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Resumo

Tulio Henrique Lopes Gomes de Castro. Comportamento Optico de heteroestrutu-
ras de dicalcogenetos de metais de transicio: MoS,/WS, Heterojunctions. Disser-
tagdo (Mestrado). Departamento de Fisica, Universidade Federal de Minas Gerais, Minas
Gerais, 2023.

O estudo de heteroestruturas semicondutoras bidimensionais é de grande interesse para aplica¢des
como a implementacéo de células solares e varios dispositivos em nanoescala, como transistores de efeito
de campo de tinel. Nosso foco neste trabalho foi entender como a interagio entre diferentes monocamadas
de dicalcogenetos de metais de transi¢io (TMDs) em heteroestruturas verticais afeta suas propriedades
Opticas. Estamos particularmente interessados em como ocorrem os processos de troca de energia e carga,
e na formacdo de éxcitons entre-camadas. Estudamos a dependéncia da fotoluminescéncia com a tempe-
ratura e a poténcia de excitacdo além da espectroscopia Raman e microscopia de forca atémica, utilizadas
para a caracterizacdo das amostras. Encontramos evidéncias de um mecanismo de transferéncia de energia
entre éxcitons de diferentes camadas quando estdo em contato direto, enquanto em camadas separadas por
uma fina camada de h-BN vemos uma transferéncia de carga via tunelamento através dessa camada de
h-BN.

Palavras-chave: TMDs. Heteroestruturas. Monocamadas. MoS;. WS;. FRET. transferéncia de carga.



Abstract

Tulio Henrique Lopes Gomes de Castro. Optical properties of transition metal
dichalcogenides heterostructures: Heterojuncgées de MoS2/WS2. Thesis (Master’s).
Physics Department at Federal University of Minas Gerais, Minas Gerais, 2023.

The study of two-dimensional semiconductor heterostructures is of great interest for applications such
as the implementation of solar cells and various nanoscale devices such as tunnel field effect transistors. Our
focus in this work was to understand how the interaction between different monolayers of transition metal
dichalcogenides in vertical heterostructures affects their optical properties. We are particularly interested
in how energy and charge exchange processes take place, and in the formation of interlayer excitons. We
studied the photoluminescence dependence on temperature and excitation power in addition to Raman
spectroscopy and atomic force microscopy, used for the characterization of the samples. We find evidence
of an energy transfer mechanism between excitons of different layers when they are in direct contact,
while in layers separated by a thin h-BN layer we see a charge transfer via tunneling through this h-BN

layer.

Keywords: TMDs. Heterostructures. Monolayers. MoSz. WS;. FRET. Charge Transfer.
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1 | INTRODUCTION

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 and the basic concepts needed to understand this document.

Here we will explain the interest in our work as well as its main idea. The second chapter
will present a review of the main features of the Transition Metal Dichalcogenides (TMDs)
we used, as well as of the other component of our samples, the hexagonal-boron nitride
(h-BN), showing 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 fabrication and measurements of the samples. Chapter four contains all the
spectral results and their analysis and finally, in chapter five we will present the conclusions
and perspectives of the entire work.

1.1 Fundamental concepts

Here we will introduce some essential concepts to understand the discussion proposed
in this dissertation and which will be used on a recurring basis throughout the text.

1.1.1 Electronic states, band gaps

Electrons in an atom have well-defined energy levels given by their electronic orbitals

which are obtained by taking out the Hamiltonian eigenstates in Schrodinger’s equation.

When we look at a solid, we have an enormous number of atoms with an even greater
number of electrons; each one of these atoms has orbitals (energy levels) that combine in an
enormous number of states forming a quasi-continuum of electronic states that constitutes
an electronic band. [Fig 1.1]. These states are interspersed with forbidden energy bands, in
other words, energy values where there is no possible energy state that can be occupied by
an electron. These forbidden states altogether form the Band Gaps (Fig 1.1 right). In a solid,
the bands are filled with electrons according to their electronic distribution respecting the
Pauli exclusion, which says that two fermions cannot occupy the same state, and the spin ;
property of electrons, which allows two electrons to have the same energy as long as they
have a different spin value(-3 or ;). The filling of these bands is what will define whether
a material is classified as a metal, an insulator, or a semiconductor. We define a metal as

17
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1.1 | FUNDAMENTAL CONCEPTS

a solid in which the filling of electronic states ends in the middle of an allowed band, so
there are states accessible to electrons that are energized just above the last filled state. An
insulator is defined when the filling of electronic states ends just below a band gap and the
separation to the next allowable energy level is very large, so energized electrons have no
accessible states to occupy above the last filled state. A semiconductor will be a solid that
has its states filled up until very close to the band-gap, being a little below or a little above
a band-gap that is not "too large"!, thus the energized electrons have occupiable states
close to the last state and depending on the energy supplied they can "jump" a band-gap
to the next state.

Free states Free states

Evac Evac

E, }
EL0 \

E;

& T hiowea
6 Bandgaps — bands

s —— m—
S

Es

System of N Li atoms

System
N Li atoms
N Electrons
2| N Orbitals
2N States

Electron energy in the
system of N Li atoms
>

T
! Empty

T

ty
I
1 Full
I

B o YeaidD _mE
r | LY Is
! Is - Interatomic
lll olo separation ( R) E
Solid Isolated atoms Isolated atoms Crystal: Atomic spacing ~1-2 A

E, - -

<— Bound states

Figure 1.1: Formation of electronic bands from electronic orbitals. The atomic orbitals (1s; 2s; 2p and
so on) from all atoms combine to form a continuum of states (energy values) that the electrons can
occupy. taken from [23]

1.1.2 Fermi Level, VB, and CB

Some definitions are made in order to facilitate the study of solids, such as the Fermi
level. The Fermi level is defined as the level, at a temperature of 0 K, where we have the
last occupied electronic state. States vary, in energy, with temperature and so another
useful definition for the Fermi level is the level where, at a temperature greater than 0 K,
we have a state that has a 50% chance of being occupied at any given time. This definition
is useful because it is possible to define several quantities and study various electronic
behaviors as a function of the Fermi level, for example, one way to define a metal is to say
that the solid has the Fermi level placed in the middle of a band.

We define the last filled state as the valence level and the first state subsequent to
the valence level as the first conduction level. In semiconductors, the valence level and
the conduction level are in different bands and therefore we treat the last filled band as a
valence band (VB) and the first unfilled band as a conduction band (CB). We will see that
these states are of greater importance because it is in them that the optical and transport
effects will take place as described in the section 1.3, with particular importance to the
Valence Band Maximum (VBM) and the Conduction Band Minimum (CBM).

1'The size of a "too large" gap depends on the application, but usually a material with band-gap around 1 eV
is considered a semiconductor
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TR conduction ® : electron
hand
[ band
conduction - ey O : hole
Bandgap  |F¢ Bandgap |~ d
E; =
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band

metal semiconductor insulator

Figure 1.2: Filling of states in a solid at a temperature greater than 0 K. The distribution of electrons
in the solid define what type f material we have. The last state (valence state) occupied by an electron
will tell you if we have a metal (The valence state is in the middle of an allowed band), an insulator
(the valence state is on the top of a band with a big energy distance until the next available energy
state), or a semiconductor (the valence state is on the top of a band with a short energy distance until
e next available energy state). Taken from [23]

1.1.3 Brillouin zone and high symmetry points

When studying crystalline solids, we use the atomic lattice symmetry that can be
described in a cell (a group of vectors) that repeats itself periodically building the entire
crystalline structure, which we call a Bravais lattice. The Fourier transform of this Bravais
lattice gives us another lattice (a set of plane waves) that has the same symmetry operations
as the original lattice. We call this lattice a reciprocal lattice and while the first lattice is
given in physical space or "position space", the reciprocal lattice is in reciprocal space
or "momentum space". This lattice is used to study various properties of the crystal and
understand effects such as its x-ray diffraction. The smallest possible vectors that describe
the Bravais lattice form what we call a primitive cell. The reciprocal cell to the primitive cell
is called the first Brillouin Zone which, as the primitive cell builds the Bravais lattice, builds
the reciprocal lattice and therefore the study of electronic states in this zone completely
describes the behavior of the crystal. In the first Brillouin Zone, we have some points of

Figure 1.3: Hexagonal Brillouin Zone and high symmetry points. Figure modified from [60]

interest due to their high symmetry. These critical points vary according to the Brillouin

19
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20

Zone format. In a hexagonal Brillouin Zone, the most important points are the points
where the edges meet (Point K), the middle of the edges (Point M), and the center (Point I
[Fig 1.3]

1.2 Motivation

One of the most important roles of semiconductor physics is to improve the efficiency
of existing devices as well as to develop new and better components. In 2004 we had a
revolution in the field of semiconductors due to the development of a simple and practical
method, with the work of Novoselov et al [38], where they showed how to exfoliate
samples of graphite (a known layered material) to the extreme where we obtain a single
layer of this material, which was named graphene. Graphene is a material composed
of a single layer of carbon atoms, and because of this monatomic thickness, we call it
a 2D (two-dimensional) semiconductor. Graphene attracted a lot of attention from the
scientific community due to its very interesting characteristics, such as its high electron
mobility and mechanical properties, such as flexibility and resistance to tension, and for
its characteristic, up until then unique, of being a semiconductor with a linear dispersion
of the band at the K points of the Brillouin Zone, and although we call it a semiconductor,
it has zero gap. And although this feature is unique, it limits the use of graphene for
certain applications, and even though there are ways to expand the graphene gap, a
search for semiconductors that have similar dimensions to graphene but that overcome
its limitations has arisen. This search opened the door to a whole new science of 2D
semiconductors. One of these semiconductor materials that emerged was the TMDs, which
contain the central elements of study in this work. These materials have, as we will see
below, properties that make them excellent candidates for optoelectronic applications such
as amplifiers, transistors, photodetectors, solar cells, Light-Emitting Diodes (LED) and
nanoelectromechanical systems, among others.

1.3 Overview

The TMD family is composed of several materials of the MX, type, where M is a
transition metal and X is a chalcogen (elements of Column 16 in the periodic table),
organized in layers in the X-M-X format, that is, with a metal layer sandwiched between
two layers of chalcogens (Fig 1.4a). These atomic layers bond together through a strong
covalent bond and the bulk is formed by several of these triple layers, which from now on
we will treat as a single "monolayer", bonded together by weak Van Der Waals interactions,
which allows their mechanical exfoliation. These layers X-M-X can be stacked with different
alignments, creating several polytypes, the most interesting being the Trigonal Prismatic
(2H), Octahedral (1T) and Rhombohedral (3R) ) (Fig 1.4c), a difference that can make the
material a semiconductor or a conductor. We will only deal with type 2H semiconductor
TMDs here. In this type, as well as graphene, the top view of the monolayer has a hexagonal
honeycomb-like shape (Fig 1.4b). Despite not having an isolatable single atomic layer like
graphene, TMDs monolayers (3 atoms thick) have dimensions comparable to graphene,
which allows us to imagine a whole range of nanotechnologies. They solve the problem of
the lack of an energy band gap in graphene. Many TMDs have a non-zero gap with energy
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Arm-chair edge
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b) ©)

Figure 1.4: Typical crystalline structure of a TMD with a) the possible crystal edges, arm-chair and
zig-zag, from where we can identify the crystalline direction of the TMD. b) A top view of a 2H crystal
phase where we see a hexagonal structure, although the crystal is not hexagonal this helps to highlight
the primitive cell. ¢) Two of the possible crystal phases. Together with the rhombohedral phase, these
are the most usual phases of TMDs. The semiconductors are usually Trigonal Prismatic. Modified from

[31]

within or close to the visible range. Although many of these materials have been known for
several years, in their macroscopic version, a new interest has arisen due to the emergence
of unique properties in the monolayer state of these materials. These new properties
emerge in some materials due to their dimensionality and interaction between layers that
end up generating several effects such as a strong SOC (Spin-orbit coupling), spin valley
polarization, high electron mobility, or the transition from indirect gap semiconductors to
direct gap semiconductors [Fig 1.5a].

1.3.1 Band structures

Indirect to direct gap transition

One of the main reasons for the interest in these materials is the transition in the
electronic gap as we change from bulk (with an indirect gap) to monolayer (with a direct
gap)[47]. In general, what we have in these materials is that the shape of the bands is
strongly related to the interaction between layers, therefore, when we change the number
of layers we are directly modifying the electronic structure of these materials. In Fig 1.5a
we can see the transition where the minimum of the conduction band at point K becomes
more relevant while the minimum at point I' loses relevance as we reduce the number
of layers. Taking MoS, as an example, we can see this clearly in 1.5c. This transition
happens because the orbitals that form the states at the point I originate from a linear
combination of p, orbitals of sulfur atoms and d,2,pi4;s of molybdenum atoms, where both
are delocalized and have an antibonding nature, very present in the interaction between
layers. With this, the energy coming from these states is minimized with the decrease of
the interaction between layers[34]. On the other hand, the orbitals that generate the states

21
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Figure 1.5: TMDs electronic band.

close to the point K are mainly composed of states located in the xy plane that are not
much affected by changes in the z direction (perpendicular to the layers)[Fig 1.5¢].

SOC and SOS

The valence electrons in the d orbitals of the transition metals in TMDs have high
angular momentum that has a strong interaction with the magnetic spin momentum of
the electrons. This interaction generates a very strong spin-orbit coupling (SOC) that will
be responsible for the strong excitonic emission present in these materials, as we will see
later. It is important to note that in these materials, in the 2H phase, when we have an
odd number of layers we do not have inversion symmetry, this means that if we take the
metallic atom as the center of inversion the chalcogen atoms will be mapped into empty
space. This lack of inversion symmetry is responsible, together with the SOC, for lifting
the degeneracy in energy, due to spin, existing in both VB and CB at the point K. Therefore,
we see a spin-orbit splitting (SOS) in energy levels at the K point of the Brillouin zone.
SOS plays a fundamental role when studying the excitonic effects of TMDs.

1.3.2 Excitons

Excitons are quasiparticles formed by bonding between an electron excited from
the valence band to the conduction band, and a hole (an unfilled electronic state left
by the electron) in the valence band. Electrons can be excited in several ways, but the
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way that concerns us here and which will be dealt with in the section 1.3.3, is through
photoexcitation, where the electron absorbs a photon with energy greater than the bandgap
of the material and is promoted to the conduction band and usually decays to the bottom
of the conduction band and may form an exciton. We can classify excitons into two types
according to their binding energies, which depend a lot on the formation of the bands
and also on the dielectric constant of the materials: we have the Frenkel excitons, present
in materials with a low dielectric constant, with a small radius (generally the size of the
primitive cell) and binding energies from 0.1 eV to 1.0 eV. We also have the Wannier-Mott
excitons that are present in materials with a high dielectric constant and large radius,
even larger than the lattice spacing, and low binding energies, in the order of 0.01 eV.
In TMDs, excitons have strong binding energy, due to their low dimensionality and a
strong SOC, which gives them Frenkel exciton characteristics, but we also have reports
of delocalized excitons [30] showing characteristics of Wannier-Mott excitons, that are
also present in more complex systems, as TMDs heterostructures (section 2.2). Excitons
can recombine (the electron decays into the hole) radiatively emitting a photon and not
radiatively, through thermal processes involving relaxation mediated by electron-phonon
interactions or disassociate through electron transport. Our interest is mainly focused on
radiative decay (photoluminescence, section 1.3.3). Excitons can be positively or negatively
charged by binding to a hole or an electron, respectively. We call this bound exciton state
a trion [Fig 1.6a] and its presence will strongly depend on the number of free charge
carriers inside the material, in other words, the relative proportion of trions to excitons
is mainly affected by the doping level of the material. We have the possibility of two
excitons bonding together creating a state called a biexciton [Fig 1.6b], the formation of
this state will depend on the density of excitons in the material. In TMDs excitons play a
very important role due to their strong binding energy. Several TMDs exhibit such strong
excitonic emission that it is not possible to measure band-to-band recombination where
an electron excited in the conduction band decays to the valence band without first having
formed an excitonic state.

Some TMDs have two excitonic entities that we call exciton A and exciton B [Fig 1.6a],
each one in a different state that arises from the spin-orbit splitting that breaks the
degeneracy of energy in VBM and CBM. The exciton A and B are separated by spin
selection rules due to the behavior in a high symmetry point that is flipped in spin in
relation to the same symmetry point adjacent, this means that the rules are inverse for the
K and K’ points [Fig 1.6c].

1.3.3 Photoluminescence

There are several ways in which light can interact with matter and as we shed light on a
semiconductor, we can observe the optical phenomena of absorption, reflection, and trans-
mission. These effects allow us to collect information concerning the energy band structure
and electronic processes in semiconductors [Fig 1.7]. The process of photoluminescence
(??a) takes place when an electron from the valence band in a semiconductor absorbs a
photon, with energy E,; bigger than the energy of the band gap, and it is promoted to the
conduction band, leaving a hole in the valence band. After that, the electron, through a
process of relaxation (phonon emission, Auger recombination), decays to the bottom of

23



1.3 | OVERVIEW

24

AN AN

Exciton A Exciton B Negative Positive
rion Trion
(b) K (c)
8 o9
“ K
O < a1t
o

Biexciton (A) 3 8:

Figure 1.6: Excitonic features formed in semiconductors. In (a) we have a neutral exciton where an
electron in the conducting band is bound to a hole in the valence band and a charged exciton where
a carrier is bound to a neutral exciton. In (b) we have two excitons bound together. In (c) we have the
spin selection rules that are inverted in adjacent valleys K and K. Figure adapted from [55]
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Figure 1.7: Hypothetical absorption spectrum for a typical semiconductor as a function of photon
energy in which we can see the various optical phenomena possible in semiconductors. We will be
more interested in the Exciton emissions that are right below the band-to-band absorption edge. Taken

from [20]
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the conduction band? and then it can lose energy by emitting a photon with the energy of
the band gap and decaying again to the valence band recombining with the hole (band
to band recombination). There is also the possibility that when the electron gets to the
bottom of the conduction band, it interacts with the hole in the valence band and forms
an excitonic state (Section 1.3.2) that can recombine radiatively emitting a photon with an
energy of the band-gap minus the binding energy of the exciton state, be it a simple state
or a more complex one. These emissions constitute PL emissions and give us information
such as the size of the band gap, the presence of defects, the binding energy of excitons,
and other useful data concerning the band structure of the semiconductor.
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Figure 1.8: Schematic diagram of the processes occurring during photoluminescence in a direct gap
semiconductor(left). Schematic diagram of the Raman Scattering (right).

1.3.4 Raman

Raman is a technique that uses the interaction between light and matter to study
the properties of a material through the vibrations in the lattice. A quasi-particle called
a phonon is a collective excitation in a periodic lattice. These quasi-particles can be of
two types: acoustic phonons and optical phonons. The phonons can scatter the incident
photons in the material. The scattered photons will have higher energy than the incident
photon, when a phonon is absorbed in the scattering process, or lower energy when a
phonon is generated in the material. The principle of Raman is illuminating a crystal and
observing the scattered light to see the photons that gain energy (Anti-Stokes Raman
Scattering) or lose energy (Stokes Raman Scattering) in relation to the incident photons
(1.8b). This technique is used in the characterization of materials as the phonon dispersion
is highly dependent on the structure of the material and sometimes on its configurations,
for example, it can be used to determine the number of layers in various TMDs, as we will
see in section 3.1.

2 We can say the same of the hole that relaxes to the top of the valence band with the same momentum as
the electron and satisfying the laws of conservation.
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Chapter 2

TMDs and their architectures

In this chapter, we will focus on the materials chosen for this work in addition to
addressing the properties of heterostructures and the state of the art for this type of
architecture.

2.1 MoS,;, WS, and h-BN

2.1.1 MoS, and WS,

MoS; (molybdenum disulfide) was one of the first TMDs to receive attention, after the
graphene boom, and therefore it is the material most explored, with several published
papers, both theoretical and experimental. Although there exist various papers on WS,,
its proprieties are not as vastly understood as those of MoS,. We will now take a look at
some of their proprieties.

Mechanical proprieties

There are some experimental studies that measure Young’s Module (Table 2.1) of
MoS; and Ws,, and various theoretical papers using density-functional theory (DFT) to
calculate the mechanical parameters of TMDs. The mechanical properties are relevant to
applications in flexible devices and to understand the resistance to strain and impact in
these materials.

When we compare Young’s Module of these two TMDs (Table 2.1) with some
well-known materials such as stainless steel (205 GPa), Kevlar 49 (112 GPa), and
graphene (1000 GPa) [28] we see that despite the "monolayer thickness", 2D materials
exhibit a large mechanical strength and toughness. This enables the application of 2D
materials in various fields. Ultrathin 2D materials with mechanical stability can be used in
highly sensitive resonators and flexible electronic devices and, in composites that require
high mechanical strength, 2D materials can be used as strengthening additives. Since a few
2D materials show changes in chemical and electrical properties under external mechanical
force, various pressure-dependent applications, such as chemical and mechanical sensors
and piezoelectric nanogenerators, have been demonstrated based on 2D materials.
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Young’s (elastic)

Material Method modulus (GPa) Reference
222.75 (a)
MoS, DFT 219.46 (z) [28]
275.28 (b)
MoS, Experimental 210 + 100 (1]
244.18 (a)
WS, DFT 240.99 (z) [28]
291.62 (b)
WS, nanotubes Experimental 171 [22]
WS, Bulk Experimental 150 [22]

Table 2.1: Young’s module in the different directions in-plane (a and b) and out-of-plane (z). The
mechanical properties are an example of how versatile and promising are these materials.

Optical properties

Among the many processes that can arise from the light-matter interaction [Fig 1.7],
the excitonic processes [Section 1.3.2] are the most relevant for the TMDs [Fig 2.1] due
to the strong binding energy of excitons [Table 2.2 and Fig 2.2]'; emissions from defects
bound to excitons also play an important role in low-temperature measurements. Both
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Figure 2.1: Optical absorption coefficient of monolayer MoS; and WS, thin films. The arrows denote
the exciton peaks. Taken from [29]

WS, and MoS, have a large SOS and so two kinds of excitons are observed (Fig 1.6a). In
addition, high-intensity emission of the charged exciton A is usually seen (which we will

1'We can see how large these energies are when we compare them with those on notorious semiconductors
such as GaAs, with an exciton binding energy of (4.20 + 0.3)meV [37]
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refer simply as trions since charged excitons B are not very prominent). In some cases,
when the conditions (such as the doping level and low thermal energy) are favorable,
these materials can show a large density of neutral excitons, and therefore we can detect
biexciton emissions (Fig 1.6b)[44, 45].

MoS, WS,

Optical Band gap (eV) 190 2.11

Exciton A BE (eV) 0.28 0.32
Trion BE (meV) 18 26
Biexciton BE (meV) 70 65
SOS VBM (meV) 147 435
SOS CBM (meV) 3 27

Table 2.2: Experimental values of band-gap and binding energies (BE) of bounded states at TMDs
and theoretical values for SOS. Modified from [31] and [24]
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Figure 2.2: The exciton binding energy as a function of the band-gap energy for different mono-
layer TMDs (left). The spin-orbit splitting energy as a function of the average atomic number for
different TMDs monolayers (right). The dashed lines are fits for the experimental data, following
Epp = 0.18 eV + 6.4 « 10°E, (left) and SOS = 115 meV + 6.0 « 1074 Z2, (right) where Z,,, is the
average atomic number. Taken from [29]

2.1.2 h-BN

Hexagonal boron-Nitride (h-BN) is another layered material, also analogous to
graphene. It consists of a net of rings of three pairs of BN bound by covalent interactions
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(Fig 2.3) with the layers held together by Van der Waals interactions. It is an insulator with
approximately a 6 eV band-gap, high electrical resistivity (10'* - 10'*Q.cm), high thermal
shock resistance, high thermal conductivity and it is inert to most chemical compounds[9].
The h-BN is commonly used as a substrate or dielectric/separation layer for graphene and
other 2D semiconductors, due to a clean interface. Compared to bulk materials, containing
rough morphology and dangling bonds on the surface, the h-BN substrate provides reduced
local strain and charged impurities. Thus, most 2D materials, such as graphene and MoS,,
exhibit an improved electronic or optoelectronic performance when coupled with h-BN,
compared to similar structures built on bulk materials such as silicon dioxide (SiO,).

Nitrogen (N) —

atoms
Van der Waals
bonds -
Boron(B) —*
atoms T

0.6661nm

Figure 2.3: Schematic of hexagonal boron nitride (h-BN) structures We see that the bound inside each
layer is strong covalent bonds while the bound of the layer to layer are weak Van der Waals bonds
which allows for the exfoliation of this crystal. Taken from [33]

2.2 Heterostructures

Due to the fact that the interlayer interaction on these materials comes from Van-der-
Waals interactions, with no dangling bonds in the plane surface, we do not really need
to worry about lattices mismatch when stacking different layers or even with two equal
layers but rotated between each other because they bond together with the Van der Waals
interaction and have little to none stress caused by the mismatch lattice parameters. We
can build a vertical heterostructure as if we were stacking legos [12]. This opens up a
huge number of possible combinations of heterojunctions that may produce different and
tunable behaviors, applicable to devices [13]. The combination of 2D semiconductors raised
attention right since the discovery of other 2D materials after graphene and is still vastly
explored, with the most variety of combinations [6, 21, 25, 51] with type I [54] and Type II
[16] band alignments. These structures can present new fascinating behaviors, the most
attractive being the new-found interlayer excitonic properties as the interlayer excitons
that, different from the usual intralayer excitons, possess the hole and the electron spatially
delocalized, each one in a different layer of the bilayer structure. This was first reported
in stacked monolayers of MoSe, and WSe, where the interlayer excitons were strongly
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bound (>100 meV), present long valley depolarization lifetimes (~39 ns), and an exciton
lifetime by the nanosecond range [36], 3 times larger than his intralayer counterpart. It
was then shown that this heterostructure can possibly form an excitonic Bose-Einstein
condensate and present superconductivity, very interesting features that are still in its
first stages of study and show potential for the development of valleytronic devices.

It was shown that when you stack TMDs with a little lattice mismatch (as two, or more[3,
43], twisted layers), it emerges a new periodicity in the structure creating what we called
a Moiré superlattice [35, 52], and so emerges a new electronic structure that can change
the excitonic behavior with new optical responses (as the generation of second harmonic
emissions [17]). In this configuration, we can trap interlayer excitons that emit circularly
polarized single photons, creating quantum emitters, and in some cases turn dark exciton
states into bright excitons [50].

2.2.1 MoS,, WS, and h-BN heterostructures

WS MoS

CB

Gws,

/ EG interlayer E

——— GMos,

VB

VB

(a) Type II heterojunction alignment that we can (b) Overlayed band structures aligned by the Vac-
use to deduce how the carriers will behave in an uum level. Taken from [6]
excited state.

Figure 2.4: MoS,/W S, band alignment and electronic bands

The combination of the materials, presented in the previous sections, in multilayer
heterojunctions raises a lot of interest in the scientific community and it has been vastly
studied. There have been various attempts to grow vertical and lateral heterojunctions
with one or two steps [2, 14, 27, 58, 59]. TMD/h-BN heterojunctions: MoS,/h-BN [46]
and WS,/h-BN [8], were realized and the TMD/h-BN coupling and the substrate effect
were investigated using Raman and PL measurements. The junction from MoS, and WS,
was calculated in [21, 24, 25, 51] and, with a consensus, it was predicted a type II band
alignment [Fig 2.4a], with an indirect and a direct interlayer band-gap very close in
energy, where the states are localized in two different spacial points: VBM in the K and
I points of WS, and the CBM in the K point of MoS, [Fig 2.4b], although some papers
say the CBM of the indirect gap is located in the direction Q from the point K to I'. So
we expect to find K - K, K - T, and Q - T transitions beside the usual single monolayer
emissions. Experimentally, the junction MoS,/WS, was investigated through PL, Raman
and electronic transport [14, 16, 19, 48, 57]. In most of the reports, we observe that both
TMDs preserve their excitonic properties, showing themselves to be great candidates
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to enhance the performance of existing electronic devices just by adding new layered
materials. Furthermore, the structures can present new phenomena as the predicted
interlayer exciton interlayers and new Raman modes dependent on the layer alignment
[42].

(a) Stacking modes with 0° (AA Stacking) and 60°(AB Stacking) between lay-
ers, which are the two most symmetrical configurations

m— As-grown MoS, fims/\WS,
e b, stacking bilayer

| s— AR stacking bilayer
twisted bilayer

Top MoS, layer (‘> L)
Bottom WS, layer é}v <

E3¢(SM) B}, (LBM)
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(b) Representation of active Ramam interlayer (c) Ramam measurements of SM and LBM (b) for
modes that can be used to probe how well coupled aligned (0° and 60°) and mismatched lattices
is the heterostructure.

Figure 2.5: MoS;/WS, heterojunction superlattice and interlayer Raman modes, taken from [59]

When there is an alignment of 0° or 60°, we have an AA stacking and an AB stacking,
respectively (Fig 2.5a). These stacking modes show the most efficient coupling with the
smaller distance interlayer and with an effective and ultrafast charge transfer[16]. The
layer alignment can be evaluated by two Raman modes, a Shear Mode (SM) and a Layer
Breathing Mode (LBM) (Fig 2.5b). Besides the Coulombian interlayer interaction with the
formation of interlayer excitons, there are two processes that can mediate the interaction
between layers. They are the charge transfer and the energy transfer, respectively the
Dexter charge transfer [7] and the Forster energy transfer[10] (Fig 2.6a), also known
as Fluorescence Resonance Energy Transfer (FRET). In the Dexter transfer process, we
need an overlap of the wave functions, given that the charge is exchanged between the

—2r

acceptor and donor. The transfer rate (Kzr) decreases with the layer distance, Kgr o< e @
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and due to the non-radiative charge exchange, it is associated with a PL quenching. The
FRET process occurs due to a dipole-dipole interaction and it is highly dependent on the
oscillator strength from the excitons, the rate of radiative relaxation, the non-radiative
relaxation rates and it is more predominant in large distances (more than 0.1 nm) and it is
associated with a PL enhancement.
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3.0+ —e—1xhBN 304 o 1.25pW —1.25 pW, fit
27] ——2xhBN —e—axhBN 27 o 125uW —12.5 uW, fit
24] 2 24  128mw —125mw.mm

] — —Constant=1

I -3 c ;
vol /\Ll el
154" . 3 154
Enhancement

12 /I/
0o ____________,_

-=-Constant=1

Enhancement

PL raito (a/B)
PL ratio (a/B)

Quenching

T T T 1 T T T T T T T T
1E-3 0.01 0.1 1 10 0 2 4 6 8 10 12 14 16 18 20 22 24
Excitation power [mW] Layer number of hBN separator

(b) The PL ratio (PL from junction to single WS;) as a function of h-BN thickness and
excitation power, taken from [57]

Figure 2.6: Charge and Energy transfers

The charge transfer process was investigated in [16, 19, 48] through combined PL
mapping and transient absorption measurements, showing a hole transfer time below
50 fs, while the energy transfer mechanism was investigated in [56]. The comparison
between the Dexter and Forster processes was investigated in [57] with the use of h-BN
as a separator and its noted that with the increase in the h-BN thickness a transition
occurs from quenching in the stacking PL to an enhancement in the intensity of the
PL (Fig 2.6b right), which are in concordance with the change in the predominance of
the energy transfer over the charge transfer with the increase in the layer distance. This
transition was also observed with the increase of the excitation power (Fig 2.6b left). This
effect is due to the exciton generation rate being directly affected by the increase in the
excitation power and so the dipole-dipole interaction overcomes the charge exchange,
apart from the dielectric screening that arises from the h-BN layers and obscures the
exciton dissociation among the layers.
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Figure 2.7: Interlayer band structure (left) and interlayer exciton PL. Taken from [40]

The interlayer exciton was measured in [40], where it was identified 3 interlayer

emissions that come from a direct gap and two indirect gap interlayer transitions (Fig 2.7).

The presence of the interlayer emission is strongly dependent of the stacking alignment, as
it modifies the interlayer band structure. It was observed that before the formation of the
interlayer exciton the charge is transferred with an excess of energy and briefly sustains
an intermediate state highly energetic of electron/hole, which we call hot exciton [4]. This
extra energy is the reason for the high-efficiency charge transfer and the strong emission
of indirect gap interlayer excitons, despite the momentum mismatch between layers. The
excess of energy allows a generation of a fast photocurrent considering that the hot exciton
possesses a large radius and low binding energy.
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Chapter 3

Experimental methods

In this chapter, we will discuss the fabrication and characterization of our samples. We
will also show our experimental setup and describe our procedures in the PL measure-
ments.

3.1 Sample fabrication and characterization

The samples were fabricated in the clean room of the Laboratorio de Caracterizacao e
Processamento de nanomaterials (LCPnano) located in the Department of Physics of the
UFMG. The TMDs were taken from a bulk crystal and placed in adhesive tape [Fig 3.1a].
We then fold the tape gluing it on itself several times, spreading the material throughout
the tape. When we have a thin layer of material in the tape we can stick the tape in a
square of gel-pak (a Poly(methyl methacrylate), PMMA [11]) to transfer material to the
gel. The gel containing the TMDs is then mapped in an optical microscope to search for
the monolayers (ML) of the TMD. The first way of identification of the ML is by using
optical contrast. The fewer layers it has the more transparent it will appear in the optical
microscope. After the selection of some candidate flakes to be a ML, we use, in the same
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(a) Tape with a piece of crystal used in the exfoliation (b) Multilayer Raman modes Ay and Eég. The mono-

process. layer retains analogous modes but with the names A}
and E’ although the bulk nomenclature is commonly
used to address its monolayer counterparts. Taken from

[31].

Figure 3.1: Exfoliation process and active Raman modes used for characterization
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microscope, a Hg lamp with a 546 nm line filter to photo excite the flake. As discussed
in section 2.1 the MoS, and WS, undergo a transition from indirect gap to direct gap as
the number of atomic layers is reduced and so, the intensity of luminescence increases
considerably from bilayer to monolayer. Using the microscope we can excite the flakes and
save the ones that shine brighter under the Hg lamp excitation. This procedure is usually
enough to identify the ML and proceed to the next step in the fabrication of the samples. In
cases where the fluorescence is not undeceiving enough, we can use Raman Spectroscopy
as described in section 1.3.4. Both MoS, and WS, have two active modes that can be used
to determine the number of layers, the modes A;; (an out-of-plane mode) and Ezlg (an
in-plane mode) (Figs. 3.1b and 3.6b). As the Raman shift of the modes is dependent on the
number of layers, the distance between these two modes is characteristic of the monolayer
and increases as we increase the number of layers until it is saturated in the bulk [26]. We
use these Raman modes to be sure of the monolayer nature of the flakes but as we will see
below, we also use them as a way to determine regions in the heterostructure [Figs. 3.2
and 3.6].

We perform the same procedure of exfoliation with the h-BN, but besides the tape-gel
transfer we also perform a direct transfer to a SiO,/Si substrate, and in this case, we
mapped the substrate to find a thick and clean surface h-BN, that can be used as substrate
in which we build our heterostructure on top. The gel with h-BN was mapped to find
thin flakes with a few layers of h-BN that we use as layers spacer (h-BN2 in fig 3.2). The
thickness of the h-BN is only determined by the optical contrast and it’s usually a few
layers thick (~8-12 layers). With all the flakes selected, we use our transfer system (Fig 3.3)

h-BN2 h-BN1

Substrato
SiO,/Si

Figure 3.2: Heterostructure scheme we intend to achieve with the possible regions of contact:
A=TMD2/TMD1; B=TMD2/h-BN/TMD1; C=h-BN/TMD1; D=TMD1; E=TMD2; F=TMD2/h-BN. The or-
der of transfer is, from the bottom to the top, h-BN1, TMD1, h-BN2, and TMD2.

to assemble the heterostructure. We start with the first TMDs (MoS, or WS,) and transfer
them atop the h-BN we exfoliated directly in the SiO,. After that, we transfer the thin h-BN
over the first TMD covering only a part of it. In the final transfer, which is the most delicate,
we transfer the second TMD trying to place it in a manner to obtain all the regions shown
schematically in Fig 3.2. With some variation in this process we create several samples
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[Fig. 3.5], sometimes taking of the thin h-BN [Figs. 3.5a and 3.5c], sometimes focusing in
aligning the two TDMs by its edges in order to obtain a good coupling [Figs. 3.5f and 3.5g].
There are also samples that are in direct contact with the SiO,[Figs. 3.5a to 3.5d] i.e., the
thick h-BN was removed from the process.

Figure 3.3: Transfer System used to make the vertical stacking of the samples

3.2 Experimental Procedures

The measurements were carried out in the characterization laboratory at the LCPnano
and in our optical laboratory, both in the Physics Department at the UFMG.

3.2.1 Experimental Setup

The measurements at LCPnano were conducted using a micro-Raman spectrometer
(WITec alpha300 RA, fig 3.4b). This equipment is equipped with 633 nm, 532 nm, and
457 nm diode lasers, and we can perform room temperature Raman and PL measurements
as simple spectrum or spectra maps. We use Raman spectroscopy to help us identify the
different regions as we will see in the next section. The equipment is completely integrated
with a spectrometer, a microscope, and a Peltier CCD.

The experimental setup used in our laboratory (Fig 3.4a) allows us to perform optical
measurements from high to low temperatures and in a vacuum environment. We can
perform simple spectrum or PL maps even at low temperatures. The setup is composed
of a CCD, a spectrometer, a camera, an objective (50 or 100 times magnification), a set of
mirrors, filters (edge and intensity), and a couple of beam splitters. We can operate with
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Figure 3.4: Optical measurement systems

different lasers for which we use the appropriate set of filters. There is also a cryostat
connected to a vacuum pump and an entry to circulate liquid helium or liquid nitrogen in
order to refrigerate a cold finger (metal support) where we place the sample. The cryostat
is placed in a stage that we can use to center the sample. The objective is connected to a
piezo stage and can be dislocated in x,y, and z directions, which helps to centralize the
sample. The camera and the spectrometer are both connected to a computer that we use to
look at the sample, position it, and control the measurements. To obtain a PL map we use a
controller pad to interlink the piezo with the spectrometer and coordinate the movement
over the sample with the measurements to execute a PL map.

Figure 3.5: Optical and/or fluorescence images (when it was more visually convenient) of some of the
fabricated samples in this work, with the different regions highlighted. We use black for MoS,, blue
for WS,, green for the direct contact of the two TMDs, and purple for the heterostructure with a few
layers of h-BN between the two TMDs. With the exception of samples a and ¢, which are on top of
SiO;,, all other samples are on top of an h-BN bulk.

3.2.2 Measurement methods

The measurements at LCPnano were executed using the 457 nm diode laser at room
temperature and atmospheric pressure. We perform Raman measurements to confirm
the monolayer nature of our samples and to identify the regions where the monolayers
overlap [Fig 3.6].
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Figure 3.6: WITec measurements.

We also perform room temperature PL using the WITec system. These measurements

were used to complement the wider set realized in the optical laboratory. We usually use a
laser power in the range of 300 1 W. This is a relatively high power, but it was necessary
to make the runtime of the maps workable.
The measurements in the optical laboratory were executed using the 568 nm diode laser
with the sample in a vacuum, with the experimental setup shown in Fig. 3.4a. We vary the
temperature in the range of ~ 10 K to 300 K, and at low temperature (10 K) we execute
power-dependent measurements in the range of (50 + 10)u W to (250 + 10)u W.
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Chapter 4

Data Analysis and Results

In this work, we collect the Raman and PL spectra from vertical heterojunctions of WS,
and MoS,, using h-BN as a separator from the substrate of SiO, and between layers of the
TMDs. Here we discuss the results of a typical sample studied during this master’s project
(Samples 3.5f). In Section 4.1, we examine the nature of the peaks trying to separate the
excitons, trions, and excitons bound to defects using the PL dependence with the power
excitation. In the section 4.2, we investigate the redshift from the emissions due to the gap
dependence with temperature and study the excitonic phenomena and its temperature
dependence, and finally, in section 4.3 we compare the emissions from the heterostructure
with and without h-BN to the single layers to observe the differences that arise from the
interaction between layers.

4.1 Power dependence

Controlling the power excitation we control the density of photons that arrive in the
sample and can be absorbed by the valence electrons. Different densities of photons can
favor some aspects of the PL spectrum, (such as excitons and biexcitons) while disfavoring
some emissions (like excitons bound to defects) The relation between the PL intensity (I)
and the incident laser power (P) is given by:

I=CP", (4.1)

where C is a constant and n is the power index. Taking the logarithmic of this equation
we have a linear relation:

In(I) = In(C) + nln(P) (4.2)

From this equation, we can analyze the evolution of the PL peaks as a function of the
excitation power and, through the valor of n, estimate which excitonic emission the peak
corresponds to. For exciton emissions, the n should be close to 1, while for trions it should
be between 1 and 2, biexcitons should have an n equal to 2, and for bound excitons,
we expected a sublinear behavior. This is because we need one photon to create a pair
electron-hole needed to generate an exciton, while for trions is a photon to generate a pair
electron-hole and another carrier, i.e. half the effect of a photon, while for biexcitons we
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Figure 4.1: Evolution of the power dependence in the different regions of sample 3.5f using a 568nm
laser line.

need two photos as we need two pair electron-hole for each biexciton.

We can see that each region has a different behavior with the excitation power (Fig. 4.1)
and through the spectrum adjustment, we can extract the peaks and identify them in
table 4.1. The values for n are as expected in the regions of single TMDs with the peaks
were hoping to find, but with a surprising emission of a second trion peak, probably
separating the trion peak in the positive and negative charge trion. In the regions of
the heterostructure, we observe an increase in the number of peaks and we see two
neutron exciton emissions (that are no excitons B) and two trion emissions (that are not a
degeneracy of the trion, as in the WS, case, because of the energy difference). Although
this sample is a true MoS,/ W S, heterostructure, the emission from the heterostructure is
composed mostly of the WS, emission that is far more intense than the MoS, emission.
Nevertheless, we could be seeing also a MoS, exciton emission, which justifies these
duplicate features.

4.2 Temperature dependence

The intensity of the emissions from excitons bound to defects, the so-called bound
excitons, are directly related to their binding energy, and the temperature. With higher
temperatures, we expect that, due to the low binding energy, the bound excitons will
dissociate. Therefore, the emissions of these features tend to decrease with the temperature.
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Figure 4.2: Curve adjusts for the lowest and highest excitation power for the different regions of the
sample 3.5f
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MoS, WS, A%Z ?V;B?f

X1 072 +0.07 1.27+0.08 0.84 +0.03 0.81 +0.10
X2 0.79 + 0.08 0.94 + 0.19
XX 1.96 + 0.23

Tl 0.99+0.03 1.41+0.09 1.30+0.05 1.36+0.20
T2 140 + 0.11 1.27 +0.20 1.05 = 0.06
L1 051+0.01 053+0.01 074+0.16 0.51+0.07
L2 034+0.04 0.34+006 0.66=0.06 0.55+0.26
L3  0.56 + 0.03 0.73 + 0.05 0.45 + 0.02
L4 0.46 + 0.04

Table 4.1: Slope of the linear relation of In(Intensity) x In (power) for the different regions in sample
3.5f

This relation can be expressed as:
~Epp

I=Ce*sT, (4.3)
where C is a constant, T is the temperature, Egg is the binding energy of the bound
exciton and kg is the Boltzmann constant. If we look at the logarithm of this equation
we have a linear relation between the intensity of the emission and the inverse of the

temperature:

In(I) = In(C) - % (4.4)

Using this relation we can confirm the nature of the peaks we believe to be the bound
excitons and find their binding energy (Fig 4.3. The parameters we find, shown in Table
2.2, are consistent with bound excitons binding energies ([18]

MOSZ WSZ

L1 (20 +£3)meV (9 + 2)meV
L2 (21 £3)meV (16 + 2)meV
L3 (16 +3)meV (38 + 4)meV

Table 4.2: Slope of the linear relation of In(Intensity) x T~! for the bound excitons in the single regions
of TMD’s 3.5f .

We have an increase in the number of emissions in the heterostructure regions and,
as we raise the temperature, it became harder to resolve the peaks inside the spectrum,
therefore, we did not perform the analysis of equation 4.4 for the heterostructure regions.

The temperature measurements were also used to analyze the evolution of the energy
of the emissions as the temperature changes. We know that the band gap of semiconductors
changes with the temperature, and despite being hard to make a theoretical model, we
have several empirical relations to study the behavior of excitonic emissions in transition
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Figure 4.3: Logarithm of the intensity of bound excitons as a function of the inverse of the tempera-
ture, with a linear fit in the region of high temperatures.

metal dichalcogenides. We can use the O’Donnell empirical equation[39]:

E(T) = E, - SEp (coth (22}) - 1) . (4.5)

This is an adaptation of the, also empirical, Varnish [53] equation that relates the energy
of the band-gap of a semiconductor with the temperature, where E, is the gap energy
at zero kelvin, and the parameters S and Ep are a dimensionless coupling constant and
the average phonon energy, respectively. For our samples, we observe a large number of
emissions coming from these excitons bound to defects, which creates a broad emission
spectrum; therefore we can not unambiguously separate the emissions, since there are
several combinations of peaks that fit the PL spectrum. Here we present one possible
adjustment (some of them are shown in Figs. 3 and 4 in the appendice), that we believe
better represents the physical phenomena that happened in the heterostructure. Table 4.3
presents the fit parameters obtained from the data shown in Figs. 3 and 4. The parameters
obtained are consistent to what is expected, with average phonon energies around tens of
meVs and coupling constants of the order of unity.

4.3 Analysis of heterostructure regions

The interactions between the two TMDs that compose the heterostructure are expected
to occur through charge transfer and energy transfer (section 2.2.1). We expected that the
transfer of energy would occur in both directions and the charge transfer would be of
electrons transferring from WS, to MoS; due to the predicted band alignment (Fig. 2.4a).
The emission intensity from the WS, alone (I;) and the intensity in the heterostructure
(I) are given by I, = N{,nb, , and I = Njyn}, ,,,, where N and 5 are the exciton population
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Ep (meV) S E, (eV)

MoS,
X 48 1.45 2.02
T 25 0.60 1.98
L1 13 0.59 1.93
L2 0.0009 0.45 1.84
WS,
X 49 1.60 2.03
T 51 1.61 2.01
L1 0.002 0.83 1.98
L2 0.0007 1.3 1.96
L3 16 2.48 1.91
WS,/MoS,
X 23 2.37 2.19

T 0.0005 0.78 2.03
L1 0.0009 1.29 2.02
L2  0.00003 1.72 1.97

L3 90 0.21 1.88
W S,/h-BN/MoS,

X 48 1.45 2.03

T 25 0.60 1.98

L1 13 0.59 1.93

L2  0.00086 0.45 1.84

Table 4.3: O’Donnell adjust parameters for the curves in Fig. 3, for sample 3.5f) .

and the PL quantum yield (QY), respectively, for the individual monolayer (index i) and
the heterostructure (index h). If we consider an increase in the exciton density in the WS2
layer of the heterostructure due to the energy influx coming from the MoS, monolayer
through the Foster resonance energy transfer (FRET), the population of excitons in the
WS, layer of the heterostructure is NI, = N}, + N ngr.u, where gz is the QY of the
FRET from MoS, to WS,. If we look at the ratio I/]j, and consider the charge transfer, with
QY=ncr.w, the nonradiative emission, with QY=nyz and the FRET from WS, to MoS,, with
QY=npr,w we obtain:

I
- (1 + nerm)(1 = BN = Her,w — NET.W)- (4.6)
0

The quantum yield for Dexter charge transfer can be written as[57]:

UCT,W (08 e(%), (47)
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and the quantum yield for FRET in 2D systems can be written as[57]:

NET,w O (4.8)

where R is the separation between donor and acceptor, a5 is the exciton Bohr radius and
R, is the Foster distance, which is the distance where we have 50% of efficiency for the
FRET. The exponent n depends on the nature of the dipole-dipole interaction but it is
expected to be 2 < n < 6. Using all these relations, the equation for the intensity ratio is
given by:

=l 1+q 1—a2—age(%>—a4 !

1
T 1. (R\" 1. (R\"
I 1+ (R_o) 1+ (R_O)
The constants a; and a, are the FRET coefficients and a, and a; are the nonradiative
decay efficiency of excitons and the charge transfer coefficient, respectively. The values of
Ry ~ 4,9 nm and ap ~ 1.53 nm are reported in literature [49, 57].

(4.9)

If we look at the PL emission intensity from the regions of the heterostructures and
compare it to the intensity of the emissions from the individual layer of WS,, we can
observe a distinct behavior for each region (Fig 4.4).
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Figure 4.4: Photoluminescense emissions of the regions in sample 3.5f for several temperatures

We attribute the difference in luminescence intensity between regions to the exchange
processes. Both charge transfer and FRET act on the excitons of the heterostructure to
modify the PL emission in relation to that of the individual monolayers. From the region
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of direct contact, we observe at low temperatures an emission of lower total intensity than
that from WS,. As the temperature rises, the total intensity of the luminescence from the
region of the direct contact heterostructure (red curves in Fig. 4.4) gradually increases
relative to the total PL intensity of the sole WS, region (blue curves in Fig. 4.4). Above
approximately 250 K, the total PL intensity of the direct contact heterostructure is higher
than that of the WS, monolayer. On the other hand, for the heterostructure with the h-BN
spacer (green curves in Fig. 4.4), the total intensity of luminescence is lower than that
of the WS, monolayer for all temperatures. The luminescence from the MoS, monolayer
(black curves in Fig 4.5) is of much lower intensity than that from the other regions of the
sample, at all temperatures. This relative dependence on temperature of the PL intensities
of the different regions of the sample can be more clearly seen in Fig. 4.5, which shows the
variation with temperature of the PL peak maximum for each region, relative to that of
the WS, monolayer (Fig. 4.5 top left) and the integrated luminescence intensity for each
region (bottom left), also relative to the integrated PL intensity of the WS, monolayer. The
right side of Fig. 4.5 shows the evolution with the temperature of the absolute values of PL
peak maximum (top right) and integrated intensity (bottom right), for the four regions
of the sample. One would expect that the charge transfer process would predominate in
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Figure 4.5: Evolution of the max height of the emissions and the Sum of the spectrum, relative to
WS, (left) and the absolute value (right)

the region with direct contact between the TMDs (the direct contact heterostructure) and
the FRET process would predominate in the region where the two TMDs are separated
by the h-BN layer (heterostructure with the h-BN spacer). However, this behavior is not
observed in our sample. The quenching of the luminescence of the heterostructure with
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the h-BN spacer, relative to the luminescence of the WS, monolayer, indicates that for this
heterostructure the charge transfer process plays a more relevant role. In this process, an
exciton from the donor (WS;) dissociates after photogeneration, before recombination,
and charge transfer occurs to the acceptor (MoS,). Due to the predicted band alignment
of WS,/MoS,, we expect that the electron will be transferred to the MoS, layer while
the hole remains in the WS, side of the heterostructure. The charge transfer process
is weakly dependent on temperature, which is in accordance with the weak variation,
with temperature, of the PL emission from the heterostructure with an h-BN spacer. The
region of the sample where the MoS; and WS, layers are in direct contact (direct contact
heterostructure) exhibits a dependence of the PL intensity on temperature that is what
is expected when the FRET process predominates, as it was seen in the work of Medha
Dandu et al. [5] and modeled by Lyo [32], assuming an interaction of dipole-dipole between
two quantum wells (each of the two bi-dimensional TMDs). This model fits well with the
data on the TMD heterostructure of Dandu et al., as shown in Fig. 4.6. The evolution of
PL intensity as a function of temperature for the direct contact heterostructure follows
this pattern and therefore we propose that for this heterostructure the FRET process
predominates over charge transfer.

4

? 9 9

0 100 200 300
Temperature(K)

Figure 4.6: Enhancement factor a from FRET as function of temperature [5]

The contrasting behavior of the heterostructure with direct contact and the heterostruc-
ture with the h-BN spacer, described above, may seem the opposite of what would be
expected. But if one looks carefully at the fabrication process of the sample this apparent
contradiction can be understood. Charge transfer is highly affected by the coupling between
layers, and therefore, impurities, layer alignment, and other factors that can affect the
coupling of the layers will also affect the QY of charge transfer. On the other hand, the
FRET mechanism is less affected by the coupling of the layers, being more affected by the
distance between layers (Equation 4.9). We propose that the region in direct contact in our
sample does not have in fact a good coupling between layers and thus the charge transfer
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process is not very efficient. Therefore, energy transfer (FRET) dominates the mechanism
of exchange for the heterostructure in direct contact.

In the region with the h-BN spacer what we are seeing is the charge transfer process
dominating over FRET. That is because the h-BN layer has a smooth surface and is known
to reduce defects in the surface of TMDs, leading to an enhancement of their luminescence
(see section 2.1.2). Therefore, we expect to have a better coupling between the two TMDs
when they are separated by a thin h-BN layer, as is the case of our heterostructure with the
h-BN spacer. From an Atomic Force Microscopy measurement (Fig. 4.7a), we estimate the
thickness of our h-BN spacer as 6 nm. Thus, we can have the electrons tunneling through
the h-BN barrier more efficiently due to the smoothing of the interface. At the same time,
the increased distance between the MoS2 and WS2 layers due to the presence of the
spacer reduces strongly the effect of energy transfer. The charge transfer mechanism thus
predominates and an overall quenching of the luminescence is seen at all temperatures
for the heterostructure with the h-BN spacer. From the AFM image, we can also see the
abundant presence of contaminants (granular effect in Fig. 4.7b) this can interfere with
the coupling of the layers, and as we discuss in the chapter 5 we have to improve the
fabrication process to obtain better samples.
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(a) AFM image over the measured region

(b) AFM image

Figure 4.7: Atomic force microscopy measurement of sample 3.5f. From the edge profile, we obtain a
thickness of ~ 1.4 nm for the MoS,, = 1.5 nm for the WS,, and = 6 nm for the h-BN
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Chapter 5

Conclusion

In this work, we investigate the interaction between two monolayers of transition metal
dichalcogenides and the effects on the photoluminescence signal. We were particularly
interested in the exchange processes in which the two layers can transfer charge and/or
energy. We observe different regions with different behaviors where each one of the
processes predominates over the other and the factors that contribute to favor each one
of the processes. We produced samples through mechanical exfoliation using adhesive
tape to exfoliate and a viscous elastic gel to take the samples to an optical microscope and
find flakes with low contrast that indicates monolayers. In the interesting flakes, we use
fluorescence and Raman spectroscopy to characterize the monolayers. We construct our
samples using a vertical transfer process with an alignment to obtain regions of individual
TMDs monolayers, overlapped monolayers in direct contact, and with h-BN as a spacer.
We perform photoluminescence measurements varying the temperature from low tem-
perature (7 K) to room temperature (300 K). We also studied the photoluminescence
dependence on the excitation power. These measurements give us information about the
optical gap as a function of temperature and the behavior of excitonic features from both
of the TMDs. The power measurements help us to identify the emissions coming from
excitons bound to defects that are a relevant part of the PL spectrum of these materials.
From both measurements, we can study the exchange processes when we compare the
regions with and without h-BN and note the different behavior from the lower energetic
emissions (excitons bound to defects) coming from these two regions and the difference in
the PL emission intensity in different temperatures. We noted that the variables from the
fabrication of the samples as induced defects and impurities can highly affect the exchange
processes, which should be better investigated. The two processes are still not completely
distinct and it requires other approaches to help clarify and quantify the interaction
between layers of these two TMDs. The interlayer excitons, which we do not explore
deeply in this work, can be a great source of information to understand charge transfer, as
we expected that the electron that is transferred from one layer to the other will interact
with the hole that stayed in the first layer to form these interlayer excitons. Furthermore,
the interlayer Raman modes can be used to measure the coupling between the two TMDs.
With these pieces of information at hand, we can construct a more complete model based
on rate equations to have a better basis on which to construct our hypothesis.

The hardest part of this work was to analyze, identify, and separate the peaks inside the
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Figure 5.1: Exchange process with the quantum yield () of Energy transfer (ET) e charge transfer
(CT) showed only for one direction, for clarity.

PL emission. Therefore in the next steps of this project, we intend to perform measure-
ments with time resolution and using the spin selection rules in these materials, exciting
resonantly, so we can favor one emission over the other and, therefore, help to identify the
emissions, which would help to study the energy transfer mechanism, as the FRET requires
an overlap of the wave function, and so, there are certain emissions for which the process
is more efficient, as in the case of the exciton B from MoS, and the exciton A from WS,.
We can also favor one of the excitonic emissions by applying a back gate to create virtual
doping in the heterostructures. The complete understanding of the interlayer interaction
of TMDs is of great interest and should be taken ahead. The exchange processes (fig. 5.1)
are the foundation for devices based on the emission and also absorption of light. The
following steps in this work will be to use Time Resolved measurement to understand the
dynamics of the excited states in the heterostructure. We also want to use the spin selection
rules combined with resonant polarized excitation to separate and analyze the emissions
from the two different materials. We will use the interlayer exciton to understand the
charge transfer process and in the future, we want to follow this project with the study of
moiré superlattices in these heterojunctions.
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Figure 2: MoS, - Fit for the PL spectrums of individual layers for several temperatures
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Figure 3: WS, - Fit for the PL spectrums of individual layers for several temperatures
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