra for WS2 at room temperature (left) and T=11K (right). Experi-
mental data (dashed line) and fits (continuous lines).

It could take a long time and much research until an agreement is established
for the relative energy values of band alignment in heterojunctions. Thereby, significant
differences can be found in the literature, depending on the analysis method so much as
theoretical as experimental. In this way, the selection of an exact energy difference between
bands will have a subjective component. However, all reports agree on one thing: WS2
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and WSe2 bands will be displaced to higher energy value compared to the MoS2 band
structure [90–93]. For WS2 we will propose the band offset shown in the Figure 34.

Due to the large Fermi level of the WS2, a static charge transfer will occur from the
single layer to the substrate in all three cases (See Fig 34). It should decrease the rate of
emission coming from complex quasi-particles like trions and biexcitons since the density
of charges is lower and also most of the photo-excited carriers will be transferred onto
the substrate. However, it is not the case. If we look at the photoluminescence spectra at
room temperature (Fig 33) we see that most of the contribution, in all cases, is coming
from trions. So it can be understood in two ways, the first one is a high density of defects
in the substrate like small holes or peaks, that change the strength on the monolayer,
as well as defects in the transfer process that give place to cracks, folds, and wrinkles
in the monolayer that enables the accumulation of charge. The second way is the short
recombination rate the exciton that needs to emit in the WS2 monolayer [94], which
enables more efficient recombination before the charge to be transferred to the substrate.

Also, if we compare the PL of WS2 with the one obtained for MoS2 and WSe2,
it exhibits a stronger luminescence in all the substrates. This agrees with the second
hypothesis. Trion lifetime should be short (suggested by its short value for excitons:
0.17 ns and 2.3 ps at room and low temperature respectively), compared with that for
the MoS2 and WSe2 cases [94].

Analyzing our PL results in Figure 33 based on our proposed band alignment at
room temperature (Figure 34), we can see that for the n-doped substrate, a few amounts
of charges from the monolayer are transferred to the substrate, and could be said that
the junction has a negative net charge. Thus, when light excites the junction, the photo-
generated electrons in the single layer can be either transferred into the substrate or be
bound to a defect in the junction. For those charges accumulated in the monolayer, an
excess of electrons will occur owing to the net charge of the layer. This also will give rise
to trion emerging and emission, in this case, negatively charged.
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Figure 34 – Band alignment diagram proposed for WS2/X-GaAs junctions.

In the case of the undoped substrate, we observe that excitons produced in the
monolayer will have a high probability to be transferred to the substrate since the minimum
of energy for holes and electrons is placed in it. Thus, even that trion emission can be
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expected from the different kinds of defects, this junction should have a low charge
concentration. The latter can be conferred on the Table 6 where the lower intensity ratio
between trion and exciton emission is observed in the undoped case. Another possible
reason is that this sample could have a bigger area without defects (See Fig 32), reducing
the number of charges trapped in the monolayer.

Room Temperature
Substrate IT /IA

n-GaAs 4.35
GaAs 2.42
p-GaAs 3.12

Table 6 – Relative intensities of the emission peaks in the PL spectrum of WS2 on different
GaAs substrates.

For the sample on the p-doped substrate, a high static charge transfer to the
substrate is produced. When electrons are photo-excited, they will find its energy minimum
in the WS2 single layer. However, after some time, most of the photo-generated holes
will be transferred to the GaAs. Thus a low hole density in the valence band and a high
electron density in the conduction band can enhance the negatively charged trion emission.
From our proposed band offset in this case, it is expected a high exciton dissociation due
to the large hole transference from the TMD to the substrate. However, as mentioned
before, defects assist the TMD emission of excitons and trions, in this case negatively
doped, owing to the excess of negative charge in the conduction band.

The low temperature measurements reveal a different shift for the spectral position
of the emission for the p-doped GaAs sample in comparison with the n-GaAs and undoped
cases. It is also worth noting that the shift in all cases is smaller than expected compared
to the shift observed for MoS2. From the literature, we can see that, at low temperatures,
close to 11K, the reported emission peaks for exciton and trion are close to 592 nm (2.094
eV) and 600 nm (2.066 eV) [72]. Also in those works it is reported a high contribution of
localized states. It means that the peaks we are looking to, are composed in good part from
those states. The problem is that the spectral resolution provided by the spectrometer
is not enough to resolve and identify approximate positions of each peak. This is why
in Figure 33 the low-temperature spectra are presented without any peak adjustment.
More detailed measurements, such as, for example, a detailed study of the evolution of
the spectra as a function of the temperature, are needed to clarify these results.

Photoluminescence maps for the WSe2 samples are shown in Figure 35. A high
defect density is observed in the undoped and p-doped samples but also a high contrast
to the substrate, suggesting a higher emission compared with the n-GaAs. This different
behavior will be also observed in the photoluminescence spectra and the relative PL
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n-GaAs GaAs p-GaAs

Figure 35 – WSe2 PL maps of the red areas shown in the Figure 24. The scale bar is 3 µm
in all panels; the PL maps do not have the same color scale.

intensities.

In Figure 36 we can see that at room temperature the spectra are dominated by A
exciton emission with small contributions from trions. This behavior is also observed in
other substrates like SiO2 [52,95]. From the relative intensities of the exciton and trion
peaks, in Table 7, we observe that there are a higher amount of trions in the undoped
substrate. Thus, there is a high density of charges in the monolayer in this junction. Looking
to the band offset in Figure 37 most of the photoexcited electrons in the monolayer should
be transferred to the substrate while the opposite situation is produced for holes in the
valence band.

Room Temperature Low Temperature
Substrate IT /IA IT /IA

n-GaAs 0.23 10.32
GaAs 0.32 3.77
p-GaAs 0.19 2.75

Table 7 – Relative intensities of the emission peaks in the PL spectrum of WSe2 on different
GaAs substrates.

For the negatively doped substrate, this behavior is more accentuated, obtaining
a high density of holes and a small one for electrons, in the single layer. This suggests
that the trion identity of this junction should have a positively charged character. On the
other hand, the positively doped substrate should have a high density of negative charges
a small one of the positive ones. The latter suggests the presence of negative trions.

Low temperature measurements reveals two new peaks that were previously reported
for WSe2 deposited on Si/SiO2 and which were associated to localized states [46] [96].
Particularly, Huang et al. [96] determine the identity of the exciton and trion peaks by
studying the power and temperature dependence of each one. Defects in the lattice, as well
as impurities produced during the fabrication process, can give origin to potential wells
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Figure 36 – PL spectra for the WSe2 samples at room temperature (left) and T=11K
(right). Experimental data (dashed lines) and fits (continuous line) are shown.

trapping the free excitons in the layer in a less energetic state. Due to the spontaneous
character of these defects and the energy match of our spectra with the Huang et al.
results, a GaAs substrate effect is less probable for those emissions.
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Figure 37 – Band alignment diagram proposed for WSe2/X-GaAs junctions.

Nevertheless, we can still compare the relative intensities from the exciton and
trion peaks. We can see (Table 7) a high difference in this ratio on the n-doped substrate,
from room to low temperature as well as compared to any other substrate. To understand
this change we should consider an important feature of layered materials: there is a gap
between the monolayer and the substrate. The van der Waals character of the junction
generates a gap that restricts the amount of charge that can be transferred among the
materials. In addition to this, we should remember that the excitons in TMDs have a
small radius and thus, they are highly localized into the layer.

When the temperature decreases, the distance among the two materials is reduced
and thus, charge transfer is optimized [97]. This reduces the number of recombinations of
excitons in the monolayer. Meanwhile, the trion emission is associated with defects that
do not affect the distance in the interface of the materials, like cracks, vacancies or regions
partially suspended.

It is worth noting that the sample in the n-doped substrate has a different behavior
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not just in the intensity ratio, but also in the PL map as well as the lineshape of the PL
at low temperature. In the latter, we can even see that photoluminescence coming from
the substrate was so strong, and large, that the filter at 800nm was not able to eliminate
all of its contributions and a remaining emission (dotted peak) is observed as well. The
position and lineshape of the localized defects, in this case, is also different. It agrees with
our previous proposal of different kind of defects involved in it.
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CHAPTER 5

Conclusions and perspectives

We have studied Raman and PL spectra of the three main TMDs: MoS2, WS2

and WSe2, over undoped, p and n-doped GaAs substrates. We developed a deterministic
method of transference of the TMD monolayers on GaAs substrates despite the low
optical contrast between the two materials. We studied the PL spectra at room and low
temperature and propose band offset for the TMD-GaAs system for the three TMDs
structures studied.

Many factors should be taken into account to describe the charge transfer in these
systems. Some can come from the substrate, as impurities or physical defects; and others
can come from the monolayer which, in the large majority, are produced during the transfer
process, such as cracks, wrinkles, folds or even residual glue from the transfer tape. Some
others can be produced during the time, like vacancies in the single-layer lattice, produced
by oxidation and interaction with the laser. Features like the size of the van der Waals gap
in monolayer/substrate interface, and the lifetime of the particles, also play an important
role in the charge transfer process.

Despite that we were expecting a strong PL quenching based on the band alignment
of the junctions, the reduction in the intensity was not so strong. We attribute this to
different kinds of defects in the samples that reduce the number of charges transferred. In
particular, the van der Waals gap in the interface can be one of the important features to
take into account for the understanding of this process.

An analysis of the photoluminescence emission was made by studying the ratio
of the trion and exciton peaks that allows us to infer the charge of the observed trion
emission. Furthermore, an exciton dissociation is expected in most of the cases with the
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exception of the MoS2 and WS2 samples in the undoped substrate in which a full exciton
transfer will be more probable.

A high density of charge was observed, in particular, for the WS2 samples. It was
associated with smaller exciton and trion lifetimes, which makes the recombination process
more efficient and reduces the PL quenching by the charge transfer process. On the other
hand, low-temperature measurements allowed us to observe emission of localized states. In
particular, for the sample in the n-doped substrate a different lineshape was observed. We
attribute these emissions to defects that are not affected by the interface distance, such as
cracks, folds, and vacancies.

For future work, we will make a deeper study on the defect features and characteri-
zation in the sample to reduce their density and improve the signal coming from the TMD
monolayer and the substrate. Different substrate cleaning processes will be tested as well
as other physical characterization methods such as atomic force microscopy (AFM) will
be explored.

Also, we want to make measurements of the PL spectra evolution at different
temperature values and, in this way, confirm the peak identity of all the PL spectra, with
a particular interest in the WS2 samples. Power dependence of the spectra can also give
us information about the origin of the emissions and give a more solid support to our
conclusions. Charge transfer between the materials could also be confirmed by making
time-resolved PL measurements and studying the substrate luminescence after the single
layer excitation to determine if an increase of the GaAs emission is produced after TMD
excitation.

Finally, by configuring our experimental setup we want also to make low temperature
PL maps, which will give us much more information about the spectral dependence of the
monolayer position on the substrate.
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APPENDIX A

Data filtering

Due to the high PL intensity of the substrate, most of the samples should be filtered
by subtracting the substrate PL from the monolayer PL to observe the light coming just
from the TMD . Then, a low-pass filter is used to clean the signal for the subsequent
fitting to produce the spectra presented in chapter 4. Figure 38 presents an example of
the filtration process which we followed for the data analysis.
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Figure 38 – Room temperature PL spectra for the MoS2 single layer on p-GaAs substrate.
Raw data (left), the PL difference and its filtering (right).
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APPENDIX B

PL experimental values

MoS2

Substrate Room T Low T
B A A∗ B A A∗

n-GaAs 638 678 − 585 655 686
p-GaAs 632 684 − − 645 668
GaAs 633 683 704 587 642 665

Table 8 – Experimental values of the PL peaks, in nm, of the MoS2 monolayers.

WS2

Substrate Room T Low T
B A A∗ B A A∗

n-GaAs − 625 637 − − 623
p-GaAs − 624 637 − − 616
GaAs − 624 637 − − 627

Table 9 – Experimental values of the PL peaks, in nm, of the WS2 monolayers.
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WSe2

Substrate Room T Low T
A A∗ A A∗ L1 L2

n-GaAs 751 768 710 723 746 754
p-GaAs 748 761 708 722 733 742
GaAs 751 765 706 720 732 744

Table 10 – Experimental values of the PL peaks, in nm, of the WSe2 monolayers.
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