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Resumo

Os materiais em camadas bidimensionais (2D) abriram uma das dreas mais promissoras da
fisica do estado solido, pois fornecem uma ampla gama de fendmenos fisicos em nanoescala,
adequados para fisica aplicada e fundamental. Os dicalcogenetos de metais de transicao
semicondutores (TMDs, na sigla em inglés) estdo entre os materiais em camadas mais
estudados devido ao seu carater bandgap direto com propriedades excitonicas robustas.
Além disso, seu forte acoplamento spin-érbita fornece a esses materiais uma rica fisica
relacionada ao spin que pode ser explorada em campos como a opto-spintrénica. Nesta
tese, estudamos opticamente a dinamica de carga e spin de TMDs semicondutoras quando
em contato com substratos de arsenieto de gélio (GaAs) e ao aplicar um campo magnético
externo. Nos encontramos que quando os TMDs semiconducting sao colocados em GaAs
ha uma transferéncia da carga entre eles. Isso pode resultar na dissociagao ou transferéncia
completa dos excitons de um material para o outro, que pode ser controlada escolhendo
a dopagem do substrato, ou usando diferentes TMDs como MoSy ou WSe,. Além disso,
estudamos a dindmica de spin de uma monocamada de MoSe; sob um campo magnético
externo perpendicular ao plano da amostra. Observamos que o campo magnético pode
efetivamente controlar a dinamica de spin na monocamada, de acordo com uma rapida
transferéncia de buracos entre os estados do vale presentes neste material. Portanto, nossos
resultados fornecem referéncias iniciais sobre a dindmica de carga e spin em semicondutores
2D, dependendo do substrato e dos campos magnéticos aplicados, o que pode permitir sua

aplicagao em novos dispositivos.

Palavras-chave: Dicalcogenetos de Metais de Transicao, GaAs, MoS,, WSy, WSes,,
heteroestrutura, monocamada, Optica ultrarrapida, dinamica de cargas, propriedades

opticas.



Abstract

Two-dimensional (2D) layered materials have opened one of the most promising areas
in solid state physics, as they provide a broad range of physical phenomena in the
nanoscale, suitable for applied and fundamental physics. Semiconducting transition metal
dichalcogenides (TMDs) are among the most studied layered materials due to their direct
bandgap character with robust excitonic properties. Moreover, their strong spin-orbit
coupling provides these materials with a rich spin-related physics that can be explored in
fields like opto-spintronics. In this thesis, we optically study the charge and spin dynamics
of semiconducting TMDs when in contact with gallium arsenide (GaAs) substrates and
when applying an external magnetic field. We found that when semiconducting TMDs are
placed on GaAs there is a charge transfer between them. This can result in the dissociation
or full transfer of the excitons from one material to the other, which can be controlled by
choosing the doping of the substrate, or by using different TMDs such as MoS,; or WSes,.
Furthermore, we study the spin dynamics of monolayer MoSe; under an external magnetic
field perpendicular to the sample plane. We observe that the magnetic field can effectively
control the spin dynamics in the monolayer, in agreement with a fast hole transfer between
the valley states present in this material. Therefore, our results provide initial benchmarks
on the charge and spin dynamics in 2D semiconductors, depending on their substrate and

applied magnetic fields, which can enable their application in novel devices.

Keywords: Transition metal dichalcogenides, GaAs, MoS,, WSey, MoSe,, 2D materials,

monolayer, ultrafast optics, charge dynamics, optical properties.
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CHAPTER 1

Introduction

The technological revolution that we have experienced in the last twenty years
is without any doubt one of the biggest and fastest in history. Within this process, it
has become routine for us to see the release of more powerful smartphones, laptops,
and all kinds of technological devices coming out each year. This is the result of a deep
understanding of matter, light, and their mutual interaction which allows us to find
new ways for controlling the physical phenomena involved in the design of those devices.
Nevertheless, miniaturization and the demand for high computing capability are pushing
the industry to new limits, with challenges such as higher importance of quantum effects
on nanodevices as well as their high energy consumption. The discovery of new materials
plays a central role in optimizing the performance of components, such as transistors,

required for further size reduction.

The discovery of graphene and its properties in 2004 [1] became of high interest as
a possible solution to the next generation of nanotechnology. This new material consisting
of a monoatomic carbon layer exhibits several attractive properties such as high flexibility,
excellent electrical conductivity than metals, and very high tensile strength, among others.
However, despite these attractive features, its lack of electronic bandgap is a disadvantage
for many applications. Fortunately, the success of graphene drove attention towards van
der Waals crystals, resulting in the discovery of hundreds of new atomically-thin materials
with all kinds of properties. Within the more relevant, we can find black phosphorus (BP),
hexagonal boron nitride (hBN), transition metal dichalcogenides (TMDs), and layered
ferromagnets, among others, that emerged to increase the range of possible applications of

bidimensional materials by simply combining and stacking them.

In this thesis, we will focus on the study and characterization of the semiconductor
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group of the transition metal dichalcogenides. In particular, we will focus on the study
of the effects of the environment, such as the substrate, and the magnetic field, on the
optical properties and the charge and spin dynamics of monolayers of TMDs. We envision
our results as a tool for a better understanding of these materials and a path through
control and application of those properties in the area of optoelectronic- and optospintronic
nanodevices. In this chapter we introduce the central theoretical concepts, starting by
the definition and main properties of the TMDs and how they interact with external out-
of-plane magnetic fields. Afterwards, we will describe some environmental and proximity
effects on the properties of TMDs, as for instance impurities and the dielectric constant of
the substrate. We also present a brief state-of-the-art on the dynamic and non-equilibrium
processes of optically excited charges and spins in semiconducting TMDs. Finally, we
present an outline of this thesis to guide the reader through the content of the different

chapters.

1.1 Transition Metal Dichalcogenides

Transition metal dichalcogenides are a family of materials with the form M X5, with
M a transition metal such as molybdenum or tungsten (Mo, W), and X a chalcogenide
element such as sulphur or Selenium (S, Se) (see Figure [T}a). They are hexagonal multilayer
structures, with X-M-X covalent bonds within a layer and van der Waals bonds between
layers. This graphene-like configuration allows the fabrication of monolayer samples through

techniques such as mechanical exfoliation or chemical vapor deposition (CVD).

One of the most attractive properties of these materials is their transition from an
indirect bandgap semiconductor in the bulk to a direct bandgap in the monolayer limit (see
Figure [1]b). The latter enables a more efficient band-to-band excitation and recombination
making it more attractive for optical and electronic applications [2}-4]. This transition
substantially amplifies the intensity of light interaction, producing photoluminescence in
the visible and near-infrared regions. Their crystal properties make the binding energy of
the excitons one of the largest observed in semiconductors, reaching values of hundreds
of meV [5]. This also favors the emergence of charged excitons (trions) that open new
possibilities and applications by controlling the lineshape of the emission of the monolayer
[6,7]. Section [2.3 will discuss further details of excitonic phenomena.

Additionally, monolayer TMDs possess unique spin-related properties that make
them particularly appealing for a field of nanotechnology called spintronics. The d-orbitals

of the transition metal give rise to a strong spin-orbit coupling (SOC), which is especially

relevant at the Ky points, or valleys, of the Brillouin zone, Figure 8]. When transitioning
from a bulk to a monolayer structure, the inversion symmetry is broken, giving rise to

coupled spin and valley physics [8-11]. The two valley species are energy degenerated and
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Figure 1 — (a) Representation of the crystal structure of a monolayer TMD in various
angles. (b) Transition of the band structure from bulk to monolayer illustrated.
The red arrows represent the lowest energy electronic transition from the valence
band to the conduction band at each panel.

with spin states connected via time-reversal symmetry (Figure ) These properties enable
optical control of the injection or detection of spin-polarized carriers in the material by
using circularly polarized light. Electronic spins up (+1/2) and down (-1/2) can be excited
at different valleys of the conduction band of the material, facilitating the generation,
manipulation, and study of electronic spins .

Over the last ten years, the study of these properties keeps rising and the results

are highly promising for the development of more efficient (nano)devices in areas as

(opto)electronics [15H18], (opto)spintronics [19-22] and basic research as in works of

single-photon generation and polaritonics .

(@) (b)

Tlme reversal
O+ Symmetry
Figure 2 — (a) Reciprocal lattice with the main high symmetry points and the unit vectors

of the first Brillouin zone. (b) Representation of the band structure at the high
symmetry K, and k_ points with their spin state configuration.
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1.1.1 Spin state configuration

As the electronic states involved in the direct bandgap transitions are mainly related
to the transition metal atoms, there are two spin-state configurations in semiconducting
TMDs: molybdenum-based and tungsten-based (Figure . According to optical selection
rules, an electron at the top of the valence band can only transition to an electronic
spin state in the conduction band that has the same spin as the initial state [8}9,25].
For molybdenum-based TMDs, this results in a direct relationship between the lower
and higher states of the conduction and valence band, respectively. On the other hand,
for tungsten-based materials, we have to excite the electrons to a higher energetic state
in the conduction band. This increases the role of dark transitions in tungsten-based
monolayers [26,27]. When using out-of-plane excitation, electrons with a spin s are unable
to transition to states with different spins, whether they are in the conduction or valence
band. For instance, if an electron relaxes to the lowest conduction band state via a spin-flip
scattering process, it will become prohibited for the electron to relax back to the valence
band state through radiative recombination [28]. For this reason, they are called dark

states.

(a) (b)

K- K+ K+

=

P

Figure 3 — (a) Band structure representation, near the K+ points, of molybdenum-based
TMDs, and for (b) tungsten-based TMDs.

1.2 The valley-Zeeman effect

When an external magnetic field is applied perpendicular (out-of-plane) to the
monolayer surface, the spin states will interact with it generating a Zeeman energy shifting.
For TMDs, we can describe the energy shift as —/i - B , and in the case of a monolayer
lying in the zy plane, it can be expressed as . B, with u, representing the total magnetic
moment that couples with the field. To determine this magnetic moment, we will focus on
the electrons in the Bloch states at the band edge i.e. the K, and K_ points, where the
direct electronic transitions occur. For TMDs, the total magnetic moment consists of two

components: spin and valley/orbital contributions [29-33].
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The first component, the spin, will have the usual behavior with the magnetic
field, where opposite-spin states shift their energy in the same amount but in opposite
directions. Therefore, the usual spin magnetic-dipole moment of the electron will describe
this contribution as p$” = —sup, with pp the Bohr magneton of the electron and s = +£1
a spin direction index. However, this will not reflect a change in the resonances of K.
valleys as in both cases the energy shift is naively the same and the optical transitions

conserve the spin.

The second component can be naively understood as the contribution of two parts.
The first one is the orbital angular momentum, also called intracellular contribution,
which depends on the properties of the specific atomic states involved in the transitions
at the K4 points. As mentioned before, the origin of these states is the d-orbitals of
the transition metal. However, different orbitals compose the valence and conduction
bands. The latter has its origin mostly in the d,2 orbital, which possesses a zero angular
momentum contribution m; = 0 and results in a zero magnetic moment for the conduction
band pf = 0. On the other hand, the states at the top of the valence band at the K
points arise from the hybridization of the d,2_,2 and d,, orbitals in the form d,2_,2 +id,,,
where the +(-) sign refers to the K, (K_) valley. In this case, the electronic configuration
will provide an azimuthal angular momentum along the z axis of m; = 4+2h, resulting in a

magnetic moment of uf = —(e/2m.)l, = F2up |8,9,30H33].

Finally, the valley /orbital component is a wave-function-related contribution that
arises from the particular winding configuration of the Bloch function at the K, and
K_ points. Due to the origin of this component, also called intercellular contribution,
which needs to take into account the neighbor states, it is common to use for instance
a two-band [30,132] or three-band [33] tight-binding model to determine the magnetic
moment contribution. In a simple approach, we can assume symmetry of the electron-hole
configuration and therefore the calculations lead to a magnetic moment contribution of
py = —1up(me/mers) where m, is the mass of the free-electron, mess is the electron-hole
symmetric carrier effective mass and 7 = £1 the valley quantum number. Otherwise, for a
more precise approach, the electron-hole symmetric mass should be broken and consider
the independent masses of each band, simply resulting in exchange m.ss by the effective

masses of the conduction (m¢;,) and valence (m¢;;) bands.

With all the individual contributions determined, we can now calculate the expected
energy shift due to the interaction with the magnetic field. First, we will calculate the
change in the conduction band which is given by AE, = —(AuS + Auf + Ap%)B,
where we have defined the difference on magnetic momentum as Ap = Apy, . As the
two K valleys have opposite spin and valley quantum numbers, this will leave us with
AE, = —(—2up — 2pp(me/mesr))B.. For the case of the valence band, the spin and

valley function contribution will be similar but this time we will have the orbital angular
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momentum contribution that leaves us with an energy shift of AF, = —(—2up — 4up —
2up(me/meyss))B,. We can now calculate the total Zeeman effect as AE = AE. — AE,,
that lead us to

AE = —4ugB.. (1.1)

This total shift in energy can be more easily understood through Figure [dla where
each contribution is represented with arrows. We obtain in this way a breaking of the
energy and valley degeneracy, with each valley having a different energy state and a
different bandgap. As the energy breaking arises from the different origin of the band
states in the conduction band and the unique valley properties of this system, this effect

is also called the wvalley Zeeman effect.
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Figure 4 — (a) Representation of the K band shift under a positive magnetic field. The
black, cyan, and green arrows represent the different contributions to the band
shift. (b) Photoluminescence spectra of a monolayer MoSes showing the break
of the valley energy degeneracy at high magnetic fields. (c) The extracted
difference of the photoluminescence peaks E,, — E,_ at different magnetic
fields presenting a linear behavior. Measurements performed by the author as
part of the analysis for chapter 5] T = 6 K.

One way to track the change in energy is by measuring the photoluminescence with
circularly polarized light to excite and measure excitons at a specific valley. In Figure db
we see how the energy emission of valley K, (K_) shifts towards a lower (higher) energy

when a positive magnetic field is applied. Also, by symmetry, we observe how the shift in



Chapter 1. Introduction 19

energy switches when we reverse the direction of the magnetic field to a negative value.
Therefore, we can characterize the magnetic response of the material by determining a

magnetic g'-factor of one valley. For this, we can define the following relation [29,32]

E, —FE, =g¢"upgB (1.2)

+

where E,;, is the center of the peak of photoluminescence emission when detecting the

light of the valley excited by o polarized light. Hence, we can write

e (1.3)

and characterize the valley change by measuring the difference of the emission peaks of
two valleys excited circularly polarized at different magnetic fields. Figure [4c presents
this difference for the case of a monolayer of MoSe, resulting in ¢* = —4.5 4 0.2. This
experimental result is consistent with other reports [32] but it is also consistent with the
result in Equation through the simple relation E,, — £, = AE, — AFE,.

It is worth noting that in our previous analysis, we should have considered the
change in the exciton binding energy due to the magnetic field. However, as this dependence
is expected to be quadratic with the field and therefore, not observed in the experiments,
the binding energy is assumed to be constant over the magnetic fields |34} 35]. Finally,
the previous experimental and theoretical analysis can be clearly understood for the
case of excitons, nevertheless, the analysis of the trion peak dependence can be more
complex [30H33]. In the different reports, the trion dependence with the magnetic field
presents divergences, mostly for the tungsten-based TMDs, where dark states become
of high importance [33,36]. As trions are a three-carrier compound system, its analysis
may need a deeper description of the possible state configurations where also different
recombination paths may play an important role in photoluminescence peak. In this thesis,
our focus will be on MoSe; monolayer that has been reported to exhibit a magnetic field

dependence of the trion peak very similar to the exciton behavior [30,32].

In case of interest in a first principles calculation analysis, we refer the reader to

the theoretical studies described in references [37.38].

1.3  Environmental and proximity effects

Many of the interesting phenomena of 2D materials, such as TMDs, arise from
the change in the properties of the material in the transition from bulk to the single
layer. However, the ultra-thin character of these layers results in a high sensitivity to their

environment and proximity effects that end up modifying their physical properties.
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Within the environmental effects we can include their interaction with gases, for
instance with the air, that can degrade the monolayers by generating oxidation in chalcogen
vacancies [39]. Despite that semiconducting TMDs are considered air-stable, it is common
to have chalcogen vacancies in single layers, either from their synthesis or in the edges of
the flakes [40]. When interacting with the air, the defects in the lattice allow the oxidation
and degradation of the sample that modify the properties of the pristine material, such
as the conductivity or optical quantum-efficiency [41]. This characteristic is the core idea
in the fabrication of gas sensors based on TMDs, where the natural interaction of the
monolayer with determined gases can be enhanced by the deposition of particles and

produce promising sensors [42].

The reduced dimensionality of monolayer TMDs makes them highly sensitive to
their dielectric environment, which can significantly alter their intrinsic properties. In
particular, the Coulomb interaction that mediates the excitonic properties of TMDs can
be strongly influenced by a substrate with a strong dielectric effect. In the case of high
dielectric constants, the binding energy of the excitons, trions, and even the electronic
band gap of the monolayer are modified. This effect can be even more problematic if we
consider the case of a single layer that is not in homogeneous contact with the substrate,

resulting in a flake with variations of the properties along the surface [43].

Another effect related to the substrate is the charge transfer to/from the monolayer.
Depending on the material of the substrate (e.g. metal, semiconductor) the interaction
with the TMD will result in a charge transfer between the materials to reach electrostatic
equilibrium. In this case, the change in the charge density of the monolayer can result in a

different response of electric transport or intensity of emission of charged excitons (trions).

Furthermore, the substrate can also induce interference effects depending on the
sample configuration. This effect is particularly important in samples with one or multiple
interfaces, like oxide, or isolating layers. When studying optical properties, laser beams
can suffer multiple reflections in those interfaces and generate constructive or destructive

interference, screening the real properties of the sample [44].

During the fabrication of a sample, the monolayer should be either transferred to
the substrate or grown on it. In any case, monolayers can be damaged in the process, by
developing cracks, or growing domain boundaries that open space for defect states. Also,
monolayers can be submitted to stress resulting in wrinkles or bubbles which will produce
a non-uniform strain distribution over the surface. This affects the phonons dynamics as
well as the emission energies/intensities of the monolayer [45]. In Figure b we illustrate
some of the main effects described before. Overall, these effects open space for studying
different ways to control the properties of these materials and challenge the community in

order to increase and improve the applications of 2D TMDs.

In recent years, the possibility of stacking different layered materials opened infinite
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Figure 5 — (a) Illustration of some of the environmental effects discussed in the text:
chalcogen vacancies, wrinkles of the monolayer, interaction with compounds
present in the environment, cracks and dielectric screening. The representation
includes an exciton with the electric flux lines in the exciton being modified
due to the presence of a substrate with a dielectric constant ¢4 larger than
the constant ¢ of the TMD. (b) Photoluminescence spectra of a WSes/MoSey
heterostructure. The three panels show the spectra of the individual layers
(in red and blue) and in the heterostructure (black) at room temperature,
77 K, and 6 K. The main emission peaks are labeled: exciton X, trion T, and
interlayer exciton IX. (¢) Band offset of the heterostructure representing the
main transitions. PL measurements were performed by the author.

possibilities of combinations and physics due to proximity effects. In particular, in the
case of semiconductors, it was observed that by stacking two monolayers of different
TMDs, a new photoluminescence emission peak emerged. In these heterojunctions, when
optically exciting the sample, one of the excited carriers can remain in one layer while
the other migrates to the other layer and bind together in the so-called interlayer exciton.
In Figure we observe the photoluminescence of a heterostructure of WSey/MoSe; at
different temperatures. We observe that at room temperature the only visible peaks are
the individual emissions from the excitons of each layer. However, when lowering the
temperature, a low energy peak starts to emerge and dominates the emissions of the sample.

This can be more clearly understood from the band structure configuration (Figure )
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where the interlayer exciton is represented.

In addition to this effect, the different lattice constants of the two layers and a twist
angle between them results in a (moiré) super lattice exhibiting new physical properties
such as superconductivity. However, as these topics fall out of the scope of this thesis, for a

detailed description of these phenomena we refer the reader to additional references [46/-48].

1.4 Charge, spin and valley dynamics in TMDs

Here, we will provide a brief introduction to some of the main processes that occur
under non-equilibrium conditions, from the excitation to recombination of charges/spins
as well as some of the challenges for their determination. The spin state configuration of
the initial and final states is of central importance in this process, as selection rules and

the usual quantum mechanical restrictions dominate the transitions.

As described before, optical selection rules allow the excitation of an electron
in a spin state | 1) (] })) when exciting with circularly polarized o, (o_) light. This
means that in the case of linearly polarized light excitation, which can be expressed as a
linear combination of both circular polarizations, both spin states will be equally excited.
Experimental results have shown that the process of excitation of the electron until it
binds and forms an exciton, is around 30 fs for monolayer MoS, [49], with similar ultrafast,
sub-picosecond, formation times for WSe, and WS, [50,51]. For the case of trion formation,
longer times have been observed as it requires first the formation of the exciton and
then the binding with an extra carrier, which overall has a smaller binding energy when
compared to the exciton. In that case, experimental works observed trion formation times

of around 2 to 5 ps in MoSe, and MoS, respectively [52./53].

After excitons and trions are generated, the recombination path will depend on
various factors, such as whether the material is bright or dark, environmental and proximity
effects and the quality of the sample. In addition to these variables, the experimental
technique used to measure these processes introduces an additional challenge to the
understanding of the charge/spin dynamics in TMDs. As a result of the combination of
the aforementioned variables, there can be significant discrepancies in the literature when
comparing specific lifetime processes in TMDs. However, the different reports provide
ranges of characteristic times when the processes can take place as well as statistics for

shining light on this matter.

The radiative recombination of excitons, for instance, has been reported to have
lifetimes ranging from a few to hundreds of picoseconds at low temperatures before they
recombine radiatively. Meanwhile, trions have lifetimes that can vary from tens to hundreds

of picoseconds, depending on the case. For their recombination, trions first dissociate
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their extra carrier which can result in a recoil effect that reduces the energy of the peak

generating in this way a long-tailed emission to the low energy side [54].

The above-mentioned lifetimes will depend on variables such as temperature,
excitation power, and energy. At low temperatures, the low density of phonons and
thermal effects will enhance the lifetimes of radiative recombination processes by up to
two orders of magnitude. In the case of the excitation power, high values can result in a
high density of photoexcited charges generating many-body effects such as the formation
of biexcitons, increase the rate of exciton-exciton annihilation, Auger scattering, and
even a Mott transition to an electron-hole plasma [55]. Therefore, to reduce this effect,
it is recommended to work at low excitation regimes below 100 uW/um? or for pulsed
excitation, 15 pJ/em? [56]. For the case of the excitation energy dependence, which is
commonly used in the context of time-resolved measurements for selecting the desired
state to populate, for instance in resonance with the exciton, trion, below the bandgap, or
at a much higher energy. In the last case, the excess of energy will result in the generation
of non-radiative effects such as phonons, that will release the energy of the electron to
relax to the bottom of the conduction band. The larger the excitation energy with respect

to the bandgap, the more non-radiative phenomena will get involved in the relaxation.

Additional scattering processes present in the relaxation of TMDs can involve intra-
or inter-valley scattering of carriers. The first one can involve a change of spin state (spin
flip) that can turn a bright state into a dark one or vice-versa. These processes are expected
to be short-lived as they do not require additional momentum and instead are usually
phonon-assisted. On the other hand, the inter-valley scattering process can involve or not
a change of spin state and is one mechanism of the system for decreasing a spin imbalance,
for instance, when one valley was optically populated. In this case, the scattering times
can change depending on if the conduction or the valence band is being considered. In the
conduction band, very short lifetimes have been reported (few ps) and can include the
assistance of an intermediate state at the @) point of the Brillouin zone [57,/58]. It is worth
pointing out that in both, intra- and inter-valley scattering processes, phonon scattering is

one of the main mechanisms that gives place to the transitions.

Finally, one of the processes expected to have an important role in the long decay
time scale is resident carrier recombination. Most of the TMDs are naturally doped or
their doping can be modified by adding doping elements or by applying electric fields
via gate voltages. In these cases, resident carriers, whether localized or free, have been
observed and associated as a long-lived process that can last up to the nanosecond time
scales [58-60)].

Additional information regarding experimental details can be found in section
2.5, where we explain the pump-probe technique, broadly used to study the dynamics of

different systems, and also in chapters 4 and 5 where we will unveil the charge and spin
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dynamics of monolayer TMDs under different conditions.

1.5 This thesis

In this thesis, we explore the effect of a semiconducting substrate and an external
magnetic field on the natural properties of monolayer TMDs. In particular, we are interested
in the study of the optical and excitonic properties of these materials and how their
dynamics changed in two scenarios: the presence of GaAs substrates and the effect of

strong magnetic fields on the spin dynamics. The thesis is organized as follows:

o Chapter 2 presents the experimental techniques and concepts required for the
subsequent chapters. Additional theoretical concepts will also be introduced to
complement and connect this introduction chapter with the experimental techniques.
In particular, we introduce optical techniques such as photoluminescence and Raman
spectroscopy but also scanning probe microscopy techniques, such as atomic force
microscopy and Kelvin probe force microscopy. Finally, we present the optical pump-
probe techniques and how we use them for measuring the time-resolved dynamics
in our samples, for instance for differential reflectivity and the magneto-optic Kerr
effect.

o Chapter 3 presents the study of the charge transfer between monolayers of MoS, with
their GaAs substrates. By comparing the photoluminescence emission of a control
sample (isolated monolayer) and the emission of monolayers on GaAs substrates
with different doping levels we observe the change in the density of charges in the
monolayer by tracking the trion peak. We also use scanning Kelvin probe microscopy
to determine the work function and establish the band offset of the different samples.
In this way, we model the charge transfer in the system and suggest a type-I band
alignment, which explains the strong mitigation of the photoluminescence in the

junctions.

o Chapter 4 presents the time-resolved differential reflectivity as a tool to analyze
the charge dynamics in the WSey/GaAs system. We compare the change dynamics
of a monolayer on GaAs and an electrically isolated monolayer, which allows us to
also establish a band offset of the junction. Furthermore, we study the dynamics of
the sample at different excitation energies and temperatures to determine the role of

processes such as phonons and resonances.

o Chapter 5 shows how a magnetic field can control the light-induced spin accumula-
tion in a monolayer of MoSe,. We use the magneto-optic Kerr effect in a pump-probe

setup to determine the dynamics of spins in the monolayer under different circularly
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polarized light excitations. By applying strong out-of-plane magnetic fields, we ob-
serve how the spin dynamics change and how it is possible to control the optically
generated spin accumulation. Our results are explained by a rate-equation model
for determining the dominant processes in the dynamics and estimating the decay

times.

o Chapter 6 presents the general conclusions of the thesis and the perspectives that

it opens up.
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CHAPTER 2

Experimental Methods

In this chapter, we present the experimental techniques and methods used in
this thesis as well as additional physical concepts that complement the previous chapter
for a better understanding of each technique. We start by describing how monolayers of
transition metal dichalcogenides (TMDs) are obtained and how to make samples to measure
and understand their different optical properties. Then, we present additional optical and
excitonic properties of these materials and how to measure them through photoluminescence
and Raman spectroscopy. Moreover, we explain how to use surface scanning techniques
to determine the topography of the samples, with atomic force microscopy, or electronic
properties, as the work function, via scanning Kelvin probe microscopy. Furthermore, we
present the experimental implementation of the optical pump-probe techniques discussed
in chapter [I] and how they are used to measure time-resolved properties in TMDs, such
as transient reflectivity. Finally, we introduce the magneto-optical Kerr effect and the

experimental details for measuring time-resolved spin dynamics in TMDs.

2.1 Exfoliation of TMDs

There are different ways of obtaining single layers of transition metal dichalcogenides
(TMDs), with mechanical exfoliation and chemical vapor deposition (CVD) being among
the most commonly used techniques in the literature. CVD involves growing TMDs,
with the desired thickness, in a solid substrate starting with chalcogen and transition
metal individual reactants to interact in controlled conditions such as temperature and
pressure [61]. This technique has the advantage of allowing the production of flakes

significantly larger than other techniques. However, it comes with challenges such as the
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control of defects or different crystal domains. On the other hand, mechanical exfoliation,
originally used in graphene, takes advantage of the weak van der Waals interaction between
layers to mechanically separate them down to the monolayer limit. Although monolayers
obtained through this technique are smaller compared to CVD, it offers the advantage of
minimizing impurities within the crystal. Additionally, the process is simple and eliminates

the need for extensive or costly equipment.

In this thesis, we use mechanical exfoliation as it can provide monolayers large
enough to characterize the properties of the material (~10 pum ), reduce impurities, and
fulfills the needs of our work. For obtaining a monolayer by mechanical exfoliation, one
should take a piece of adhesive tape, place it over one small piece of crystal of the TMD,
and slowly peel it back off. Two types of adhesive tape are commonly used for this purpose:
Scotch tape and Nitto (blue) tape [62]. In particular, we used the latter as it generates
fewer glue residues in the flakes that can interfere with the study of the optical properties
of the monolayers. In order to improve the number and area of few-layer regions, the tape
should be glued into itself and peeled back off to make a new exfoliation of the TMD. After
repeating this process a few times, the exfoliated material can be transferred from the tape
to the desired substrate. However, in the case of GaAs substrates, the optical contrast
with the TMD single layers is significantly limited, requiring the adoption of the gel film
transfer method for its enhanced convenience [63]. Furthermore, this technique provides
more control for positioning the monolayer in specific areas in the substrate, for instance,
a clean homogenous region in the substrate and allows to stack flakes of different materials.
The process starts with the exfoliated material in the blue tape, which is transferred onto
a piece of polydimethylsiloxane (PDMS) film (Figure [6h) and it is then mapped with an
optical microscope to identify the single layers by optical contrast. When a potential single
layer is identified, a fluorescence microscope is used to see the fluorescence of the flake,

and thus, have certainty of having obtained a single layer (Figure [6b) [2].

Subsequently, the PDMS film, with the transferred flakes attached, is aligned with
a previously cleaved and cleaned substrate and gently pressed against it (Figure @c)
Without separating them, the junction is heated to 80 °C for five minutes to enhance
the transference of the monolayers (Figure @d) The gel is then slowly peeled back to
prevent the breaking of the transferred flakes (Figure @e) Finally, the monolayers can be
identified on the substrate, and their exact positions should be recorded for subsequent

measurements (Figure [6f).

After identifying the flakes, it is convenient to observe their fluorescence again, to
confirm the state of the monolayer, determining possible cracks or defects produced during
the transfer. However, for the case of MoS, and WSe; on GaAs, monolayer fluorescence is
highly quenched due to the interaction with the substrate. Therefore, in these cases, we

use dark field (DF) imaging, which provides an image of the scattered light by any edge
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(a) Exfoliated flakes on (b) The gel is mapped, (c) The gel is turned upside
the tape are transferred looking for TMD down and aligned with the
onto the gel film monolayers substrate
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on the transfer system from the substrate

Figure 6 — Schematic illustration of the sample fabrication process. Insets: (b) optical
images of a flake on the gel (b, left), its fluorescence (b, right); (f) after
transferred on GaAs as viewed by bright field (left), and dark field (right).

or defect on the surface.

2.2 Raman Spectroscopy

Raman spectroscopy is a powerful optical characterization technique that allows
us to study the vibrational modes of a given material. When the light interacts with a
crystal lattice or molecule, the electric field affects the charge distribution inducing dipoles
or changes in the polarizability. The interaction between light and matter gives rise to
oscillation modes (phonons) on the lattice, which in turn scatter light in various ways.
These light-matter interactions can be classified based on whether they can be detected
using Raman spectroscopy or not. If the associated polarizability changes due to the
coupling with the electric field, the mode will be called Raman active and otherwise, an

inactive one.

Experimentally, a laser beam excites a crystal lattice or molecule, driving it up
to a virtual state for its subsequent relaxation in one of three possible paths. First, the
system can return to the same initial state, by scattering photons with the same energy as
the incoming beam (Rayleigh/elastic scattering). Second, the sample can absorb energy
from the light reducing the energy of the scattered photons with respect to the incoming
ones (Stokes scattering). Third, the system can lose energy in the interaction, resulting in

the scattering of photons with an energy higher than the energy of the incoming beam
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(anti-Stokes scattering). Figure [7h illustrates a Raman spectrum with the three possible
scattering processes. After measured, the spectrum is usually presented as a difference

between the wavenumber of the excitation beam and the scattered light:

1 1
R, = — ), 2.1
</\e:pc )\> ( )

with R, defined as the Raman shift in ecm™!, A, is the wavelength of the excitation beam

and A is the wavelength of the scattered light.
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Figure 7 — (a) Illustration of the three types of scattering processes studied in Raman
spectroscopy. (b) Characteristic Raman spectra of a monolayer MoSs showing
the two strongest vibrational modes. Illustrations of the modes are presented
close to their respective peaks.

Transition metal dichalcogenides exhibit different Raman modes in both monolayer
and bulk forms. Among them, two modes have garnered significant interest for character-
izing the thickness of flakes: Ej, (in-plane oscillation) and Ay, (out-of-plane oscillation).
The reduction of the number of layers reduces the van der Waals interaction of the crystal
generating a change in the frequency of the vibrations due to the weaker restoring forces
acting on the atoms. As a result, the above-mentioned Raman modes will suffer an energy
shift towards lower frequency oscillations. This phenomenon is particularly intense in
the case of the out-of-plane oscillation mode as its interaction is strongly dependent
on its neighbor layers. On the other hand, in-plane mode E2lg is strikingly observed to
shift towards higher oscillation frequencies, which has been associated with long-distance
Coulomb interactions. For MoSy and WS, flakes this effect is particularly intense, as
well-resolved Eég and A;, Raman peaks start to approach each other while reducing the
number of layers [64-66]. For MoS, the characteristic difference between these modes is as
small as 19 cm™!, while for WS, this value is observed to be 61 cm™'. Figure [7b shows a
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typical Raman spectrum of a monolayer of MoS, exhibing intense, narrow, Ezlg and Ay,

peaks.

A typical experimental setup for Raman spectroscopy consists of a light exciting
source (laser), a diffraction grating/monochromator and a sensor. The photons emitted or
scattered by the sample arrive at the diffraction grating which separates them by their
wavelength and also determines the range of the spectrum that will be analyzed. The
photons scattered by the grating are detected by a sensor (CCD) which transforms the

light into electrical signals that are converted by software into a spectrum.

Raman mode (cm™1)

TMD B} A,
WS, 357 418
MoS, 384 404
WSeg - 249
MoSe; 286 239

Table 1 — Experimental values of the two main active Raman modes in TMD monolayers
[67].

For our measurements, we used a WITec [68] alpha 300A experimental setup
available in the LCPNano facilities at UFMG. The samples were excited with a 532 nm
wavelength laser with a power of 0.3 mW [[|and focused on the sample with a 100x objective.
Table [I] presents the position, at room temperature, of the two main active Raman modes

in different monolayer semiconducting TMDs.

2.3 Photoluminescence

Photoluminescence spectroscopy allows us to study the light emitted by a sample
due to electronic transitions. This technique involves optically exciting a sample using
a laser beam, with an energy larger than the energy of the bandgap of the material, to
promote electrons from the valence band to an excited state in the conduction band. In
this process, the absence of the electron in the valence band is understood as an effective
positive charge (hole) that will bind to the excited electron due to electrostatic interaction.
Therefore, the excited electron (and hole) start to lose energy to the system, relaxing
non-radiatively to the bottom (top) of the conduction (valence) band. Afterwards, the
electron and hole recombine emitting light with an energy lower than the laser beam.

Figure [8h illustrates this process for a graphical visualization.

Warning: a high laser power can damage the single layers. This power is enough to see weak emissions
without damages. Nevertheless, a short exposition time (a few seconds or less) is recommended.
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Figure 8 — (a) Schematics of photoluminescence steps: first, the optical excitation of an
electron in the valence band (I); therefore, relaxation of the electron (hole) to
the bottom (top) of the conduction (valence) band (II); finally, electron and
hole recombine emitting a photon with the characteristic energy of the material
(III). (b) Representation of the bandgap energy E,, exciton energy E,, and its
relation with the exciton binding energy FEj. (¢) Representation of the main
excitonic states observed in TMDs: (1) the A-exciton X4, (2) B-exciton Xp,
(3) negatively charged exciton (trion) X ~, (4) positively charged exciton (trion)
X, and the (5) bi-exciton X X.

In semiconductors, when the excited electron and hole relax, before recombining,
they bound together due to Coulomb interaction forming the so-called exciton. They
receive this name as they present electron-hole joint properties different than the ones of
the individual carrier compounds. For this reason, this bound state is also known as a
quasiparticle, exhibiting, for instance, its own dynamics, moving as a single entity trans-
porting charge and momentum. In the TMD study field, they play a central role, especially
in monolayers. Their direct bandgap structure as well as their in-plane confinement makes
the electron-hole Coulomb interaction unusually strong when compared with traditional
semiconductors. As a result, when the exciton decays (electron-hole recombination) the
energy of the emitted photon E, is lower than the bandgap energy £,. In Figure [8b we can
observe these two energies and shows how their difference relates to the exciton binding

energy FEj.

In addition to excitons, the strong electrostatic interaction in monolayer TMDs also
allows the formation of more complex systems. Figure |Sc present the main quasiparticles
that take place in these materials and can be detected in photoluminescence spectroscopy.
Due to the large spin splitting in the K points, two types of excitons can emerge depending
on their spin state. They are the A-exciton Figure [8c.1 and the B-exciton Figure [8f.2 with

a larger emission energy. Moreover, in samples with a high density of charges, excitons
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have the capability to bind with an additional carrier, resulting in the formation of a
charged exciton known as a trion. The trion can either be negatively charged .3) or
positively charged .4), depending on the dominant charge carriers in the system. Finally,
in conditions with an even higher density of charges and low thermal effects, two excitons

can bind together to form the four-carrier quasiparticle called biexciton .5)

Experimentally, the main elements for performing photoluminescence (PL) spec-
troscopy are the same as mentioned for Raman spectroscopy: an excitation source (laser
beam), with an energy larger than the energy of the bandgap of the material and a spec-
trometer for collecting and diffracting the emitted light for further analysis. The difference
between the two techniques is the origin of the process: scattered light in the first case,
and emitted light in the second one. In this work, two setups were used to measure PL,
one for room temperature measurements in chapter |§|7 and another for low-temperature
and high magnetic fields PL in chapter |5l In the first case, we used the same commercial
WiTec alpha 300A system as for Raman measurements, with a diffraction grating of 600
1/mm for the acquisition of broad-range spectra and a 100x objective to reduce the spot
size and improve the control and precision of the spot in the sample to excite. For high
magnetic fields measurements, we assembled the experimental setup presented in Figure [9)

which we will proceed to describe.

Cryostat

....................

Light
Source

Figure 9 — Diagram of the experimental setup used for measuring photoluminescence
spectroscopy at low-temperatures and high magnetic fields.

For excitation, we used a laser diode of 690 nm (1.797 eV) in a Thorlabs temperature-
controlled laser diode mount LDM9T/9. By using this wavelength, we can excite the
sample above, but close to the bandgap of the MoSe; reducing non-radiative processes.
Also, we use a low excitation power (100 pW) to reduce the photodoping and many-body

effects. Since the laser beam emerges from the mount with high divergence, we employed a
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combination of converging lenses and a pinhole (not shown in the diagram) to collimate an
shape the beam. This collimation process resulted in a beam diameter of approximately 4
mm. We set the laser power with a neutral density filter (ND) before the beam is directed
to the sample by a mirror (M1) and a beamsplitter (BS). To focus the light on the sample
we use a cold lens (Thorlabs C230TMD-B) which sits inside the cryostate. The sample
is placed in a chip carrier and positioned with an attocube piezostack for x, y, and z
movements. The flake is identified by illuminating it with a white light source directed
towards the sample using a flip mirror (FM1). The reflected light is then redirected to
a camera using a second flip mirror (FM2). For the control of the polarization in the
excitation and detection, the ideal is to circularly polarize the excitation and detection

beams. One common way to do this is as follows:

1. Linearly polarize the excitation beam with a polarizer (P1).

2. Align a quarter-wave plate (QWP) at 45° respect to P1 axis to generate circularly

polarized light excitation.

3. The light emitted by the sample will pass again through the QWP but, due to
the change in the direction of propagation, the effective angle of the QWP will
suffer a mirror effect. When passing by the QWP the circularly polarized light will
transform to linearly polarized, for instance vertical or horizontal, depending on the

polarization (right or left circularly polarized).

4. Finally, a polarizer (P2), also called an analyzer, in the angle of interest is placed
before the spectrometer for the detection of circularly polarized light. A filter (F) is

placed in front of the spectrometer to prevent any scattered laser light to enter.

For performing this procedure, it is necessary to precisely set the angles of the
QWP, set the polarization of excitation, and the analyzer P2, for the detection, at each
measurement. This can be particularly challenging when working with manual rotating
mounts (our case) to select the angle of the polarizer, where the precision can be limited.
This can result in an increase in the spurious effects in the measurements. Moreover, the
rotating mounts, such as the one used for the QWP, commonly contain magnetic-field
sensitive components that make the handling of the piece challenging when working at
high magnetic fields in the cryostat. Hence, to reduce these unwanted effects we performed

the following alternative procedure:

1. We linearly polarized (vertically) our excitation beam with P1.

2. We aligned the fast axis of the QWP with the polarization of P1. This implies that

the QWP will not change the polarization of the beam and we excite our sample
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with linearly polarized light. In the case of zero magnetic field, this will excite both
valleys and the energy degeneracy will result in the emitted light being also linearly
polarized. However, in the case of non-zero magnetic field, breaking the valley energy
degeneracy will result in a dominant circular polarization at a certain energy. When
the emitted circular polarized light passes through the QWP, it is transformed
into linearly polarized at +45° and -45°, with respect to the fast axis of the QWP,

depending on the type of circular polarization.

3. Finally, by aligning the analyzer P2 at the mentioned angles, we select the polarization

of the light that we want to measure.

By using this procedure, we reduce the number of optical components to be adjusted
between measurements to just one (the analyzer) increasing the speed of the measurements
and reducing the chances of introducing spurious effects. Additionally, as we excite the
sample with linearly polarized light, we obtain a strong signal for emitted light of both
emitted polarizations, contrary to the case of, for instance, exciting the sample in a single

circular polarization and detecting the two emitted polarizations with the analyzer.

The photoluminescence measurements in chapter [5| were performed at low tem-
peratures to reduce thermal effects and each spectrum was acquired three times with a

20-second collection time each, for further average and noise reduction.

2.4 Scanning probe microscopy

Scanning probe microscopy (SPM) is a family of techniques that allows the visual-
ization and characterization of the surface of the materials on the micro and nanoscopic
scale. SPM is characterized by the use of a probe, e.g. a tip, that scans the surface of the
sample measuring the physical property of interest. Among the most used techniques, we
can mention atomic force microscopy (AFM), scanning Kelvin probe microscopy (SKPM),
scanning tunneling microscopy, magnetic force microscopy, among others. Here, we use
AFM and SKPM due to their convenience for characterizing the topography and electronic

properties of our samples.

2.4.1 Atomic force microscopy

Atomic force microscopy (AFM) is among the most used SPM techniques and
focuses on the determination of the topography of a given sample in up to a nanometric
resolution. For this purpose, the technique uses a cantilever with a pointy tip that will act
as the probe of the system. In the non-contact mode, used in our work, the probe will scan

a selected region of the sample while oscillating at a given frequency with intermittent
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contact with the surface of the specimen. Simultaneously, a laser is directed towards the
back end of the tip, and a photodiode registers the reflection. When the tip interacts
with the surface of the sample, such as at edges or higher regions, the natural oscillation
frequency is altered, causing a change in the amplitude of oscillation of the reflected laser
beam (see Figure ) By detecting these changes, it becomes possible to establish a

surface profile of the sample.

In our experiments, we used a Bruker Multimode 8 with a Nanoscope V controller,

at normal atmospheric pressure and room temperature.
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Figure 10 — (a)Illustration of the AFM experimental setup configuration. (b) Represen-
tation of an SKPM measurement procedure. (¢) Band structure and main
energy relations between different states.

2.4.2 Scanning Kelvin probe microscopy

Scanning Kelvin probe microscopy (SKPM) also called Kelvin probe force mi-
croscopy (KPFM) is one type of atomic force microscopy that measures the contact
potential difference (CPD) between a sample and the AFM tip. This physical quantity is
directly related to the work function of the sample, which relates the energy difference

between the Fermi level of the sample and the vacuum level.

The SKPM technique begins with a conventional AFM scan with a conducting tip
to obtain the topographic profile of the surface. Then, the tip retraces the same area using
the acquired profile as a reference, maintaining a constant distance of a few nanometers

from the surface while applying a constant bias voltage between the tip and the sample (see
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Figure ) In this configuration, the sample surface and the probe act as parallel plates of
a capacitor. In order to facilitate detection, the cantilever is modulated either in frequency
(FM) or in amplitude (AM) of oscillation, resulting in a change in the capacitance of the
probe-sample system [69]. This change in capacitance leads to a corresponding alteration
in the force between the tip and the surface. Variations in the texture or materials of the
sample affect this force, which is then detected as changes in the deflection of the laser
beam that is directed back to the photodetector.

The contact potential difference Vopp between the probe tip and the surface, can

be related to the work function of the material as

Vepp = 0 ; “bt, (2.2)

with ¢y (s the work function of the tip (sample) and e the electron charge.
Additional details on the SKPM theory can be consulted in [70}/71].

2.5 Pump-probe technique

Electronic and phononic processes in semiconductors are characterized by dynamics
that take place within the femto- to nanosecond time scales. Before the invention of ultra-
short (fs) pulsed lasers, accessing and studying these processes posed significant challenges.
The main difficulty stemmed from the requirement of a system capable of exciting the
sample with timescales shorter than the studied phenomenon lifetime. Additionally, detec-
tion systems with high velocities were necessary to surpass the speed of the phenomenon
itself. In the pump-probe technique, pulsed lasers are combined with high detectivity and
signal processing systems to unveil the different relaxation processes involved in a sample.
Nowadays, this technique has become one of the most widely employed optical tools for
studying the dynamics and temporal evolution of various systems. Its applications span

across diverse fields, ranging from quantum optics to life science [72}73].

In a pump-probe technique, two pulsed laser beams are necessary: one that excites
the sample out of equilibrium (pump), and a second pulse beam that measures the state of
the system (probe). Also, a delay device is employed to control the time delay between the
pump and probe pulses, allowing for precise temporal resolution. It can be, for instance, a
motorized linear stage with a couple of mirrors that changes the optical path of one of
the beams with respect to the other. The signal from the probe pulse is then detected,
and therefore, signal amplification and processing techniques are applied to enhance the
measured response and extract valuable information about the dynamics and relaxation

processes in the sample.
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Figure 11 — Representation of the main elements in a pump-probe experimental setup.

Figure |[11] presents the main elements involved in our pump-probe experimental
setup. First, a Titanium-sapphire pulsed-laser with a nominal pulsewidth of 50 fs and
a repetition rate of 80 MHz is used as the excitation source. Using a beamsplitter (BS1
10:90), the incident beam is split into two with the pump beam having a higher power
intensity than the probe beam. The reason for this is that the pump beam is expected to
perturb the system and drive it out of equilibrium. In contrast, the probe beam is used
solely for measurement purposes to determine the current state of the system without

introducing any additional excitations.

In the pump beam, a delay line allows to change the optical path and control the
delay time between the pump and probe beams. Afterwards, a signal modulator, as a
chopper or a photoelastic modulator (PEM), can be introduced to enhance the signal
detection. Also, additional elements such as polarizers or wave-plate retarders can be
added to manipulate the polarization of the beam to excite the sample tailored to the
interest of the measurement. A beamsplitter (BS2) joins the path of the pump and probe
beams which are aligned parallel, and very close, in the direction of a lens (L1) which
focuses the beams on the sample. When reflected, the pump beam is blocked by a beam

blocker (BB) to enhance the signal detection of the probe.

In the probe beam path, after BS1, polarizers and modulators are also commonly
used to control and later detect the beam. When reflected from the sample, the probe is
oriented by using a beamsplitter (BS3) and focused by a lens (L2) into a photodetector.
For polarization analysis, we use a polarizer (A) before the detection, to select specific
information from the sample. Most of the studied phenomena in ultrafast optics are weak

in intensity, therefore, it is necessary to amplify and filter the signal to minimize noise
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originating from the environment. For this purpose, one or both laser beams should be
modulated in frequency as mentioned before. The modulators are connected to lock-in
amplifiers, electronic devices, that receive the reference frequency of the modulator as well

as the detected signal to compare them, filter, and amplify the signal of interest.

2.5.1 Cryogenic measurements

In our work, we are interested in low-temperature and high magnetic field pump-
probe measurements. For that purpose, we used a Cryovac helium bath cryostat with a
7 T superconducting split coil magnet and a variable temperature insert (VTI). Figure
shows a schematics of the cryostat, in a profile view, presenting the main chambers:
the sample space in the core, the liquid Helium (LHe) and liquid nitrogen (LN) chambers,
all spaced by vacuum. The split-coil superconducting magnet is located in the LHe space,

while the sample is placed in the middle of the magnet, in the core chamber.

In the figure, it is also presented an inset with the region of the sample, showing
the three-axis attocube piezo-stage, used to precisely control the position of the sample
and the spot of interest in the flakes. Also, the figure indicates the lens, a C230TMD-B
from Thorlabs, with an effective diameter of 5.5 mm, used to focus the laser beams into
the sample. This short diameter, as well as the short visual field close to it, resulted in
additional challenges in guaranteeing the quality and fidelity of the measurements. In this
regard, we introduced a confocal-like configuration to enhance the blocking of the pump

beam.

Figure presents our experimental setup for pump-probe measurements at low
temperatures and high magnetic fields. For the filtering of the pump, we first introduced
the lens L1 which changes the focal point of the beam and results in a larger spot size on
the sample. When the pump and probe beam are reflected from the sample, they pass
through the lenses L3 and L4, with the same focal length (f) and spaced by 2f. Due to
the introduction of L1, the pump and the probe will focus on different spots. As both
beams are spatially separated, it just rests to find the focal point of the pump and place
the beam blocker (BB). It is worth noting that the use of the BB proved to be the best
option after attempting to filter the pump with pinholes or using an iris. The latter two
options, in addition to blocking the pump, significantly reduced the probe signal, resulting
in increased noise. On the other hand, by using the BB, we can specifically block the side

of the probe where there is overlap with the pump.

We used a double modulation configuration, with a chopper at 70 Hz at the
pump beam, and a photoelastic modulator (PEM) at 50 kHz at the probe beam. In this
configuration, the signal of the photodetector is sent to a first lock-in, which is referenced

to the PEM, allowing filter and amplify the signal coming from the probe. Thereafter,
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Figure 12 — (a) Illustration of the cryostat with a VTI used in our experiments. (b)
Experimental setup used in the time-resolved measurements.

the output signal from the first lock-in is sent to a second lock-in amplifier which has
the chopper as its reference. In this way, it is possible to enhance the amplification and

filtering of the probe beam signal which is modulated by the pump beam.

2.6 Magneto-optical Kerr effect

Among the spin-related properties in TMDs, this thesis is focused on the characteri-
zation and control of the spin population and its dynamics in monolayer TMDs. One of the
most used techniques for this purpose is the magneto-optic Kerr effect (MOKE). Despite

that this technique is conceived for the measurement of magnetization in materials, it can
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Figure 13 — (a)Representation of the magneto-optical Kerr effect. (b) Geometries of the
three types of Kerr effect: longitudinal, transversal, and polar.

also be used in semiconducting TMDs which do not possess an intrinsic magnetization.
As discussed in section the optical selection rules allow to excite one spin population
using circularly polarized light. While excited, this optically-induced spin imbalance in
the material can be seen as a transient magnetization of the region in the monolayer that

can now be measured using magneto-optic Kerr effect.

In MOKE, a linearly polarized light beam interacts with a sample and when
reflected, this interaction will change the polarization of the beam (see Figure [L3h). To
formally describe this process, we should start considering the dielectric tensor € of
a given material, which models the interaction between the material medium and the

electromagnetic radiation via D = eF, where

€xz €xy €zz
€y Cyy Cyz | s (2.3)

€rx €zy €zz

D is the electric displacement, E is the electric field, and each tensor element €;; is complex.
In the classic description of MOKE, the magnetization of a sample can be considered to
be in one of three configurations: longitudinal, transversal, and polar (see Figure ) In
the longitudinal case, the magnetization lies on the plane of the sample but in the plane
of incidence of the light beam, while in transversal it is perpendicular to the plane of
incidence. In polar MOKE the magnetization points out of the plane of the sample and
the light beam is usually aligned perpendicular to the surface of the sample (parallel to

the magnetization).

In monolayer TMDs, the spin accumulation induces a polar-like transient magneti-
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zation that simplifies the z—components of the dielectric tensor. Furthermore, due to the

inherent symmetry of monolayer TMDs, equation [2.3| can be written as

€oa  Eny O
ey e O |- (2.4)
0 0 &,

E =

Determining the two in-plane eigenvectors, we find:

~ E, 1 1
clal) e

which are the Jones vector representations for left and right circularly polarized light
(04 and o_). Also, the respective eigenvalues are determined to be Ay = €,, % i€,,. This
meaningful result, indicating the circular polarization of light as the basis of propagation,

is the core for the following analysis.

It is now convenient to diagonalize € to simplify our analysis. Calculating, we obtain

Eow + 10y 0 0
€= 0 €ow — im0 |- (2.6)
0 0 &

That can be easily compared to the complex refractive index of the medium through
the relation € = A®. Therefore, we can define the refractive indexes for left 712 and right

n? circularly polarized light as:

% = Epp + 1€y, (2.7)

M2 = Epp — 164y (2.8)

Now that we have a description of the response of the medium to light, we can
consider a light beam and describe how it changes after the interaction with the material.
If we consider an incident, linearly polarized beam in the z-direction, in Jones vector
representation we can write it as a linear combination of circular polarization as (Ei for

the e-field from o1 polarized light):

E,= ——(E, +E.). (2.9)

To describe how the beam changes, we should apply Fresnel analysis which defines
the reflection coefficients for left (7, ) and right circularly polarized light (7_) in a spherical

basis as:
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Fy o= rpe®, (2.10)

o= r_e-, (2.11)

where r the amplitude and ¢4 the phase of the circularly polarized light after being
reflected. Hence, we can define the Kerr rotation 0 and ellipticity ex by [74,75]:

1
e = 2or—0o) 212)
. ry —T-
K= (2.13)

which describes the rotation of the polarization as the relative change in the phase of the
two circular polarization states, while the Kerr ellipticity is characterized by a relative
change in the amplitude. Under this formalism, we can now define the Fresnel reflection

coefficient for a linearly polarized beam propagating in the z-direction as

1—n
147

=

(2.14)

Combining this relation with the reflection coefficients in the circularly polarized

basis in equations and and equations and [2.8] we can obtain the expression
for the magneto-optic Kerr effect complex phase

D=0 +icy = ——— (2.15)
where we have used the deffinitions in equations 2.13| and it has been considered
|€2y| < |€z2| and small rotation angles 0. From here, we can observe that if €,, = 0, in

an isotropic media, then 0 =0 = eg.

2.6.1 Time-resolved MOKE

For measuring time-resolved MOKE, we use the pump-probe technique with the
experimental configuration described in section [2.5.1} Here we will describe the polarization
configuration of both beams and how the signal is detected. As described in the previous
section, we will consider the polar MOKE configuration, with the light beam propagating

perpendicular to the surface of the monolayer.

First, regarding the pump beam, depending on the polarization of interest we set
the QWP at +45° with respect to the axis of the polarizer P2 which defines whether we



Chapter 2. Experimental Methods 43

excite with right or left circularly polarized light. For the case of the probe, we use the

Jones calculus formalism to write the linearly polarized beam at 45° as:

Ey = ;5 G) (2.16)

Then, the beam passes by the photoelastic modulator (PEM) which is a birefringent
crystal that compresses periodically in one direction. Due to this oscillation, the PEM
modulates the propagation velocity between the x an y components of the light which
results in a phase difference and the oscillation of the polarization. The Jones matrix

associated with the PEM is given by:

1 0
M(t) - (O eiAocoth) ’ (217)

where Aj is the amplitude of the retardance between the two components of the light, € is
the modulation frequency, set at 50 kHz, and ¢ is the time. Note that the matrix describes
the PEM aligned with its fast axis at 45°to the linearly polarized probe. Therefore, the
resulting beam after the PEM is given by:

E(t) = M(t)\}ﬁ G) = \}5 <eA1m> (2.18)

and indicates that if Ay = 7/2 the PEM will modulate the polarization of the light between
o, and o_. Then, the modulated probe will reach the sample. Due to the considered

symmetry of the system, we can write the reflection matrix of the sample as

S:\/E<1 _q)) (2.19)
o 1

where R is the reflectivity, and ® the complex phase defined in equation [2.15] The reflected
beam is then sent towards the analyzer A. The matrix of the polarizer with its axis at an

angle v with respect to the horizontal axis is defined as:

cos? — cos 7y siny
A = . 2.20
@ (— cos 7y sin 7y sin? v (2.20)

Where v should be placed aligned with the main axis of the PEM, which is at
45°with respect to the polarizer P1 to maximize the Kerr rotation signal. Under this
configuration, the detected intensity in the photodetector is constant with a value of R/2.
In our description, this implies v = 0, simplifying the calculations. Hence, the resulting

light at the photodetector is given by:
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E, 1 1
(E ) - EAS <€iAocoth> : (221)
Yy

Operating all the Jones matrices and vectors, we can determine the electric field
that arrives at the photodiode detector. Then, the measured intensity at the photodetector
is given by [ = E*E , which calculated results in:

I'=R <; + O cos [Ag cos(t)] + e sin [Ag cos(Qt)]) : (2.22)

However, this signal still needs to be filtered and amplified to eliminate noise and
determine which frequencies of the signal are coming from a specific modulated source.
With this purpose, it is convenient to expand equation in its harmonics using the
Jacobi-Anger expansion. With this, we can separate the total measured signal into three

components:

1
Voo = R(5+0ih(40). (2:23)
Via = exRJi(Ap) cos(Qt), (2.24)
Voo = OxRJ2(Ap) cos(20), (2.25)

where J,, is the nth order Bessel function. We can identify a DC signal (Vp¢), a signal that
depends on the frequency of the modulation (first harmonic Viq), and one that depends
on double the frequency of the modulation (second harmonic Vaq). From here, we observe
that we can set the first lock-in amplifier to the second harmonic for detecting the Kerr
rotation 6, but we could also set it to the first harmonic to determine the Kerr ellipticity
ek. Also, we notice that we can maximize the signal of interest by adjusting the retardance
Ag of the PEM. Due to the relation with the Bessel function, we can select the retardance
to maximize J; for Kerr ellipticity, or Jy for Kerr rotation. In this work, we are interested
in the last one, which implies Ay=3.054, used in our experiments. Finally, the filtered
signal will be sent to the second lock-in, set at the frequency of the chopper, to amplify

the signal of the probe modulated by the pump.

2.7 Differential reflectivity

One important tool for monitoring charge dynamics is time-resolved differential
reflectivity (TRDR). Using pump-probe, this technique measures and analyzes the vari-
ations in the reflectivity of a sample when it is excited (Rpump on), comparing it to the

reflection observed without excitation (Ryump off). It is defined as
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AR o Rpump on — Rpump of f

(2.26)
R Rpump of f

Depending on the type of interaction of the sample with the light, it is possible
to classify the signal response into three: photobleaching, photoinduced absorption, and
stimulated emission (see Figure . In photobleaching (PB) the pump pulse excites and
saturates the accessible states in the conduction band, therefore, fewer probe photons are
absorbed by the material, resulting in a higher reflectivity, compared to the absorption of
the material before the pump. In photoinduced absorption (PIA), the pump pulse excites
occupied states in the conduction band, which let new accessible states for the probe beam.
This results in negative signals of differential reflectivity, as the material is temporarily
able to absorb more probe photons. Finally, in stimulated emission, when the material is
excited by the pump pulse, electrons are raised to higher energy levels. Later, when the
probe photons arrive, if they possess the same energy as the excited state to the ground
state transition, they can stimulate the excited electrons to recombine radiatively. These
emitted photons are coherent with the incoming ones, resulting in an amplification of the

overall signal.
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Figure 14 — Schematics of the three main responses in TRDR measurements: photobleach-
ing, photoinduced absorption, and stimulated emission.

We proceed now to detail the polarization and detection system shown in Figure
[[2b and used in our TRDR measurements. We used linearly polarized light for both pump
and probe beams. Therefore, we set the fast axis of the quarter-waveplate QWP parallel
to the axis of the polarizer P2 to keep the polarization of the beam unchanged. For the
detection, we used the double modulation technique as depicted in Figure [I2b, and set the
analyzer (A) parallel to the polarizer P1 in the probe. The fast axis of the PEM is oriented
at 45°respect to P1 and set to a retardance of 3.054, which induces an oscillation of the
polarization of the probe from right circularly polarized to left circular polarized, with a

frequency of =50 kHz. This oscillation signal is sent as a reference to lock-in 1. As the
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polarization keeps oscillating, the light will be at a linearly polarized state with a frequency
of 2€2. Hence, we set lock-in 1 to filter and amplify the signal from the photodetector in
the second harmonic configuration 2€). Here, the Jones matrix calculation, with ® ~ 0,
the signal of interest is given by Vag = RJ2(Ap) cos(22t). Finally, the second lock-in is set
at the same frequency chopper of the pump, at 70 Hz. This gives us the pump-induced

change in reflectivity.
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CHAPTER 3

Photoluminescence and charge transfer in the prototypical 2D /3D

semiconductor heterostructure MoS, /GaAs

The new generation of two-dimensional (2D) materials has shown a broad range
of applications for optical and electronic devices. Understanding the properties of these
materials when integrated with the more traditional three-dimensional (3D) semiconductors
is an important challenge for the implementation of ultra-thin electronic devices. Recent
observations have shown that by combining MoSy with GaAs it is possible to develop
high quality photodetectors and solar cells. Here, we present a study of the effects of
intrinsic GaAs, p-doped GaAs, and n-doped GaAs substrates on the photoluminescence of
monolayer MoS,. We observe a decrease of an order of magnitude in the emission intensity
of MoSs in all MoS,/GaAs heterojunctions, when compared to a control sample consisting
of a MoSy monolayer isolated from GaAs by a few layers of hexagonal boron nitride. We
also see a dependence of the trion to A-exciton emission ratio in the photoluminescence
spectra on the type of substrate, a dependence that we relate to the static charge exchange
between MoS, and the substrates when the junction is formed. Scanning Kelvin probe
microscopy measurements of the heterojunctions suggest type-I band alignments, so that
excitons generated on the MoS; monolayer will be transferred to the GaAs substrate. Our
results shed light on the charge exchange leading to band offsets in 2D /3D heterojunctions
which play a central role in the understanding and further improvement of electronic

devices.

Chapter published in Applied Physics Letters 119, 233101 (2021) [76].
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3.1 Introduction

Layered transition metal dichalcogenides (TMDs) are among the most studied two-
dimensional (2D) materials in the last decade. Their atomically-thin structure and physical
properties have attracted attention not only because of their interesting fundamental physics
but also due to their potential applications for ultra-thin technological devices |77-84].
Similar to graphene, these materials can be mechanically exfoliated to obtain single layers.
Of special interest are MoSy, MoSey, WSy and WSey, TMDs that have been widely studied
mostly because they suffer a transition from an indirect to a direct bandgap semiconductor
when the monolayer thickness is achieved [2,/4]. As a consequence, the photoluminescence
(PL) of the monolayer of these materials is much more intense when compared to that of
the bulk material [4]. Also, owing to their two-dimensional nature, TMD monolayers have
their PL spectra dominated by excitonic effects. For monolayer MoS,, a characteristic PL
spectrum can usually be decomposed into three main peaks related to the recombination
of different excitons, the so-called A and B excitons, and charged excitons, the trions [85].
The large spin-orbit splitting (SOS) at the top of the valence band is responsible for the
existence of the two exciton states, A and B [4}/11], while the third PL peak routinely
observed in the PL spectrum of monolayer MoS, corresponds to charged A-excitons, or

trions, which are tightly bound and are observed even at room temperature [6].

In the monolayer limit, the properties of all TMDs are highly affected by the
substrate on which they are deposited [44,86]. One interesting substrate for these monolayer
materials is GaAs, a prototypical semiconductor which has been extensively studied and
employed for electronics and optoelectronics applications that take advantage of its direct
gap (1.42 eV at room temperature) and relatively high electron mobility (up to 8000
cm? V71 s7! at room temperature) [87]. The combination of the optical and electronic
properties of TMDs and GaAs as a substrate has already shown promising results for
implementation of solar cells [83], with a power conversion efficiency of up to 9.03%, and
photodetectors [79,181,82, 88|, with a detectivity of up to 1.9 x 10'* Jones. The success
of these proof-of-concept studies urges the need to investigate in detail the properties of
MoS,/GaAs heterojunctions, in order to further improve device quality [89]. Particularly,
the band alignment between the two materials is still not well established although it is of

major importance for applications involving these 2D /3D semiconductor architectures.

Here, we present a study of the effect of GaAs substrates on monolayer MoSy by
analyzing the changes in the photoluminescence spectra of monolayer MoSs; on GaAs
substrates with different doping levels. We used three types of commercially-available
GaAs substrates that we identify hereon as i-GaAs for intrinsic GaAs (semi-insulating),
p-GaAs for Zn-doped p-type GaAs and n-GaAs for Si-doped n-type GaAs. The doping

concentrations are ~10'® cm™3 for both n-GaAs and p-GaAs. As a reference, we have control
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samples on two substrates, SiO2/Si and n-GaAs, with the transferred MoS; monolayer
isolated from the substrates by a bulk hexagonal boron nitride (hBN) flake. We propose a
type-I band alignment, with a charge transfer between GaAs and the MoS; monolayer
which depends on the GaAs doping. This band alignment model is supported by Scanning

Kelvin Probe Microscopy (SKPM) measurements in the heterostructures.

3.2 Experimental Methods

Monolayers of MoSs (ML-MoS;) were mechanically exfoliated and transferred to
the substrates through the all-dry viscoelastic stamp method [63]. Similar processes were
used to exfoliate and transfer the hBN bulk to the Si/SiO, and n-GaAs substrates. To
confirm the single layer character of the MoS,; flakes we used Raman spectroscopy to
monitor the separation in frequency of the well-known A;, and Ej, Raman modes [90,91],
see Figure [19|in the Appendices [3.5]

The samples were studied in two sets. The first set was composed of a control
sample of ML-MoS, on hBN/SiO,/Si substrate (MoS;/hBN/SiO5) and three samples of
ML-MoSs on GaAs with different doping: MoS, /i-GaAs, MoSs /p-GaAs and MoSs /n-GaAs.
The second set is composed of two samples, one ML-MoS, on n-GaAs and one ML-MoS,
control sample on hBN /n-GaAs substrate (MoS; /hBN/n-GaAs). The second set of samples
allowed us to verify the reproducibility of the results obtained for ML-MoS, as well as to
produce a control sample with a dielectric environment that allows better comparisons of
SKPM measurements made on different samples (see sec. for further details).

3.3 Results and discussion

We start our considerations by the PL. measurements, which were accomplished
with the same experimental conditions for all the samples. We are cautious with the laser
exposure and spectra acquisition to minimize changes in the PL caused by photodoping
effects |92] and to allow the comparison of PL spectra from different samples (details are
provided in the Appendix [3.5.4). The ML-MoS, spectra were obtained after removing
the background photoluminescence from the GaAs substrate when applicable (Appendix
3.5.4). In Figure we present the ML-MoS, emission for the first set of samples. The
intensity of the emission from ML-MoS, is approximately the same (within experimental
resolution) for all MoSy/x-GaAs (x=p, n, i) samples. However, their PL signals are
around 10 times less intense than that of the ML-MoS, from the MoS;/hBN/SiOy control
sample. This observation suggests an important quenching mechanism for the ML-MoS,

photoluminescence in the MoS; /x-GaAs 2D /3D heterostructures, which is independent
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of the substrate doping level. We suggest two main paths for the reduction of PL from
MoS, on GaAs: exciton dissociation through the junction and exciton transfer from MoSs
to GaAs. The first process will contribute more if ML-MoS;/x-GaAs form a type II
heterojunction and the latter will be more important in a type I heterojunction. Therefore,
we will try to elucidate the band alignment of the heterojunctions with other observations

and the discussion that follows.
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Figure 15 — Photoluminescence spectra of ML-MoS, from the first set of samples (a) and
from the second set of samples (b). Insets: Representation of the studied
samples on x-GaAs substrate (a) and on hBN/n-GaAs substrate (b).

The results shown in Figure are consistent with measurements on a second set
of samples: MoS,/hBN/n-GaAs and MoS,/n-GaAs. We observe a 10:1 relation between
the PL of the sample containing the hBN spacer to the one without this spacer (Figure
15b). This confirms that the hBN bulk layer worked well to isolate the ML-MoS, from the
n-GaAs substrate, preventing exciton dissociation/transfer. From now, we are going to
consider just the control sample of the second set, as it presents a comparable dielectric

environment with the first set of samples.

To further understand the interaction between MoS, and GaAs in the heterostruc-
tures we decompose the PL spectra into peaks corresponding to the radiative recombination
of different exciton species on ML-MoS,. In Figure [I6] we present the PL spectra and
their constituent peaks for all ML.-MoS, on GaAs from the first set of samples and for the
MoS,/hBN /n-GaAs control sample. Four peaks with a Voigt lineshape were identified in
the fitted spectra, the A and B exciton peaks, the trion peak (T), and a fourth peak (L),



Chapter 3. Photoluminescence and charge transfer in the prototypical 2D/3D semiconductor
heterostructure MoSs /GaAs 51

n]-GaA's

e~ doping

PL intensity 1L MoS, (a.u.)

Control
Sample

Energy (eV)

Figure 16 — Peak decomposition of the photoluminescence spectra of ML-MoS, on different
substrates. The peaks are contributions from: localized states (L), trions (T),
A excitons (A), and B exciton (B) emissions. The solid lines are experimental
data and the dashed lines represent the sum of the component peaks.

which has been previously assigned to the recombination of excitons bound to localized
states [85}93-95].

The presence of a peak from recombination of trions, which are charged excitons,
allows us to infer the existence of free charge, or an excess charge density, in ML-MoS,.
Exfoliated ML-MoS, are usually found to be intrinsically n-type [96,/97], having excess
electrons in its conduction band. Thus, by comparing the integrated PL intensities of the
trion peak, Iy, and of the A-exciton peak, I4 (see Table [2) we can quantify the excess
charge density comparatively among the samples and identify the relationship between the
doping level of the substrate and the excess charge density on ML-MoSs. A higher value
of the ratio I7/I4 indicates higher excess charge density, as was observed for monolayers
under electric gating [6,80,95]. Based on Ir/I4 values (table [2) we can say that the excess
charge density on ML-MoS, in our samples increases, depending on the substrate, in the
following order: p-GaAs, i-GaAs, hBN /n-GaAs and n-GaAs. By assumption, the ML-MoS,
in the control sample does not exchange charge with the substrate, therefore its Ir/I4
is a measure of the isolated ML-MoS, excess electron density. The high contribution of
trions in the control sample PL spectrum corroborates this assumption since it agrees

with the already mentioned intrinsic n-type nature of exfoliated ML-MoS, samples, mostly
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related to sulfur vacancies [96,97]. Comparing the Ir/I14 of the MoS,/x-GaAs samples with
the control sample we can infer that the n-GaAs substrate is the only one that transfers
electrons to the monolayer, while inversely the i-GaAs and p-GaAs substrates receive

electrons transferred from the MoS,; monolayer.

The excess charge density on ML-MoS, is controlled by its Fermi level position.
We expect that when the ML-MoS, and the substrate enter into contact they exchange
charge carriers until their Fermi levels align, achieving an equilibrium state. This process
may change the surface potential of GaAs causing some band bending but its Fermi
level position is fixed by the bulk far from the surface. For ML.-MoS,, however, charge
exchange will change its Fermi level position. Thus, the relations between Ir/I4 among
the samples give us a hint about the Fermi level change in ML-MoS,; when it comes into
contact with each substrate. Then, from a band alignment point of view, we may say that
the Fermi level of ML-MoS,, before contacting the substrate, is positioned somewhere
between the Fermi level of the intrinsic and n-doped GaAs substrates. Nevertheless, from

the I /14 connections alone, we cannot determine the band alignments for the different

heterojunctions.
Sample L4 Ip Ip/14
MoS, /n-GaAs 19.66  26.25 1.33
MoS,/i-GaAs 27.86 19.12  0.69
MoS, /p-GaAs 37.13  16.31 044

MoS,/hBN/n-GaAs 666.82 745.26 1.12

Table 2 — Integrated photoluminescence intensities of the A exciton, I4, and the trion, Ir,
emission peaks of MLL-MoS, in each sample, in arbitrary units, and their ratio,

Ir/14.

In order to elucidate the band offsets of the three ML-MoS, /x-GaAs heterojunctions,
we used Scanning Kelvin Probe Microscopy (SKPM), which measures the contact potential
difference (CPD) between the cantilever tip of an atomic force microscope and the surface
of the sample [98,99]. In the biased tip configuration, which we used for the SKPM
measurements, by measuring the CPD and knowing the work function of the tip, ¢y, it is
possible to determine the surface work function of the sample, ¢s4mp, through the relation
e-CPD = ¢ip — Psamp, Where e is the electron charge. We performed the experiments
under standard ambient conditions, which can affect the precision of the specific values.
Nevertheless, all uncertainties affect all samples equally, and we can confidently extract
relationships between the surface work functions of the different materials in each sample

measured.

To extract the CPD at each material we used the mean value of homogeneous areas

of the monolayers, shown in Figure [17| by dashed black lines, and the clean areas at each
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x-GaAs substrate, shown by dashed white lines in the figure. Optical images and sample
details are shown in the Appendices Therefore, it is possible to determine the difference
between the work functions of the ML-MoS, and its corresponding substrate by the negative
of the value of the CPD contrast, or A@pros,—Gaas = Omos, — Pcass = € (Vaaas — Varos,)
(see Table |3)). We observe that the obtained difference is positive for all samples, which
indicates that the work function of MoSs is larger than the work function at the surface of

GaAs in all samples.

To relate the work function of a material with its conduction and valence band
edges we need to know the electron affinity x and band gap E, of the material. The GaAs
parameters are well established in literature: xgqas = 4.07 €V and Ey gqas = 1.42 €V [87].
For ML-MoS,, reports in the literature have a range of xars, = 3.74 - 4.1 €V [100,/101]
and the bandgap will suffer modulations owing to the dielectric screening from the
environment, which in our samples should imply a value of E s, ~ 2.2 €V considering
the dielectric constant of GaAs as kgeas= 12.88 [102]. To propose a band alignment for
our heterojunctions we will consider x /05, = 4.0 €V, which was the value used in other
works on MoS,/GaAs [82,83,89] and the electronic bandgap.

Since the position of the conduction band can be described as E, = ¢ — ¥,
with respect to the Fermi level, we approximate the difference in the conduction band
edge between the MoS, layer and the x-GaAs substrate by AE. = E, rmos, — EeGaas =

AGroS,—Gans + DXGads—Mos,- As both quantities are positive, the conduction band edge
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Figure 17 — Contact potential difference maps obtained by SKPM of the studied hetero-
junctions. ML-MoS, (substrate) analyzed areas are delimited by black (white)
dashed lines. The type of substrate is indicated in each map in a region of the
image that corresponds to the substrate.



Chapter 3. Photoluminescence and charge transfer in the prototypical 2D/3D semiconductor

heterostructure MoSs /GaAs 54
Before contact After contact
Evac Evac ——|_ — ——L """ _LA(I)MOSZ-GaAS
XMOSZ %XG3A5=4.07EV ¢ (I)MOSZ t
CB +— _ CB ——L ¢p»GaAs - -Gans __L ¢n—GaAs
FL 1.42 eV Pmos,
2.2eV bros,
—_— FL B ——
VB VB
. - (a) — (b) — (c) —| (d)
MoS, Xx-GaAs MoS, p-GaAs MoS, i-GaAs MoS, n-GaAs

Figure 18 — Schematic band offsets of ML-MoS, and x-GaAs before contact (a), and after
ML-MoS,/x-GaAs heterojunction formation (b-d). E,., CB, FL, VB, x, and
® represent the vacuum level, the bottom of the conduction band, the Fermi
level, the top of the valence band, the electron affinity, and the work function

respectively.
Sample Ar1os,—cans (€V)
MoS, /n-GaAs 0.23 £ 0.04
MoS,/i-GaAs 0.05 £ 0.05
MoSy/p-GaAs 0.22 £ 0.03

MoS,/hBN/n-GaAs 0.14 £ 0.01

Table 3 — Work function difference between ML-MoS, and GaAs extracted from the SKPM
maps shown on Figure [I7]

of MoS, is always at a higher energy than that of GaAs, with their Fermi levels aligned.

Figure (18| presents schematically the band offsets we propose for the ML-MoSs /x-
GaAs heterojunctions based on our analysis of the PL. and SKPM results. In Figure [18h
we present the band edges and Fermi levels of each material before contact. Fermi levels
are represented by the yellow dotted lines and, in GaAs, are labeled n, i, and p for the
type of substrate doping. As inferred from the PL Ir/I4 analysis, we position the Fermi
level of MoSy between those of i-GaAs and n-GaAs. Heterojunction band alignments after
contact are shown in Figures [I8p, and [I8d. According to our proposal, ML-MoS, and
GaAs form type I heterojunctions for all GaAs doping levels studied.

The SKPM data does not give a quantitative, exact value of the conduction
band offset in the heterojunction (see Appendix for more details on the technique).
Nevertheless, there is a clear indication that the steps in conduction band at the junction
are of comparable magnitude for all three types of GaAs substrates. After establishing the
conduction band step at the junction, the position of the Fermi level is set by the doping
of the GaAs substrate, according to the assumption that the Fermi level is pinned down
by the bulk of the material. This determines the position of the Fermi level in the MoS,

side of the junction.
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As the estimated differences in work function obtained from SKPM are between
the surface work functions, the band alignments we present in Figure [18| assume that the
surface work function of GaAs is the same as its bulk work function, or that the GaAs
bands are flat. We prefer not to speculate on the curvature of the bands inside GaAs
because our experiments do not provide sufficient evidence to support it. This means that,
although at the interface the band positions we proposed should be correct, the curvature
of the GaAs bands may change as one moves from the surface to the bulk, which means
that the Fermi level positioning should also be reexamined. Therefore, we propose the
band alignments in Figure |18 as a first approximation, to contribute to the discussion
and analysis of the surface and charge dynamics in these 2D /3D heterostructures and we
expect to instigate other works aiming to elucidate the shape of the bands inside GaAs on
these types of junctions, since band bending can affect the operation of devices based on
them.

Most of the work done on MoS,/GaAs junctions so far employ n-doped GaAs
[79,81-83,[89]. Nearly all of these works propose a type II band alignment for MoS, /n-GaAs.
That is not in complete disagreement with our proposal, since the transition to type II
alignments for the MoS,/n-GaAs junctions would only imply that the conduction band
step is larger than the one we estimated, which is based in comparisons of the experimental
data for the three types of MoSy/x-GaAs junction and the control sample. Furthermore, it
is worth pointing out that the devices studied in these other works were built with MoS,
produced by chemical vapour deposition (CVD) [82,[83,[89], thermal decomposition [81] or
solution processing [79},88], while we used exfoliated ML-MoS,. That could be relevant
since it is well known that the defects, and thus doping, of MoSs; monolayers obtained

through each method can be quite different.

Our proposed type I band alignments for all the studied heterojunctions implies
that the mechanism behind the quenching of the ML-MoS,; photoluminescence in the
heterojunctions should be the transfer of excitons from MoS; to GaAs and not exciton
dissociation through the junction. Additionally, the different Fermi level positions in
ML-MoS; on different substrates allows us to explain the variations in the relative intensity

of the emission from the trion and the A exciton that were observed.

3.4 Conclusions

In conclusion, we presented the photoluminescence spectra of monolayers of MoS,
on commercial GaAs substrates with different doping levels. The results revealed an
important reduction of the PL intensity of the monolayers, when compared with a control
sample. In addition, the spectra presented a dependence of the ratio of the trion to exciton

emission intensities on the doping level of the substrate. This behavior evidences different
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ammounts of excess charge in the single layers related to a charge exchange process with
their substrates. Scanning Kelvin probe microscopy measurements provided an estimation
of the difference in work function between the materials in the heterojunctions and allowed
us to propose a type I band alignment for all MoS,/x-GaAs heterojunctions we studied.
Our proposal is consistent with the analysis of the photoluminescence measurements and
suggests exciton migration as the main mechanism behind the PL intensity reduction.
The results reported here contribute to the understanding of the charge transfer pro-
cesses in 2D /3D semiconductor heterojunctions which are of central importance for the

implementation of the next generation of electronic and optoelectronic devices.
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3.5 Appendices

3.5.1 Sample fabrication and characterization
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Figure 19 — Raman spectra of ML MoS, on the studied substrates. All samples show
the Raman shift separation between the MoS; A;, and E,, peaks that is
characteristic of MoS, single layers. Optical phonon modes from the substrates
can also be seen in the spectra.

The samples were studied in two sets. The first set was composed of a control sample
of monolayer MoSs on hBN/SiO,/Si substrate (MoS,/hBN/SiOs) and three samples of
ML-MoSs on GaAs with different doping: MoS, /i-GaAs, MoSs /p-GaAs and MoSs /n-GaAs.
The second set is composed of two samples, one ML-MoS, on n-GaAs and one ML-MoS,
control sample on hBN/n-GaAs substrate (MoS,/hBN/n-GaAs). The second set of samples
allowed us to confirm the insulating quality of hBN on the control samples as well as to

verify the reproducibility of the results obtained for ML-MoSs on n-GaAs.

To fabricate the samples, we cleaned the Si/SiO, substrate via isopropyl alcohol
and acetone baths for 5 minutes each, followed by high-pressure Ny gas to eliminate any
possible impurity. In addition, GaAs substrates were also cleaned by Ar plasma for 15
minutes at 0.300 Torr and 250 W RF power after the wet cleaning. Monolayers of MoS,
(ML-MoS,) were mechanically exfoliated and transferred to the substrates through the
all-dry viscoelastic stamp method [63]. Similar processes were used to exfoliate and transfer
the hBN bulk to the Si/SiO; and n-GaAs substrates.
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To confirm the monolayer nature of the MoSs, in our samples , we used Raman
spectroscopy, with a 532 nm laser at 0.5 mW. In monolayer MoS,, the separation in
frequency of the well-known A;, and E219 Raman modes, should be close to, or smaller
than, 19 cm™! ,. The obtained spectra are presented in Figure In addition to the
mentioned peaks, we can see the TO and LO Raman modes of the GaAs substrates as

well as the Si peak of the control sample in set 1.
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Figure 20 — Optical images and photoluminescence maps of the studied samples.
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Photoluminescence spectra were measured in a WIlTec alpha 300A experimental
setup with a laser power of 300 W, at a wavelength of 457 nm. The spectra presented
in Figures 1 and 2 of the main document were acquired as the average of 4 consecutive
measurements accumulated for 40 seconds, at the points shown by the green dots in Figure
20} The latter presents the optical image of the samples and two sets of PL maps, obtained
by integrating the PL spectrum at each point in a region of 20 meV width, with the center
in 1.88 eV for the middle panel, and 1.84 eV for the bottom panel. The color scale is the
same for both panels of each sample and is shown at the bottom of the figure. The PL
maps in Figure |20] were acquired with accumulation time of approximately one second
per spectra and obtained with spatial steps of 0.5 ym. Raman spectra were measured
with acquisitions of 1 minute. PL spectra and Raman spectra were obtained at different
representative points of the sample and the PL maps were done afterwards, to minimize

photodoping effects.

3.5.2 SKPM measurements

There are several types of SKPM methods (amplitude-modulation (AM), frequency-
modulation (FM), homodyne-detection, heterodyne-detection and others) [69,103-105].
Some good reviews on this subject are presented in references [103] to [105] and references
therein. As a general rule, AM-based SKPM in ambient conditions yields qualitative
surface potential values, whereas FM-based SKPM is employed when quantitative surface
potential values are needed. This is mainly due to the strong influence of the cantilever
(and not only the tip apex) on the SKPM signal in AM-based methods [69,/103-105]. In
the present work, the SPM system used is capable of conventional AM-based SKPM only

and, thus, the yielded results should be considered qualitative.

To work within the limitations of the method and still be able to make reliable
comparisons between samples we elect the control sample from the second set, with
a substrate of n-GaAs below the hBN flake, as the better control sample for SKPM
measurements. It allows us to have a similar cantilever-substrate interaction effect on the

SKPM measurements.

In particular, our measurements were conducted on Bruker Multimode 8 with a

Nanoscope V controller, at normal atmospheric pressure and room temperature.
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3.5.3 Atomic force microscopy
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Figure 21 — Atomic force microscopy topographic images of the studied samples. ML-MoS,
(substrate) analyzed areas are delimited by green (white) dashed lines.
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3.5.4 Photoluminescence

Since GaAs and MoS, have direct bandgaps with relatively close energy values
and owing to the atomic thickness of the MoSs, the photoluminescence spectra obtained
from MoS,/GaAs heterojunctions are composed of emissions from both materials. By
subtracting the emission of the substrate from the heterojunction spectra we are left with
the ML-MoS, emission. For the MoS,/hBN/SiO, control sample, the substrate does not
have a strong PL signal and the PL spectrum measured on the heterostructure is already
the ML-MoS, emission. Figure [22|illustrates the separation process for the spectrum of
MoSy on n-GaAs.
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Figure 22 — Photoluminescence (PL) spectra substraction of MoS,/n-GaAs. In gray the
PL from the bare substrate, in blue the PL measured on the monolayer MoS,
on the n-GaAs substrate, in red the resulting PL of gray minus blue.
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3.5.4.1 Photodoping effect
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Figure 23 — Photodoping effect investigation. Spectra obtained by continuously illuminat-
ing the sample with the 457 nm laser, with power of 300 pW and accumulation
time of 1 s for the MoS,/hBN/n-GaAs in (a) and 3 s for MoS2/n-GaAs in
(b). Spectra were acquired every 5 s, but we only show the spectra obtained
at times 0, 50, 100, 150, 200, 250 and 300 s, for clarity. Insets show the time
(exposure) dependence of the relative integrated intensity, 1/10, which is the
integrated intensity of each spectrum divided by the integrated intensity of
the first spectrum at t = 0 s. The intensity variation along the measurement
is less than 10% for MoS, /hBN/n-GaAs, and less than 1% for MoS, /n-GaAs.
The plots show raw data where MoS, and GaAs emissions were not separated,
the tail of the GaAs emission peak (centered near 1.4 eV) is clear in the low
energy signal of the MoS, /n-GaAs sample data.
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3.5.4.2 Interference effects

To evaluate the magnitude of cavity effects on the reflectivity of our samples, we
performed transfer matrix calculations of the reflectivity for our samples and find that no
large changes should be expected. Figure 24| shows the reflectivity of a MoSy/hBN/GaAs
stack as a function of the hBN thickness, for the laser excitation wavelength. At the
thickness determined by atomic force microscopy of the hBN layer on our samples, t,zn
= (66 4+ 5) nm, the reflectivity of the whole stack is just below 0.2, as compared to 0.43
for a sample without hBN. Thus, the excitation laser absorption does not change by more
than 20%. A similar estimate for the interference effects at the luminescence wavelength
indicates a destructive interference with the addition of the hBN layer. Therefore, cavity
effects do not explain the large change in PL intensity between the control samples and
MoS,/GaAs.
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Figure 24 — Interference effect on the reflectivity of a MoSs/hBN/GaAs stack as a function
of the hBN thickness for the laser excitation wavelength of A\ = 457 nm.
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CHAPTER 4

Charge dynamics in the 2D /3D semiconductor heterostructure

WSey/GaAs

Understanding the relaxation and recombination processes of excited states in two-
dimensional (2D)/three-dimensional (3D) semiconductor heterojunctions is essential for
developing efficient optical and (opto)electronic devices which integrate new 2D materials
with more conventional 3D ones. In this work, we unveil the carrier dynamics and charge
transfer in a monolayer of WSe, on a GaAs substrate. We use time-resolved differential
reflectivity to study the charge relaxation processes involved in the junction and how it
changes when compared to an electrically decoupled heterostructure, WSe; /hBN/GaAs.
We observe that the monolayer in direct contact with the GaAs substrate presents longer
optically-excited carrier lifetimes (3.5 ns) when compared with the hBN-isolated region (1
ns), consistent with a strong reduction of radiative decay and a fast charge transfer of a
single polarity. Through low-temperature measurements, we find evidence of a type-II band
alignment for this heterostructure with an exciton dissociation that accumulates electrons
in the GaAs and holes in the WSe,. The type-II band alignment and fast photo-excited
carrier dissociation shown here indicate that WSe;/GaAs are promising junctions for new
photovoltaic and other optoelectronic devices, making use of the best properties of new

(2D) and conventional (3D) semiconductors.
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4.1 Introduction

Transition metal dichalcogenides (TMDs) have received a lot of attention because
of their atomically-thin thickness and interesting optical and electronic properties [2-4].
Their thickness confines the charges in the plane of the monolayer, resulting in strikingly
different properties from their bulk counterpart [3,106},107]. Additionally, the stacking
and/or twisting of consecutive monolayers into heterostructures has been shown to give
rise to new physical phenomena and makes them strong candidates for the next generation
of nanodevices [46,/108]. Their low dimensionality also makes them very sensitive to
local changes, such as defects in the crystal lattice, strain, or impurities [109-H111]. The
interaction with the environment can also modify the properties of the two-dimensional (2D)
semiconductor through, for instance, the interaction with gases or substrates with different
electronic properties [44}86]. The dielectric environment for the Coulomb interaction that
gives place to excitonic phenomena in TMDs is particularly important and has been
shown to be able to modulate its optical properties [43]. Therefore, we can use this as an
advantage for developing new nanodevices such as gas sensors, photodetectors, and solar
cells [82,83,112].

Gallium arsenide (GaAs) is one of the most studied semiconductors because of its
applications in electronics as well as its very high electronic mobility, which allows for
efficient gate-induced quantum confinement to one or two dimensions [113]. In particular,
previous studies have demonstrated that the junction of this three-dimensional (3D) semi-
conductor with TMDs (i.e., 2D semiconductors) is a promising junction for optoelectronic
devices [76,79,81-83]. In order to optimize and manipulate such systems for improving
the design of new (opto)electronic devices, we need to obtain a high level of understanding
of the electronic properties and time-evolution of their excited states. Nonetheless, the

charge dynamics and band alignment between these materials are still largely unexplored.

In this work, we study the carrier dynamics in a monolayer of WSe, in contact with
a GaAs substrate. We use an optical pump-probe approach, by measuring the time-resolved
differential reflectivity (TRDR) of the junction and compare it with an electrically-isolated
WSe,, by adding a hexagonal boron nitride (hBN) layer (Fig[25la). The WSe,; monolayer
in direct contact with the GaAs shows carriers that decay much slower with respect to
the isolated WSe, at low temperatures. This can be understood through a type-II band
alignment that dissociates the optically-excited excitons and creates an excess of electrons
in the GaAs substrate and an excess of holes in the WSe, layer. Nonetheless, at room
temperature we did not observe any important differences in the dynamics between the two
regions, indicating a strong role of thermal effects on the relaxation process of photoexcited

carriers.
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4.2 Experimental Details

Our samples were fabricated by mechanical exfoliation of WSe; and hBN from
their bulk crystals (supplied by HQ Graphene). The hBN flakes were exfoliated directly
onto a commercial undoped (100) GaAs substrate (supplied by Wafer Technology) and the
monolayers WSe, transferred on top by the viscoelastic stamp method . We identified
WSe, monolayers by optical contrast and photoluminescence in an optical microscope. The
hBN thickness for the sample for which the results are shown here was around (21£2) nm,
determined by atomic force microscopy. Time-resolved measurements were performed with
a tunable Ti:Sapphire pulsed laser with a pulse width < 300 fs. We used a single-color
(degenerate) pump-probe technique in a double modulation configuration as described in
detail in our previous works [114 - All measurements were carried out at a temperature

of 70 K unless otherwise indicated.
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Figure 25 — (a) Schematics of our sample indicating the two regions of interest
WSey/hBN/GaAs, and WSey/GaAs. (b) Normalized differential reflectiv-
ity of the two regions using laser energy for excitation in resonance with the
WSe, exciton. (¢) Estimated band alignment of the 2D /3D semiconductor
heterojunction with F,,. the vacuum energy, CB the energy of the conduction
band, and VB the valence band. Presented values consider T = 300 K. (d)
Representation of the excitons generated in the WSey/GaAs region of the sam-
ple. Photo-excited excitons in the monolayer and in the substrate dissociate
generating an excess of electrons in the GaAs and holes in the WSes,. (e) In the
WSey /hBN /GaAs region, the hBN prevents a charge transfer giving a more
dominant role to radiative recombination processes under this configuration.
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4.3 Results and Discussion

Figure [25]b shows the normalized TRDR of the two regions of the sample: the direct
contact (WSey/GaAs - green) and the isolated (WSey/hBN/GaAs - blue) heterostructures
when excited in resonance with the exciton transition of the WSe, layer as identified
by TRDR spectroscopy (see below). Our results are well described by a three-processes
exponential decay fit, AR/R = Y Ry;e /™, with i from 1 to 3. Such multi-exponential
decay has been reported by several works in literature, but the origin of the different
decay processes has been attributed to various sources, depending on the specifics of the
system. Overall, it has been observed that radiative processes occur in no longer than a

few hundred picoseconds, while non-radiative phenomena may last longer [116H120].

From our results, we observe a longer-lived component determined to be (3.50 +
0.04) ns in the region of direct contact compared with (1.00 = 0.01) ns for the isolated
one. To understand the origin of this difference, it is necessary to look into the bandgap
alignment between the materials as it provides a picture of the possible charge dynamics
in a junction. For instance, previous reports observed that a junction of semiconductors
with a type-I band alignment can result in a reduction of the lifetime of the material with
the larger band gap when placed in such a junction |121}/122]. This phenomenon can be
associated with an energy transfer process where, for instance, the optically generated
exciton in one material transfers energy generating an exciton in the other material [123].
On the other hand, a type-II band offset has been observed to enlarge the lifetime of the
studied process [120,124]. In those cases, the photo-generated excitons dissociate, resulting
in the charge transfer, with electrons lying in one material and holes in the other. In
light of this, our measurements point towards the existence of a type-II band offset in the
WSe,/GaAs heterojunction.

Simple band alignment estimations, as shown in Figure 25.c, further corroborate
the proposed type-II band offset between monolayer WSes; and GaAs. Here, we consider an
electron affinity of 3.3 eV and an electronic bandgap of 2.08 eV for WSes,, as determined
in a previous work [125]. While the bandgap E, and electronic affinity x of GaAs are well-
established in the literature, for WSe, these values can change from one reference to another.
The sensitivity of monolayer TMDs with the electric environment and other experimental
and theoretical details can lead to a variation of these values, making it challenging for
an accurate determination of these properties in a generic fashion. Nevertheless, even if
differences in the exact values may arise, our work sets an upper boundary for a type-II
band offset, where Xwse, + Egwse,) < 5.49 €V, as the valence band maximum of WSe,

should remain at a higher energy than the maximum of the valence band of GaAs.

This type-II band alignment implies a dissociation of photo-excited carriers with a

charge transfer between the two materials. When the junction - monolayer and substrate - is
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excited, electrons at the conduction band will accumulate in the GaAs substrate, while the
holes in the valence band will accumulate in the WSe, monolayer (Figure 25]d). As a result,
longer lifetimes of the excited states can be linked to larger role of non-radiative scattering
processes and a lack of available states in the valence (conduction) band for electrons
(holes) to relax radiatively. In contrast, when considering the case of a WSe, isolated by
hBN, charge transfer is restrained, and as a result, radiative exciton recombination is
again the faster pathway for the relaxation of carriers (see Figure [25le) Therefore, our

results point towards a photoexcited carrier transfer between GaAs and WSes.

In Figure [25p, we also observe a fast decay time (71) of 4 ps for the WSe, in direct
contact with GaAs and 5 ps for the isolated region. We attribute this fast process in part
to a stimulated emission, related to our single-color pump-probe excitation, as well as to
exciton recombination out of thermal equilibrium [116-118,|126]. Despite the resolution
of our measurements, we cannot associate the small difference in the relaxation times
as arising exclusively from the interaction with the substrate, as stress or defects in the
monolayer can modify the charge dynamics within the observed difference. Finally, we
observed an intermediate decay time (73) of 90 ps for the monolayer in direct contact and
50 ps in the isolated region, consistent with previous measurements of trion recombination
lifetime [117,/119]. We associate the difference in the relaxation times 7 with an increase
in the density of one type of charge carrier in the WSey that protects the trion from
fast recombination. In particular, in our sample, two phenomena can give origin to this
imbalance of carriers: the reduction of the Fermi level of the WSey due to the formation
of the joint-Fermi level of the heterojunction with the GaAs, and the dissociation and
charge transfer from the photo-excited carriers [76]. Moreover, the interaction of the WSe,
with the GaAs can increase the dielectric disorder, which can result in an increase of

recombination centers, such as defects and localized states [43],127].

In order to gain further insight into the properties of our 2D /3D semiconductor
junction, we study the dependence of the dynamics with the excitation wavelength. Figure
shows the intensity of the TRDR signal as a function of the laser wavelength at 2,
10, and 50 ps in the two regions of our system, direct contact and hBN separated. We
observe that optical resonance is different for the two regions: 705 nm for WSe,/GaAs
and 708 nm for the WSey/hBN/GaAs region, indicating a blue-shift on the signal of the
WSe, exciton in direct contact with the GaAs. We associate this effect with a combination
of the interaction of the WSey, with a different dielectric environment and a possible
effect of strain induced by the transfer onto GaAs, which should be reduced in the hBN
region due to its higher smoothness and lack of dangling bonds. We also observed that
the transient reflectivity of the WSes in contact with the GaAs is smaller, almost half, at
the wavelengths of resonance of the free exciton in WSe; when compared to the intensity
of the hBN isolated region, indicating a higher absorption of the TMD in direct contact.

This response can be related to the change of the Fermi level due to the formation of
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Figure 26 — (a) TRDR intensity as a function of the excitation and probing wavelengths
at 2 ps, 10 ps, and 50 ps pump-probe delay time in WSes/GaAs and (b)
WSe,/hBN/GaAs. For easier comparison the intensity values are presented as
twice their real value in (a) and in the large wavelength region in (b).

the heterojunction, which reduces the electron density in the TMD. Moreover, the charge
transfer at the junction allows for the presence of free states in the WSe, conduction band,
which can be accessed by the photo-excited electrons, thereby enhancing the absorption of
the region. In contrast, in the hBN-isolated area, stimulated emission and photobleaching
will play an important role in reducing the absorption of the flake and increasing the
reflectivity. For the wavelengths in the resonance with the free excitons in GaAs (800
nm - 830 nm), we observe a higher, negative, reflectivity in the sample in direct contact
when compared to the isolated one. This observation is consistent with an increment of
the photoinduced absorption of GaAs, produced by the larger density of electrons in the

substrate resulting from a shift of the bands in the heterojunction.

By fitting the TRDR of the measurements for different wavelengths, we extract the
energy-dependence of the decay lifetimes of the two regions of interest, which are presented
in Figure . We did not observe any clear trend with the wavelength for the fast decay (71)
other than a slightly faster decay in the sample in direct contact as described previously.
On the other hand, the results for the second decay time (73) present a clearer trend,
revealing one maximum lifetime at 705 nm for the TMD in direct contact with the GaAs
substrate and at 708 nm in the isolated region, which matches with the resonances of WSes
exciton recombination of each area. Furthermore, we observe another maximum, and the

highest 7, value, when exciting with a wavelength of 715 nm, which is related to the signal
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Figure 27 — Lifetimes of the TRDR signals as a function of the wavelength extracted from
the three exponential decay processes described in the main text. When not
shown, the error bars, obtained by the fit, are smaller than the point size.

coming from the negative, less intense, differential reflectivity in Figure [26]b. Data points
for 720 nm in the direct contact region were discarded as the signal-to-noise ratio was too
low to allow fitting. Although negative signals are commonly associated with photoinduced
absorption, it has also been observed that in TMDs, bandgap renormalization plays an
important role in this effect [128]. Therefore, we associate the different lifetimes obtained
at this wavelength with the different origins of the relaxation path involved. Lastly, the
obtained long lifetimes (73) make clear the longer-lived character of the photo-excitated

carriers in the TMD in direct contact with the GaAs, close to the resonance.
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Figure 28 — Normalized TRDR for the WSe;/GaAs (green) and WSes/hBN/GaAs (blue)
regions at room temperature. The laser was tuned to be resonant with the
WSe, exciton, at A = 740 nm.

To determine the role of thermal effects, we measured the TRDR at room tempera-
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ture (Figure , in the two regions of interest, exciting at the WSe, exciton resonance,
A = 740 nm. Our results show an overall shorter lifetime of the generated excitations when
compared with the measurements at low temperature. We observe a similar behavior for
both regions of the sample with just two clear decay processes: a fast decay of 9 ps and
a slower decay of around 40 ps. If compared with our previous analysis at low tempera-
ture, we obtain a longer decay time 71, a shorter decay time 75, and the total absence of
the presence of 73 decay process at room temperature. These findings are in agreement
with earlier studies reporting longer decay times 7 of monolayer WSe, when increasing
temperature [116,[129]. One possible explanation for this phenomenon is the important
role of dark states in tungsten-based TMD monolayers which are observed for instance in
the enhancement of the photoluminescence when increasing the temperature [130]. In our
experiments at low temperature, the excitation in resonance with low laser power results
in a reduced source for the electrons in dark states to transit into bright states. At high
temperatures, electron-phonon interactions mediate the transition and cause an increase in
the population and lifetimes of the two fastest processes in both regions of the sample. At
the same time, this relaxation path, as well as other intralayer processes, become preferred
over the charge transfer to the substrate, effectively eliminating the long-lived component
73 of the dynamics observed at low temperatures. Another possible relaxation channel is a
change in the band alignment with the temperature. In this case, the small difference in
the valence band maximum considered in Figure could be enough for them to switch
positions with the change in the temperature. Under this hypothesis, WSe;/GaAs would
be type-I band offset at room temperature and switch to a type-II band alignment when

reducing the temperature.

4.4 Conclusions

Our observation of a type-II band alignment and charge transfer between the
prototypical 2D/3D semiconductors, WSe, and GaAs, indicates the promise of using
such junctions in future optical and optoelectronic devices [79,81-83]. The long-lived
(3.5 ns) opto-excited carriers observed here should allow for a long enough time for these
carriers to be transported away from the junction region, and used in photovoltaic devices.
Additionally, a long decay time is a crucial element for lasers. Therefore, the combination of
a long carrier lifetime with the unique spintronic properties of both WSes; and GaAs such
as long spin lifetimes and electric control over the spin information [131H134], makes these
junctions particularly appealing for lasers which make use of the spin degree-of-freedom, i.e.
spin lasers [135], which have been shown to be able to operate at much higher modulation
frequencies than conventional lasers |[136]. We envision that such junctions, as the one

shown here, using novel 2D semiconductors in combination with well-established and
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industrially-proved 3D systems, can lead to an easier uptake of 2D materials in industrial

settings, leading to new device architectures.
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CHAPTER D

Magnetic field control of light-induced spin accumulation in

monolayer MoSe;

Semiconductor transition metal dichalcogenides (TMDs) have equivalent dynamics
for their two spin/valley species. This arises from their energy-degenerated spin states,
connected via time-reversal symmetry. When an out-of-plane magnetic field is applied, time-
reversal symmetry is broken and the energies of the spin-polarized bands shift, resulting
in different bandgaps and dynamics in the K, and K_ valleys. Here, we use time-resolved
Kerr rotation to study the magnetic field dependence of the spin dynamics in monolayer
MoSe;. We show that the magnetic field can control the light-induced spin accumulation
of the two valley states, with a small effect on the recombination lifetimes. We unveil that
the magnetic field-dependent spin accumulation is in agreement with hole spin dynamics
at the longer timescales, indicating that the electron spins have faster relaxation rates.
We propose a rate equation model that suggests that lifting the energy-degeneracy of
the valleys induces an ultrafast spin-flip toward the stabilization of the valley with the
higher valence band energy. Our results provide an experimental insight into the ultrafast
charge and spin dynamics in TMDs and a way to control it, which will be useful for the

development of new spintronic and valleytronic applications.

Chapter published in 2D Matterials 10, 035013 (2023) [115].
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5.1 Introduction

Atomically-thin transition metal dichalcogenides (TMDs) offer the possibility to
optically address the spin and valley degrees-of-freedom of charge carriers. Through
circularly polarized light, o, or o_, one can excite electron-hole pairs at opposite points
at the edges of the Brillouin zone, known as K, and K_ valleys [13,/14,]137]. The high
spin-orbit coupling in these materials further causes a spin splitting of the levels, connecting
the spin and valley degrees-of-freedom and their dynamics. For this reason, TMDs are very
attractive for (opto)valleytronic and (opto)spintronic applications [3},20,21},138,139]. One
of the main bottlenecks for such applications is the control of these degrees-of-freedom.
Magnetic fields have been shown to strongly affect the valley polarization. This has been
demonstrated by photoluminescence (PL) measurements of TMD monolayers under high
out-of-plane magnetic fields, showing a linear shift of the emission peaks reflecting the
reduction of the band gap for one valley and the increase of the other [29-33]. This effect
became known as the valley-Zeeman effect. These experiments extract an exciton and
trion g-factor of ~ —4, which is in agreement with theoretical expectations [37}/140,/141].
Different works have reported the dynamics of electrons, excitons, and trions by performing
time-resolved photoluminescence (TRPL) [142-144], time-resolved differential reflectivity
(TRDR) [145147], and time-resolved Kerr rotation (TRKR) [57}59}/114],148}/149], with
most works focusing on either zero or in-plane external magnetic fields. More recently,
Zhang et al. [150] showed the effect of out-of-plane magnetic fields on polarized TRPL, but
without any clear difference between the results obtained at different circularly polarized
excitation and high magnetic fields. Nonetheless, PL is solely sensitive to the valley
polarization and radiative decay of excitons and trions. Therefore, PL is insensitive to
light-induced spin polarization of resident carriers which can sustain the spin information
over much longer times. The understanding of the decay processes and possibilities of
control of resident carriers are of huge importance for the engineering of a new generation
of opto-spintronic devices [19,21,|{151}/152]. However, the use of an out-of-plane magnetic
field to control the long-lived spin dynamics in monolayer TMDs — beyond the radiative

recombination times — remains largely unexplored.

Here we show that the spin information of long-lived carriers in monolayer MoSe,
can be effectively controlled via the valley-Zeeman effect. Using time-resolved magneto-
optic Kerr effect, we show that magnetic fields can induce an ultrafast spin-valley scattering
and enhancement of a light-induced spin accumulation with a preference for the valley
with higher valence band energy. While we find that the spin scattering rates do not show
a clear trend for the external magnetic field strength, the magneto-optical signal strength
shows a clear linear behavior. Particularly, we observe a nearly field-independent long spin

lifetime of ~2 ns. The magnetic field dependence of the light-induced spin accumulation
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we measure agrees with hole spin dynamics and resident carrier recombination at longer
timescales, while we argue that electron spins may have faster relaxation rates. Our results
are well described by a simple rate-equation model, which takes into consideration a
field-dependent carrier recombination and intervalley scattering. Our model indicates
that the magnetic field has a stronger effect on the hole transfer between valleys than in
electrons, resulting in a spin imbalance with a larger population of carriers from the valley
with the smaller bandgap. In this way, we demonstrate here that an applied magnetic field

can be used to effectively control the optically-generated spin accumulation in TMDs.

5.2 Experimental Methods

Our samples were prepared by mechanical exfoliation of a bulk MoSe; crystal (HQ
Graphene) onto a polydimethylsiloxane (PDMS - Gel Pack) and then transferred to a
285 nm Si0O4/Si substrate. The spin dynamics in our samples was measured by TRKR,
which presents a higher sensitivity to spin-related phenomena, compared with TRPL
or TRDR. We perform a single-color (degenerated) pump-probe technique in a dual-
frequency modulation (see Appendix using a similar experimental setup as described
elsewhere [114]. When a high intensity circularly polarized (o) laser pulse (pump) excites
the monolayer, electrons of a single valley (K ) are excited to the conduction band and
can generate a spin imbalance. By shining a linearly polarized (probe) pulse at a certain
time-delay after the pump pulse, the spin/valley imbalance is measured by a change on
the polarization axis of the reflected beam, which is rotated by an angle 0 (Fig. [2%).
Finally, the time evolution of the spin imbalance in the sample is measured by changing
the delay time (d¢) between the pump and probe pulses. All measurements were performed

at low-temperature T = 6 K.

5.3 Results and Discussion

Figure 29d shows the TRKR at zero magnetic field and how the sign of the Kerr
rotation depends on which valley we are exciting: a positive (negative) Kerr rotation is
observed upon shining o, (0_) polarized pump pulses. This behavior is a fingerprint of
the symmetry and spin selectivity of the two valleys of the TMD, when excited with
circularly polarized light [57,{114}148}/149,(153]. Two decay time constants are visible in
our measurements, a faster (7 ~ 1.5 ps) and a longer one (75 ~ 2 ns) that goes beyond

the measurement range.

We observe a drastic change on the TRKR dynamics upon an applied magnetic

field. Figure and e show the TRKR signal of our sample for an applied magnetic field
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Figure 29 — (a) Schematics of the TRKR measurements with an external magnetic field.
(b) Valley-Zeeman effect on the K, and K_ spin states of monolayer MoSe,.
Dashed lines indicates the zero magnetic field spin states while solid lines
represent the magnetic field shifted states. The Valley-Zeeman effect results in
larger energy shifting in the valence band AFE, than in the conduction band
AE.,. (¢) TRKR signal for o (red) and o_ (blue) polarized pump, at different
magnetic fields: B=-5T,0T (d), +5 T (e), for A= 755 nm and T = 6 K.

of -5 T and +5 T, respectively. Within the first 3 ps after excitation we observe a reversal
of the TRKR signal for one pump polarization, while a stabilization for the other. This
can be explained by an out-of-plane magnetic field lifting the valley degeneracy causing
an opposite shift on the TMD bands of opposite valleys (Fig ) Due to the
different net angular momenta of the valence and conduction bands, the energy shifts for
the conduction (AE,) and valence bands (AF,) are also different. The resulting effect is
that the lowest energy state for holes lies within one valley, while for electrons lies in the

other.

These observations reveal that our TRKR signal is dominated by hole relaxation.
Upon populating the K_ valley through a o_-polarized pump, we observe a reversal of
the signal from negative to positive for positive magnetic fields. For this case, the electron
ground state lies in the conduction band of the K_ valley, while the ground state of holes
is located at the K, valley. The fact that we observe a positive TRKR signal after ~ 3 ps,
indicates a higher spin population of the K, valley, implying a fast intervalley scattering
and that the spin accumulation measured in our experiments arises from the hole spin.
When the direction of the magnetic field is reversed, similar behavior is observed but with

an opposite TRKR signal.

The long decay times we observe do not show any clear dependence with the
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magnetic field. The two decay time constants are obtained through a biexponential decay
of the form 6y = Aje "™ 4+ Aye /™ where A, are the Kerr rotation angles at a delay time
dt = 0 and 7, the decay times at the fast and slow decay processes n = 1,2, respectively.
This is done for measurements using both directions of pump polarization and various
values of applied magnetic fields, from B = -5 T to +5 T. Figures and show the
TRKR signals at B = -5 T to +5 T over a long dt range, up to 1.55 ns. The TRKR
signals are still clearly measurable even at these long-time delays. The magnetic field
dependence for 75 is shown in Figure (see the Appendix for 7). For zero, and
also high magnetic fields, we find non-zero pump-induced TRKR signals. However, for
0< |B| < 3 T, the signal for one of the pump polarizations is within our experimental
noise, and therefore only measurements for one pump polarization were used within this
range. Nonetheless, we do not observe any striking features on the TRKR decay times for
the whole range of magnetic fields studied, even though additional spin scattering channels
are predicted to arise from the breaking of time-reversal symmetry [28]. This indicates
that, while the intervalley scattering rate could be modified by the magnetic field, the

main source of spin scattering remains unaffected for our samples.
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Figure 30 — (a) TRKR signal for o, (red) and o_ (blue) polarized pump, at B =-5 T
(a) and +5 T (b) at long time scales. The orange dashed lines show the fit
that extracts the slow relaxation times. (¢) Extracted slow decay times (73)
and (d) amplitudes (A,) at different magnetic fields for the two excitation
polarizations.

The amplitude of our TRKR signals shows a clear linear behavior with the magnetic
field, Fig. [30d. Strikingly, the slopes for the two pump polarizations are slightly different,
resulting in a non-symmetric response with the magnetic field direction at long time delays.
Previous measurement runs of the same sample also presented a linear trend with the
magnetic field, with different slopes for each excitation polarization, see Appendix

for details. Although small experimental artifacts are not discarded, a phenomenological
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Figure 31 — (a) TRKR Polarization at different wavelengths and zero external magnetic
fields. Measurements were shifted in the vertical axis for clarity. (b) Polarized
photoluminescence spectra of our sample at B = 0 T. Inset: Intensity profile
of the TRKR Polarization at different delay times: 2, 4, 6, 10, 100, and 200
ps. (¢) TRKR for o (red) and o_ (blue) polarized pump at A = 765 nm for
B=-5T(c)and +5 T (d) at T =6 K.

origin of these results would be inconsistent with a simple description involving solely a
Zeeman energy shift of the energy states. We currently do not have a clear understanding

of the origin of such an effect, which should be explored in more detail in later studies.

By studying the dependence of the TRKR signal on the excitation wavelength, we
can probe the contribution of excitons and trions to the spin signal. To reduce spurious
effects which are independent of the valley/spin polarization, here we use the polarization
of the Kerr rotation, namely the difference of the TRKR measurements for the two
polarizations of excitation (6 (o) — O (0-))/2 [114]. As expected, our signal is strongly
modulated upon a change of the wavelength when going over the exciton and trion
resonances (Fig. [31h). We observe that when exciting with A < 745 nm, KR polarization
decays in the first couple of picoseconds. On the other hand, when exciting at A > 750 nm,
the spin imbalance remains finite, within the time range of our measurements. The largest
signal is seen at A = 755 nm, see inset of Figure 3Ib. A comparison to photoluminescence
measurements (Fig. ) reveals that our findings are consistent with short-lived signals
coming from excitations at and below the wavelength of the exciton resonance (X), while
the long-lived signals come from energies close to the peak of trion emission (T). Our
observations are in agreement with previous reports in literature [57,/60,[142}[143] showing

that trions dominate the spin signal in TMDs monolayers.

We observe an interesting effect arising from the magnetic field-induced reduction
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of the bandgap for one valley with respect to the other. For high magnetic fields (B = £5
T) and with excitation wavelengths with energies below the absorption edge (765 nm),
we only observe a TRKR signal above our noise level for one pump polarization, Figure
and d. For the positive magnetic field, the bandgap of the K, valley is reduced and
produces a spin accumulation when excited with o, . Nevertheless, as the bandgap at K_
is increased, the energy of the pumping photons is not enough to excite the electrons and
generate any spin imbalance, resulting in no TRKR signal for o_ excitation. A similar
behavior is observed for negative magnetic fields, but with opposite spin accumulation in
the K_ valley and no signal for o, excitation. Additional measurements of wavelength
dependence with the magnetic field can be found in Appendix [5.5.4]

To quantitatively describe the spin dynamics and to elucidate the relaxation
processes behind our measurements, we use a rate-equation model similar to what has
been proposed before [57], but including the effect of an external magnetic field. We
consider three main carrier scattering processes: direct radiative recombination at the
same valley, the spin-valley flip of electrons in the conduction band, and the spin-valley
flip of holes in the valence band. The breaking of the energy degeneracy of the K, and K _
valleys is represented by different intervalley scattering rates. Therefore, considering the
more general case, where conduction and valence band transfer rates, and also radiative

recombination of both valleys, are different, we get to the set of equations

dn n n n_

any 4P+ i (5.1)
dt Ty Terl  Te s

dn_ _p_ _

Sl e L + e (5.2)
dt T_ Te_y  Tes_

d, _

& _ _n+p+ . P+ + p (53)
dt Ty Toso  To_s

dp_ n_p_ _

Lo B P P (5.4)
dt T_ To_y  Top_

where n; and p; are the photo-excited populations at the K; valley for electrons and holes,
respectively. The first term at the right side of each equation represents the radiative
recombination at a specific valley with recombination time 7. The second term represents
the population of carriers that is transferred to the opposite valley in the conduction or
valence bands with an intervalley scattering time 7 ,,_. Finally, the last term relates to the
carrier transfer coming from the opposite valley (source term). As Kerr rotation measures
the spin/valley imbalance of the system, we model our measurements as the difference
between the valley populations 0x = (ny + py) — (n— + p_). Here, it is worth pointing
out that the listed relaxation times are not directly related to the decay times obtained by
fitting the experimental data, e.g. Fig 2.c. Instead, our model intends to unveil the role of

the different relaxation paths in those time scales observed experimentally.
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The initial conditions allow us to consider the two types of excitation, for instance,
n4(0) = N/2, p4(0) = N/2, n_(0) = 0, and p_(0) = 0 for o excitation, where N/2 is the
number of excited carriers. In particular, to consider the effect of the resident carriers we
consider the initial population of holes as p.(0) = N/2+py/2+aB and p_(0) = py/2 —aB
for o excitation, where py is the initial population of resident carriers equally distributed
in both valleys. Also, we have included a linear dependence with the magnetic field («), as

a first approach, that is related to the change of the initial carrier population due to the
valley-Zeeman shift of the bands (see Figure [32c).

The results obtained by solving our rate-equation system are in good agreement
with the experimental measurements with and without magnetic fields. In Figure [32p
we compare our experimental and theoretical results at zero magnetic field, where valley
degeneracy is still present. We based our initial guesses and ranges of values on previous
works of different scattering and relaxation lifetimes. We noticed that to properly reproduce
our measurements, the radiative recombination rate could not be either the shorter nor
the longer decay process, and instead, good results were achieved by using decay times
(1) of tens of picoseconds. The latter agrees with previous reports of the trion lifetime for
MoSe, [59,(142}/143,|150]. Therefore, as our results point to a spin accumulation of holes
at the long time range (7, ~ 2 ns), the fast decay (7. = 1.8 ps) is assigned to electron
transfer at the conduction band. This is consistent with previous reports pointing out to
the fast depolarization of electrons in the conduction band when compared to the holes,

and even radiative recombination of trions [57,154].

To simulate our results at high magnetic fields (Figure [32p) we introduce an

asymmetry in the scattering times of the different considered processes (see Appendices

[5.5.5[ and [5.5.9| for details). Our model indicates that the main process responsible for the

fast switch of spin polarization is a strong reduction of the hole inter-valley scattering
through the valley with higher valence band energy. In the right panel of Figure |32b we
show the result of the TRKR calculation just with the effect of an asymmetric scattering
process at the valence band, by considering 7,,_, = 5 ps, three orders of magnitude smaller
than 7, = 3 ns. Meanwhile, the introduction of different scattering times for the electrons
in the conduction band and different radiative recombination times at the two valleys
can help to refine the result at the short lifetimes but they have no major impact on
the total decay profile. Additionally, we considered the effect of the resident carriers that
best fit our data with po = 0.1 and a = 0.01. We observed that the initial population of
holes pg contributes to the longer decay time of the signal, while the magnetic dependence
coefficient o generates an asymmetry in the absolute maximum/minimum values of the
KR signal. Therefore, our results are consistent with an important contribution of the
resident charge carriers to the long-lived component of the dynamics, which is in agreement

with previous reports [57-60].
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Figure 32 — (a) Experimental (left) and theoretical (right) results for B = 0 T with
=7, , = 15 mns. (b)
Experimental (left) and theoretical (right) results for B = +5 T with an
asymmetric hole scattering time 7,_, =5 ps, 7,,_ = 3 ns, 7, = 7_ = 15 ps,
Te,. =Te_, = 1.8 ps, po = 0.1, a = 0.01. (c) Representation of the dynamics
of the spin population under positive magnetic fields: the ground state of
the system with an initial hole population is photo-excited (o_) at the valley
K_. Later, electrons are scattered between valleys in the conduction band
followed by the scattering of holes from K _ to K. Subsequently, excited states
recombine radiatively. Finally, resident holes in K, reach thermal equilibrium
with K_. The represented transfer times indicate the dominant process at

T =7 =15ps, 7o, = T, = 18 ps and 7,, _

each panel.

In Figure , we illustrate the obtained spin dynamics for positive magnetic field
and an optical excitation of the K_ valley. We illustrate the six main steps in the dynamics
of the system. Before excitation, there is an initial population of resident carriers (pg), with
a degree of asymmetry («) between valleys induced by the magnetic field. The pump pulse
o_ excites the carriers at the K_ valley (t ~ 0). In the first few picoseconds, the dominant
relaxation process is the intervalley electron scattering 7._, equilibrating the electron
population in the conduction band of both valleys. Afterwards, a fast and anisotropic hole
scattering 7, , takes place (t ~ 5 ps) scattering holes from the higher energy K_ valley
to the lower energy K, valley. Radiative recombination takes place at a characteristic
time 74 (around 15 ps) resulting in a dominant K, spin/valley population. Finally, the

long-lived component 7, causes a relaxation of the remaining holes to the initial state in

a time of up to 3 nanoseconds.
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5.4 Conclusions

Our results show that optically-generated spins in TMDs can be very effectively
controlled by magnetic fields, which is explained by a strong field-induced asymmetry
on the intervalley scattering rates. We envision that the external magnetic field used
in our experiments could be replaced by magnetic proximity to van der Waals magnets.
These heterostructures have already shown to result on a significant control over valley
polarization in photoluminescence measurements [19], and our work implies that a sig-
nificant polarization of long-lived resident carriers can potentially be efficiently obtained
and controlled via proximity effects, with lifetimes of several ns opposed to a few ps for
excitons/trions. We believe that this will open new directions for opto-spintronic devices
based on TMDs which do not depend on the stabilization of bound electron-hole pairs,
but make use of the full potential of the long spin lifetimes offered by resident carriers in

these materials.
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5.5 Appendices

5.5.1 Details on the experimental setup
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Figure 33 — Experimental setup used for our time-resolved measurements.
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For measuring time-resolved data we used a single-color (degenerated) pump-probe
technique in a double modulation configuration. Figure |33| pictures our experimental setup
with the key elements represented on it. For excitation, we used a tunable Ti:sapphire
laser (Mai Tai - Spectra Physics) with a repetition rate of 80 MHz and a pulse width
< 300 fs. With a beam-splitter and a set of neutral density filters (not shown in Figure
33)), we set the pump and probe beams to a 4:1 fluence ratio with a ~ 6 uJ/cm? probe
fluence. The pump is set to circularly polarized light (04) with a linear polarizer (P1)
and a quarter wave plate (QWP) after passing through a chopper with a frequency of
70 Hz. For blocking the pump beam after the reflection on the sample we use the set of
lenses L1, L3, and L4 that help focus the beam in a different place between L3 and L4, on
its way back from the cryostat. The lens L1 also ensures a larger spot size for the pump
beam at the sample, due to a different focal point. The probe beam is linearly polarized
(P2) and its polarization is modulated by a photoelastic modulator (PEM) at a frequency
) = 50 kHz. The beam is detected on the way back from the sample by an amplified
photodetector (PD) after passing through a linear polarizer (A), set cross-polarized with

the probe for detecting the Kerr rotation signal.

The presence of the chopper in the pump path and the PEM in the probe path has
the purpose of improving the signal-to-noise ratio, also known as the double modulation
technique. The PEM is set with its fast axis at 45° to the axis of polarization of the
incident beam that makes the polarization of the probe oscillate between circularly and

linearly polarized with a frequency 2€). The difference in the modulation frequencies allows
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us to separate the signal coming from each beam. With this configuration, the reflected
signal is sent to one lock-in amplifier with the reference to the PEM oscillation frequency,
which helps clean the signal coming from the probe beam. The output of the filtered
signal is sent to a second lock-in amplifier that has its reference on the chopper frequency
and helps to improve the signal from the probe which is affected by the pump. Using
the Jones matrix formalism, it is possible to determine that the intensity of the signal at
the second harmonic of the PEM oscillation frequency is related to the Kerr rotation as
Iyg = 0 RJ5(p) cos(2Qt) [114}155], where 0 the Kerr rotation, R is the average reflected
intensity, J, the spherical Bessel function of the first kind and p = 3.041 is the retardation
given by the PEM to optimize the signal. Therefore, the first lock-in amplifier is set to

detect and amplify the second harmonic which is proportional to the Kerr rotation signal.

5.5.2 Photoluminescence at high magnetic fields
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Figure 34 — Photoluminescence spectra of 11, MoSe; at different magnetic fields for the
two polarization excitations. (b) Valley-Zeeman splitting for the trion peak,
calculated as the difference of the energies £,, — E; . (c) Degree of circular
polarization (Pc) of excitons and trions at different magnetic fields.

Photoluminescence measurements were performed with A\ = 690 nm laser diode
with a power of 100 uW at a temperature of 6 K. For controlling the polarization, we set
the fast axis of a quarter wave plate (QWP) aligned to the polarization of the excitation
light. When the emitted light from the sample, £, 6, + E_6_, with 6, the Jones matrix
associated to the circularly polarized light, passes again through the waveplate, the fast

axis is no longer aligned with the polarization of the light. The latter will decompose most
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of the signal of the circularly polarized states at +m/4 with respect to the axis of the
QWP. Therefore, by placing an analyzer (polarizer) at those angles, we can independently

measure the intensity |E,|* and |E_|%.

Figure 34h shows the photoluminescence spectra of our sample at different magnetic
fields B = 0, £5 T. Each spectrum was measured at the two polarizations, o, (red) and
_ (blue). The two characteristic peaks of MoSe, are observed: one coming from exciton
recombination (1.664 ¢V) and the other from the emission of trions (1.630 ¢V). For analyzing
the valley-Zeeman shifting we fitted the trion peak for both polarizations and plotted the
difference of the peak centers E,,-E,_ as a function of the magnetic field (Figure B4b).
We obtained a linear behavior with a slope of (—0.26 £ 0.01) meV /T, indicating a g-factor
of -4.5, which is in good agreement with previous reports in the literature [29}32,/156].
Figure 34 shows the degree of circular polarization of the exciton and trion peaks as a
function of the magnetic field calculated as the difference of the integrated intensity at the
two different polarizations P, = (I,, — I, )/(I,, + I,_).

5.5.3 Fast decay process in TRKR vs. Magnetic field

Figure [35] shows the fast decay times 71 and corresponding amplitudes A; obtained
from the biexponential decay fits of the Kerr rotation angles measured at different magnetic
fields.
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Figure 35 — Extracted fast decay times 7 and (b) amplitudes A; from the fits of TRKR
presented in the main manuscript.
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5.5.4 Spin dynamics: wavelength dependence
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Figure 36 — Kerr rotation polarization of our sample at different wavelengths studied with
an out-of-plane magnetic field B=45 T and at B = 0 T. Extracted lifetimes
are shown at each plot.

For keeping track of the wavelength dependence of the Kerr rotation with the
magnetic field, we also measured the TRKR at the two polarizations (o) for different
wavelengths at B =0T, B = £5 T. To reduce spurious effects and simplify the analysis,
we calculate the Kerr rotation polarization defined as (0 (04) — 0x(0-))/2. The results
are shown in Figure In all the cases, we observe that the stronger and long-lived signals
are associated with the wavelengths between A = 755 nm and 760 nm. Therefore, the
magnetic field does not induce clear changes in the KR signal close to exciton resonances

nor change (significantly) the resonance close to the trion energy peak.
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5.5.5 Rate equation Model -Different parameters

Figure shows all the different decay paths considered in our model. When a
magnetic field is applied, valley degeneracy breaking can affect the recombination and
scattering times of excited spins at each valley. To start exploring the effect of such
asymmetry, we first pursued the reproduction of our results at zero magnetic field, Figure
B7p. In Figure [37[(c-h) we present the TRKR calculated for different sets of parameters. As
for zero magnetic field valley degeneracy is still present, equal scattering and recombination

rates are considered for both valleys: 7, =7_ =7, 7, =7, =7,and 7., =7, =T.
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Figure 37 — (a) Representation of the valley-Zemman shifting and carrier transfer process of
the bands at the vallleys K1 under a positive magnetic field. (b) Experimental
result of TRKR in MoSe, at zero magnetic field for the two pump polarizations
oy at T = 6 K. (c-h) Simulation of the TRKR using the model presented in
the main text. The parameters for the calculation are presented in each figure.
When two sets of parameters are presented on the same figure, it indicates
that the same result is obtained for both cases.

With the obtained parameters at zero magnetic field (Figure ), we proceed
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to study the effect of the magnetic field introducing the assymetry in the decay times.
Figure |38 show the results of TRKR calculted with different parameters for reproducing

our experimental results at B =+ 5 T.

(b) 1 Te =2 DS (€)1 Te =2 ps
T = 25 ps 7 =514 =10 ps
of - - = - ————— ot -----—=-—=-—"=-=-=
-0.5 -0.5
01 B=+5T
Exp. 1 1
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Delay time (ps) Delay time (ps) Delay time (ps)
(@ o1 ©) 1 Te =2 ps (M) 1 Te_, =218
7. = 25 ps 8Tc+_—:18 ps:
— 0.5 7o, = 0.0017,_, =5 ps 0.5 T+ _Tuz—j n 5 g:
=) Ty_, = 5000 ps
< P ——
X
—_ 0, 5T -0.5 -0.5
-0.3)| — o-
Exp. » »
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Delay time (ps) Delay time (ps) Delay time (ps)

Figure 38 — (a) Experimental TRKR of MoSe; at B = 5 T. (b-c) Calculated TRKR for
modeling (a). (d) Experimental result at B = -5 T. (e-f) Simulated TRKR for
modeling the results shown in (d)
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5.5.6 TRKR vs. B - Different set of measurements
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Figure 39 — (a-b) TRKR decay times and (c-d) amplitudes extracted at a different point
of the sample, in a different cool down of the same sample, with a different
alignment with A\ = 755 nm, Fpump = 100 pJ/cm?, Fyrope = 10 pJ/em?, T =
6 K.

5.5.7 Further discussion on fitting the decay process

For fitting the spin dynamics in the main document we considered a simple approach
of two exponential decay, as it is within the scope of our paper. For the fits, we use the
data measured in two ranges with different acquisition parameters. One for short-time
scale analysis up to 20 ps, acquired at 0.1 ps/s, and a long one for the slow decay process
up to 1550 ps, with a velocity of acquisition of 3 ps/s. For each data set is possible to
accurately fit either the fast or the slow decay process. Nevertheless, fits for intermediate
decay times (tens of ps) can fail for some curves (see Figure [{0h). Here, we present an
alternative three-decay process fit (Ae ™™ + Aye ™™ + Aze /™) over the long-range
data set that helps to elucidate the dynamics of the intermediate process and its effect on

the results of the two-exponential decay.

Figure [f0p presents the fits of the TRKR when exciting with polarization o
at three different magnetic fields. In Figure we present the extracted lifetimes and
amplitudes of each decay process. We observe a consistent result for the fast and slow
decay processes when compared with the data presented with the two-exponential decay

case. For 7 we observed lifetimes of tens to a hundred picoseconds, which is consistent
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Figure 40 — (a) TRKR at different magnetic fields for a o excitation fitted with a bi-
exponential decay and (b) a three-exponential decay (black dashed line).
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Figure 41 — Fitting parameters extracted from a three exponential decay fit.

with the trion recombination lifetime reported in the literature [57,/60}[142,[143]. Also, for
the amplitude As, we observe a linear behavior with the magnetic field as observed for As.
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5.5.8 TRKR modeling - Full magnetic field dependent data set
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Figure 42 — Time-resolved Kerr rotation of the sample at different magnetic fields. The-
oretical results using the model discussed in the main text are presented at
the right side of the respective experimental measurement. Hole transfer and
radiative lifetimes are presented in Figure [43] electron transfer lifetime was
kept fix at 1.8 ps in all cases.
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5.5.9 TRKR - Effect of resident carriersat B =5 T
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Figure 44 — (a) Experimental result of TRKR at B = 5 T. (b) Modeling of our measure-
ments without considering resident carriers. (c¢) Result of an initial population
of resident carriers py contributing to the long-lived component. (d) Effect of
the magnetic field-induced anisotropy to the initial population pg, described
in our initial conditions by the coefficient a. We observe an asymmetry in the
maximum/minimum KR signal. The green arrows indicate the main effect of
the parameters to the dynamics.
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5.5.10 Time-Resolved Differential Reflectivity at B=0 T
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CHAPTER 0

General conclusions and outlook

In this thesis we discussed the effects of GaAs substrates on the charge dynamics
of TMD monolayers by using optical techniques such as photoluminescence and time-
resolved differential reflectivity. Furthermore, we study the changes in the spin dynamics
of monolayer MoSe, under high magnetic fields by measuring time resolved Kerr rotation.
Our findings in both cases are oriented towards the better understanding and control of
the excitations of these systems that provide valuable results for further research for a
connection with the applied outcome such as an optoelectronic device. Below, we present
some of our main findings and their possible extension for further understanding and

application of our results.

Effects of GaAs substrate

In chapters[3|and [ we study the effects of GaAs substrates on the intrinsic properties
of the studied monolayers. We were able to determine the band offset and charge dynamics
of the junctions MoSy/GaAs and WSey/GaAs. For the first case, our measurements were
consistent with a type-I band alignment that results in the injection of the photo-excited
excitons into the GaAs substrate. This configuration is of interest for increasing the range
of light absorption of the intrinsic spectrum of GaAs and is of particular interest in the
design of LEDs where electron-hole recombination is desired [157]. Nevertheless, we must
say that due to the small difference observed in the band alignment, in particular in the
conduction band offset, and the high sensitivity of the TMD monolayers, it is possible

to consider a tunable band alignment with a transition to a type-II configuration [83].
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The latter opens space to further studies on how to effectively control the desired band

alignment by doping the TMD monolayer [158].

For the case of the WSes/GaAs junction, we determined a type-II band alignment
that produces the dissociation of the optically generated excitons. After the dissociation,
the free electrons are transferred toward the substrate and the holes to the monolayer.
Our time-resolved measurements revealed that at low temperatures the carrier relaxation
times can reach up to 3.5 nanoseconds, becoming of interest for further manipulation and
design of optoelectronic devices. Nevertheless, our results at room temperature showed no
difference in the time decay between the studied junction and an isolated monolayer. This
could be associated to an important role of the thermal effects which reduce the time for

the recombination and scattering of the carriers.

Finally, we envision that our results on junctions of TMD with GaAs can lead to
the implementation of these junctions on optoelectronic devices but also in basic research

in the study of confined systems and polaritonics [159,160].

Effects of the magnetic field

Our results in chapter 5 showed how we can effectively control the spin population
in a TMD monolayer using optical excitation and a high magnetic field. We investigate
the spin imbalance in the spin imbalance generated on the sample at high magnetic fields
via time-resolved measurements. We were able to experimentally observe the dynamics
of the optically induced spin imbalance in the MoSe, monolayer, observing relaxation
times of up to 2 nanoseconds. Using a rate equation modeling, we propose an asymmetric
scattering of the carriers, resulting in a fast spin-flip (intervalley scattering) of holes as
the main source of the spin imbalance. Also, we point to the resident carriers of the
monolayer as playing an important role in this imbalance, a conclusion that is supported
by our measurements and theoretical modeling. We expect that our work can inspire
further studies such as the analysis of an electrostatic gating on the spin dynamics at high
magnetic fields. Also, it suggests the study of the spin dynamics on samples that combine
the TMD monolayers with layered ferromagnets that can modify the spin population of
the TMD semiconductor through magnetic exchange, in a nonvolatile manner. Additional
research, as the effect of magnetic doping, such as with vanadium, is of high interest for
the increase in the g-factor, reducing the need for high magnetic fields to induce large spin
imbalances [161}]162]. Overall, our work supports the vision of TMDs as materials with a

large potential for implementation in optospintronic nanodevices [22,(163),/164].
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