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Chapter 1

Introduction

In this thesis, | have studied the excitonic spin/valley physics of transition metal dichalcogenide monolayers (MLs)

through a polarization-resolved optical pumping technique.

Chapter 1 briefly introduces the general interest in current industrial semiconductor technology and research fields
of 2D materials. We will discuss details of 2D semiconducting transition metal dichalcogenides (TMDs) and

focus on their optical properties: chiral optical selection rules and excitonic behaviors.

Chapter 2 introduces our sample fabrication method (mechanical exfoliation) to obtain high optical quality hBN-
encapsulated TMDs and the experimental setup (polarization-resolved micro-PL microscope) with a closed
cycle He cryostat. The key features of our experimental setup allow us to study spin/valley polarization dy-
namics of 2D-TMDs by exploiting the chiral optical selection rules through the polarization resolving technique
(circular/linear). Also, our hyperspectral imaging makes it possible to study the excitonic transport of TMDs,

which can also be polarization-resolved.

Chapter 3 introduces the cryogenic temperature experiments on polarization-resolved micro-PL in hBN encapsu-
lated WS, monolayer. We successfully resolved the different excitonic species, which are narrow in PL due
to the hBN encapsulation, and demonstrated their spin/valley polarization. Especially, we resolved the trion
fine structure which consists on a doublet separated by AE(T;-T2) ~ 6 meV and observed ~ 80 % (~ 18 %)
degree of circular polarization for the T; (T2). We also have demonstrated that an optically induced dynamical
valley polarization of resident electrons can be established. We observed a strong spin-dependent PL inten-
sity for the T;, which exhibits a ratio R = 19/I™ = 1.9. To interpret these experimental observations, we have
proposed a simple bi-molecular model for the trion formation, which depends on the laser polarization due to

the dynamical polarization of resident electrons.

Chapter 4 introduces exciton physics under high excitation fluences in MoSe, monolayer at low temperatures.



We focused on the information that can be extracted under high-density laser irradiations. We revealed the
appearance of a halo for trions at high excitation powers and built a model to interpret the halo formation by

using the steady-state drift-diffusion equation which includes the Seebeck drift induced by a thermal gradient.

Chapter 5 introduces polarization-resolved micro-PL experiments in a MoS, charge tunable device. This device
allows us to change the doping level of the sample between n, p, and neutral regimes. In that way, one can
visualize and study both negatively and positively charged exciton species in one sample. We demonstrated
that the optically induced dynamical valley polarization of resident carriers (for both n- and p- types) is also

detectable in PL in Mo-based TMD MLs.

The main results obtained during my thesis work are summarized in the Chapter 6 - Conclusions and perspec-

tives along with the foreseen developments of this activity in the short and medium term.

1.1 General introduction

The importance of the semiconductor industry has been continuously increasing and widely affecting the broad
field of science and technology development since the first invention of the transistor [1]. Complex and massive
systems have been based on transistor developments which would not have been possible with the electron tube.
Computers, state-of-the-art integrated transistors, are an essential component for every activity of humanity from
our daily life to frontier technologies. Automatized systems for massive production, technology and objects which
require a higher precision are produced by increasing transistors density. Likely, this level of science and technology
dependence on machines will not decrease.

In 1952, Geoffrey W.A. Dummer proposed the first idea of the integrated circuit to print electronic components
on a semiconducting wafer. In 1958, this idea was realized by Jack. S. Kilby: he invented the first integrated circuit
made of 6 transistors. This integrated circuits (IC) innovation opened dramatic progress of computer development.
This progress made the new paradigm of the integrated circuit more solid, which has grown rapidly and still so.

As predicted by Gordon E. Moore, the performance of integrated circuits (IC) has doubled every two years
exponentially since the 1970s. As shown in Fig. the exponential growth still holds, but we must prepare to face
the end of the paradigm for several reasons.

So far, people have developed IC technology by reducing their size down to the nanometer limit. In about 50
years, the precision of the technology was reduced from tens of micrometer to a few nm scales. In 1972, INTEL
started an IC production with a 10 um process and now produces a computer CPU with a 10 nm process and
Advanced Micro Devices (AMD) with a 7 nm one. Foundry companies adapted 4 nm processes for mobile application
processors (APs) in 2022 and are testing 3 nm processes for massive production this year. We may expect that the

silicon industry and IC paradigm get close to a physical limit once we consider that the lattice constant of the



crystalline silicon is 2.35 A. For instance, one must have a facility of massive production to control 4 ~ 5 atoms or
below to produce with 1 nm of precision. Already, INTEL renounced the two-year development strategy to drive for
a three-year development cycle in 2016.

At these characteristic lengths, influences of physical phenomena on a microscopic scale such as quantum
physics become stronger. For instance, tunneling is a big parasitic problem when the scale of IC elements reaches
an atomic limit. Devices may malfunction because electrons can move through unwanted paths in the device by
tunneling. It also affects the developing cost and time for higher performance of devices. Although various efforts

are being made to overcome these limitations, we have to prepare for the end someday.

48 Years of Micropocessor Trend
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Figure 1.1: Number of transistors on one integrated circuit (IC) chip. [https://github.com/karlrupp/microprocessor-
trend-data]

Nowadays, a great desire to seek for novel materials and phenomena is ongoing to open the next paradigm.
Low-dimensional materials (2D, 1D, 0D) are spotlighted candidates, which exhibit novel phenomena in physics and
are not fully understood so far. Among them, two-dimensional materials linked by van der Waals forces have been
explosively studied since the discovery of the exfoliation method used for the isolation of graphene using scotch tape
in 2004. This method made it possible to conveniently obtain two-dimensional materials from bulk and to study their
characteristics. These two-dimensional materials are promising for valleytronics and twistronics [2]. Fundamental
study and understanding of these novel features are valuable in the scientific point of view. One may discover a

breakthrough to substitute the current facing limitation of IC paradigm.



In this thesis, several aspects regarding the excitonic spin/valley physics of 2D semiconducting transition metal

dichalcogenides (S-TMDs) has been studied by polarization-resolved micro-photoluminescence spectroscopy.

This chapter will start presenting a general introduction of 2D materials and semiconducting 2D transition metal

dichalcogenides along with their optical properties, which provide an important background for my work on 2D

S-TMDs.

1.2 2D materials

2D materials are promising for various applications due to their wide bandgap range and novel phenomena origi-

nating from their low dimensionality. In Fig.[T.2) 2D materials are ordered according to their bandgap. The diagram

starts with graphene which started the research of 2D materials due to its excellent electrical properties and unique

band structure configuration (the so-called Dirac cone) [3]. Many efforts have been made to open its bandgap for
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Figure 1.2: Table of 2D materials with depictions of a perspective view of their crystal structures [4].

energy storage devices, transistors, sensors, photonics, and optoelectronic applications [5, [6] [7, [8] [9]. More re-

cently, twistronics is a topic that is getting tremendous attention, and is based on the possibility of tuning quantum

materials by choosing the appropriate stacking angle between 2D layers. For example, artificial bilayer graphene,

made by stacking at a magic twist angle of two graphene layers, can behave as a superconductor [10]. Graphene



nanoribbons (GNR), a quasi-1D system that can be twisted, have been intensively studied. It can be fabricated by
lithography techniques, unzipping of carbon nanotubes, and atomic layer deposition [11]. BioO>Se and As,S3 have
been studied as topological insulators [12} 13} 114} 15} 116} [17] and for their thermoelectric properties [18, 19, [20].
Perovskites in a monolayer limit (ex, SrTiOs in Fig. have great potential and have been investigated in the solar
cell field due to their competitive optoelectronic and thermodynamic properties [21} 122, 23]. This diversity of 2D
materials, which includes as well ferromagnetic (Crl; and Fe.GeTes) [24), 25| 26, [27] and ferroelectric (ex, InoSes)
[28] materials, promises to open a new era in science and technology.

Importantly, transition metal dichalcogenides (TMD) monolayers can also be found in various bandgap energies
with a chemical formula of MX; (M is a transition metal, and X is a chalcogen atom, in Fig.[T.2). TMD monolayers
can be insulating, semiconducting, metallic, semimetallic, and superconducting based on the atomic combination
and structural phase. Among them, we have studied semiconducting TMD monolayers (M = Mo, W, and X = S, Se,
and Te) because of their exciton/valley physics [29]. We will review the basic properties of TMD monolayers in the

following section.

1.3 Transition metal dichalcogenides (TMDs)

1.3.1 Atomic structure

Transition metal dichalcogenides (TMDs) have a hexagonal crystal structure in 2D, and they are formed by weakly
coupled monolayers, each one consisting of three stacked X-M-X layers where M is transition metal, and X is
chalcogen. As shown in Fig. [1.3p-d, properties of TMDs depend on their structural phases.

The 2H hexagonal phase is displayed in Fig.[1.3p, it is one of the typical stable structural phases. Also, the 1T
octahedral phase (Fig.[1.3p) is a natural state for some TMDs and the intermediate/distorted phases (1T°, and 1T”in
Fig.[1.3c-d) are possible by phase engineering. TMDs may have different bandgap energy even for the same atomic
composition because of their phase difference [30].

Among these possible TMDs configurations, we have studied semiconducting TMD monolayers of the 2H phase
with direct bandgap families such as MoS,, MoSe,, MoTes, WS,, and WSe,. Each layer within the TMD has the
same hexagonal structure of graphene, but with two different atoms in an elementary cell. In the monolayer limit,
the mixed composition breaks the inversion symmetry, resulting in the opening of a bandgap. Interestingly, due to
quantum confinement effects, the bandgap changes from indirect to direct when it is thinned down to a monolayer.
This was first confirmed experimentally by photoluminescence spectroscopy of mono and few-layer MoS, in 2010
133].

Fig. shows the electronic band structure of MoS, with different numbers of layers calculated by density

functional theory. The red and blue lines indicate the conduction band and valence band, respectively. In bulk TMDs
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Figure 1.3: (a) atomic structure of a TMD monolayer (2H, hexagonal), where a transition metal is at the center,
indicated by the eastern blue color, and chalcogen atoms are on both sides indicated by the yellow color. Atomic
configurations of different TMD phases: (b) 1T, (c) 1T’, and (d) 1T” from the reference [31]. (e) a composition table
for various TMD monolayers with stable structural phases [32].

down to the bilayer, the valence band maxima (VBM) and the conduction band minima (CBM) are not located at
the same position in k-space (VBM is at I'-point while CBM is between K and I') due to the interlayer interaction
of p, orbitals between neighboring chalcogen planes. Instead, a monolayer of TMD has a direct bandgap at the
K-points, which are the corners of the hexagonal Brillouin zone. Because of inversion symmetry breaking and the
strong spin-orbit interaction induced by the heavy transition metal atoms, two non-equivalent and spin-polarized K

points (denoted K+ and K—, from now on also referred to as valleys) can be distinguished.

Especially, 2D Semiconducting TMDs (S-TMDs) have been investigated not only for fundamental electronic and
optical approaches but also for photonics and optoelectronics applications [35]. We employed photoluminescence
spectroscopy to focus on the properties brought by the strong light-matter interaction of 2D S-TMDs in the visible
and near-infrared range. The light absorption of TMD monolayers can reach 2 ~ 10 % at resonant energies [36], [37]
but it can be enhanced further by engineering the dielectric environment. Indeed, this light absorption efficiency can
be enhanced by cavity engineering up to 90 % for WS, ML [38], ~ 70 % for MoS2 ML, and ~ 75 % for WSe, ML

[39]. These numbers are striking in particular if we take into account their thickness (less than 1 nm).
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Figure 1.4: Calculated band structures of (a) bulk, (b) bilayer, and (c) monolayer MoS,. The solid arrows indicate
the lowest energy transitions. [34]

1.3.2 Strongly bound excitons in 2D

An exciton is a quasi-particle state formed by a bounded electron-hole pair which was first proposed as a concept
by Yakov Frenkel in 1931 [40]. The exciton has been classified into two types based on the dielectric condition of the
surrounding medium: Frenkel excitons are usually found in small dielectric constant, having large binding energies
and very small exciton radius. The Wannier-Mott excitons occur in materials with large dielectric constant such as
semiconductors [41]. This Wannier-Mott exciton in semiconductors shows a small exciton binding energy and very
large radius (compared to the lattice constant) due to the strong dielectric screening of the Coulomb interaction in
bulk. For example, GaAs has an exciton binding energy of ~ 4 meV [42]. A GaAs quantum well, a quasi-2D system,
shows a slightly increased exciton binding energy of about ~ 6 meV [43]. In any case, the absolute value of the
binding energy is small compared to room temperature. Moreover, depending on the quantum well thickness, they
can also show a 3D behavior since it is a quasi-2D system [44]. However, this exciton character can be completely
different in real two-dimensional semiconductors.

In 3D bulk, excitonic behavior is weakened because of the surrounding dielectric environment. The screening
of the Coulomb interaction results in a small exciton binding energy near the bandgap, as shown in Fig. [1.5p.
However, the screening of Coulomb interaction is reduced in a monolayer limit because of the surrounding dielectric
environment (which includes air or vacuum). A stable exciton can form with considerable binding energy below the

bandgap.

10
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Figure 1.5: (a) Real-space representation of electrons and holes bound into excitons for the three-dimensional bulk
and a two-dimensional monolayer. (b) Impact of the dimensionality on the optical absorption. The excited excitonic
states and Coulomb corrections for the continuum absorption have been omitted for clarity. [45]

A remarkable feature of TMD MLs is therefore the existence of Wannier-Mott excitons with unusually large
binding energies, due to the 2D quantum confinement and weak screening, as shown in Fig. [T.5a. This strong
excitonic characteristic with a considerable spin-orbit coupling of the valence band at K™ (K~) points makes S-TMD

MLs follow particular selection rules in optical transitions, which we will discuss in the next section.

The effective in-plane 2D interaction for charges can be modeled by the so-called Keldysh potential [46]:

7T62 T T

Ho(—) — Yo(

Vap(r) = ————
2p(r) (61 +¢€2)r0 To o

)] (1.1)

Where ¢; and e, are dielectric constants of the top and bottom of the monolayer, respectively, the screening length
ro = de(e; + 1) (the monolayer thickness d and isotropic dielectric constant <), and H, and Y; are the Struve
function and the Bessel function of the second kind, respectively. The interaction of the e-h pair strongly depends
on the surrounding dielectric environment. The vacuum (¢ = 1) is characteristic of an ideal environment of the 2D
system. Once monolayers are deposited on a substrate, we observe in addition a dielectric disorder which will be

discussed in section
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Figure 1.6: Schematic illustration of the optical absorption of an ideal 2D semiconductor, including the series of bright
exciton transitions. The inset shows the energy levels of the excited exciton states in analogy with the hydrogen
series, the so-called excitonic Rydberg series [47]. (b) Schematic representation of electron-hole pairs forming 1s
and 2s excitonic states in a nonuniform dielectric environment [45].

Since the exciton in the 2D semiconductor is tightly bounded by the strong Coulomb interaction, excited states
of the exciton, the so-called excitonic Rydberg series, may appear between the ground state of the bright exciton
and the free particle bandgap. These Rydberg series are observed in various experiments due to the strong light-
matter interaction, such as absorption [45], photoluminescence excitation [48], and magneto-photoluminescence
[49] studies. The excited states of the exciton can be calculated and predicted by solving Schrodinger’s equation
with the potential In 2D semiconductors, the effective dielectric constant needs to be treated as a variable
depending on the excited states of the exciton because the effective dielectric environment changes with the exciton
radius. The dielectric environment is strongly screened in the 2D layer while it is different through the surrounding
medium of the 2D layer. The Coulomb interaction of the e-h pair in the exciton is confined more in the 2D layer when
the exciton radius is small as shown in Fig.[1.6p. The effective dielectric constant needs to be taken into account to

predict the excitonic Rydberg series correctly in 2D.

1.3.3 The role of the spin-orbit interaction on the optical selection rules

In Fig.[1.7], angle-resolved photoemission spectroscopy (ARPES) data of a WS, monolayer shows the splitting of
the valence band at K points, of 425 meV, due to the dominant contribution of the spin-orbit coupling (SOC) by the
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Figure 1.7: (a) ARPES intensity map of WS2 monolayer [50]. (b) Conduction band structures of MoS2 and WS2
monolayer at the vicinity of K point from DFT calculations [51].

d-orbital of the heavy transition metal [50]. SOC of the valence band at K point is usually reported experimentally by
ARPES which yields ~ 470 meV for monolayer WSe; [52], ~ 140 meV for monolayer MoS2 [53], and ~ 180 meV
for monolayer MoSe; [54]. While the conduction band, in Fig. , is split by a smaller energy of SOC due to the

competition between two contributions from chalcogen atoms and coupling to other bands [55].

For optical transitions, this strong SOC in the valence band maximum makes it possible to discriminate the
photoinduced electron and hole generation from the valence subbands by selecting the excitation energy near the
bandgap. This discrimination of the split subband structures at K points forces the system to react only to the

selective polarization of the light for each K+ (K~) point.

The particular band structure of TMD monolayers causes interesting optical responses under polarized irradia-
tion, such as chiral optical selection rules. This means circularly polarized light will be absorbed and emitted from

the valleys with a valley-dependent helicity. The valleys in the electronic band structure in the vicinity of K+ and K-
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points are shown in Fig. and b for Mo and W-based TMDs, respectively. The conduction and valence band are
split by SOC and, importantly, the sign of the spin-orbit splitting in the conduction band depends strongly on the tran-
sition metal. Indeed, ab-initio calculations predict a different spin ordering of the bands for Mo-based and W-based
monolayers [56]. The splitting of the valence band, of a few hundred meV, is such that we can ignore transitions
involving the lowest valence band for light energies close to the optical bandgap. The splitting of the conduction

band is predicted to be of a few tens meV at most.

Figure 1.8: Schematic diagrams in a single-particle picture representing the lowest-energy optical transition of single
layer (a) MoX, and (b) WXs in the vicinity of the K points. The arrows represent the electron spin along the axis
perpendicular to the monolayer. o™ and o~ represent the helicity of the circularly polarized photon involved in each
vertical transition.

Although MoXs; and WX, both belong to the semiconducting TMD group in the monolayer limit, the electronic
band structure and in particular the optical properties in the vicinity of the K points are not identical due to the in-
fluence of the transition metal on the sign of the spin-orbit splitting of the conduction band. Since optical transitions
conserve the electron spin, the most energetically stable exciton in WX, is “optically dark”, whereas in MoX; is “opti-
cally bright”. This separation between “bright” and “dark” materials depending on the transition metal was thought to
be initially confirmed by looking at the behavior of the photoluminescence intensity as a function of temperature [57].
In reality, the PL yield depends on many other factors and not only on the conduction band ordering. More recently,
however, the “dark” and “bright” ordering of the excitons have been confirmed for WSe, and MoSe, monolayers,
respectively. [58} 59, [60]. Note that due to the relatively large exciton radius of a few nm, the exciton wavefunction
does not spread too far from the K points in the reciprocal space. The chiral optical selection rules are therefore

valid also for excitons.
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1.3.4 Valley polarization and coherence

Generally speaking, the exciton valley (and spin) polarization is defined as (n, —n_)/n, where n.. is the number of
excitons in the K* valley and n is the total number of excitons. PL spectra under circularly polarized light excitation
and the degree of circular polarization on a non-encapsulated MoS; ML at T = 83 K from Ref. [61] are shown in Fig.
[1.9k. The black curve indicates the degree of circular polarization. The red and blue curves indicate co-circular and
counter-circular detections under circularly polarized excitation, respectively. A large degree of valley polarization of
excitons under circularly polarized continuous wave excitation has been reported in several TMD MLs [61} |62] at

cryogenic temperatures, demonstrating the optical initialization and optical reading of the valley index.
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Figure 1.9: (a) Circularly polarized micro-PL of monolayer MoS, at 83 K, along with the degree of circular polariza-
tion of the PL. The red and blue curves correspond to the intensities of o™ and o~ polarizations, respectively, in the
luminescence spectrum. The black curve is the net degree of polarization [61]. (b) Polarization-resolved photolumi-
nescence spectra of WSe, at selected gate voltages for horizontally (H, black curve) and vertically (V, red curve)
polarized detection. Incident laser is horizontally polarized [62].

Furthermore, the so-called exciton valley coherence has been observed under linear (7) excitations [62,163]. Lin-
ear light can be decomposed into a coherent superposition of circularly polarized photons, and the optical transition
in a single valley is only possible by absorption of circularly polarized photons. Thus, linear irradiation generates a
coherent superposition of excitons in the KT and K~ valley. Due to a very short exciton lifetime at low temperatures
(on the order of a few ps) comparable to the valley decoherence time, the excitons recombine while partially pre-
serving their coherent superposition. The PL is thus linearly polarized. The lifetime of this phenomenon is limited by
the exciton lifetime and can be shortened by additional dephasing in the system. Thus, we can observe linear po-
larization of the PL under linear excitation, and the degree of linear polarization is an indication of the ratio between
the exciton lifetime and the valley decoherence lifetime.

Fig. shows PL spectra of WSe, ML on silicon substrate at T 30 K under linear laser exciton at different

doping regimes [62]. Black curves and red curves indicate co-linear and cross-linear PL detection, respectively.
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Note that one can observe negatively charged trions (X~ and X~') or positively charged trion (X*) for n-type or
p-type configuration of resident carriers through changing of the applying gate voltage sign. Here in graphs, the
negative gate voltage is p-type so that the X is detected and the positive gate voltage corresponds to n-type and
so X~ and X~ are detected in PL.

All the other excitonic states (X—, X', and XT) does not exhibit linear polarization. In contrast, the exciton (X°)

exhibits a noticeable degree of linear polarization due to the valley coherence.

1.4 Fabrication and synthesis

Fabrication and synthesis of 2D TMDs and their heterostructures are a common interest for fundamental research
and applications. They are produced by two different strategies. The bottom-up approach is scaling up from atomic
size. The top-down method is thinning down the layered materials to a 2D limit by mechanical and chemical exfolia-
tion methods. Developing large-area fabrication and synthesis of 2D materials and heterostructures while ensuring
their high-quality atomic structure is one of the main issues. Even though new materials can exhibit excellent prop-
erties, many are not adapted to the industry due to limitations of scalable synthesis and control.

The bottom-up approach has an advantage for the scalable growth of 2D TMDs that can be grown up to wafer-
scale depending on the growth conditions and substrate size. However, obtaining high-quality samples and building
heterostructures is challenging, and many efforts are currently being made to improve the quality of synthesized
2D TMDs. For 2D heterostructures, the different forming temperatures of 2D materials and lattice constants are the
main issues to solve. The top-down method, such as mechanical and chemical exfoliation, is used to obtain high-
quality 2D materials from bulk. Any heterostructructure can be made by stacking van der Waals layers without being
limited from lattice mismatch and growth temperature issues. Note that 2D materials interact with van der Waals
force, which can be expected to induce small modification in the layer properties coming from the lattice mismatch.
However, It still has to be considered to grow high-quality heterostructures.

This section briefly overviews various fabrication and synthesis methods with the mechanical exfoliation dis-

cussed in the last part, which is the method we use for fabrication of our samples.

1.4.1 Bottom-up approach: Large-area synthesis

Chemical vapor deposition (CVD) is a widely used technique: chemical reaction produces final solid compounds,
different chemical composition starting from the vapor phase source. Since this CVD process contains a wide range
of concepts, it can be divided into various techniques depending on the key component used for the syntheses:
atmospheric pressure CVD (APCVD), low pressure CVD (LPCVD), plasma enhanced CVD (PECVD), metal-organic
CVD (MOCVD), and atomic layer deposition (ALD). Here, we look up a few powerful methods for synthesizing
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2D S-TMD starting from CVD, but not all CVD-based methods are adopted for their synthesis. Generally, S-TMD

monolayers are synthesized in the CVD reactor by the following reaction (e.g. WSes and two-steps reaction for

MoS.) [64],
WOs + 3Se + Hy—W Ses + HyO + SeOsq (12)
2MoOs + xS—MoOs_, + £S04 (1 3)
2MoO3_, + (7T — x)S—xMoSs + (3 — )S0- (1.4)

Other 2D S-TMDs (WS., MoSe,, and MoTe;) can be synthesized by taking different combinations of transition
metal trioxide and chalcogen powder [65} 66 [67]. For instance, a schematic of the CVD chamber for synthesizing
MoSe, monolayers is shown in Fig.[1.70p. First, one installs a SiO,/Si or sapphire substrate with transition metal
trioxide powder and chalcogen pellets in the CVD furnace. Then, the furnace atmosphere is replaced by Ar/H, with
low pressure by operating a vacuum pump. MX, monolayers are synthesized by elevating the temperature of the
furnace. Thus, the synthesis depends on the temperature and its elevating process for the substrate, the pressure of
Ar/H,, and the substrate. Achieving scalable growth of the monolayers is rather difficult due to their random formation
as shown in Fig. [T.10b. Nevertheless, a wafer-scale growth is possible by controlling the parameters as shown in
Fig. [1.10d. Also, many efforts have been made to understand the growth mechanism to obtain single crystalline
2D, large-area growth [68], and their heterostructures. Discriminating growth of heterostructures by in-plane and
vertical direction is also possible, as shown in Fig. [1.70k. The construction of heterostructure superlattices (Fig.
[1.10p) is also reported by MOCVD, introduced by pyrolysis reaction of organic transition metal compounds in the
CVD branch.

Various CVD methods have been used for wafer-scale growth. For instance, the two-step CVD technique is
commonly employed for a wafer-scale growth of 2D TMDs. First, MO; layers are evaporated on the substrate and
monolayers are grown through CVD process with chalcogens [72, [73]. This two-step CVD ensures a continuous
deposition of the 2D film. Direct deposition on MoO, microcrystals is also an efficient method to grow and transfer
continuous film [74]. Epitaxial Growth on Au(111) surface can be an adaptable technique for scalable growth [75] [76].
Atomic layer deposition (ALD) is a worthwhile method to think about for area-selective deposition [77]. Pulsed laser

deposition (PLD) is useful for building large area heterostructures with different chalcogen compounds [78].

1.4.2 Top-down approach: practical methods for vertical heterostructures

Chemical exfoliation and mechanical exfoliation are the two most common examples of the top-down approach. The
main advantage of the top-down approach is that it can produce good quality monolayers from highly crystalline bulk

TMDs. Moreover, 2D heterostructures are easily made by stacking layers without considering their lattice mismatch,
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Figure 1.10: (a) a schematic of the CVD chamber to synthesize MoSe, monolayer. (b) an optical image of monolayer
triangles. (c) a schematic of the general CVD process in 2D TMDs. (d) an optical image of MoS,; monolayers on
2-inches sapphire substrates by CVD. (e) a SEM image of monolayer WS,/WSe; superlattices by MOCVD. Images
were taken from (a)-(b) [66], (c) [69], (d) [70], and (e) [71]

growth & decomposition temperature difference, and twisted angle, which are the general issues of the bottom-up
method.

General concepts of the chemical exfoliation are represented in Fig.[T.71] For instance, ion interaction can be a
key to separate TMD layers by chemical interaction. It can be declined in various types depending on the interaction
between molecules or ions by non-covalent bonding with solvent [79]. lon exchange is another concept adapted to
thin down in chemical way for layered materials with exchangeable interlayer of cationic counterions structures such
as metal oxides [80]. Especially, sonication-assisted exfoliation has widely been adapted for TMDs [81], [82], and
graphene because pressure fluctuations in the solvent by ultrasonication efficiently separate Van der Waals layers
[83]. The kinetic energy supply of ultrasound initiates the exfoliation, making the roles of solvents less critical as a
trigger. However, a proper selection of solvents and sonication can improve the qualities of exfoliated monolayers
by considering the interactions between the layered materials and the solvents, which requires well-understood
chemistry knowledge in solvents [84].

Mechanical exfoliation is a physical approach to separate stacks of 2D layers by breaking the weak attraction
force between van der Waals layers. Since the exfoliation of graphene by scotch tapes in 2004, this method has
become well known and is commonly used for graphene and other layered materials (e.g., TMDs) for fundamental
studies, device applications, and for building heterostructures [85]. This technique has the following advantages:
1) Operators can produce 2D materials from highly crystalline bulk without profound knowledge of growing tech-

niques (top-down approach) or chemistry (chemical exfoliation) as introduced previously. 2) The main equipment
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Figure 1.11: Schematic description of the main liquid exfoliation mechanisms (a) ion intercalation. (b) ion exchange
(c) sonication assisted exfoliation. [80]

of mechanical exfoliation is a combined system for an optical microscope and a stamping stage, as shown in Fig.
[T-12. Monolayers can be oriented and manipulated deterministically on the substrate, which is allowed by adopt-
ing viscoelastic polymers such as polydimethylsiloxane (PDMS) [86]. 2D flakes can be transferred deterministically
by balancing the attraction force between the substrate and 2D flakes with the adhesive force. This viscoelasticity
makes it possible to transfer (or pick up) by peeling off the PDMS slowly (or quickly), as shown in Fig.[1.12b. Thermal

heating may assist this process. The details of mechanical exfoliation will be discussed in chapter 2.
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Figure 1.12: Deterministic transfer setup and process. (a) schematic diagram of the experimental setup. (b) diagram
of the steps for the viscoelastic stamp and the deterministic transfer. [86]

However, this exfoliation method has the disadvantage of getting 2D flakes of relatively small size. In general,
graphene can be exfoliated into flakes of hundreds of micrometers of lateral size, whereas this size is only a few
ten micrometers for TMDs. This limitation requires um scale resolution of the setup to perform experiments on

2D samples fabricated by mechanical exfoliation. Many efforts have been made to obtain large monolayers by
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improving the exfoliation method, such as gold-assisted exfoliation [87, [88]. These reports have demonstrated that
TMD monolayers of mm scale can be obtained by exploiting the strong affinity between Au and sulfur on atomically
flat Au substrate. However, a special etchant, which do not melt monolayers but only gold, is required to transfer
exfoliated monolayers from the gold substrate due to the strong adhesion.

Mechanical exfoliation is also powerful to fabricate vertical heterostructures and superlattices (e.g., Moiré) by

staking 2D layers vertically and with different atomic orientations [89] (90, 91].

1.5 Suppression of dielectric disorder by hBN encapsulation

There are many imperfection factors that degrade the optical quality of monolayers. A good quality is important
to study spin/valley physics. As shown in Fig. [1.13p, intrinsic disorder may occur due to different kind of defects:
Vacancy is an absence of an atom in the lattice. An anti-site is a replacement of atoms by the pair atomic element
of the material. Substitution is an exchange of atoms by a different group in the periodic table that induces doping
on the system, whether positive or negative. Discontinuity of 2D material’s edges also may induce disorder. Poor
crystallinity and grain boundaries contribute to disorder. Extrinsic disorder can arise when monolayers lie on a rough
substrate such as silicon, for example strain may be produced due to the van der Waals interaction between layers
but also due to the roughness of the substrate. A tensile strain induces a redshift of the exciton PL emission, and a

compressive strain introduces a blueshift of the exciton spectrum [92]. Also, as shown in Fig.|1.13p, the monolayer
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Figure 1.13: Typical disorder. (a) vacancy, anti-site, substitution, edges termination, grain boundary, and strain [93].
(b) Schematic illustration of the electron-electron and electron-hole interaction affected by environmental screening
fluctuations due to the substrate roughness, impurities, and adsorbates [94].

is in an inhomogeneous dielectric environment due to contamination when it is deposited on the substrate. All these
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factors degrade the optical and electronic properties of the materials. Moreover, photoinduced doping may appear in
optical experiments [95]. This increase of the dielectric disorder leads to increased energy fluctuations of excitonic
states and causes an important inhomogeneous broadening of the transitions [94].

As shown in Fig.[1.14p, hexagonal Boron Nitride (hBN, 2D insulator) encapsulation provides an atomically flat
surface contact with 2D S-TMDs since both are van der Waals layered materials. It strongly suppresses dielectric
disorders by the surrounding environment, especially from the substrate. Thus, the substrate becomes irrelevant to
the hBN encapsulated monolayer. In the PL experiment of Fig. [T-14b, one can resolve excitonic complexes with a
narrow linewidth close to the homogeneous limit by isolating the monolayers from the substrate at low temperatures.
Also, STM topography and charge density maps of graphene proved that the hBN layer ensures more homogeneous

conditions, which cannot be obtained on SiO,/Si substrates [93].
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Figure 1.14: (a) a schematic of hBN encapsulated MoS2 monolayer. (b) photoluminescence spectra of S-TMD
monolayers (top) on SiO2/Si substrate (bottom) encapsulated by hBN at T= 4 K. [96]

However, there might be still non-negligible substrate effects on monolayers even after hBN encapsulation. Y.
Zhou et al. [97] have reported that the homogeneity of PL spectra is higher for suspended hBN encapsulated MoSe,
monolayer. They have obtained PL spectra in the suspended area which give a narrow linewidth of ~ 1.5 meV and
very small energy fluctuations across this region. These results show how more work is still necessary to reduce
disorder and approach ideal conditions, but also how external screening engineering can be an extremely sensitive

tool for a fine control of 2D materials properties.

1.6 Conclusions

We briefly went through the overview of various 2D materials that have been studied recently such as graphene (a

zero-gap material), 2D perovskites, 2D ferromagnetic materials, topological insulators, and TMDs. Especially, TMDs
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can be insulating, semiconducting (S-TMD), metallic, semi-metallic, and superconducting. Among them, S-TMDs
(e.g., MoS,, MoSe,, MoTe,, WS,, WSe,) are attractive due to their indirect-direct bandgap transition in the atomic
layer limit. In the monolayer limit, semiconducting TMDs show extraordinary features close to the bandgap in the
so-called K valleys. The conduction band minima (CBM) and the valence band maxima (VBM) occur at the K+
and K~ corners of the Brillouin zone. Strong light-matter interaction with excitonic formation (with a binding energy
of ~ hundreds of meV) arises at the valleys due to the weakening of dielectric screening, heavy electron/hole
effective mass (m* ~ 0.5m., where m, is the free electron mass), and 2D quantum confinements. These new
physics brought by the spin-polarized valleys has been intensively studied for valleytronics and spintronics fields.
These exciton/valley physics is still under heavy investigation.

We employed an optical method to study fundamental exciton/valley physics in 2D S-TMDs. Before discussing
our experimental results, the following chapter (chapter 2) will introduce the experimental methods to prepare and

characterize 2D samples and the main optical setup based on polarization-resolved photoluminescence microscopy.
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Chapter 2

Sample preparation & experimental

methods

In the previous chapter, we explored the basic background of 2D S-TMDs from their properties to fabrication
and synthesis methods. Importantly, we discussed that the chiral optical selection rules are valid for transitions
at the bandgap energy. We employed polarization-resolved micro-photoluminescence spectroscopy developed by
our group to study 2D S-TMDs, which exploits the optical valley selection rules.

This chapter will introduce the main experimental methods used in this work. First, the mechanical exfoliation
setup to fabricate TMD monolayers and devices. This method permits to obtain high-quality 2D samples with com-
patible lateral size with our photoluminescence microscope. After fabrication of 2D samples with the mechanical
exfoliation, we also have performed room temperature PL, Raman, and we use atomic force microscopy (AFM) to
characterize our samples before the main experiment at cryogenic temperature. Secondly, the polarization-resolved
micro-photoluminescence spectroscopy to investigate their optical properties at low temperatures. The details of the

experimental setup and analyzing techniques will be introduced in the last part of this chapter.

2.1 Mechanical exfoliation

We employed mechanical exfoliation, also known as the scotch tape method, to fabricate 2D TMDs and their devices.
Since van der Waals forces link TMD layers, we can efficiently thin them down with scotch tape because the adhesive
strength between layers is weaker than the stickiness of the tape. This method yields TMD monolayers of typically
tens of um of lateral size, which are large enough for uPL experiments whose resolution is given by the sub-um
size of the laser spot. The scotch tape method has several advantages: we can obtain high-quality monolayer

samples with a much simpler method compared to the bottom-up approach. Indeed, mechanical exfoliation requires
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relatively simple equipment: a standard optical microscope, a transfer stage, bulk materials to thin down, and tapes.
In contrast, synthesizing 2D materials by chemical methods requires many efforts to optimize the experimental
parameters of the growth [98]. Hence, one can fabricate any heterostructure or device with different layered materials
by simply stacking them together. The same result would be difficult to achieve by direct growth due to the different
growing conditions. For example, growing high-quality vertical heterostructures may have difficulties due to lattice
mismatch. Growing temperature is also an important factor since the temperature of the second layer must be lower
than the melting temperature of the first layer. Also, a proper substrate for growing must be selected. Moreover,
we can efficiently obtain hBN encapsulation which improves the optical response of TMD monolayers obtained
with mechanical exfoliation. Therefore, mechanical exfoliation is widely used for many studies due to its flexibility,
simplicity, and the resulting high optical quality of the samples [99, [103]. Thus, we have successfully
prepared samples for the thesis with this method. The process of mechanical exfoliation done in our lab will be

introduced below.

2.1.1 Process

Microscope
glass

.
e R

i

| Tweezers |
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Figure 2.1: Required equipment for mechanical exfoliation. (Image was especially taken from outside of the glovebox
for demonstration)

Fig. shows the materials and tools required to exfoliate layered materials: SiO, (90 nm)/Si wafer (previously
cleaved), with pre-patterned metal contacts in the case of contacted devices, bulk TMD (from commercial sources
such as 2D semiconductors or HQgraphene), blue scotch tape (Nito, Rubans de Normandie), polydimethylsiloxane
(PDMS, Gelpack 4), tweezers (round tip, sharp tip), scissors (standard, surgery), a knife (surgery), a microscope

glass.
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Step 1. Exfoliation with the scotch tape

Ol

Figure 2.2: Steps to prepare the scotch tape (a-c) and a small flake of TMD (e-f) for the exfoliation. (Images were
especially taken from outside of the glovebox for demonstration)

First, we prepare a scotch tape for thinning down TMDs. As shown in Fig. [2.2p-c, we fold both edges of the
scotch tape to grab and handle the scotch tape for manipulation. We take a small flake (a lateral size of ~ 1 mm) of
TMD to put on the scotch tape as shown in Fig. [2.20-f. Note that a tiny flake is sufficient for the exfoliation because
it is thinned down and spreads out on the scotch tape. We use two tweezers to take off the flake with one tweezer
while grabbing the bigger piece of TMD with the other.

Then, as shown in Fig.[2:3a, we put the TMD flake on the center of the scotch tape. We fold and unfold it many
times at different angles, as shown in Fig. [2.3p-e, to separate layers through the adhesive force of the scotch tape.
Like this, we detach layers from bulk by placing flakes onto an empty area of the scotch tape.

Now, we put a small PDMS piece onto the microscope slide’s edge, as shown in Fig. [2:4a. One may uninten-
tionally create bubbles between the PDMS piece and the microscope glass, as shown in Fig. [2.4p. To correct this,
we pick up one edge of the PDMS piece while keeping the other edge attached. Then, we release it slowly, with the
round-tip tweezer to avoid possible scratches, to eliminate the interlayer bubbles through the process in Fig. [2.4k-d.
This technique removes bubbles, as shown in Fig.[2.4e. Dust may interfere during the whole process in an unclean
environment because the demonstration happened in a dust-rich condition. One can observe small dust on the
surface of the microscope glass in Fig.[2.4k-e. They cannot be efficiently removed once they are produced because

one may produce scratches on the PDMS piece to remove them. As with bubbles and dust, these scratches reduce
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Figure 2.3: Process to thin down layers with the scotch tape (a-f). repeat (b-e) by taking different folding angles to
get thinned flakes (f). (Images were especially taken from outside of the glovebox for demonstration)

the active area of the PDMS piece for the transferring of monolayers. Dust and scratches physically interrupt the
optical microscopy to visualize TMD flakes through the PDMS piece. Bubbles will make the transfer of monolayers
difficult because they introduce displacement of TMD flakes during the stamping process if they are on the location
of the bubbles. The stamping introduces a pressing force between the substrate and the microscope glass which
moves the bubbles. Considering our typical size of TMD monolayers (um scale), this movement is a critical factor in
fabricating the device. Additionally, in this step, we may have two choices: either having small (A) or big (B) PDMS
pieces (see Fig. [2.4f). While it may seem efficient to choose (B) to increase the chance of finding monolayers, this
is not always the case. We will discuss the details later in Step 3. transfer and stamping part.

As shown in Fig.[2.5p, we attach the adhesive side of the tape onto the PDMS piece and rub it lightly to produce
good contact between them. (Fig. 2.5pb) Then, we remove the tape quickly to leave thinned flakes onto the PDMS
that stay favorably on the PDMS piece due to its viscoelastic property [86]. After this step, one can start looking for

monolayers and transfer them into the substrate using the optical microscope/transfer stage.

Step 2. Finding monolayers

We use an optical microscope to find monolayers on PDMS and transfer them to desired positions on the substrate.
We can distinguish mono, bi, and few layers of TMDs by the difference of transparency, brightness, and chroma

under an optical microscope with a white light source. The contrast between layers of different thicknesses can
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during c-d

Figure 2.4: (a) A small piece of PDMS is cut and placed onto the edge of the microscope glass. (b) Sometimes
bubbles and dust can be trapped between the glass and the polymer stamp. (c-d) Procedure to remove the bubbles.
(e) The goal is to achieve a clean interface between the PDMS and the glass. Here, we see dust that was not there
before due to the unclean condition for the demonstration. (f) two possible choices for the PDMS size. (Images were

especially taken from outside of the glovebox for demonstration)

Figure 2.5: (a) The sticky side of the scotch tape is put on the PDMS piece. (b) TMD flakes stay preferentially on the
PDMS piece. (Images were especially taken from outside of the glovebox for demonstration)

be enhanced if TMD layers lie on a SiO./Si substrate with a SiO, thickness of 90 or 270 nm due to interference
effects [104] [105]. However, we do not expect this effect when the flakes lie on PDMS. So, we use PL and Raman

spectroscopy to verify that it has the desired thickness before stamping.
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The stamping microscope stage consists of a standard optical microscope and transfer stages (one rotation and

two xyz-translations) parts as shown in Fig.[2.6a-b. The microscope part is fixed on an optical table and isolated from
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stage

Microscope stage

Figure 2.6: (a-b) optical images of the stamping microscope setup inside a glovebox (c-d) schematics of the setup
with difference side views indicated by the Cartesian coordinates.

the transfer stage. We use either a x10 objective (Olympus, Plan N, N A = 0.25) to stamp flakes or a x20 (Olympus,
LD Epiplan, NA = 0.4) to find monolayers by their contrast difference. The x10 is preferred for the stamping due to
the large depth of field (+ 3 um ~ 5 um for visible range 400 nm ~ 700 nm), which permits to see the substrate and
flakes on the glass/PDMS at the same time when the flakes approach the substrate. It is essential to see both for
stacking many layers in the same place, especially for the fabrication of contacted devices. The following equation

estimates the depth of field.

AV/n?2 — NA?

Depth of field = + -
2N A

(2.1)

where NA: numerical aperture, \: wavelength of light and n: refractive index. The x20 objective has a small field
of depth value (+ 1 um ~ 2 um for visible range 400 nm ~ 700 nm), so it is not ideal for stamping. However, it has
the advantage of providing a larger magnification, which is useful to examine small flakes carefully.

The transfer stage (xyz translation) is placed on the side of the microscope stage independently . The translation
below the objective holds the substrate with a rotational and xyz-translation for effective positioning. The substrate
is fixed on the stage by the blue scotch tape which is glued to the stage through double sided tapes. We mount the
microscope glass on the second stage with clips, where papers underneath the glass introduce a slight inclination.
This slope is essential to avoid complete contact between the substrate and the surface of the PDMS when stamping.
In that case, the substrate sticks to the PDMS entirely due to the large surface contact. Therefore, it will be removed
together with the PDMS from its stage when the PDMS is picked up. Thus, the slight slope of the microscope glass

is needed to touch only a particular area on the substrate. Once we find the flake to transfer, for instance, a TMD
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monolayer, it can be verified by the optical contrast under white light illumination or by characterization in PL, Raman,

and AFM.

Step 3. Transfer

E m [A] or [B]. It doesn’t matterﬂ [B] may have some problems.
— — oKl = No!

== QOKI @ No!
== OK! = OKI!

B Noar edge

of the center

m CCD
BN Microscope glass
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. s 2D flake
Transfer BN Substrate
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Figure 2.7: Issues of difference sizes of PDMS on microscope glass. (a) the two possible configurations for taking
different size of PDMS. [A]: using a small size of PDMS and [B]: using a relatively large size of PDMS. (b) Possible
situations to transfer flakes to the edge of the substrate for [A] and [A] cases. (c) Possible situations to transfer
flakes to the center of the substrate. The [B] case may have an issue since the edge of the substrate and PDMS
may touch first so that a displacement may appear from the top view as shown in schematic (d). (e) A possible
solution is that the flake to transfer on PDMS can be moved by cutting the PDMS and repositioning it.
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We can think of two typical cases when fabricating heterostructures, where the flakes are located either on an
edge or at the center of the substrate, as represented in Fig. [2.7p-c. One must choose a suitable size of PDMS
such as [A] (a small size) and [B] (a big size) accordingly. Using a considerable size of PDMS increases the
chances of finding good flakes, but it has a drawback due to the size. Generally, we fabricate monolayers with hBN
encapsulation on the edge of the substrate because it is easy to find the substrate’s corners. Moreover, we can
avoid the main problems of the exfoliation process which are due to the interaction between the PDMS and the
substrate. For example, as shown in Fig. 2.7p, we are free from any conflict If one locates the flake to the edge of
the substrate.

On the other hand, as shown in Fig. one may have an issue if we wish to fabricate samples at the center of
the substrate (as is the case of our patterned substrate for devices). Suppose we lower the transfer stage to touch
the flake and the substrate. In that case, the outer corner of the substrate and the PDMS will touch first. The contact
area will be large when the flake is located at the center of the PDMS or the inner side of the microscope glass.
The PDMS may be detached from the microscope glass and stick on the substrate when we bring it upwards due
to the large contact area. Plus, we created an angle of the microscope glass for the stamping. It produces more
considerable displacement if we have a large distance between the flake and the first contact plane. This situation
happens because we locate the position based on a projection view of the optical microscope before the transfer.
The distance from the center to the edge is 5 mm in our patterned substrates. Considering we created about 1 ~
2 degree slope, we end up with about 0.7 ~ 3 um displacement. One may re-position the PDMS with the surgery
knife and tweezers, but it brings a risk of losing the flake. This side effect is critical for fabricating devices because
we have a limited area to stack layers and need delicate handling of the transfer for graphite electrodes on TMD
monolayers [106]. So, choosing the [A] kind of PDMS stamp is more suitable to fabricate heterostructures at the
center of the substrate.

A stamping procedure will be introduced to fabricate a heterostructure. In this example, we fabricated an encap-
sulated TMD monolayer of top-hBN/WS, monolayer/bottom-hBN studied in Chapter 3.

Transferring the bottom-hBN is the first step for fabricating an encapsulated TMD monolayer. Images in Fig.
show how the PDMS is brought into contact with the substrate to transfer the bottom hBN, which is the pink flake at
the center of the image. We see the lighter region in the image of Fig. where PDMS and the substrate are in
physical contact. We also see a different area on the left where the PDMS and substrate are not touching. Now, we
slowly move the microscope glass up to bring the PDMS to remove it from the substrate leaving the hBN behind the
substrate, as shown in Fig. [2.8p-c. The hBN will remain on the substrate due to the viscoelastic properties of the
polymer.

The second step is to stack a monolayer TMD, as the monolayer WS, shown in the yellow circle of the image Fig.
[2.9R, on top of the hBN. We must align both positions, the WS, monolayer/PDMS and the bottom-hBN/substrate,
by changing the focal plane from the PDMS to the substrate as shown in Fig.[2.9a-b. We bring the microscope glass
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Figure 2.8: Optical microscope images of stamping process for the bottom-hBN taken with the x10 objective.
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Figure 2.9: Optical microscope images of the stamping process for the TMD monolayer taken with the x10 objective.

down to stamp it, as shown in Fig. [2.9k-e. Then, we slowly move the microscope glass up once the monolayer and

the hBN are in physical contact, as shown in Fig. [2.9-i. We observe that the flakes on the polymer disappeared
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except for the WS, which stayed on the bottom hBN. The monolayer WS, was transferred to the desired position.

Figure 2.10: Optical microscope images of stamping process for the top-hBN taken with the x10 objective.

Fig. [2:10] shows the final step to cap the monolayer with a top-hBN. We approach the polymer after locating a
thin top-hBN on the monolayer, as shown in Fig.[2.70g-b, and bring it up slowly, followed by the step in Fig.[2.70p-d.
The thin hBN lies on the monolayer for the top-encapsulation layer, as shown in Fig.[2.70.

In this way, we have fabricated the TMD heterostructures, as well as the contacted device studied in this thesis.
The following subsection will introduce the characterization methods used after fabricating the encapsulated TMD

monolayers.

2.1.2 Characterization of TMD monolayers

After the fabrication, we perform quick characterizations based on PL & Raman spectroscopy (HORIBA, LabRAM
HR Evolution) at room temperature as well as AFM (tapping mode, Agilent (AFM, KPFM)/Scientec (Resiscope),
PicoScan 3000). This process provides us quantitative information about the quality of the monolayer, morphology,
and homogeneity. Here, the detailed information of the WS, monolayer fabricated in the previous subsection will be
used as an example.

Fig. 217 shows an optical image of an hBN encapsulated WS, on a SiO, (90 nm)/Si substrate. The black
dashed lines highlight the edges of the different layers, which can be distinguished by optical contrast. The thin top
hBN covers almost all the area of the WS, except for a small part of the monolayer. A nice aspect of this sample is
that one can find partially encapsulated ML (black), fully encapsulated ML (red), 2L (blue), and 3L (green) WS, all
at once. As shown in Fig. [2:77k, 2 or more layers shows a broad and nonintense indirect bandgap PL.

In contrast, monolayer WS, shows a single intense PL at room temperature, as shown in Fig. , due to
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Figure 2.11: (a) An optical image and (b) a side view schematic of the encapsulated WS, monolayer. (c) PL spectra
and (d) Raman shifts of different layers from 1L to 3L at room temperature. The colors of the letter on the image
correspond to the colors of Raman and PL spectra.

strong excitonic emission related to a direct bandgap. This optical band gap (1.994 eV) is much smaller than the
single-particle band gap due to the strong exciton binding energies of the order of hundreds of meV [107, [{09).
A linewidth of only 19.9 meV was observed on the encapsulated 1L part thanks to the hBN encapsulation, which
suppresses dielectric disorder and reduces inhomogeneous broadening [96].

Raman shifts at different positions on the flake are shown in Fig. . Two peaks at ~ 358 cm~! and ~ 420
cm~! correspond to the Ej, (in-plane vibration) and A;, (out-of-plane vibration) modes, respectively. The spacing
between the two modes increases from 61.72 cm~! to 63.58 cm~! when increasing the number of layers, since Ej,
redshifts and A, blueshifts by the interlayer interaction [110, {11].

Mapping PL (or Raman) can also be used to check the uniformity of the sample. Fig. 2.12p-b (c-d) shows
histograms of the exciton (X°) energy and FWHM in the black (red) lined region of the optical image (c). The WS,
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Figure 2.12: Histogram of the (a) exciton emission energy and (b) FWHM in the encapsulated (black), (c) the exciton
emission energy, and (d) FWHM in half encapsulated (red) regions in the optical microscope image (e).

monolayer in the black region has only the bottom-hBN, and the red region is fully encapsulated by hBN. In the
black region, disorder from dielectric interactions with the substrate is significantly suppressed by the bottom-hBN,
the average FWHM is 28.9 meV with a standard deviation of o = 0.68 meV. This number is a significantly reduced
value compared with exfoliated WS, monolayers on SiO,/Si substrate. As shown in Fig.[2.12p, the fully encapsulated
WS, monolayer gives typical values of the average FWHM (21.3 meV) with a standard deviation of ¢ = 0.52 meV.
We obtained a reduction in linewidth of 7.5 meV (with Ao = 0.16 meV) by isolating it from the air and molecules on

the surface. In contrast, the average X° emission energy increased to 1.999 eV by 2.81 meV (with A = 0.27 meV).

Interestingly, we observed a blueshift for the fully encapsulated WS, compared with the half encapsulated part,
which is strange. Generally, the higher dielectric constant of hBN will lower the bandgap and the binding energy,
both effects almost compensate each other but normally the exciton (X°) emission energy should redshift. We have
no clear explanation for this blueshift but strain may play a role since tensile strain induces redshift and compressive
strain induces blueshift [92]. This blueshift may be related with strain by the partially encapsulated geometry of WS..
Importantly, the hBN encapsulation ensures high-quality TMD monolayers in the optical experiment by suppressing

inhomogeneity from the surrounding environment.
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AFM is a direct measurement technique to identify layer thickness, as shown in Fig. which scanned (tap-
ping mode) the bottom left side of Fig. [2.11j. The thicknesses of the layers are distinguished from the line profile
in Fig. 2.13p. The height of the 1L region is higher ~ 0.8 nm than the hBN layer without WS,, and the 3L area
is higher ~ 1.6 nm than 1L with the borders indicated by red and orange arrows, respectively. These values are
similar to reported data [112} 113} [114]. This result is consistent with PL, Raman, and optical microscope data.

These AFM results also show us the high-resolution morphology compared with the optical microscope image. An-
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Figure 2.13: (a) an AFM image of the encapsulated WS, monolayer where is zoomed in bottom-left side of Fig.
2.11@. (b) line profile of the black line in the image (a). Transition points of layers are indicated as red and orange
arrows.

other key feature of this technique is that the layers can be identified through the top hBN even after encapsulation
(here, the thickness of the top hBN is about 10 nm). However, the AFM measurement may also give a non correct
thickness value of TMD layers due to charging, defects and contaminants [115]. This method, therefore, cannot
be a conclusive proof by itself. The characterization must combine AFM with other methods such as PL to show
consistency.

We obtained detailed information on our samples before studying them with the main micro-PL experiment at

cryogenic temperature. These are the first characterization steps to conduct all experiments of the thesis.

2.1.3 Vacuum annealing

In various fields, annealing in a vacuum is a widely used method for recrystallization, degassing, and removing
hydrocarbon materials to achieve clean surfaces [116] 117,118 [119][120].

This annealing process in a vacuum accelerates the self-cleansing process of TMD monolayers [121] [122]. It
efficiently removes residues of the surface polymer by the high vacuum and high temperature conditions. Cleaning

the surface of a layer is an important step before adding a layer on the top. If residues exist between van der Waals
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layers, either they are pushed away from the interface, which is ideal, or aggregate in the interface and form bubbles
that cannot be easily removed once they have appeared. These bubbles change the local environment of the system.
It increases inhomogeneous broadening by dielectric disorder or local doping, impacting the optical properties of
TMD monolayers. Thus, we cleaned residues on the surface after each stacking to reduce the probability of the

interlayer bubbles. In that way, we have successfully fabricated a heterostructure and device for the thesis.

We built an annealing chamber to remove residues of our samples induced by the exfoliation and stamping
process. The annealing chamber, shown in Fig. [2.14] is equipped with a vacuum gauge (Agilent, Pirani inverted
magnetron), thermocouple (TC) PT100, heater, a turbomolecular pump (Agilent, twistorr 74 fs), and primary pump
(Agilent, IDP-3 dry scroll pump). We measure the temperature of the heating plate, which gives the exact temper-
ature of the sample tested by an extra heat sensor on the substrate. We apply current and voltage to give manual
feedback based on the resistance readout of the TC. The temperature/resistance table can be found in appendix

A4

TC — ~ 230°C
Heater messs=  ~ 30min

4 )

substrate

/

\_G ,
~10~7 Torr
[ Pump _

Figure 2.14: (a) A schematic of the annealing chamber and (b)the optical image

The annealing was done after stacking each layer of the sample. We pump the chamber to keep the pressure
below 10~7 Torr and increase the temperature at a rate of 10 °C/min speed up to ~ 230 °C. The sample is annealed
by keeping this temperature for 30 minutes and cool down naturally by turning the heater off. We set the annealing
temperature ~ 230 °C based on several references [123,[124][125]. This temperature value is high enough to remove
the residues introduced by the transfer process and low enough to prevent monolayers damage induced by higher

temperatures annealing processes.
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2.1.4 Fabrication of contacted devices

Depositing TMDs on top of Au electrodes (or evaporating them after transfer) is the first approach to apply electrical
contacts to 2D materials. However, the electrical contact between TMDs and evaporated metals is not ideal
[127]. It can lead to hybridization and/or ultrafast charge transfer, quenching the PL yield dramatically [128]. Thus,
we have employed thin layers of graphite for the electrical contacts which partially covers the TMD monolayer to
fabricate the device. Graphene and thin layers of graphite (or a few layers of graphene) have been widely used in
many applications because of their excellent electrical properties [129] [{31].

This layered electrode offers several advantages: 1) We fabricate this contact in the glovebox and perform the
mechanical exfoliation for the electrodes in the same setup. 2) We can select any device geometry by searching
its proper shape. 3) Graphite provides an atomically flat contact to other layered materials (hBN, TMD monolay-
ers). It ensures homogeneous electric conditions to the monolayers compared with Au electrodes deposited on the

substrate.

Figure 2.15: (a) An optical image of the patterned SiO./Si substrate. AFM images on (b) Au electrode and (c)
graphite.

Fig. shows an optical microscope image of graphite transferred by exfoliation onto the Au (100 nm)/Ti (5
nm) patterned SiO, (90 nm)/Si substrate by lithographic techniques and physical vapor deposition (PVD). The sur-
face roughness of a gold electrode and graphite are shown in Fig. and c, respectively. The surface roughness
(Rass) of the selected region is shown in the image with the corresponding color (red and blue). The Ry, s of the Au
electrode is = 1.608 nm for the red area and 1.829 nm for the blue square. In contrast, the R, s of graphite exhibits a
smaller value, which is 0.536 nm for the red and 1.073 nm for the blue area, than Au electrodes. On the graphite sur-
face, one can find atomically flat regions, for example, the red square in Fig.[2.75¢. Note that single-layer graphene
is about 0.35 nm thick. We can also see some layered grains/or flakes on the surface since it was exfoliated from
natural graphite, not highly oriented pyrolytic graphite (HOPG). It still allows us to obtain near atomically flat surface

contact, which is not the case with Au electrodes. Note that the round residue on the left side of the red square of
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(c) can be removed after annealing once we stack another 2D layer on the top [121] [122].

We selected the bottom gate structure for our device, as shown in Fig.[2.15a. For the bottom gate, the thickness
of the bottom hBN is enough to avoid significant leakage currents. However, it needs a higher voltage for the electric
field than the top gate configuration due to the hBN thickness. This bottom gate geometry is also suitable for the
optical experiment because we do not add any layer on the top, which may induce optical losses. Compared with
the bottom gate, the top gate structure may lose optical efficiency by adding one absorbing layer on the top. This
effect can be minimized by taking a thin top layer of graphite, but still the top hBN should be thin. This has limitations
related to leakage currents.

In that way, we have fabricated a charge tunable device for the optical pumping experiment by changing the

doping state of the TMD monolayer by an electrical method (see the MoS, device in Chapter 5)

2.2 Polarization-resolved ;-photoluminescence spectroscopy

Polarization-resolved micro-photoluminescence (u-PL) spectroscopy is our main experimental technique used to
explore exciton/valley physics in 2D S-TMDs at cryogenic temperature. As we discussed previously in the sample
fabrication and pre-characterization section, PL spectra of TMD monolayers always show exciton dominant emis-
sions and other excitonic complexes do not appear or cannot be easy observed at 300 K. For example, a room
temperature PL spectrum of hBN encapsulated WS, monolayer shows the intense exciton emission at 1.994 eV
while a small peak can be found at around ~ 1.96 eV which is the trion emission. This trion state, which has an
energy about 30 meV below the exciton, is almost unstable at room temperature due to the thermal fluctuation (
T = 300 K ~ 25 meV). In WS, monolayers, other excitonic states can be found at energies of tens of meV below
the exciton energy such as bi-exciton, charged bi-exciton, dark exciton, and two separated trions. These states are
non-detectable at room temperature. However, these excitonic complexes become visible at cryogenic temperature
and we can also significantly narrow the linewidth of excitonic emissions thanks to the hBN encapsulation.
Therefore, we can study spin/valley dynamics of 2D S-TMDs by the optical pumping method with well-resolved
spectra by the combination of low temperature conditions and hBN encapsulation. We will discuss first about our
polarization-resolved p-PL setup such as polarization-resolved optics, laser sources, spectrometer, and cryostat.
Then, we will go through the alignment procedures and the analyzing methods of polarization-resolved spectroscopy.

Finally, the PL imaging technique which is another key feature of our setup will be introduced.

2.2.1 Setup

A schematic of our microscope setup is shown in Fig. Two tunable lasers are installed in the bottom optical

table. They cover all the TMD monolayers’ optical bandgaps from the visible (Dye) to the near-infrared (Ti: sapphire)
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range, including MoTe, monolayer ( ~ 1.1 eV). A Ti: sapphire laser and a InGaAs CCD are required for this case.

The photon beams are transferred to the other optical table where the cryostat is installed, one finds the main op-
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Figure 2.16: A schematic of the polarization resolved micro-PL setup.

tical components to resolve polarization of PL, a spectrometer equipped with a CCD, a closed-cycle cryostat. The
samples and the objective are mounted on piezo positioners for scanning samples and focusing beams in the cryo-
stat. The objective and the piezo positioners are vacuum and cryogenic compatible. A second optical microscope

is installed on the left of the optical table for the imaging of the sample’s surface. Note that we mount the samples
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vertically and the objective horizontally. As such, all the beams remain on the same horizontal plane 212 mm above
the optical table.

We have particular features on the setup: 1) We can quickly switch from from one laser to the other thanks to a
flip mirror, where the laser first arrives on the upper optical table. 2) The power meter on the left side of the 50:50
beam splitter detects the excitation laser power in real time. 3) The beam splitter for the extra optical microscope
can be dismounted to avoid optical losses and interferences during the PL experiment. 4) The closed-cycle He
cryostat offers a stable environment mechanically decoupled from the vibration coming from the compressor and
the pumps. 5) A heater for the sample is installed inside the cryostat for temperature-dependent experiments. 6)
The objective (vacuum and cryogenic compatible) is mounted inside the cryostat. This choice allowed us to avoid
optical aberrations that occur when a window is placed between the sample and the objective. 7) Linear polarizers
and liquid crystals retarders are mounted to control and resolve the polarization of the laser and the PL, respectively.
We can switch from a circular to a linear basis for the polarization analysis by controlling the orientation of the \/4
wave plate placed just before the objective. 8) The A\/4 wave plate is positioned in front of the cryostat to always keep
the light linearly polarized in the microscope optics, regardless of the polarization basis (circular or linear) chosen.
9) The light is always vertically polarized until the liquid crystal of the laser part and after the linear polarizer of the
spectrometer part. It prevents issues from the different reflectance of mirrors with vertically/horizontally polarized

light.

Laser sources

Matisse CR (Ti:sapphire)

v e e

Figure 2.17: Optical images of (a) Rhodamine 6G Dye laser (Spectra-physics & Sirah) (b) Ti:Sapphire laser (Spectra-
physics & Sirah) (c) 633 nm semiconductor laser (Oxxius).

As shown in Fig. [2.17] three laser sources were used for our low temperature experiments: 1) Ti:Sapphire
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tunable laser (Matisse CR, Spectra-physics & Sirah) was used for MoSe; in Chapter 4. 2) Dye (Rhodamine 6G)
tunable laser (Matisse 2 DR, Spectra-physics & Sirah) was used for the experiments for WS, and MoS, Chapter
3 and 5, respectively. 3) 633 nm semiconductor laser (Max power = 120 mW, Oxxius France) was used for MoSe-
and MoS; experiments in Chapter 4 and 5, respectively.

Table. shows the specifications of two tunable laser sources which were activated from 532 nm pump laser
source (P 4x =20 W, Millennia Pump Laser, Spectra-physics & Sirah). The pump laser and output lasers from the

cavity are horizontally polarized.

Model Matisse 2 DR \ Matisse CR
Company Spectra-physics & Sirah
Gain Medium Rhodamine 6G (Dye) Ti:Sa
Wavelength range 550 - 660 nm 662 - 1050 nm
Mode Continuous wave (CW)
Linewidth <20 MHz rms <1 MHz rms (100 msec)
Beam Diameter 1.4 mm (typical) 0.8-1.0 mm (typical)
Beam Divergence <1 mrad <1.2 mrad
Amplitude Noise <0.5% rms <0.1% rms
Scan Range >60 GHz (at 575 nm) >50 GHz (at 780 nm)

Table 2.1: Specifics of two tunable lasers from spectra-physics (www.spectra-physics.com) and sirah
(www.sirah.com) websites.
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Figure 2.18: Optical images of (a) PIXIS: 400 BR eXcelon and (b) IsoPlane SCT320.
(https://www.princetoninstruments.com/)

PIXIS: 400 BR eXcelon (Princeton Instruments) CCD and IsoPlane 320 (Princeton Instruments) spectrometer
were used for polarization-resolved u-PL experiments. The main characteristics of the CCD is that it has a 1340 x
400 imaging array with 20 x 20 pm pixels. It is also compatible for visible wavelengths (400 nm ~ 900 nm). The
spectrometer has three gratings which are 300 g/mm (blaze wavelength: 750nm), 600 g/mm (blaze wavelength:

750nm), and 1800 g/mm (holographic: Visible). The details of the CCD and spectrometer can be found in the
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Cryostat

We recently installed a closed-cycle He cryostat on the polarization-resolved micro-PL setup from [Absolute sys-
tems], as shown in Fig. A compressor on the rooftop (left of the image) supplies a cold helium flow to the
central rotary tank (right in the image). It circulates the flow to sustain T = 20 K for the cold plate of the sample in
the chamber. Also, we installed the heater for the sample inside the chamber to have the temperature variation from

20 K 'to 300 K.

Figure 2.19: Optical images of (left) the helium compressor and (right) the cryostat.

To operate the cryostat, we first pump the chamber with the primary/turbo pump (Agilent, IDP-3 dry scroll pump
/ twistorr 84 fs) up to the middle 10~* Torr range. Then, we launch the compressor to cool the chamber down to
the cryogenic temperature. Finally, we get 20 K for the cold plate and the sample under 10~ Torr after ~ 12 hours.
The cold plate in the chamber also acts as a cold trap to keep the high vacuum. The turbo pump operation do not
modify the quality of the PL experiment. A long term experiment can be performed over 30 days in stable cryogenic

conditions of 20 K and 10~ 7 Torr.

Piezo stage & Optical components

Fig. shows the inside of the vacuum chamber where the samples and objective are located. The vacuum &
cryogenic compatible objective (LT-APO/VIS/0.82, Attocube, Numerical Aperture NA = 0.82) is mounted in the vac-
uum chamber. This configuration is important to avoid the optical aberrations by placing the objective in the cryostat
so that there is no window between the objective and the sample. There are three piezo translations (vacuum &
cryogenic compatible) to move the sample and change the focal plane. On the sample mount part, ANPz102 (At-

tocube) vertical piezo translation and ANPx311 lateral piezo translation are mounted to scan the sample surface.

42


https://www.princetoninstruments.com

On the objective part, ANPx311 piezo translation is mounted to focus and collect light. These three piezo stages are
connected to the piezo motion & readout controller (ANC 350, Attocube) through the wires on the cold plate. The

list of optical components can be found in appendix [A:3]

ANPx311

Figure 2.20: Optical images of the inside of the vacuum chamber. The sample holder with xy piezo translations and
the objective with z piezo translation are mounted on the cold plate. The objective and piezo translations are vacuum
& low temperature compatible bought from Attocube.

2.2.2 Alignment

We can mention four main steps to align the setup: 1) We align the CCD and the spectrometer to resolve PL correctly.
We do not repeat this procedure once it is done unless we replace the Si-CCD with the InGaAs-CCD or vice versa.
2) Then, we align the general optics with a laser source for the micro-PL spectroscopy. 3) The alignment for the
polarization-resolved setup can be done afterwards because we operate this by additional polarizing components

on the micro-PL setup. 4) Finally, we fine-tune the optics with a mounted sample in the cryostat.

Tunable lasers

We followed the alignment procedure of the two cavity lasers (Dye, Ti:sapphire) based on the manual from the
website: Spectra-physics/Sirah (https://www.spectra-physics.com, Matisse User’s Guide).

CCD & Spectrometer

Aligning CCD and spectrometer is an essential part of the experiment. Here, we have two small steps for the
alignment: 1) We align the short axis of the CCD vertically to the optical table, so that the long axis of the CCD is

parallel to the entrance slit of the spectrometer. 2) We calibrate the wavelength with a known source.
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Spectrometer
Entrance

- One pixel line (of detected light) appears due to the slit.
- It may have an angle, If the CCD is not aligned.
- We rotate the CCD to make the line vertical.

Figure 2.21: A schematic for aligning CCD and spectrometer

First, we must be aware of the geometry of the spectrometer to set the CCD orientation correctly. The long axis of
the CCD must be orthogonal to the orientation of the slit of the spectrometer which is the x-axis of the spectrometer
to resolve wavelength, as shown in Fig. We send light to the spectrometer entrance with the narrowest slit
width to see the only one pixel width line on the CCD. It must show the vertical line of the light along the y-axis as
the orientation of the spectrometer entrance. Usually, we see a tilted line of the detected light on the CCD before
orienting it. So, we rotate the CCD for the proper orientation for the y-axis.

Second, we calibrate wavelength for all three gratings with a mercury spectral lamp. Identifying peaks is done by

the reference of the software (LightField by Princeton Instruments).

General optics

We used 30 mm cage system of Thorlabs.

Polarization (linear & circular)

We operate the micro-PL setup on a linear basis for the light except for the objective-sample part after the \/4 wave

plate. It can work on a linear or circular basis for excitation and detection. For example, by using circular light, one
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can obtain two different components o+, o7~ of PL from the setup. o+ refers to & polarized PL under the o
excitation. The combination o+, for instance, allows detecting the o™ component of PL under o™ laser excitation.
Polarization of light (excitation laser and PL) is controlled by a \/4 wave plate and two liquid crystals combined with
two linear polarizers. The first liquid crystal on the laser part transforms the polarization of the excitation laser light
between two linearly polarized states, vertical or horizontal, by applying a voltage on the liquid crystal. To obtain
o* excitation, the linearly polarized laser light is then converted to circularly polarized one passing through the \/4
wave plate placed just before the microscope objective. The two circularly polarized components of PL, o*, are
transformed to two orthogonal linearly polarized states by the \/4 wave plate and only one component is selected
at a time by the second liquid crystal and the polarizer before entering the spectrometer. In other words, the second
polarizer is fixed vertically and the second liquid crystal determines the polarization of the light by adjusting the
retardation. The vertically polarized light will pass if no retardation is applied, whereas only the horizontal part will
pass if the latter is transformed into vertical by a retardation of the liquid crystal retarder. In this way, the four different

combinations of the two liquid crystals and polarizers allow us to acquire selectively polarized excitation and PL.

Thus, we align on a linear basis and add \/4 wave plate for a circular basis later for the experiment. One can
separate the alignment procedure for two polarization parts of 1) laser 2) PL. We start from the polarization alignment

of the laser part.

: I
Optical path only @ : Linear polarizer

Laser - Objective
@D : Liquid crystal

3 : Linear polarizer (to align)

Power meter
Laser @™ ' Goal | CZ®» Power meter

(Laser) o TSR T T e
@. Minimum
~ @O @D
V= 0\/" Laser
\_ (’ polarization y

Figure 2.22: A schematic for an alignment of the laser polarization.

Vertically polarized lasers arrive on the optical table, where all the optics are. We focus on the polarizing elements
to control the laser polarization, as shown in Fig. The laser first undergoes a linear polarizer, aligned vertically.

Then, the beam passes a liquid crystal, to convert it horizontally polarized/ or keep it vertically polarized. We place
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the neutral axis of the liquid crystal 45 degrees from the vertical axis. We apply two voltage states, V1/V2, to make
the beam vertically/horizontally polarized by changing the retardation rate of the liquid crystal from the beam axis.
Thus, we add an extra linear polarizer with a cross-polarization to kill the beam (goal of our polarization) after the
liquid crystal. Then, we calibrate the voltage of V1/V2 to measure a minimum laser intensity on the power meter, as
shown in Fig. We remove the extra linear polarizer to generate a vertical/horizontal polarization for V1/V2 on

a linear basis.

o N
Optical path only

PL - Spectrometer
CCD
PL ‘
{ (Spectrometer)
c»

intensity

Figure 2.23: A schematic for an alignment of the PL polarization.

We place the extra linear polarizer on the PL path to generate linearly polarized light. Note that we use verti-
cal/horizontal polarization of the laser to obtain vertical/horizontal polarization of PL since the extra polarizer is on
the crossing path of the laser and PL. V1/V2 analyzes horizontal/vertical polarization, and the other polarization
is killed by combining the linear polarizer and liquid crystal. So, we again use the strategy to find a minimum PL
intensity by the crossing polarization. The extra polarizer produces a vertical/horizontal PL for V1/V2. We set the

voltage of V1/V2 to get a minimum PL intensity on the spectrometer.

2.2.3 Polarization resolved spectroscopy

The polarization-resolved setup is a key component for our optical experiment since chiral optical selection rules
are valid in TMD monolayers [132]. Here, we assume symmetrical optics for the polarization dependent experiment
in which the beam splitter has an equal reflectance for the vertical/horizontal linear polarization =¥/X resulting
¥ = 7% under 7¥/X excitation also the equal reflectance for circular polarization o, and TMD monolayers are a

symmetric system in optical valley selection rules. Thus, we consider only o+ (7Y) laser excitations to simplify in the
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following polarization dependent analysis.

Note that, generally, using four combinations (¢™*,c7~, 0~ =, 0~ 1) has the advantage of suppressing any spu-
rious effect due to the optics’ eventual birefringence or polarization-dependent properties. However, since we work
on a linear polarization basis at all parts (except between the \/4 and the sample), these effects were found to be
negligible. As shown in Fig. the two polarization plots calculated from 2 components (blue line) and 4 com-
ponents (blue dashed line) superpose without a significant difference through the full energy range for PL of WS,

monolayer.
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Figure 2.24: PL spectra and circular polarization of WS, monolayer at 20 K. ¢™* (or ¢~ ) corresponds to co-
circular component of o laser excitation & o= PL detection (or o~ laser excitation & o~ PL detection). The blue line
exhibits circular polarization taken out from 2 components on o~ excitation basis. The dashed blue lines correspond
to circular polarization by 4 components to take into account spurious effects of the optics.

Circular basis

We measure, under the circular basis ¢, a sum I and a difference I PL intensities and those two PL intensities

are obtained by combining two polarization measurements given by the following equations,

IT =040t (2.2)
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where the circular polarization is defined as I /17. This ratio gives us a measurement of the spin/valley polarization

in TMD monolayers due to the optical selection rules.

Linear basis

The analysis can be done under the linear basis, 7, by removing the quarter wave plate. We define a sum I7 and a

difference I™ as,

IT=a¥"¥ 4 o¥X (2.4)

I" = g¥Y —g¥X (2.5)

where the linear polarization is defined as I™ /I7.

o/m ratio

We define R as the PL intensity ratio obtained after o and 7 excitations under the same excitation power represented
in the following equation.

I

R=—
I+

(2.6)

Generally, systems show the same value in total PL intensity regardless of the laser polarization, which means no
polarization asymmetry in the absorption-recombination process. However, exceptions exist such as spin-dependent
recombination in GaAsN [133]. Thus, If one discovers a difference in PL intensity, It may give us an insight into a

recombination/formation process depending on light polarization in our experiments in TMDs (see chapter 3).

2.2.4 Imaging

Imaging PL, another essential feature of our experimental setup, guarantees hyperspectral imaging with a submicron
spatial resolution. It allows us to study phenomena arising due to the spatial gradients. This technique has two
configurations. A two-dimensional spatial imaging, so-called Oth order, requires the CCD and filters. A spectrum-
space resolved imaging, so-called first order, is operated by the combination of CCD and spectrometer. Also, we
can resolve the polarization by applying the method discussed in Particularly, these imaging methods were
applied for the study of MoSe2 monolayer in chapter 4.
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Figure 2.25: Demonstration for obtaining and analyzing Oth order PL image of WS, monolayer at T = 20 K.

0'" order imaging

The experimental process for the 0" imaging is shown in Fig. Here, the grating of the spectrometer functions

as a mirror for two-dimensional imaging, and long/short pass filters differentiate a selective PL emission from a
multi-peak spectrum. For instance, we focus on the trion triplet (X”) emission of the WS, monolayer at T = 20
K, and separate the trion triplet emission from others, as shown in Fig. [2.25(1) We confirm that the filters have
successfully suppressed the exciton (X°) emission by the short pass and, especially, the trion singlet (X ) by the
long pass filter, which differs only ~ 6 meV from the X”. We remove the slit and position the grating such that the 0*"
order diffraction pattern (i.e. the specular reflection) of the PL is centered on the CCD. Then, the discriminated X”*
emission enters on the spectrometer and arrives at the CCD keeping its 2D shape of the PL as shown in Fig. [2.25(2).
Finally, the CCD counts intensity per pixel position as shown in Fig.[2.25(3). One can extract one dimensional profile

by choosing several lines crossing the center of PL, r = 0, at the position of the excitation laser in order to average

possible asymmetries of the image.

15t order imaging

In the first-order configuration, the spectrometer resolves the PL spectra in the x-axis while keeping the y-axis for the
distance unit. Here, we keep the original shape of PL until the spectrometer entrance, as shown in Fig. 1). We
put the slit at the spectrometer entrance to obtain one vertical pixel line on the CCD, as shown in Fig. 2). The
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Figure 2.26: Demonstration for obtaining and analyzing first-order PL image of WS, monolayer at T = 20 K.

center of the PL image and the slit must be aligned to capture the vertical slice. This procedure offers well-resolved
spectra and removes the dimension of the x-axis (distance) because the x-axis will be assigned for the wavelength
unit by the grating of the spectrometer. Then, we get the following first-order image: x-axis for the wavelength, y-axis
for the distance, and pixel count for the intensity of the PL, as shown in Fig. [2.26|3). The spatial distribution of PL
on its emission energy (wavelength) can be obtained by slicing the first-order image vertically. Also, the spectra on
different positions from the laser spot, r = 0, can be analyzed by the horizontal slice. Compared with the 0th order
image, the advantages of this method are analyzing the spatial distribution for a specific PL emission energy and
position dependent spectra. Of course, it has the drawback that we only have the vertical slice of the PL due to
the geometry of the spectrometer and CCD, loosing orders of magnitude on the detected intensity. We may have a
reliability issue compared with the Oth order method if the PL has a spatial inhomogeneity of its shape. Nevertheless,

the first-order method is a powerful technique for hyperspectral imaging.
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2.3 Conclusions

We discussed the fabrication method based on mechanical exfoliation and the optical and AFM characterizations
of hBN encapsulated TMD monolayers and devices. Mechanical exfoliation is a powerful technique to obtain high-
quality monolayers with a lateral size of tens of um from bulk. This lateral size is enough for our polarization-resolved
u-PL experiments considering the focused laser in the sub-um range. This exfoliation is also efficient for building
vertical heterostructures and contacted devices. Also, we demonstrated the characterization of fabricated samples
at room temperature by PL, Raman, and AFM.

For polarization-resolved pPL, we discussed the details of the experimental setup and its key features. We also
demonstrated that spin/valley polarization dynamics of TMD monolayers can be studied by exploiting the chiral
optical selection rules in our polarization-resolved microscope under a circular and linear polarization basis. We
would like to emphasize that hyperspectral imaging makes it possible to study the excitonic transport of TMDs which
can also be polarization-resolved.

In the following chapter, we will discuss experimental results of spin/valley pumping on WS2 monolayer which
was done by polarization-resolved pPL setup. This sample was introduced in this chapter for the demonstration of

mechanical exfoliation and characterizations at room temperature.
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Chapter 3

Demonstration of spin/valley pumping of

resident electrons in WS, monolayers

In the previous chapter, we have shown the main experimental technique and demonstrated and explained the
fabrication of hBN encapsulated WS, monolayer through mechanical exfoliation. We also have characterized the
sample at room temperature. At T = 300 K, the exciton emission is dominant in PL (see Fig. [2.11]) so that other
excitonic complexes are not visible. Other excitonic emissions are unstable due to the thermal energy at room
temperature, which is higher than their binding energies. However, the dominant exciton emission evolves at low

temperatures, where other excitonic states become distinguishable.

This chapter introduces experiments performed on a WS, monolayer encapsulated by hBN at low temperatures,
which in PL exhibits various excitonic states below the neutral exciton due to the sign of spin-orbit splitting of
the conduction band. We performed all experiments at cryogenic temperature to successfully resolve the different

excitonic species, which are narrow in PL thanks to the hBN encapsulation.

At T =20 K, we identified excitonic states and in particular we resolved the fine structure of the negatively charged
trion. We also studied the power dependency under two different excitation polarizations (circular and linear), each
time resolving the polarization state of the photoluminescence.

We have observed a very high circular polarization of ~ 80 % for the trion triplet (T;) under circular excitation
and that its total PL intensity is higher under a circular excitation than under a linear excitation of the same power.
Complementary time-resolved photoluminescence (TRPL) experiments performed by collaborators at the LPCNO
showed that this phenomenon does not come from a spin-dependent recombination mechanism. Instead, we pro-
pose a spin-dependent formation of negatively charged trions. The mechanism relies on the fact that a continuous
input of photoexcited electron-hole pairs in one valley under circular excitation induces an imbalance of resident

electrons in the sub-conduction valleys, in other words, there is a dynamical spin-valley polarization of the resident
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electrons. We also observed that this dynamical polarization can be enhanced under resonant excitation.
The experimental results and data are partially used in the paper (Nature communications 12, article number:

5455, 2021) [100], which has been done in collaboration with the LPCNO-INSA Toulouse group.

3.1 Observed excitonic complexes at T = 20 K

3.1.1 PLspectraatT=20K

The normalized low-temperature spectra of the encapsulated WS, monolayer at 9 W and 1.6 mW excitation powers
(radius of the laser spot 0.4 um) are shown in Fig. and b, respectively. In Fig. , the neutral exciton (X°)
peak is positioned at 2.062 eV, and other excitonic states are easily identified by the relative energy difference from
the neutral exciton peak [134, 135/ 136, 137,138, 199].

The observation of negatively-charged complexes is a consequence of unintentional electron doping (n-type) of
the monolayer. The binding energies of the two negatively charged trion peaks (T; and T,) are AE = 30.3 meV and
AE = 36.3 meV, with a ~ 6 meV difference between the two due to the exchange interaction. Note that T; and T, are
well resolved with narrow linewidth (5 meV, FWHM), which is not the case in non-encapsulated samples [134], [139].

The negatively charged trion T; (T2) corresponds to the triplet (singlet) state, bounded quasi-particle formation
of exciton in one valley with an electron of the same spin for the other valley (opposite spin in the same valley). The
quasi-particle formations of the T, and T, are shown in the inset of Fig.[3.7j.

Generally, this trion triplet T; is not observed in semiconductors because the Pauli repulsion makes the state
unbounded. Here, in tungsten-based TMD monolayers, the two trion states are visibly stable in PL emission due to
the combination of valley configuration and a positive sign of spin-orbit splitting in the conduction band, which results
in a weakening of the Pauli repulsion to form the trion triplet. The exchange interaction, which influences only the
trion triplet between the exciton (e-h pair) and the inter-valley electron, lowers their binding energy by ~ 6 meV in
WS, monolayer, similar to the splitting observed in the negatively charged trion’s fine structure in WSe, [140].

A small bump corresponding to the dark exciton (X?) peak is distinguished at AE = 46.1 meV from the X°. This
exciton is only visible thanks to a high numerical aperture, which collects a significant fraction of the light with a
non-zero in-plane wavevector. The negatively charged bi-exciton (XX~) peak appears at AE = 52.3 meV from X°.
In the inset of Fig. (blue curve), the dark trion emission was observed below 5.5 meV from the XX~ emission
energy under 2.047 eV laser excitation at 10 uW, which is slightly lower energy than the exciton resonance (~ 2.056
eV). This TP usually can be seen in the experiments with the help of an in-plane magnetic field [141]. Unidentified
peaks L;, L, and L3 are observed at the low-energy side of the spectrum, and some of them are possibly related
to localized excitons. They were recently reported as semidark trions (L;) and phonon replicas of the dark trion (Lo

and L3) [142]. In this thesis, we have not focused on the proper identification of these peaks.
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Figure 3.1: Photoluminescence spectrum (PL) under an excitation power of (a) 9 uW and (b) 1.6 mW at T = 20 K
of an hBN encapsulated WS, monolayer. The excitation wavelength of the laser was 570 nm (2.1754 eV). Several
excitonic peaks are identified in the spectrum (X°, Ty, To, XP, XX, and XX~). The dark exciton (X?) and localized
(or phonon-related) states (L;, L, and L3) are observable at (a) low excitation power. In contrast, bi-exciton (XX
and XX~) peaks dominate the emission at (b) high excitation power. The inset schematic of (a) describes T; and
To formations, which are the inter-valley trion singlet and intra-valley trion triplet, respectively. The red/blue colors
indicate the spin (up/down) states of sub-valleys. The blue inset curve of (b) shows the PL spectrum at 10 4W under
the excitation energy 2.047 eV, below the X" energy. A PL peak appears at the energy below 5.5 meV from the XX~
emission. This energy emission corresponds to the dark trion.

At high excitation power (Fig. [3.1p), the neutral bi-exciton peak is also identified at AE = 20 meV from the X°.
The X° peak shows a redshift from 2.062 V to 2.060 V with increasing power, but the relative energy difference

between excitonic peaks changes by less than 1 meV. Also, a broadening of linewidth is observed for the two trions
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and negatively charged bi-exciton, which implies heating of the system induced by the high power laser.

3.1.2 Power dependence

We performed power-dependent PL experiments by scanning the excitation power from 100 nW up to 5 mW at an
excitation wavelength of 570 nm (2.1754 eV) laser. PL spectra and peak intensity as a function of the excitation
power plot are shown in Fig. and b, respectively. The inset of Fig. shows relative peak positions as a
function of the excitation power, where AE is the peak position shift compared to the peak positions of the low
powers spectrum. Each color of dots in Fig. and the inset correspond to excitonic states indicated in the legend
on the right bottom side. The power dependence trends of excitonic species are guided with dashed lines the slope

of which is indicated by the numbers.

(b)7 Excitation power (mW)

10 g_ 0&:"“:‘.~o . E o o L | ) |‘|“|_L:
F 3 %;' 1 Pl
3 » bl

sL]e 2f N E - 225
10 E12 T o EEEErs.
E|E ..n 1 / '," »_’.’—"E

~ % 1 0d .d’
s[[= 4 ! *° N X ]
10° £ < - > P i e
El  F 1 3 g e r'y 3
-~ ) -6 [ h
= =, ‘ ;
i S10F T 3
£ g Fl_ao 10 3
w g 3 1
§ e 10 i7" -3
= = E
102 1, : . ../ 1 a:
-8 2.0/.'1" T 3
o’ 2 | 7
. o® T T
10 F T E
® XX/ 1
: k 1 I | | , 301 uW 100 ) T Lo vl Lol
2.00 2.02 2.04 2.06 10" 10° 10" 10> 10° 10°
Photon energy (eV) Excitation power (nW)

Figure 3.2: Power dependent (a) spectra and (b) peak intensity of power-dependent spectra (excitation power from
100 nW to 5 mW at 20 K).

At high excitation powers above ~ 1mW, bi-exciton emission is visible in the spectrum. Moreover, we see that
peaks redshift (inset of Fig.[3.2b) with a broadening of linewidth (in Fig.[3.2), which results from the system’s heating
by the laser. Further increase of the laser power makes the power dependence more challenging to interpret without
a proper deconvolution.

At low excitation power below ~ 1 uW, two trions (T, T3) and the exciton (X°) are visible with the intensity of
the trions being much higher than that of the X°, implying that the sample has unintentional electron doping with a
sufficiently large density.

The negatively charged bi-exction (XX™) starts to be visible from ~ 1 yW because the rich photo-excited exciton

population increases the probability of bi-exciton formations. The trions show a linear dependence below ~ 100
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1W while a non-linear behavior is observed above that excitation power. At these excitation densities, trions cannot
be formed as efficiently as before because too few resident electrons are available compared to the photoexcited
exciton density. The main limiting factor for trion formation in this regime is the finite density of the resident electrons
in the system, originating from unintentional doping. The negatively charged bi-exciton (XX~) shows a non-linear
behavior around ~ 100 W as well. Spectra evolve as the power increases, bi-exciton (XX) appears with a slope of
2 when the charged bi-exction (XX™) starts to be non-linear.

So, the bi-exciton appears in the spectra with a slope of 2 when it cannot be transformed to the XX~ . Interest-
ingly, a linear relation is observed for the exciton (X°) below ~ 500 W while showing a quadratic behavior at higher
excitation power, which is in contrast with the sub-linearity of the charged species (T, T2, and XX~) and the appear-
ance of the bi-exciton (XX). This brighter neutral exciton intensity is also an indication of the laser-induced heating
effects. Indeed, the exciton emission becomes brighter when the temperature is increased in W-based monolayers.
This explanation is consistent with the broadening of linewidth and redshift of PL at high excitation powers. Note that
auger-like process (exciton-exciton annihilation), which induces the saturation at a high-density regime, may appear
from tens of MW in our experiment [143].

Note that a similar situation as in Ref. [144] may explain the mono to the bi-molecular transition of the exciton.
At a low excitation regime, photogenerated excitons preferentially form charged excitonic states due to the binding
with resident electrons in the system. The exciton transition becomes bimolecular when the photogenerated exciton
density is considerable, charged excitonic states (XX~, Ty, and Ts) undergo saturation due to the finite resident

electron density.

3.2 Demonstration of optical spin/valley pumping

We now discuss the polarization behavior of the PL under circular and linear excitation and pay particular attention
to the behavior of the trion triplet (T) which, as will be discussed later, allows us to conclude that the sea of resident
electrons become highly spin/valley polarized under circular photoexcitation.

Fig. shows o+ (black, co-circular) and o- (red, cross-circular) PL spectra under o+ excitation at 10 uW for
a laser excitation at 569.8 nm. The blue and golden dots indicate the degree of circular and linear polarization,
respectively. The inset shows the degree of circular polarization of the T; and T, as a function of the excitation
power.

The degree of linear polarization is close to zero for all excitonic species except the neutral exciton which exhibits
~ 30 % of linear polarization. This linear polarization is observed because the exciton lifetime (ps range) is very short
and comparable to the valley decoherence time, a phenomenom widely observed in TMD MLs, as we discussed in

chapter 1 (1.3.3).

In contrast, one can observe a circular polarization of ~ 40 % in average. The T; (inter-valley trion triplet) exhibits
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~ 75 % circular polarization and the T, (intra-valley trion singlet) exhibits ~ 20 % circular polarization. The T; has

higher circular polarization than the average value (~ 40 %), meanwhile the T- has a lower value than the average.
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Figure 3.3: Photoluminescence (PL) spectra and degree of circular/linear polarization (blue/gold circles) for a
circularly/linearly-polarized excitation laser of wavelength 569.8 nm at 10 yW. The black (red) line corresponds
to o+ (o-) detection under circularly polarized excitation. The inset shows the degree of circular polarization for the
T, and T, as a function of the excitation power. The degree of circular polarization is calculated by ﬁ:iﬁ: x 100
(%), as well as the degree of linear polarization on a linear basis.

Most research on polarization-resolved PL in WS, monolayers has reported a circular polarization of ~ 30 % at
T = 4 K for non-encapsulated samples, in which excitonic species were not resolved [145] [134] as well as Lin et al.
[146] who demonstrated a circular polarization of ~ 90 % on CVD growth WS, monolayer at T = 80 K by explaining
that exciton-defect collision produces non-radiative recombination. For hBN encapsulated WS,, Vaclavkova et al.
[138] reported a maximum circular polarization of ~ 50 % for trion triplet and ~ 28 % for trion singlet while showing

smaller values that we observed.

As shown in the inset of Fig. [3.3] we performed a power-dependence experiment to look for further details of the

degree of circular polarization for the T; and T,. The degree of circular polarization for the T first increases with
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the excitation power, it reaches a maximum of ~ 78 % when the excitation power is ~ 18 W, and then it decreases
with excitation powers above ~ 18 puW. In contrast, the T, exhibits ~ 30 % circular polarization except for a small
decrease at excitation powers around ~ 18 % precisely where the T; exhibits a maximum circular polarization. Note
that the maximum polarization is achieved while still in the linear excitation regime of Fig.[3.2p. The sub-linearity of
PL intensity appears at around 100 pW for the two trions. Indeed, these evolutions occur in the regime where the
resident electron density is enough to efficiently form trions with photogenerated electron-hole pairs.

We now focus on the evolution of the T; and T, under two different excitation states (circular/linear) to discuss

more in details the polarization dependence.

3.3 Demonstration of a dynamical spin/valley polarization of the resident

electrons

3.3.1 Trion (T, and T,) emission intensity under circular and linear excitation

Comparing the PL intensity under different circular and linear excitation may give us valuable information to un-
derstand an eventual spin-dependent formation and/or recombination of photogenerated carriers. In Fig. the
total PL spectrum, 17 (I7), is represented as the black (red) curve, and the purple circles exhibit the ratio between
the PL intensity under circular and linear excitation (R = 1°/I7). An excitation power of 18 W and excitation laser
of wavelength 569.8 nm were selected. The inset of Fig. shows the R for the T, and T, as a function of the
excitation power.

All the excitonic emissions except for the two trions show the same intensity regardless of the laser polarization.
In contrast, the trion triplet (T;) shows a peak intensity ~ x1.9 higher under circular excitation compared with linear
one. The trion singlet (T2) shows a very small difference (~ x1.1 higher for circular than linear) between the two
excitation configurations.

As shown in the inset of Fig. the R of trion triplet (T,) is close to 1 when the excitation power is low and
increases with the excitation power until tens of W while the trion singlet (T2) does not show significant variation as
a function of excitation power, exhibiting a slight increase of the ratio to ~ 1.1 in the regime where the T, reaches a
maximum. A strong spin-dependent intensity ratio (R) of the trion triplet (T;) appears between 10 ~ 50 W excitation,
and the asymmetry decreases when the excitation power further increases. Notably, these trends are coherent with
the circular polarization of the T; as a function of the excitation power (the inset of Fig. 3.). For the T,, the circular
polarization and the asymmetry show a maximum for an excitation power of ~ 18 uW. For the T,, one can notice
that a slight decrease in the degree of circular polarization is observed when the asymmetry gets higher for the
excitation power at around ~ 18 pW.

So, we can summarize the following observations: 1) The R ratio reaches a maximum at the excitation power of
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Figure 3.4: Total PL spectra and intensity ratio under circular/linear bases for an excitation laser of wavelength 569.8
nm at 10 uW. The black (red) line corresponds to PL spectrum under o (x) excitation. Purple circles correspond to
the PL intensity ratio (I1°/1). The inset presents the 17/I™ ratio for the T, and T, as a function of the excitation power.

~ 18 uW. 2) When the R increases, the degree of circular polarization for the T, (Ts) increases (decreases). Note
that these excitation powers are in a linear (I vs P) regime. 3) For a maximum R regime, one could say that the PL
component o+ for the T, (o- for the Ty) increases. This observation implies that we are modifying the processes of

formation and/or recombination of trions by pumping the system with circularly polarized light.

3.3.2 TRPL: investigation of build-up and recombination under circular/linear excitation

We have performed time-resolved photoluminescence (TRPL) experiments in order to understand the contribution
of the formation and/or recombination process under circular/linear excitation. The TRPL measurements of the T, at
T = 5.1 K are shown in Fig. The red and black curves correspond to total PL intensity under circular and linear
excitations at 1 W, respectively. Note that we used a ps-pulsed optical parametric oscillator (OPO) at 570 nm for
WS,. The signal is detected by a Hamamatsu streak camera with a time resolution of ~ 2-3 ps [100]. Note that this

excitation power (~ 1 uW) of the pulsed-laser (tens of Mhz repetition frequency, ps range pulse) corresponds to an
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excitation power of ~ 10 mW for continuous wave excitation.
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Figure 3.5: Time-resolved photoluminescence (TRPL) of the trion triplet (T,) under circular (red) and linear ex-
citations (black) at T = 5.1 K under the excitation laser power of 1 uW. The experiment was performed by the
collaboration group in Toulouse (LPCNO).

We can extract two different pieces of information for (1) recombination and (2) build-up of the T, under circu-
lar and linear excitations. First, the T; exhibits a slightly different recombination lifetime under the two excitation
polarizations, which are 10.2 ps for circular and 7.6 ps for linear. The lifetime of the T, is therefore 34 % longer
under circular excitation than linear one. Second, the initial build-up population is different. Note that the total PL
intensity (y-axis) is shown in a log scale. The total PL intensity of the T; at short times is 78 % higher under circular
excitation than linear excitation, which implies that the initial build-up of the T; is the most dominant contribution for
the spin-dependent intensity of the T,. Note that we obtained a maximum PL intensity ratio of ~ 1.9 for the T, under
circular and linear excitations, which represent a ~ 90 % higher total PL intensity for circular excitation than linear
excitation.

From these observations, we attribute the asymmetric behavior under o/ excitation to the difference in the build-

up of the T, formations. In other words, the initial formation of the T, under o/7 excitation is different, resulting in
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the asymmetric behavior in PL, whereas the recombination lifetime can be considered, as a first approximation, as

constant.

3.3.3 AQualitative explanation for the dynamical polarization of resident electrons

We built a model to explain the observations from the PL intensity difference under circular/linear excitation and

TRPL experiments.

This difference in intensity of the T; and T, under circular and linear excitation can be explained by the following
mechanism [100]. Under o+ excitation, the continuous supply of photogenerated excitons in the K+ valley creates
an imbalance of resident electrons in the lowest sub-conduction bands in K* and K~ valleys, which is called the
dynamical polarization of resident electrons. The different resident electron density in the K+ and K~ valleys results

in a difference on the probability of formation of T; and Ts.

Fig. shows a schematic which explains the mechanism of dynamical polarization of resident electrons. We
first assume that the TMD ML is n-doped, which is the case in our WS, monolayer. 1) Att = 0 without laser excitation,
the resident electrons are equally distributed in the K+ and K= sub-valleys. 2) We photoexcite the system with o+
excitation. The photogenerated electron-hole pairs are created in the Kt valley due to the chiral optical selection
rules. 3) Then, the photoexcited electrons undergo relaxations in the valley with spin-flip (intra-valley relaxation) or
into the opposite valley by conserving their spin (inter-valley relaxation). If the inter-valley relaxation is faster than
the intra-valley relaxation, 7iuter < Tintro [147]. Thus, the number of resident electrons in the K= valley becomes

higher than the resident electrons in the K+ valley.

Due to the imbalance of resident electrons in the sub-conduction bands between the K+ and K~ valleys, the
resident electrons scatter into the opposite valley through inter-valley spin-relaxation with the characteristic time
Tsy. Under continuous o+ excitation, a competition of these two processes determines the polarization of resident
electrons. We obtain a certain amount of polarization of resident electrons if the inter-valley spin-relaxation is slower
than the dynamical polarization process by polarized optical pumping. 4) We attribute this dynamical polarization
buildup of resident electrons to a high degree of circular polarization in the T, and weaker circular polarization for the
T,. Since the negatively charged trion formation is strongly influenced by the resident electron density, formation is
more (less) favorable for the T; (T5) under o+ excitation. Consequently, the degree of circular polarization becomes
higher (lower) than the average value.

We can explain the main observations through a simple bi-molecular model of trion formation [100]. The trion
population is proportional to the number of photoexcited excitons times the number of resident electrons in the
sub-conduction valleys. For example, the population of T; in the KT valley (Nj{f*) is proportional to the number of

photoexcited excitons in the K valley (N)’({O*) and to the population of resident electrons in the K~ valley (NX-).
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The degree of circular polarization for the T, (Pr,) and T, (Pr,) is expressed as,
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Also, the degree of photoexcited exciton polarization is Px, = NENES X 100 (%) and the degree of resident

K K—
exciton polarization is P, = % x 100 (%), which can be rewritten as the following,

1—-Px, N&~©

TP = N (3.3)
1+P. NETF
1-P.  NE- (B.4)
Finally, we can rewrite Eq.[3-1]and [3:2 by using Eq.[3.3]and [3.4]
_ Px,—P.
PT1 - 1 — PXOPe (35)
Pyx. + P,
Pp =0 T-¢ .
T2 1 + PXOPG (3 6)

From these equations, we can estimate the degree of photoexcited exciton and resident electron polarization for Pp,
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=78 % and Pr, = 18 %. Then, we get Px, = 48.2 % and P, = - 40.7 %. Therefore, we observe a higher degree
of circular polarization for the T; than the average since the T, formation in the K+ valley is much more favorable
than the T, when the density of resident electrons is higher at the K~ valley, and so the T, shows a lower degree of
circular polarization than the average.

At low excitation powers, this dynamical polarization of resident electrons is negligible with respect to the thermal
distribution of resident electrons so that the dynamical polarization of resident electrons is not observable. As the
excitation power increases, the polarization in the sub-conduction valleys becomes high enough so one can observe
the imbalance of the total PL intensity under circular and linear excitations.

This mechanism also can explain the intensity difference of the T; and T, under circular and linear excitation.
Under o+ excitation, the T, formation in the KT valley is more favorable since the resident electrons in the K~
valley are accumulated due to the dynamical polarization of resident electrons, resulting in the total PL intensity
increase under circular excitation compared with the case under linear excitation. These can be explained by the

same bi-molecular description. We can express the total PL intensity under circular/linear excitation as [100],

1§ N NE~ + NE-NET (3.7)

I, NG FNET 4 NE-NE- (3.8)
U T 1 - —_

I7 = 1T20<§(N§§0+ + NEONEY + NE) (3.9)

Then, the PL intensity ratio R for the T; and T is given by,

17

Ry, = =+
1 ITI

_ I
I7,

—1- Py,P. (3.10)

Ry, =1+ Px,P. (3.11)

We obtain Ry, =~ 1.2 and Ry, =~ 0.8 for Py, = 48.2 % and P, = - 40.7 %. Note that our experimental R;‘f” =19is
higher and that R7;” ~ 1.1. This model has a limitation since we assumed the simplest case taking into account only
the bi-molecular process. The model can be improved by taking into account other formation process of excitonic
species and non-resonant photoexcitation of electron-hole pairs. Nevertheless, this simple version of the model

gives us the physical insight for the understanding of the observed phenomena.

3.3.4 Dynamic valley polarization under resonance excitation of the excited excitonic

states

We performed photoluminescence excitation (PLE) spectroscopy thanks to the rhodamine 6G dye laser. Fig.

shows the asymmetry (R) ratio map where we increase the excitation wavelength from 565 nm (2.19469 eV) to
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603.6 nm (2.05434 eV), maintaining the excitation power at 10 uW. Note that we do not see any ratio for the exciton
emission for excitation energies below ~ 2.115 eV due to the long pass filter for the laser. The inset shows the total

PL intensity of the X° as a function of the excitation energy under o+ excitation.
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Figure 3.7: Photoluminescence excitation spectroscopy (PLE) of 19/I™ ratio for an excitation laser of wavelength 565
nm ~ 605.8 nm at 10 uW. The black curve indicates a normalized PL spectrum. The inset shows the neutral exciton
(X%) intensity as a function of the excitation energy at a fixed excitation power of 10 zW. One can observe that the
17/ ratio increases for the two exciton resonances (neutral exciton ground state and first excited state of the trion).
Note that we do not see the first excited state of the exciton resonance in PLE due to the maximum photon energy
available with our laser source. (the red circle of the inset).

The R ratio of the T, locally increases at the excitation energy of ~ 2.175 eV and ~ 2.056 eV. These energies
correspond to the excitonic resonance states, which are the first excited state of the T (~ 2.175 eV) and the ground
state of the X" (~ 2.056 eV) at T = 20 K [148]. These results are coherent with our model and previous observations
of power-dependent experiments since it can be expected that the dynamical valley polarization of resident electrons

is enhanced due to the efficient optical pumping under the resonance excitation.

Interestingly, we can clearly identify the first excited state of the trion (Ts;) in the R ratio map, which shows
very weak oscillator strength at T =20 K so that it is not easy to identify in the absorption spectrum because of

the strong X9, resonance [148]. Note that the first excited state of the neutral exciton (X9,) should be observed at
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around 2.196 eV. We see an increase of the total PL intensity of the X when the excitation energy goes to the
upper limit of our scanning range (indicated by the red circle of the inset of Fig.[3.7]). It may imply that the dynamical
valley polarization is much more sensitive than the absorption process for excited states of trion. It can also be a
useful method to identify exctonic Rydberg states for those who show PL intensity difference by the dynamical valley

polarization.

3.4 Conclusions

In conclusion, we have identified excitonic complexes in WS, monolayer at cryogenic temperatures, which were not
visible at room temperature, as discussed in chapter 2. We have obtained PL spectra of a narrow linewidth thanks
to the hBN encapsulation. We distinguished the fine structure of negatively charged trions (~ 6 meV) with linewidths
(5 meV, FWHM) for the T; and Ts.

We have demonstrated the spin/valley polarization through the polarization-resolved p-PL setup. Under linear
excitation, we observed a degree of linear polarization of ~ 30 % for the neutral exciton X°, implying that the valley
coherence is experimentally observable. Under o basis, the PL exhibits a circular polarization of ~ 40 % (average),
while the T, (T2) exhibits a maximum (minimum) circular polarization of ~ 80 % (~ 18 %) at ~ 18 uW. At this range
of excitation powers, we observed a significant intensity difference for the T, under o/ excitations. We revealed that
this asymmetric behavior (a maximum R ratio of ~ 1.9) under the two excitation bases originates from a different
build-up mechanism under o/7 excitations. This idea is supported by TRPL measurements for the T; which shows
that the build-up PL intensity under o excitation is 78 % higher than the one under = excitation, while the lifetime
under o excitation is only 34 % higher than the other one.

In our model (for n-type TMD MLs), a continuous input of photoexcited electron-hole pairs in one valley under
circular excitation induces an imbalance of resident electrons in the sub-conduction valleys, a dynamical spin-valley
polarization of the resident electrons. In return, one can observe a big difference in the degree of circular polarization
of negatively charged trions (higher for the inter-valley trion triplet ~ 80 % and lower for the intra-valley trion singlet
~ 18 % than the average degree of circular polarization ~ 40 %) due to the distribution change of resident electrons
in the K+ and K~ valleys. We have built a simple bi-molecular model to explain these experimental observations
based on the fact that the trion population is proportional to the population of photoexcited excitons times the
population of resident electrons. We estimated the resident electron polarization of - 40.7 % and the photoexcited
exciton polarization of 48.2 %. Also, this dynamical polarization of resident electron results in higher PL intensity
(R? =1.9, Rpedel = 1.2) under circular excitation than under linear excitation for the inter-valley trion triplet (T).
These observations are coherent with our model since the T, formation in the K+ valley is more favorable under o+
excitation than 7 excitation. Although we found a difference between the R¢*? and R™°?!, this model provides an

insight to understand the hidden mechanism behind the observed behavior of trions under polarized excitation.
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We also showed that this dynamical polarization can be enhanced under resonant excitation. In the first exited
T resonance, this response of dynamical valley polarization is much more sensitive than the exciton PL intensity

variation as a function of the excitation energy.
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Chapter 4

Exciton physics under high excitation

fluences in MoSe; monolayers

In the previous chapter, we have demonstrated spin/valley polarization of the hBN encapsulated WS, monolayer
through polarization-resolved uPL spectroscopy. Especially, we have shown that optically induced dynamical valley
polarization of resident electrons can be established in W-based TMD MLs, implying that a strong spin-dependent
PL intensity is observed under circular/linear excitation polarizations. However, all the results presented up to now
were obtained in regimes where the PL peak intensities grow linearly with the laser intensity. In this chapter, | will
present excitonic behaviors in higher excitation regimes.

For the WS, monolayer, many excitonic species and localized states appeared in the PL spectrum with a
linewidth of (< 4 meV) as well as small energy differences (< 10 meV) compared to other excitonic complexes in the
material. A proper deconvolution of the PL spectrum is required to investigate more details of excitonic species. At
high excitation powers, analyzing the spectrum is much more complicated due to the broadening of linewidths. They
become comparable to the energy differences between excitonic states. Especially, a well-filtered configuration is
required to image PL in 2D space for our imaging technique (0" order imaging). Also, the intense charged-bi exciton
emission gives us difficulties to appreciate the details appearing at high excitation powers.

For these reasons, we have chosen an encapsulated MoSe, monolayer that exhibits a relatively simpler PL
spectrum. Only two excitonic states can be found in the PL spectrum of the MoSe, monolayer at low temperatures
due to the different conduction band splitting configurations. Also, the PL emissions of excitonic species are posi-
tioned with a larger energy difference (> 25 meV). This configuration will make it convenient to investigate details of
excitonic behavior at high excitation laser fluences, including the imaging methods.

In this chapter, we studied excitonic transport in MoSe2 monolayer (in Fig. by the hyperspatial imaging

technique of our micro-PL setup. In our lab, this technique has been used as a powerful method to investigate not
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Figure 4.1: An optical image of the hBN encapsulated MoSe2 monolayer. [149]

only the charge and spin transports of doped GaAs [150}, [151] but also TMD monolayers [152, [153]. For the MoSe,
monolayer, we observed a negligible circular polarization for the trion and exciton peak which will be discussed
in the first part of the chapter. Then, we will discuss the spatial imaging part, in which we observed an unusual
shape of the spatial PL distribution at high excitation powers. We will discuss the origin of the halo shape PL and
propose numerical modeling to describe the halo phenomena. The results are published in 2D Materials (2D Mater.

8 045014, 2021) [149).

4.1 Peak identification & polarization-resolved spectra

4.1.1 Experimental results

The low-temperature PL spectrum of the hBN encapsulated MoSe, monolayer under a 633 nm laser excitation is
shown in Fig. The black and the red lines correspond to o™ and o~ PL detections under the o excitation,
respectively. We identified the exciton (X°) emission at 1.647 eV, and a strong emission of a charged exciton (trion,
T) is identified at 1.621 eV. Also, a negligible circular polarization is observed for both X° and T, where the black and
the red curves exhibit almost the same PL intensity.

Fig. shows photoluminescence excitation (PLE) scan by decreasing the excitation energy from 1.8102 eV
(685 nm) to 1.6456 eV (753.5 nm) with 0.5 nm wavelength step at a fixed excitation power of 5 uW. The black and
red dots correspond to the integrated PL intensity for the exciton and trion, respectively. The black and red lines
(with cross marks) correspond to the degree of circular polarization for the exciton and the trion, respectively. The
integrated PL intensity increases when the excitation energy changes close to ~ 1.65 eV (the A-exciton energy) and

increases over 1.80 eV (close to the B-exciton energy). The degree of circular polarization for the exciton and trion
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Figure 4.2: PL spectra of the hBN encapsulated MoSe2 monolayer under ot laser excitation at T =20 K (P = 9 uW,
Alaser = 633 nm).

is observed as ~ 2 % and ~ 5 %, respectively. However, the circular polarization of the exciton increases slowly
when the excitation energy decreases close to the exciton resonance. The periodic increase of the exciton circular
polarization might originate from the artificial effect of the optics, but more investigations are required.

Here, we can point out: 1) The sign of the trion’s charge is not clarified yet whether it is negative or positive. 2) A
negligible circular polarization of both for the trion and the exciton in contrast to the results from the WS, monolayer

in Chapter 3. We will focus on the two findings in this subsection.

4.1.2 Identification of the trion type

The trions can be formed into two types: the negatively charged exciton (an exciton with an extra electron) and a
positively charged exciton (an exciton with an extra hole). In TMD MLs, the type of trion strongly depends on the
type of resident carriers originating from unintentional doping of the sample. In the MoSe, monolayer, identifying the
charge sign of this trion is less direct when compared to the WS, monolayer in chapter 3. In WX2 (conduction band
ASOC > 0), It is clear that the negatively charged trion (an exciton with an electron) displays two distinct emission
peaks due to the inter and intra valley trions at low temperature. In contrast, the positively charged trion (an exciton
with a hole) exhibits only one PL emission peak.

In MoSe- ML, the ASOC of the conduction band at K+(K-) points is negative so that both positively and negatively

charged trions exhibit a single PL peak. The sign of the charge could be easily verified by applying an electric field
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Figure 4.3: Peak intensities (left axis) and circular polarization (right axis) of the exciton (black) and the trion (red) in
photoluminescence excitation (PLE) experiments performed at T = 20 K with a laser power Py, =5 uW. The laser
wavelength increased from 685 nm (1.8102 eV) to 753.5 nm (1.6456 eV) by 0.5 nm step. The emission intensity and
circular polarization of the exciton from 1.661 eV to higher excitation were excluded from the graph due to the laser
leak of the tunable longpass filter. Unfiltered laser light prevents us from acquiring precise spectra at the exciton
emission energy when the laser energy goes close to the exciton resonance. The regular rise and decrease of the
exciton circular polarization from 1.74 eV to 1.81 eV might originate from a parasitic issue due to the multiple filters
and mirrors.

to the monolayer to obtain p- or n- like doping states of the monolayer electrically, but this is not the case for our
encapsulated sample. Moreover, the negatively charged trion and positively charged trion are located at 26.1 eV
and 24.3 eV below the exciton peak, respectively [154]. The authors explained that the energy splitting of two trions
could vary by the doping density, as shown in Fig. The splitting energies of the two trions shift to higher energy
in a few meV range when the resident carrier density in MoSe, ML changes up to 10'2 cm~2, but this trion energy

shows no strong shift in energy when the resident carrier density is < 10'2 cm—2.

In our case, the trion emission (Fig. appears 26 meV below the exciton emission. Hence we can attribute it
to the negatively charged trion, but the resident carrier density needs to be verified to estimate the correct energy
splitting of the trions. We can estimate the resident carrier density from the power-dependent experiment in the
trion’s intensity saturation discussed in Our sample’s doping level is estimated to be ~ 2x10'° cm~2, which is
2 orders of magnitude smaller than the carrier density value in Fig. Thus, we believe that our MoSe, monolayer

is n-type.
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Figure 4.4: Gate-dependent PL splitting energy between AL , AT , AT and Ay, A,., As., respectively (denoted by
cyan, orange, and green squares, respectively). 1s, 2s, and 3s are the Rydberg states. The A™ and A~ represent
the negatively and positiviey charged trions, respectively. [154]

Note that unintentional doping is often n-type in TMDs which may happen for several reasons: vacancy or

oxidization of the monolayer, irradiation of the laser [155], and contaminations [156].

4.1.3 A negligible circular polarization for both trion and exciton

Unlike other TMD monolayers, the MoSe; monolayer exhibits a negligible circular polarization for both the exciton
and the trion. The degree of circular polarization in PL can be comprehended in terms of initial carrier formation,
valley relaxation, and the lifetime of carriers.

The general process to emit PL from the photoexcitation is the following: 1) Photoexcited hot electrons are
created in the MoSe, ML by the circularly polarized excitation light source. The hot electrons relax to form excitons
and trions at K+(K-) valleys within the ps scale. The initial degree of valley polarization is defined during this process.
Note that the exciton formation time in TMDs is estimated to be in the sub-ps range and for trions have a typical
characteristic time of ~ 2 ps [157, [158]. Studying ultrafast dynamics below 1ps was difficult due to the resolution

limit of the experimental setup [159]. Recently, a high-resolution pump-probe setup made it possible to resolve the
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ultrafast formation time of exciton in the sub-ps range in TMDs [160} [161].

2) Photogenerated excitons and trions undergo radiative recombination, nonradiative recombinations, and scat-
tering process that destroy the degree of valley polarization such as the transition from an exciton in K™ valley to
K~ valley by flipping its pseudospin. Thus, the degree of valley polarization in PL at a steady state is related to the
initial formation of valley polarization and the ratio between the lifetime of carriers (.s5) and the valley polarization
lifetime (7,q411¢y). FOr instance, the initial valley polarization will be completely lost if the valley relaxation rate is much
faster than the carrier recombination process.

In steady-state PL, the circular polarization can be expressed by the simple model,

P
p:ligw (4.1)

Tvalley

where Py is the circular polarization at t = 0 from the initial carrier’s formation [162].

The almost zero circular polarization observed in experiments may be due to a fast valley relaxation decay. The fast
enough valley relaxation of excitons and trions results in negligible circular polarization for both regardless of their
lifetimes. Note that the reported recombination lifetime of the exciton is a few ps, and the trion is ~ 100 ps in MoSe-

monolayers [163].

We can also point out that the ground state of the B-exciton is located ~ 220 meV above the A-exciton energy in
the MoSe, monolayer [164]. Note that A-exciton is an exciton transition between the highest valence sub-valley and
conduction valley. B-exciton is an exciton transition between the second-highest valence sub-valley and conduction
valley. We may excite not only A-exciton in K* valleys but also B-exciton in the same valley in Fig. Note that we
have excited the monolayer with a 633 nm laser, about 300 meV higher than the exciton emission while the energy
range of the PLE (Fig. can generate only A-excitons.

A similar trend in other reports shows that the degree of circular polarization is only significant when the MoSe-
monolayer is photoexcited resonantly [162) [165]. Indeed, the circular polarization decreases when increasing the
excitation energy of light. The polarization degree reaches almost zero when the excitation energy is higher than

100 meV from the exciton resonance in contrast with MoS,, WS,, and WSe,.

Few papers have reported this strong valley relaxation of circular polarization in the MoSe, monolayer. For
example, F. Mahmood et al. [166] have studied the exciton valley relaxation of the MoSe, monolayer by time-resolved
PL. They reported that the relaxation rate increases at higher pump fluence due to exciton-exciton collisions, but
this model fails to explain our observations at low excitation fluence.

A possible argument is that the valley relaxation is enhanced for hot excitons excited by high excess energy
in MoSe, monolayer due to the Rashba type mixing of the bright and dark exciton (with an energy difference
AFEbright—dart = 1.5 meV for a zero center-of-mass momentum) [167]. In MoSe, monolayers, the conduction band

exhibits a negative spin-orbit coupling (A Esoc < 0) at the K points. For instance, the split conduction band minimum
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and valence band maximum are at the same spin state (spin up, +1/2) at K valleys. The lowest conduction band
has a lighter effective mass than the upper one meaning that the two conduction subbands cross at the vicinity
of the K+ (K-) valley. This conduction band crossing appears closer to the K points when spin-orbit splitting in the
conduction band is smaller. In other words, the band cross happens for AEy,ign:t—dqr > 0, and it appears close to
K points if AEjyighi—dark 1S Close to zero. Photoexcited hot excitons quickly relax their valley index due to the band
crossing when excitons are excited above the crossing point in the conduction band. This fast valley depolarization

process can explain our situation of negligible circular polarization in the MoSe, monolayer.

4.2 Power dependent excitation: sublinear behavior of PL at high excita-

tion powers

A low temperature (T = 19 K) power-dependent spectra taken under a 570 nm laser excitation are shown in Fig.
with a log scale for PL intensity. We increased the excitation power from 15 nW to 23 mW. The different spectra are
indicated by different colors from purple to red in the legend. At high excitation powers, the peak positions of exciton
and trion shift towards low energy. A saturation of PL intensity with a broadening of linewidth is also observed for
exciton and trion. First, we plot the integrated PL intensity as a function of excitation power for exciton and trion in
Fig. 4.5pb. The lines (black, red) correspond to a slope R = 1, a linear relationship between excitation power and
PL intensity. Both trion and exciton show a linear behavior of PL intensity at excitation powers below ~ 100 W
for trion and ~ 3 mW for exciton. At higher excitation powers, the trion PL intensity increases sublinearly above ~
100 W and saturates from ~ 800 pW. While for the exciton, the sublinearity appears at excitation powers above 1
mW and no saturation is detected up to 23 mW. Note that we have increased the excitation power from low to high
and repeated the PL measurement from high to low excitation power. No significant change in the PL spectra was
observed during the cycle, meaning that the laser-induced photodoping effect can be excluded in these experiments.
The laser-induced photodoping effect appeared before this experiment (see Fig.|[A.1]in appendix [A).

Fig.[4.6]shows the excitation power dependence of (a) peak position and (b) linewidth for trion and exciton peaks
(T =19 K, A\jaser = 570nm). The exciton and trion peaks redshift by 2 meV and 1 meV, respectively, at 23 mW
compared with low excitation powers below 100 W. Also, a broadening of linewidth is presented at high excitation
powers. Those two features are typical signatures of the local lattice heating induced by the optical excitation.

In this part, we will discuss mainly two features: 1) One can estimate the unintentional doping density from
the sublinear-saturation excitation powers of trions. It is because the trion formation rate is strongly related to the
remaining electron density in the system. 2) At high excitation powers, local heating of the laser induces modification
of the spectrum. However, the sublinear feature of PL intensity appears at different excitation powers and by different

reasons for trions and excitons. For example, the trion saturation originates from the finite numbers of resident
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Figure 4.5: (a) Power dependent PL spectra (b) Integrated PL intensity of exciton and trion at T = 19 K (Ajgser = 570
nm). [149]
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Figure 4.6: Power dependent (a) peak position and (b) linewidth of the hBN encapsulated MoSe2 monolayer at T =
19 K (Ajaser = 570 nm). [149]

electrons in the MoSe, monolayer. For exciton (X°), the Auger-like exciton-exciton annihilation is involved above 1

mW to make the PL intensity sublinear.

4.2.1 The estimation of the doping level
We start from the following arguments to estimate the resident carriers’ density,
1. Sublinear behavior for excitons and trions start at different excitation power for different reasons.

2. The sublinear behavior of the exciton will be observed at higher excitation power above 23 mW, probably due

to the Auger-like process (exciton-exciton annihilation) [168,[143]. The Auger-like process is visible at a carrier
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density of ~ 10'2 cm~2 in hBN encapsulated monolayers [169].

3. The main contribution of trion creation is the binding of photoexcited excitons with resident carriers in the

MoSe, monolayer, which are present at a finite density.

4. The saturation of trion PL intensity, which starts from ~ 100 W and reaches a plateau from ~ 800 W, is due

to the fact that more excitons than resident carriers are photogenerated.

The resident carrier density can be estimated from the saturation of trion PL intensity. We assume that one photon
absorbed generates one electron-hole pair. The 570 nm excitation laser with a power of ~ 400 yW creates an
exciton density equal to the resident carrier density inducing the appearance of the saturation. The number of

photons arriving on a unit surface of the sample can be expressed by,

A 1
)
PR X o2 F#Fphoton XM

(4.2)

Where P = 400 uW is the excitation power, & is the Planck constant, c is the speed of light, A = 570 nm is the
wavelength of the excitation laser, and ¢ = 0.5 um is the Gaussian excitation spot size measured experimentally
from our setup. Finally, we can formulate the average creation density of electron-hole pairs in a unit 2D volume
by adapting the absorption coefficient approximately A = 0.15 % to Eq. The absorption coefficient A is chosen
because: 1) the absorption coefficient at the neutral exciton resonance is about 5 % [170]. 2) We observed a factor
of 25 higher for the PL intensity of trion at the exciton resonance than off-resonance (570 nm) excitation for a given
power. Thus, we obtain the generation rate of electron-hole pairs G ~ 2.16x102° cm~2 for P = 400 pum with \ = 570

nm excitation. The trion density can be estimated by the following relation,

G~ Blr (4.3)
Ter
Angy & ANpesi (4.4)

where 7, = 140 ps is the trion lifetime [163] and An,, is the trion density, which is equal to the resident carrier
density (An,es;)-

We get the resident carrier density about ~ 2x10'% cm~—2. As we previously discussed, our MoSe, monolayer is
expected to be n-type considering the estimated doping level with the trion energy splitting AE = 26.1 meV from the

following reference [154].

4.2.2 Effective temperature of the trion and exciton

We can estimate the effective temperature of exciton and trion by fitting their spectrum. However, exciton and trion

have different mechanisms for PL emission (see Fig. [4.2). Schematics to explain the general mechanism of the
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exciton radiative decay are shown in Fig. [4.7p. Excitons radiative decay occur within the light cone by emitting
photons only when their center of mass momentum p is smaller (in magnitude) than a critical value pc (—p— < pc).
This radiative decay of the occupied population creates the exciton PL emission of Lorentzian distribution. However,
more details are required to understand exciton emission for the encapsulated MoSe2 monolayer. For instance, a
high energy tail in the exciton PL emission appears for higher lattice temperature (T > 25 K) for hBN encapsulated
MoSe; monolayer originated by the fact that the exciton-phonon interaction makes radiative decay possible outside

the light cone [171].
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Figure 4.7: (a) The exciton dispersion is shown in orange and photon dispersion in blue with exaggerated momen-
tum, ~ x200, to make the light cone visible. Only excitons within the light cone, |p| < pc, can radiative decay. This
population is highlighted in the narrow, delta function like region in the occupation number plot, which results in a
Lorentzian shaped PL. (b) The Feynman diagram for trion radiative decay. One of the electrons recombines with
the hole to emit a photon while the other electron is kicked out to conserve energy and momentum. (c) The trion
dispersion is shown in purple with the zero-momentum and kinetic energies of a trion denoted. All trion states can
radiatively decay, so all states in the occupation plot are allowed optical transitions. To convert from the occupation
distribution to the PL, we must account for the energy of the recoil electron resulting in the long low-energy tail. [172]

In contrast, the process of trion radiative decay is different from that of the exciton, as shown in Fig.[4.7p. When
trion decays radiatively, an electron-hole pair of the trion recombines to emit a photon and the remaining electron
recoils away with a non-zero momentum. This non-zero contribution of the recoil electron increases as temperature
increases resulting in an enhancement of the asymmetric PL emission of trions with a tail spectrum at the low
energy side, as shown in Fig. [4.7c. Thus, we can estimate the effective trion temperature by fitting the low-energy
trion tail, which holds information about the thermal distribution of trions. The trion PL intensity can be expressed
by the convolution of Boltzmann distribution of trion kinetic energies and Lorentzian distribution, taking into account

the trion’s center-of-mass momentum dependence of the transition energy [172,[173],
I(hw)oxe™ Fo=h)/cQ(Ey — hw)xg(hv) (4.5)

where h is the emitted photon’s energy, E; is the emission energy of a trion with zero center-of-mass momentum, ¢
is a Lorentzian representing the non-zero linewidth of the transition, © is the Heaviside function, and e ~ 2k T where

kg is Boltzmann’s constant. The latter approximation is valid since the trion’s radius is of the order of nanometers
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and the electron and hole effective masses are comparable.

We can extract the trion temperature from the PL spectrum tail of the low energy side based on the Eq. The
effective temperature of the trion and exciton gas is shown in Fig. [4.8] Both temperatures significantly increase above
1 mW, starting from 10 K for the trion and 20 K for the exciton. At low excitation powers, the exciton temperature
matches with the sample’s temperature 20 K. In contrast, the trion temperature (~ 10 K) shows an offset compared
to the lattice temperature. It implies that a systematic error is present in the Eq.[4.5)model, which can be investigated
for future work. Note that the spectrum was acquired by the spatially averaging method. The effective temperatures
were underestimated because this situation originated from the local effect induced by the tightly focused excitation

laser (Gaussian excitation laser spot o = 0.5 um).
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Figure 4.8: The effective temperature of the trion and exciton gas extracted from power-dependent spectra of Fig.

4.5p.

4.3 Imaging of the Halo: Laser-induced local heating of trions and exci-

tons

4.3.1 Experimental results

We performed spatially resolved PL imaging to study the local heating effect on trion and exciton transport under
a tightly focused laser of r = 0.5 yum Gaussian radius. 2D spatial images of trion and exciton for different excitation
powers are shown in Fig. [4.9a. Exciton and trion luminescence are properly filtered by an interferential tunable

filter. The Exciton (trion) PL images were obtained using a shortpass (longpass) to correctly suppress the other
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peaks. Both exciton and trion present a similar spatial distribution at low excitation powers, while exciton and trion
behave differently at high excitation powers. The spatial distribution of trion PL shows a halo shape at high excitation
powers (e.g. 10 mW and 22 mW for trion), meaning that the center of the excitation spot (r = 0) does not correspond
anymore to the maximum PL intensity position. We extracted 1D line profiles of trion and exciton to study details
of the power-dependent behavior by averaging multiple linear lines that cross the center of the PL spot (see black
lines of the trion image at 22 mW in Fig. [4.9a) since the 2D PL images are not completely symmetrical. Fig.
shows 1D line profiles of trion and exciton at different excitation powers indicated in the legend. The black dots and
lines correspond to the excitation laser profile. PL intensity is normalized to 1 for r = 0 to better identify the halo
evolution when varying the excitation power. An intensity raise of the trion profile is observed around r = 1 ym at 1
mW excitation. This relative increase of trion intensity with respect to the center of the laser spot grows continuously
and shifts further away from the center as the excitation power increases. While a slight increase of the exciton
profile forr = 1 um is observed at the excitation power above 10 mW, the halo shape, which is observed for the trion
profile at high excitation power, is not detected for the exciton profiles up to 22 mW.

The PL profiles for excitons (blue) and trions (red) at 1 uW and 22 mW are shown in Fig. and b, respectively.
The black squared lines represent the laser profile, where it can be seen that the exciton and trion luminescence
comes from a spatial region which extends significantly beyond the excitation spot. As shown in Fig. [4.10b, the
purple dashed lines correspond to the profiles at 1 yW excitation. The green dots represent the temperature profile
of the trion taken out from the spectra at different positions in the 1st order imaging method. Note that the exciton
and trion exhibit almost the same profiles at 1 ©W excitation in a linear scale plot. The normalized PL intensity is a
logarithmic scale in Fig. while it is a linear scale in Fig. [4.70p.

At 1 uW excitation, similar effective diffusion lengths of 1.49 4+ 0.05 um and 1.27 4+ 0.05 um were obtained for
X% and T, respectively. The effective diffusion length (L) is acquired from the PL fit with the analytical solution of the

following 2D steady-state diffusion equation [152]:

n(r)oc/ KO(T/LX)ef(“T,)Z/“’zdr’ (4.6)

o0

Where K| is the modified Bessel function of the second kind and L = v D7, D and 7 are lifetime and diffusion
coefficient (of excitons or trions). At 22 mW excitation, the trion profile exhibits the halo behavior and the exciton
profile is also broadened as compared with the profile at 1 W (purple dashed lines). The trion temperature profile

(green) behaves similar to the exciton and the trion profiles at 1 uW.

4.3.2 A role of the hot exciton formation in the exciton and trion profiles

At 1 mW, we obtained the effective diffusion lengths of 1.49 4+ 0.05 ym and 1.27 £ 0.05 um for the X° and T,

presenting about ~ 15 % difference. This result is already surprising given that the lifetime of both species differs by
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Figure 4.9: (a) PLs spatial distribution of excitons and trions for selected excitation powers. The images have a
lateral size of 14 um. Measured PLs radial profile for trions (b) and excitons (c) for selected excitation powers. PL
intensity is normalized by 1 at r = 0 where is the center of the excitation spot. Black is the laser profile and each
color corresponds to the written excitation powers in the legend. [149]

more than one order of magnitude considering L = v/Dr relation. We interpret these low-excitation profiles as the
result of the diffusion of hot excitons.

Here, we consider the following process in the presence of the spatial profiles at low excitation powers since no
external electric field is present in the MoSes monolayer: 1) The laser irradiation photo-generates e-h pairs in higher
energy than the ground state of the A-exciton. 2) The photogenerated e-h pairs, so-called hot excitons, relax into
bright excitons and trions in their characteristic times. The hot excitons can diffuse during this process [174]. 3) The
excitons and trions diffuse until recombination takes place through PL emission.

We put a parameter of the excitation laser profile to fit the analytical solution of the 2D steady-state diffusion
equation (Eq. [A.6). In the assumption of the solution, we attributed the formation of both excitonic species to the
laser profile. The laser irradiation creates the excitons and trions exactly at the place. However, the diffusion of hot
excitons is involved in making our assumption complicated, combined with their comparable relaxation times and

short diffusion lengths. The relaxation of hot excitons into bright excitons and trions is reported on a timescale of the
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Figure 4.10: (a) Normalized radial profile for excitons and trions at low excitation power in a logarithmic scale. Also
shown is the laser profile and fits of the 2D diffusion equation. (b) Radial profiles at the highest excitation power,
normalized to one at the center in a linear scale. Also shown is the trion temperature was extracted from the 1st
order image which is the method described in chapter 2. [149]

order of 18 ps [163] which is a comparable number with the exciton (< 5 ps) and trion (~ 140 ps) relaxation time in
MoSe, monolayers.

If the subsequent diffusion of excitons and trions is slow enough, then we would indeed expect to see the same
profile for both species. Note that momentum-indirect dark excitons can also constitute a reservoir of excitons at the
steady-state and possibly contribute to the low excitation profile [175]. Therefore, the spatial profiles of the exciton
and trions could be more influenced by the diffusion of hot excitons than the subsequent diffusion of bright excitons
and trions.

Note that the exciton diffusion lengths in TMD MLs were reported within 1 um and the experiments mainly were
done at room temperature [176]. Also, the exciton lifetime in TMD MLs is expected to be smaller at low temperature

(~ ps) than at room temperature (~ ns) [177].

4.3.3 The origin of the halo at high excitation powers

The PL profiles of excitons and trions are deformed at high excitation powers. The formation of a hollow at the
center of the profile is pronounced for the trions. This halo behavior for trions starts to appear at around 1 mW. This
behavior correlates with the saturation of the PL intensity of trions, as we discussed in previously.

Also, A spatial gradient of the temperature profile was observed for the trions (from 30 K at the center to 15 K
at 3 um in Fig.[4.10p). This temperature profile of the trion follows the profiles (excitons and trions) at low excitation

powers, which can be understood as a consequence of the phonon emission of the hot exciton relaxation. A high
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density of hot carriers creation induces an increase in the number of hot phonon emissions and the dense hot
phonon emission results in an increase of the trion and exciton temperatures. Moreover, a strong temperature
gradient may induce a thermal drift that could contribute to the halo formation.

This halo type spatial distribution of excitonic emission in TMD monolayers was previously observed on WS,
monolayers, but under different experimental conditions such as pulsed laser excitation and at T = 300 K [178],[179].
The authors proposed a model to explain their halo based on Auger recombination and the creation of a temperature
gradient by hot phonon emission. In their study, auger-like processes were considered as the main source of this
phenomenon due to their excitation and sample condition. In time-resolved PL, the pulsed laser excites the system
with a high photon density (102 cm~2) which donates an efficient condition for Auger like scattering. Moreover,
the WS, monolayer of the experiment in ref [178, [179] was deposited on a SiO,/Si substrate while our results
were obtained on a hBN encapsulated monolayer. The Auger like process can be effectively suppressed by hBN
encapsulation [180]. Indeed, if the temperature gradient was created by Auger-like non radiative recombination, we
would expect the steady-state spatial dependence of the temperature to be non-monotonic and to exhibit a halo as

well.

4.3.4 Seebeck drift: Modeling for the halo based on the thermal gradient

Therefore, we built a model to interpret our halo based on the fact that the temperature gradient plays a major role
and the Auger-like process is relatively irrelevant to our case. Note that all the details of the calculation can be
found in our publication Ref. [149]. Also, we made assumptions to simplify our model to describe the halo effect.
Consequently, there are arising open questions that can be considered in the future as a further investigation.

We applied the Seebeck effect in the 2D steady-state drift-diffusion equation. Here, the Seebeck coefficient S of
our model is a universal constant independent of doping and temperature.

In general, the idea of Seebeck effect is based on the fact that carriers at higher temperatures have higher
average kinetic energy than carriers at low temperatures. The carriers in the higher temperature part drift/diffuse by
the gradient into the lower temperature side to be in equilibrium condition. This phenomenon creates the current
flow.

We started from Boltzmann’s equation for a condition electron gas by a thermal distribution. We defined the
Seebeck coefficient to describe the thermal drift of trions and excitons by limiting the situations for a classical gas.

Then, we obtain the Seebeck coefficient [149],

d kp

S

Where d is the dimension, kg is the Boltzmann constant, and e is the charge of an electron. Here, we supposed

that the momentum relaxation time 7 depends on the kinetic energy e as 7(e) « (e — E.)" in the classical limit. The
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Parameter Trion | Exciton | Ref
Mobility, 1« (cm?/Vs) 100 150
Seebeck coefficient, S (uV/K) | 300 400
Lifetime, 7 (ps) 140 5 [163]

Table 4.1: Parameters for the numerical calculation of trions and excitons profiles.

Seebeck coefficient for trions and excitons can differ from each other. We start from the recombination rate R based

on the drift-diffusion of charged particles in semiconductors [149]:
R= Rspont + Rsrm + RAuge’r (48)

Where R,,..: is spontaneous radiative recombination across the bandgap, Rsrx is Shockley-Read-Hall (SRH)
recombination, and R 4.4.- is the Auger process. We assume that the transport of trions and excitons is unipolar to
impose this to trions and excitons. It is because they diffuse/drift independently from other excitonic quasi-particles.
We also suppose that there is no coupling between the trion and exciton populations, which is in agreement with
previous time-resolved measurements where totally independent dynamics has been observed for both complexes.

The Seebeck effect can be added into the current density term considering that the hole current density induced
by the Seebeck effect is zero or negligibly small. Finally, we obtained the following 2D steady-state drift-diffusion

equation:
n — — —
G—=—m?=vV-(-DVn—-0SVvT) (4.9)
T

Where n is the concentration of either X° and T, G is the generation rate, here representing the spatial distribution
of hot carriers (low excitation profiles in Fig.[4.10g), t is the lifetime, ~ is the Auger coefficient, D = (kg T/q)u with 1
the mobility, q the elementary charge, and o = qun is the conductivity. We demonstrated the halo by solving the Eq.
4.9 numerically.

Fig. shows numerically calculated 1D profiles of Eq. for trions and excitons under various excitation
powers from 1uW to 22 mW, which is the same steps of excitation powers with the experiment (in Fig. [4.9pb-c). The
legend indicates the excitation powers for each color curve. The black curves correspond to the laser profile for the
Gaussian excitation spot ¢ = 0.5 um. The parameters, which were used for the calculations, are shown in Table.
The exciton lifetime is estimated to be = = 5 ps, considering an intrinsic radiative lifetime (in vacuum) of 2.7
ps and cavity effects. The mobility of trions (u;,. = 100 cm?/Vs) was selected based on our first assumption: The
diffusion is slow enough so that the hot electron diffusion dominates the spatial distribution of PL. Also, the mobility
of excitons (1., = 150 cm?/Vs) was chosen by the effective mass difference from the trion. We clearly reproduced
the halo for trions and slow changes for excitons, which were experimentally observed. Moreover, the halo of trions

at high excitation powers can be explained without the need of considering Auger processes.
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Figure 4.11: Calculated profiles of trion and exciton obtained with a numerical solution of Eq [149]

However, further investigation must be followed to discuss more details of the Seebeck coefficient because we
made a few assumptions to simplify the model. For instance, the trion temperature taken from the tail fit requires

more details to justify the accuracy. We inferred the unknown mobility y based on our experimental observation.

4.3.5 Exciton (X°) resonant excitation

We have performed the hyperspectral 1st order diffraction imaging at the exciton (X°) resonance excitation with ~
5 % absorption estimated by considering optical cavity effects in the heterostructure. As shown in Fig.[4.12p, the
trion 14t order diffraction image at 20 mW excitation exhibits a much more pronounced crater at the center than the
off-resonance excitation. The maximum intensity spatial distribution expanded to ~ 2.5 um (at resonance in Fig.
[4.12pb) from ~ 1.2 um (at off-resonance in Fig. [4.10b) at 22 mW. We can also extract a spatial profile of the trion
temperature, as shown in Fig.[4.12c. The temperature gradient increases as the excitation power increase up to 10
mW. However, as shown in the inset of Fig. @.12p, the temperature gradient undergoes saturation above 10 mW
excitation. It even decreases at 20 mW excitation. This temperature saturation of a hot exciton gas at high densities
has been previously reported in encapsulated WSe, MLs and attributed to the balancing between Auger heating and
phonon cooling [174]. The trion temperature at the center of the excitation spot exhibits 45 K at 10 mW excitation
with ~ 17 K at a distance of 3 pm. This temperature difference AT cnter—3.m ~ 28 K is about 3 times higher than
the maximum AT .cpter—3.m from the off-resonance excitation at 22 mW, which are Tirior = 25 K and Tgﬁg{’ =15K.

Here, we assume that the resonant excitation does not create hot excitons since the optical pumping energy

corresponds to the ground state of “bright” exciton transition energy. However, the halo behavior is enhanced under

the exciton resonant excitation. It can be explained by the fact that resonant exciton-exciton Auger scattering involves
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Figure 4.12: (a) Spatial dependence of the trion’s luminescence spectrum at 20 mW when exciting resonantly the
neutral exciton (b) Normalized trion profiles obtained from the figures in (a) by integrating the trion’s spectrum at
different distances from the excitation spot. (c) Trion’s temperature as a function of position. The inset shows the
measured temperature at the excitation spot, the continuous curve is a guide to the eye. (d) Trion’s peak energy as
a function of position. [149].

an excited conduction band, which was recently proposed to explain the very efficient PL upconversion observed in
MoTe, and MoSe, MLs under resonant excitation of the neutral exciton [181].

Fig.[4.72d shows trion peak positions as a function of distance from the excitation spot. The trion peak position
exhibits redshift where the temperature gradient exists as increasing the excitation powers. It may result in a lower
absorption coefficient, counterbalancing the effect of a higher excitation on the photocreated density. At high exci-
tation powers, where the temperature saturation happens (in Fig. [4.12c), blueshift-redshift crossover appears near
the center, exhibiting a similar shape with the laser profile for the Gaussian excitation spot o = 0.5 um.

Note that such a crossover of the exciton absorption energy on ML WS, at 300 K has been reported and
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attributed to the onset of a repulsive exciton-exciton interaction at the Mott density 2 x 10'2 cm~2 [182]. Here, the
crossover can be equally attributed to a repulsive interaction between hot excitons, which, near the center, are then

converted into trions by binding to an extra charge carrier.

4.4 Conclusions

In conclusion, we have investigated the behavior of trions and excitons in the MoSe, monolayer at cryogenic tem-
peratures as a function of excitation power from their spectrum and imaging of the spatial distribution of trions and
excitons. Also, we focused on the characteristic observations at high excitation powers.

First, we have observed the negligible valley polarization of trions and excitons. The degree of valley polarization
remained near zero for trions and excitons in the overall PLE experiment except that the exciton circular polarization
increased slightly near the resonance. This negligible degree of circular polarization behavior is different from other
TMD monolayers (e.g., WS- in chapter 3 and MoS,, in chapter 5). We have discussed that It can be understood
by a fast valley depolarization process due to the conduction subband crossing by the small and positive energy
difference of AEy,ighi—dark-

Second, we have estimated the unintentional doping density of the MoSe, monolayer based on the following
idea: The main contribution of the trion formation comes from the resident carrier density, which is finite. One can
estimate the resident carrier density from the optical pumping density of electron-hole pairs by the excitation laser.
Also, the unintentional doping type can be verified from the binding energy of trions. Thus, we find the resident
carrier density of ~ 2x10!° cm~2. We identified that the MoSe, monolayer is n-type from the trion binding energy
of 26 meV, which corresponds to the binding energy of negatively charged trion (~ 26.1 meV) at a doping level of ~
2x10'9 cm—2).

Third, we have observed a halo shape of spatial PL distribution. It was especially dramatic for the trion. This
halo spatial distribution was observed under pulsed laser at room temperature in WS, monolayers. However, for
our experiment, we obtained a well-separated trion and exciton spectrum at cryogenic temperature in the hBN
encapsulated MoSe; monolayer. This configuration allowed us to perform 2D/hyperspectral imaging for trions and
excitons separately. To do so, we confirmed that the excitons and trions behave differently in the halo formation.
We could exclude a contribution of the Auger-like process in the trion’s halo. We also confirmed from hyperspectral
imaging that a strong temperature gradient appears for trions at high excitation powers. The photoexcited trions are
pushed away from the excitation center, which leads to the appearance of a halo.

The following description can explain the appearance of a halo for trions: 1) The laser excitation creates electron-
hole pairs with much higher energy than the gap, generating hot excitons out of the light cone. 2) these hot excitons
diffuse out of the excitation spot with a characteristic distance while relaxing into trions and excitons. 3) The hot

excitons emit phonons during the process of (2). This hot phonon emission process generates a thermal gradient.
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4) At high excitation powers, the process of (3) is strengthened so that a strong thermal gradient generates the
Seebeck drift, which dominates over diffusion. In contrast, the halo feature for the exciton is much less pronounced,
which is a consistent result based on the fact that the exciton lifetime is much shorter than the trion’s one.

We built a model to interpret the halo formation by including the Seebeck drift by a thermal gradient into a
2D steady-state drift-diffusion equation. We successfully reproduced the halo for trions by solving the equation
numerically.

Finally, in the exciton (X°) resonance excitation, we have revealed that the halo feature can be enhanced even
though we generated the electron-hole pairs with resonant energy. We expect that resonant exciton-exciton interac-
tions create hot excitons, thus mimicking the effect of an off-resonance excitation.

So far, we have used the hBN encapsulated MoSe, monolayer, which is an unintentionally n-doped sample. We
have discussed optical responses of excitonic complexes based on the observations at high excitation fluences.
However, there is plenty of space to improve this study for further detailed investigation since complex phenomena
get involved in making our investigation difficult at the high-density regime.

Nevertheless, we firmly believe this work is a step towards a more detailed understanding of the different physical

phenomena that can govern excitonic transport at high excitation fluences.
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Chapter 5

Visualizing positively & negatively
charged excitonic species and the
dynamical valley polarization of resident

carriers in MoS, monolayers

In the previous two chapters, we have investigated the spin/valley polarization and exciton physics from low to high
excitation regimes for WS, and MoSe, monolayers. Since both samples are unintentionally doped n-type, we could
see mainly negatively charged exciton species, but we could not observe positively charged ones. This motivated

us to build devices where the application of gate voltages can be used to tune the resident carrier density.

By fabricating a charge tunable device with TMD MLs we can change the doping level of the sample to obtain n-,
p-, and neutral regimes. Excitonic complexes for both negatively/positively charged exciton species in one sample

can be visualized.

In this chapter, we present the fabrication of a charge tunable device composed by a MoS, monolayer with hBN
encapsulation and graphite contacts. We selected MoS, because it has been much less studied than WSe, and
MoSe, by optically pumped PL experiments, even though the first PL observation in TMD monolayers was demon-
strated in MoS,, [34]. The main reason is that unencapsulated MoS, monolayers suffer significant inhomogeneous
broadening and strong photoinduced irreversible changes in the PL emission after laser exposure [183, [184]. As
a result, the PL spectrum of MoS, at low temperatures was systematically dominated by negatively charged ex-
citons. The electrostatic doping in the hole regime was never achieved. Only very recently, electrostatic p-doping

was achieved in MoS,; monolayers encapsulated with h-BN [185]. For that reason, we fabricated the charge tunable
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device with hBN encapsulated MoSe2 of high optical quality in order to achieve the p-type regime and investigate
the valley polarization and coherence.

We performed PLE and power-dependent PL experiments with polarized light to investigate excitonic complexes
in different doping regimes. We also imaged the spatial distribution of PL by applying an in-plane electric field, but
we did not see noticeable changes in PL images.

We will now discuss our device characteristics and excitonic species in n-, p-, and neutral regimes together with
their valley polarization. In the last part, we show that the resident carrier valley polarization can be tuned in MoS.
monolayers and is detected through changes in the trion intensity in both n and p-type regimes. Note that the results

are published in Communications Physics (5, article number: 73, 2022) [106].

5.1 Fabrication and characterization of the MoS, charge tunable device

The gated MoS, monolayer device we fabricated is presented in Fig. [5.1] A schematic side view and an optical
microscope image of the device are shown in Fig.[5.7 and b, respectively. The device was fabricated by mechanical
exfoliation in the center of a SiO, (90 nm)/Si substrate, where 100 nm (Au)/5 nm (Ti) lines were pre-patterned.
All fabrication procedures were performed inside a glove box where O, and H;O levels were kept below 1 ppm.
The sample was annealed in a vacuum chamber at 220-230 °C for 30 min after the transfer of each layer. The
temperature was increased at a rate of 10°C/min and cooled down naturally after turning off the heater while
keeping the pressure at 10~7 Torr. Graphite was used to provide electrical contact between gold and the MoS,

monolayer. The back gate graphite ensures a uniform electric field for the monolayer through the bottom hBN.

(a) (b)
[ Graphite

W MoS. monolayer

OOOOOOOOODDODNA

Top Gate Back Gate Top Gate

Figure 5.1: The MoS. charge tunable device. (a) schematic side view (the SiO,/Si substrate is not indicated here).
(b) an optical microscope image [106].
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Since the device has two separated electrodes for the top gate contact, we can apply the gate voltages in two
different configurations: 1) We apply a voltage between the top (V,,,) and back (V..x) gates while keeping the same
potential for the two top gates. In this way, we can vary doping of the MoS, monolayer by applying a gate bias V,,
where V, = Viop-Viecr. For V, = 0, we will see negatively/positively charged excitonic emissions in the PL spectrum
depending on the unintentional doping. We can obtain an intrinsic regime by tuning the voltage to V, = V,,cutrar 10
cancel out the resident charge. For V, > V,,..+rq1, We accumulate a positive charge in the monolayer so that we can
observe positively charged excitonic emissions in the PL spectrum from the electrically p-doped monolayer. For V,
< Vyeutral, WE accumulate a negative charge in the monolayer, negatively charged exciton species appear. 2) An
in-plane electric field can be applied by applying a potential difference between the two top electrodes. This second
configuration of the two top electrodes was tried expecting to observe the drift of charged excitons with the in-plane

electric field.

We performed a pre-experiment to check the optical quality of the sample before going to the main experiment
at cryogenic temperature. A room temperature spatial PL map (at V, = 0) was performed under 473 nm laser
excitation at 10 W with a scanning step size of 0.1 um (the Gaussian laser spot size was ¢ = 0.1 um). Fig.
shows PL spectra of the MoS, ML at two different positions where the trion intensity is strong (the red curves) or
weak (the green curves). The circles (red and green) and the lines indicate the experimental data and their fits,
respectively. The fit was done with two Voigt functions which are indicated as the dashed lines. Each spectrum was
taken out from positions A and B, which are indicated on the map in Fig. [5.2d. The room temperature spectrum
of the MoS, monolayer shows a mixture of the exciton and trion emissions. The trion contribution of the spectrum

strongly depends on the unintentional doping level which is therefore not spatially homogeneous.

Fig. shows the peak energy map in which the white-lined area indicates where the MoS2 monolayer and
graphite/MoS, contacted regions are located. The histogram of the peak energy taken out from the MoS, ML region
without graphite/MoS area is shown in Fig.[5.2c. The average peak energy is 1.8776 eV with a standard deviation
of o0 = 4.10 meV. Fig. and show FWHM map and histogram, respectively. The histogram counted values
in the monolayer region except the graphite/MoS, area. The average FWHM energy is 51.3 meV with a standard
deviation of o = 4.23 meV. The red points in Fig. correspond to the region where the unintentional doping rate
is high. Note that we extracted FWHM of the spectrum from the map without the deconvolution process, meaning

that the trion contribution has a dominant role in the FWHM broadening (> ~ 58 meV).

The following low-temperature experiments were performed near position B (in Fig. [5.2d) because this region
in the MoS, monolayer shows a strong exciton emission and a relatively homogeneous environment with a lower

doping rate.
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Figure 5.2: PL spectra of the MoS, device under a 473 nm (10 uW) laser excitation at T = 300 K. (a) PL spectra
were taken from points A and B in Fig. 2d. The fitting was done by two Voigt functions. (b) A spatial map and (c) An
histogram of the neutral exciton (X°) emission energy. (d) A spatial map and (e) An histogram of the FWHM of the
experimental spectrum. The white lines in panels (b) and (d) indicate the MoS, monolayer with and without graphite
contact on the monolayer.
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5.2 Observing excitonic Rydberg states

Experimental photoluminescence excitation (PLE) results are shown in Fig.[5.3] Here, we fixed the laser power at
100 pW and measured spectra at T = 20 K by changing the wavelength of the excitation laser (dye laser). We
decreased the laser wavelength from 598 nm (2.0735 eV) to 580 nm (2.1379 eV). We selected a step of 0.1 nm for
595 nm ~ 586 nm (0.3 nm for > 595 nm and < 586.7 nm).
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Figure 5.3: Photoluminescence excitation (PLE) experiment at 100 uW. T = 20 K and V, = 1.5 V (neutral regime).
(a) PL spectra (log scale). The spectra were normalized to 1 and multiplied arbitrary numbers to introduce vertical
shift of the even distance in the log scale. (b) The exciton PL intensity. The spectrum color of (a) corresponds to the
circle of (b), indicating the excitation laser energy.

As shown in Fig. 5.3p, the neutral exciton emission can be identified at around 1.93 eV. When increasing the
excitation energy, a small emission is observed ~ 14 meV below the exciton emission energy. This energy emission
coincides to the energy recently reported for the dark exciton [186]. The X° emission intensity reaches a maximum
for an excitation energy of ~ 2.107 eV, as shown in Fig. . This energy is in resonance with the first excited X°
state [170], [187].

The B-exciton resonance can be found at the energy around ~ 2.075 meV, which is very close to the X3,
resonance. This B-exciton resonance is much more efficient and stronger than the excited states of the A-exciton
resonance. The X§, resonance may not be observed clearly for poor optical quality samples that have a strongly dis-
ordered dielectric environment, which can be found for example in second harmonic generation (SHG) spectroscopy
(188, [790]. In our device, we only see clear resonance of the X3, thanks to the homogeneous dielectric environ-

ment protected by hBN. This is another indication that we have fabricated a good quality sample since one cannot
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distinguish the 2s state from the B-exciton resonance due to the broadening in non-encapsulated MoS; monolayers.

At the X9, resonance, the X° emission redshifts slightly due to the attractive exciton-exciton interaction from the
higher photo-excited exciton density than off-resonance excitation [182]. Also, a small emission below ~ 19 meV is
observed near the resonance. This could be a trion according to the binding energy of ~ 19 meV. We also found
two emission states, denoted as X' and X"°, with binding energies of ~ 52.5 meV and ~ 70.5 meV, respectively.
The PL intensities of the two states vary together with the X° in the overall scanning range. We will discuss it later

again with the polarization experiments

5.3 Visualization of excitonic complexes while electrically controlling the

doping state

5.3.1 Experimental results

PL map as a function of the applied gate voltage (V,) is shown in Fig.[5.4a. PL spectra with the differential reflectivity
spectrum at selected gate voltages are shown in Fig.[5.4p. The differential reflectivity is defined as (Rasz - Ro)/Ro,
where R, is the reflected spectrum obtained when illuminating the monolayer with a white light source and Ry is
the reflected spectrum when illuminating all the layers except for the MoS,. Various peaks appear depending on the
V, applied.

At V, = 0V, a strong neutral exciton emission is observed with a small contribution of negatively charged trion
emission. The neutral exciton peak exhibits a maximum PL intensity at V, = Vy.cuirar = 2 V (in Fig.[5.4p) with no trions
emission. This implies that our MoS, monolayer is slightly unintentionally n doped. The linewidth of the X° emission
is 4.3 meV (T = 20 K). This linewidth corresponds to ~ 3.2 meV at T = 4 K [96] by considering the acoustic phonon
broadening of linewidth. This value of linewidth ensures that our sample has a high optical quality comparable to the
state-of-the-art values [191].

The negatively charged trion emissions dominate the PL spectrum for V, < V,.c.ira1. FOr instance, the exciton
emission is no longer visible, and two emission peaks (T, and T,) from the X~ can be seen at V, =-20 V (they are
shown in Fig.[5.4pb). The recombination energies of the T, and T, are 22.4 meV and 33.3 meV below the exciton.
These two trion states cannot be found in other Mo-based TMDs, keeping in mind their valley configurations (see
Fig. in chapter 1).

The charge density in the MoS, ML changes into p-type at a positive bias V, > 7 V. The intensity of the positively
charged trion, with a binding energy of 25.5 meV, increases when increasing V,. Moreover, an emission at ~ 1.8
eV, denoted as X', is detected, and the exciton emission can be seen even at the highest V, applied.

Importantly, no significant hysteresis is observed in the behavior of the PL when varying the gate voltage. The

neutrality point, defined as the value of V, = V.o for which the X° intensity is maximized always occurs at
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Figure 5.4: (a) PL intensity on a logarithmic scale under cw laser excitation at 10 uW as a function of photon emission
energy and gate bias (b) PL spectra at selected gate voltages corresponding to the p-type (top), neutral (middle)
and n-type doping regime (bottom).

voltages between 2 and 3 V. No change in the PL spectrum is observed after laser exposure, excluding the presence

of laser-induced photodoping effects [183].

5.3.2 The fine structure of the negativley charged trion (T, and T,)

Two states from the negatively charged trion were observed (see Fig. [5.4p), which is generally not the case in the
MoX, family considering their valley configurations. The conduction valleys at the K points are split by AE > 0, as
the other Mo-based TMDs (e.g., MoSe, and MoTe,) as shown in Fig. [5.5a. The ground state of exciton formation
is optically "bright” so that only one type of negatively charged trion can be formed under light excitation. The
formation of X~ will be obtained by the combination of an exciton in one valley (the optically "bright” ground state)
and an electron from the lowest sub-conduction band in the opposite valley.

However, in MoS; monolayers the local and nonlocal exchange interactions modify the bright character of the
exciton [192]. It flips the sign of conduction subbands at K points in the excitonic picture. Thus, the conduction valley
configurations become a “WXs-like”, as shown in Fig.[5.5p. Consequently, a fine structure for the negatively charged
trion arises so that two singlets and one triplet can be theoretically possible, as shown in Fig. 5.5c. Now we draw
the valley schematics (in Fig. .) from the exciton’s perspective. Then, the intra valley trion singlet (T%*"¢) and
inter valley trion triplet (T#'*"*) are possible, which are the typical formations of negatively charged trions in the WS,
family. Since excitons and free electrons see the valleys differently, the inter valley trion singlet (TZ'**") will be a

more stable than TZ'"* because the electron of the T lies on the ground state the conduction sub-band. This
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Figure 5.5: (a) Monolayer MoS; is optically bright in a single-particle picture with Acg > 0. (b) Local and non-
local exchange interaction U, reorders exciton spin configurations resulting in the lowest excitonic transition to be
optically dark. This is schematically depicted as a flip of the conduction bands. (c) Trion fine structure in monolayer
MoS,. [192]

can explain what we observed in Fig. . The two negatively charged trions are expected to be the T and

Tiptre states.

5.3.3 PL asymmetry in the V, response and X’* emission

Sulfur vacancies are the most common intrinsic defects in MoS, monolayers, which likely contribute to the difficulties
in obtaining a high-quality MoS, compared with WSe, and MoSe,. These defects may also play a role in the
asymmetric V, response of the PL spectrum.

Fig. shows the calculated density of states (DOS) of the perfect (a), sulfur adatoms (b), and sulfur vacancies
(¢) MoS, monolayers. The calculations of Ref. [193] say that sulfur adatoms introduce hole trap states and narrow
the bandgap by 0.069 eV compared with the perfect case. The sulfur vacancies create a deep electron trap at 0.54
eV below the conduction band edge and a shallow hole trap, shrinking the bandgap by 0.030 eV. The hole trap states

have been observed by scanning tunneling spectroscopy and transport measurements, to be inside the bandgap
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for MoS, monolayers [194], [195].

One could expect that the trap states create a bypass for a fast non-radiative decay process in the n-doped
regime. This could explain the decrease of PL yields of negatively charged trion compared with the positively
charged one. On the contrary, the trap states are neutralized by capturing holes in the p-doped regime. This can
also explain the emission observed at ~ 1.8 eV and denoted as X'+ , which probably stems from positive trions
in which the recombining hole is bound to one of these traps. Finally, this hole trapping can also explain why, in
the p-type regime, the neutral exciton emission never disappears completely, even at the largest voltages applied.

Trapping holes can indeed limit the maximum density of positive trions that we can achieve in our device.

120
! a) perfect

b) Ad_S

DOS (1/eV)

W e 0

ST

Energy (eV) VB CB

Figure 5.6: Density of states (left panel) and charge densities (right panel and inserts) of (a) perfect MoS, monolayer
and monolayers with (b) Ad_S (sulfur adatoms) and (c) V_S (sulfur vacancies). Inserts show charge densities of the
defect states. The right panel shows charge densities of band edge states. Ad_S has a shallow localized hole trap
state next to the VB edge. V_S has two trap states: a shallow hole trap close to the VB edge and a deep localized
electron trap 0.6 eV below the CB edge. The charge densities of the VB edge states are strongly perturbed by
defects, while CB edge states remain unchanged.

Note that the absence of the LA(M) mode in the Raman spectrum (see Fig. [A.2] in appendix) allows us to
exclude a density of vacancies larger than 1012 cm~—2 [196], which is the typical density of vacancies found in

pristine monolayers exfoliated from natural MoS..
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5.3.4 Estimation of doping levelatV,=+30VandV,=-20V
p-type regime: V, =+ 30 V

We can start from the relationship between the trion energy and fermi level to estimate the doping density at V,
= +30 V. The negative trion absorption energy increases linearly with the fermi level energy when the fermi level
energy is positioned in the conduction band (for Ec = 0) [197,[198], as shown in Fig.[5.7p. The wA and wA~ indicate
the absorption energy of exciton and trion, respectively.

One can understand this phenomenon by the dissociation energy of the extra electron from a trion. As shown in
the inset of Fig.[5.7p, the authors [197] explained that the shift of the energy difference between trion and exciton
corresponds to the energy that excites electron from the bottom of the conduction band to the fermi level when
the fermi level is positioned in the conduction band. Here, we refer to the PL emission energy difference between
trion and exciton as "trion apparent binding energy”. This energy implies that the trion energy can be lowered by
the amount of energy involving the extra electron into the exction. When the fermi level is placed in the conduction
band, the trion apparent binding energy shift at higher energy by the difference of Ex-E«. That is why this energy

variation wA - wA~ can be observed when the fermi level is placed in the band.
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Figure 5.7: (a) The difference in the exciton and trion energies, wA - wA~ (symbols), as a function of Fermi energy
Er. The red line is a linear fit to the Er dependence with a slope of 1.2 and an intercept of 18 meV. The latter
determines the trion binding energy. Inset: representation of the dissociation of a trion into an exciton and an electron
at the Fermi level [197]. (b) Evolution of the X+ apparent binding energy measured in PL as a function of the applied
gate bias. The continuous line is a guide to the eye [106].

We can adapt this model for the positive trion to our case in order to estimate the hole doping rate at V, = +30
V. As shown in Fig. , the positive trion X* binding energy increases with the V,. The continuous line shows a
linear behavior with two separate regimes for below/above + 20 V. Photocurrent and hole trapping effects may lead
to the decrease of slope observed above V, = + 20 V, which limits the injecting hole density of our experiment at a

high V,. The positive trion X* binding energy increases about ~ 1 meV overall. In other words, the fermi level (Er)
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is located (roughly) 1 meV below the top of the valence band (Ey) when V, = + 30 V.
Then, the hole doping density can be calculated with following equation:

p= Nvln[l + exp{%}} (5.1)

Where Ny is the effective density of states. For a 2D system Nv is given by

m*

N2D _
v 2mh?

kgT (5.2)

Where m* is the effective hole mass of m* = 0.5 my (mg is the free electron mass), and T = 20 K is the sample’s

temperature. Finally, we can estimate a hole density of p ~ 3.6 x 10'' cm~2 from Eq

n-type regime: V, =-20 V

For V, = - 20V, estimating the doping density from the binding energy shift is unsuitable since we cannot precisely
identify and deconvolute the exciton emission peak from the PL spectrum at V, = - 20 V and the negatively charged
trions exhibit broad linewidth emissions (see Fig.[5.4b). Instead, we have performed gate-dependent Raman spec-
troscopy on the MoS, device based on the idea that the electron-phonon interaction induces renormalization of the
two modes A, and Eég [199]. Fig. and b show the experimental results and DFT calculation data as a function
of the electron concentration, respectively. The Ej, mode exhibits a negligible redshift while the A;, mode exhibits
a more pronounced redshift because the electron-phonon coupling of the A;, mode is much stronger than the Egg
mode, as shown in Fig. . We can estimate the electron doping density from the redshift of the A;, mode. Fig.
5.8d shows the Raman modes (Ej, = 383.5 cm~' and A, = 403.8 cm~') of our MoS, monolayer at V, = 1.5 V
(neutral regime). The peak position of the A;, mode redshifts as the V, changes towards - 20 V (n-type regime).
The shift of the A;, mode at V,, = - 20 V is 0.5 cm~! compared to the peak position at the neutral regime, as shown
in Fig.[5.8f. This redshift corresponds to a maximum areal electron density of n ~ 1.5 x 10'2 cm~2 according to the
theoretical prediction of Fig.[5.8p. This value is consistent with the absence in our spectra of the low energy feature
observed in [192], which only appears above a density of 4 x 1012 cm~2. Note that the A’; peak shifts with a much
reduced slope in the p-doped regime, due to a strong electron-hole asymmetry in the softening of the out-of-plane

vibrational modes [200].
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Figure 5.8: Change in zone center phonons Aw of (a) from experiment and (b) from DFT calculations as a function
of electron concentration n. (c) Electron-phonon coupling of A;, and Eég modes as a function of n. (d) Raman
spectrum in the neutral regime, exhibiting the well-known E’ and A’1 vibrational modes. (e) Peak position for both
modes of the panel (d) as a function of gate bias. (a-c) Ref. [199]. (d-e) Data were taken from our charge tunable
MoS, monolayer [106].

5.4 Circular & linear polarization in the different doping regimes

5.4.1 Experimental results

Fig. shows the polarization-resolved PL spectra under a circular and linear excitation at 10 yW in the different
doping type regimes. The neutral exciton (X") exhibits a linear polarization of ~ 50 % due to the valley coherence
[153]. The other excitonic states (X, X*, X’*, X0, and X”°) show negligible degree of linear polarization. The degree
of circular polarization of ~ 50 % is observed for X°, X*, and X'*. In contrast, the X~ exhibits a particularly high
circular polarization of ~ 70 %.

Fig. shows (a) the integrated PL intensity and (b) the degree of circular/linear polarization for X°, X*, and
X~ as a function of excitation power from 0.1 W to 100 uW. We ensured that the excitation power up to 100 W is

within a linear excitation regime. In this power range, the degree of circular polarization exhibits a small variation for
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Figure 5.9: Polarization-resolved photoluminescence (PL) emission under circularly polarized excitation and linearly
polarized excitation for different gate voltages, + 3V (a), + 30 V (b) and - 20 V (c). Also shown is the energy-resolved
degree of PL polarization (blue dots). [106]

all excitonic complexes while the linear polarization of the X° decreases above a few tens of pW.

5.4.2 X% and X”° emission states

In the neutral regime, we observed X© and X"° emission states with binding energies of ~ 52.5 meV and ~ 70.5
meV, respectively. PL intensities of these states vary together as a function of V,, excitation power and energy.
The two states exhibit zero degree of linear polarization, so one can exclude the possibility of them being phonon
replicas of the X°. A certain amount of linear polarization should be detected if they were simply phonon replicas of

the X°. The X’° and X"° emissions exhibit a circular polarization of ~ 30 %, which is a slightly lower value than the
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Figure 5.10: (a) Integrated intensity as a function of excitation power. (b) Degree of polarization as a function of
excitation power. [106]

X circular polarization of ~ 40 %, as shown in Fig.[5.9a.
Therefore, we denoted these states as X'° and X"° because we tentatively ascribe them to phonon-assisted
recombination of indirect excitons, although more experiments will be required to determine the exact nature of

these transitions.

5.4.3 Negatively charged trions (T, and T,): very large valley polarization

The two negatively charged trions exhibit a circular polarization of ~ 70 %, which is significantly higher than the
degree of circular polarization of ~ 50 % for other excitonic species (X°, X*, and X'*). This higher polarization
of the negatively charged trions can be understood with the following valley schematics, as shown in Fig. In
the n-type regime, photo-excited excitons are combined with resident electrons to form negatively charged trions.
One can expect that resident electrons are filled from the lowest conduction subband. Therefore, we assume two
possible formations: (a) inter-valley singlet and (c) intra-valley singlet. The continuous (dashed) lines indicate the
“exciton (single-particle) point of view” for the valley configurations.

First, we denoted the intra- and inter-valley trion singlets as T; and T,, respectively. Under o+ excitation, the
probability of (a) formation is expected to be higher than the probability of (c) formation because most resident
electrons occupy in the lowest conduction subband. The inter-valley singlet (a) would exhibit a higher emission
than the intra-valley singlet state in the PL spectrum. Thus, we have denoted the higher intensity of the negatively
charged trion emission (in Fig.[5.9¢) as the T, inter-valley singlet.

Such high circular polarization ~ 70 % of T; and T, can be explained in terms of the inter-valley scattering

process that would imply a simultaneous spin (and momentum) flip of the extra electron. Fig. [5.11p shows the
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inter-valley scattering of T, that would result in o- PL. This process is forbidden by the Pauli principle. For T, the
configuration becomes different after the inter-valley transfer process, as shown in Fig. 5.11d. This formation is
likely unbound [201] since the extra electron in the opposite valley lies on the upper conduction subband. Moreover,
it would recombine at a different energy than that of T; and T, even if this formation emits PL. For those reasons, the
inter-valley transfer path is inactive for the T, and T, to emit o- PL under o+ excitation. This picture can qualitatively

explain the high circular polarization of ~ 70 % for the negatively charged trions.

K- (b) K+ K-
R

S v S==T \Qg/
oY
ot i \%
/\lm mw

P
K-
e/ )
° |J,> \\\_’/l \\ ’/,
ot : o
ﬂm mw [\m N\iw

Figure 5.11: The continuous (dashed) lines represent the ordering of the conduction bands in the excitonic (single-
particle) picture. (a) Schematics of a negatively charged trion in the K* valley corresponding to a spin-singlet state
in which both electrons reside at opposite valleys. (b) State obtained after moving the exciton from the K* to the K=
valley for the trion depicted in (a). This state is forbidden by the Pauli principle. (c) Negatively charged trion in the K+
valley corresponding to a spin-singlet state in which both electrons reside in the same valley K*. (d) State obtained
after moving the exciton from the K™ to the K~ valley for the trion depicted in (c). [106]

More detailed experiments with time-resolution and tunable excitation energy could give more insights into the

role of excess energy and whether any significant valley relaxation occurs during the trion lifetime.
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5.5 Demonstration of optically induced dynamical valley polarization of

resident carriers (n- and p- types)

5.5.1 Experimental results

Fig. 5.12a-c shows total PL intensity under circular and linear excitation for (a) n-type at 90 uW (top) and 2 yW
(bottom), (b) p-type at 100 uW (top) and 2 uW (bottom). The black and red lines correspond to circular and linear
excitations, respectively. The blue dots indicate the difference between the black and red curves. Notably, the PL
intensity exhibits asymmetric behavior under circular/linear excitations at high excitation powers, unlike at low exci-
tation powers. Fig. shows polarization-resolved PL under circular excitation in the p-type regime at 100 uW.
The solid lines correspond to a fit with a double, asymmetrical peak which takes into account the hole recoil effect
[172,173],1202]. The X*+ and X° show a small splitting between the co-circular and cross-circular PL emissions. To fit
the o+ and c— components of the PL, we have kept all the parameters fixed except for the amplitudes and energy

positions of each peak. We extract a splitting of the X™ of AE = AE,, - AE,_ = 350 + 50 peV.

5.5.2 Model : dynamical valence valley polarization

We have observed the asymmetrical PL responses for X—, X%, X*, and X'+ between circular and linear excitations at
high excitation powers, as shown in Fig. This feature is an evidence of dynamical valley polarization of resident
carriers, which was observed in WS, and WSe, monolayers for resident electrons in chapter 3. The X—, X°, and
X'* exhibit a higher PL intensity under circular excitation than under linear excitation. In contrast, the X* exhibits
the opposite behavior under the two excitation conditions that the PL intensity under linear excitation is higher than
one under circular excitation.

We can explain these behaviors by considering the following scenario schematically shown in Fig. We first
assume that the sample is in the p-type regime to consider resident hole valley polarization: In steady-state, the
o+ excitation continuously generates excitons in the K+ valley, as shown in Fig. [5.13a. The X* can be populated
in the KT valleys since the trion generation rate increases with resident hole density. The X* can scatter into
the opposite K~ valleys by the valley relaxation process, as shown in Fig. [5.13p. The scattered X* relaxes by
recombination of electron and hole in the K= valley. In this way, we can create an imbalance of the hole valley
population between the KT and K~ valleys if the hole valley relaxation is faster than the scattering process. Note
that the hole valley relaxation can be a very low process due to the significant spin-orbit splitting of the valence
bands. The K* valleys have continuous input of holes by optical pumping. In contrast, the K= valleys consume
resident holes by recombination and they have slow input by the hole scattering process. Finally, the hole population
in the K+ valleys will be higher than the hole population in the K= valleys.

These descriptions are coherent with the asymmetric responses of PL under circular/linear excitations which
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Figure 5.12: (a) Total PL intensity under circular (black) and linear (red) excitation in the n-type regime for an
excitation power of 90 W (top) and 2 yW (bottom). (b) Total photoluminescence (PL) intensity under circular (black)
and linear (red) excitation in the p-type regime at an excitation power of 100 yW (top) and 2 pW (bottom). Blue
dots are the difference between these two curves. (¢) Polarized PL emission under circular excitation and degree of
circular polarization (blue dots) in the p-type regime at an excitation power of 100 yW. [106]
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(C) Dynamical valley polarization
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Figure 5.13: (a) Formation of a positively-charged trion in the K* valley following right-handed circular polarization.
(b) A trion in the KT can either recombine radiatively or scatter to the opposite valley before recombination. (c) In a
steady-state, the process (a) and (b) will lead to a spin and valley-polarization of the valence band. [106]

we observed for the excitonic species. The Xt PL intensity decreases under circular excitation compared to linear
excitation due to the imbalance of the valley hole population. The X+ formation rate is related to the resident hole
density in the opposite valleys since the photogenerated electron-hole pairs combine with holes in the opposite
valleys to form the X*. One decreases the hole density in the opposite valley due to the imbalance between the
possible process of Fig. The X* formation rate can thus be suppressed, resulting in the decrease of PL
intensity under o excitation. Also, the X° population will increase because excitons are less likely to form charged
trions, which cannot be formed to positively charged trions due to the hole valley polarization. The fact that X'+
intensity is larger under circular excitation is consistent with its assignation to a trion in which the additional hole is
trapped by an in-gap state.

Finally, we can estimate the degree of hole valley polarization from the splitting of the peaks AE = AE,, -
AE,_ =350 £ 50 peV, as shown in Fig.[5.12c. We can calculate the valence band hole density for the K+ and K-
valleys from the equation [5.1] with their energy levels of 1 £ 0.175 meV. We obtain a hole valley polarization of ~
6.3 %, which is significantly smaller than the resident carrier valley polarization of 80 % achieved in n-doped WSe,
monolayers and of around 40 % for our WS, (In chapter 3).

This is consistent with the much smaller variations of PL intensity under circular and linear excitation observed
here in monolayer MoS,. The smaller spin-orbit splitting of the valence band in Mo-based TMDs may be at the origin

of this smaller steady-state hole valley polarization.

5.6 Conclusions

In conclusion, we have fabricated a charge tunable MoS, device and successfully observed different doping states
(n-type, neutral, and p-type) when changing the gate bias. Our MoS,; sample showed high optical quality, exhibiting
a linewidth of ~ 4.3 meV at T = 20 K for the exciton (X°) emission in the neutral regime. This value corresponds to

a linewidth of ~ 3.2 meV at T = 4 K [96], which is close to the current state of the art value ~ 1.3 meV [191].
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We performed polarization-resolved PL experiments in the different doping regimes. By controlling the doping
level, we observed neutral and negatively charged excitonic species but also positively charged ones. This method
allows us to investigate details of the excitonic valley dynamics.

We revealed that the electrical doping is asymmetrical between hole and electron injections at a given (positive
or negative) Vg from the neutral regime. The trap states related to sulfur vacancies in MoS, monolayers may play a
role in the asymmetrical carrier injection behavior.

We estimated the hole doping level of p ~ 3.6 x 10! cm~2 at V, = + 30 V (p-type) from the X* binding energy
shift. Also, the electron doping level is estimated to be n ~ 1.5 x 10'2 em~2 (V,, = - 20 V), which is calculated from
the A;, Raman mode shift.

We observed two negatively charged trions in the n-type regime, which is unusual for the MoXs family. This
observation is consistent with recent studies, which propose that local and nonlocal exchange interactions lead
to the modification of the conduction band in the excitonic picture [192]. From the exciton perspective, the valley
configurations become “WX,-like” for excitons so that more than one type of negatively charged trion can exist.

In the neutral regime, we found small emissions with binding energies of ~ 52.5 meV and ~ 70.5 meV denoted
as X0 and X"°, respectively. We tentatively ascribe these emissions to be phonon-assisted recombination of indirect
excitons, considering the degree of circular/linear polarization analysis. However, a further investigation is required
for their proper identification. In the p-type regime, we visualized the positively charged trion X*. We also found the
emission at ~ 1.8 eV and denoted as X't , which probably originated from positive trions bound to hole trap states
from sulfur vacancies in MoS, monolayers.

Finally, we observed a circular polarization ~ 70 % for the negatively charged trions and discussed its possible
valley relaxation mechanisms that explains the high degree of circular polarization observed. We have also demon-
strated that optically induced valley polarization of resident carriers is also possible in MoS, monolayers and we
estimate a hole valley polarization of p ~ 6.3 % in steady state. These results demonstrate that the dynamical valley
polarization and spin-dependent PL emission are not restricted to tungsten-based TMD monolayers.

We believe that this work can contribute to the continuous progress to extend our understanding of TMD mono-

layers which is of crucial importance for future valleytronic based devices.
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Chapter 6

Conclusions and perspectives

This thesis work aimed to extend our understanding of excitonic spin/valley physics in TMD MLs. TMD MLs were
fabricated by mechanical exfoliation, which enabled us to fabricate encapsulated monolayers of high optical quality.
In this way, we could isolate TMD MLs from dielectric disorder induced by the substrate, resulting in the suppression
of inhomogeneous broadening of the linewidth in the PL spectra.

We have employed a polarization-resolved p-PL technique to selectively excite the KT and K= valleys and
detect valley polarization in PL due to the chiral optical selection rules in TMD MLs. Also, our hyperspectral imaging
technique enables one to investigate the diffusion-drift transport of excitonic species. With those methods, we have
investigated various TMD MLs such as WS,, (in chapter 3), MoSe; (in chapter 4), and MoS; (in chapter 5).

For WS, monolayer, we have fabricated a high-optical quality sample and observed the fine structures of nega-
tively charged trions (~ 6 meV) with narrow linewidths (5 meV, FWHM) for the T; and T, thanks to the hBN encapsu-
lation. We have demonstrated an efficient optically-induced spin/valley polarization through the polarization-resolved
u-PL setup. Under o excitation, we observed that the T, (Ts) exhibits a maximum (minimum) circular polarization of
~ 80 % (~ 18 %), where the average PL exhibits a circular polarization of ~ 40 %. Notably, we revealed that a big
difference in PL intensity under circular/linear excitation polarizations for the T; (a maximum ratio of 17/ ~ 1.9) orig-
inates from a different T, formation rate under o/ excitations. This mechanism assumes that a continuous input of
photoexcited electron-hole pairs in one valley under circular excitation induces an imbalance of resident electrons in
the sub-conduction valleys, called dynamical spin-valley polarization of the resident electrons. We demonstrated that
this dynamical valley polarization is very sensitive to resonant excitations. We have proposed a simple bi-molecular
model for trions and interpreted the polarization behavior of the T; and T, with an estimated maximum resident
electron polarization of - 40.7 %.

For MoSe, monolayer, we studied excitonic transport at high excitation fluences by the hyperspectral imaging
technique of our micro-PL setup. We revealed an appearance of a halo in the spatial distribution of PL at high exci-

tation fluences and interpreted the origin of the halo in our experiment by modeling the steady-state drift-diffusion
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equation, including the Seebeck drift induced by a thermal gradient. The following description can explain the ap-
pearance of a halo for trions: 1) The laser excitation creates electron-hole pairs with much higher energy than the
gap, generating hot excitons out of the light cone. 2) these hot excitons diffuse out of the excitation spot over a
characteristic distance while relaxing into trions and excitons. 3) The hot excitons emit phonons during the process
of (2). This hot phonon emission process generates a thermal gradient. 4) At high excitation powers, the process of
(3) is strengthened so that a strong thermal gradient generates the Seebeck drift, which dominates over diffusion. In
contrast, the halo feature for the exciton is much less pronounced, which is a consistent result based on the fact that
the exciton lifetime is much shorter than the trion’s one. We successfully reproduced the halo for trions by solving
the steady-state drift-diffusion equation of the model numerically.

For the MoS, monolayer device, we performed polarization-resolved PL experiments in the different doping
regimes. By controlling the doping level, we visualized neutral and negatively charged excitonic species but also
positively charged ones. This method allows us to investigate details of the excitonic valley dynamics. Importantly,
we observed a circular polarization ~ 70 % for the negatively charged trions and discussed its possible valley
relaxation mechanisms that explain the high degree of circular polarization observed. We have also demonstrated
that optically induced valley polarization of resident carriers is also possible in MoS, monolayers, and we estimate
a hole valley polarization of p ~ 6.3 % under continuous excitation. These results demonstrate that the dynamical
valley polarization and spin-dependent PL emission are not restricted to tungsten-based TMD monolayers.

From those investigations, we suggested new concepts/insights to explain the novel findings. However, it is also
true that we have limitations in our understanding of some features since we have performed a wide range of studies
in various S-TMD MLs. For example, analysis of the results obtained in chapter 3 were limited to the regime of low
excitation. PL spectrum at high excitation powers requires a proper deconvolution of excitonic species, while the
spectrum analysis of excitonic complexes is not fully understood yet. (In chapter 4) we have demonstrated the
appearance of a halo by modeling and solving drift-diffusion equation numerically. It is still a qualitative model since
some parameters such as the mobility are not measured experimentally and the Seebeck drift term depends on
the temperature gradient. We extracted the effective temperature by fitting the spectrum, but the fitting model is
far from perfect. (In chapter 5) There are unidentified emissions that we tentatively ascribed the X’ and X"° to
phonon-assisted recombination of indirect excitons.

Recently, we submitted a project to Soleil for ANTARES ARPES beamline (beam size of 1 um). We are working
on preparing a gated TMD device with a very thin top hBN (or no top hBN). We expect to observe a direct correlation
between excitonic properties and electronic structure in TMD monolayers.

In the short term, we are currently working on improving our experimental station: 1) A heating stage for
temperature-dependent experiments, which is available but requires some minor modification. 2) We are planning
to mount a high-resolution scanning stage for 2D mapping of the spectrum. This will give us statistical information at

low temperatures, which will improve our research quality. 3) We are currently working on scanning electrolumines-
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cence (EL) experiments with STM setup for 2D S-TMDs, which provide atomic resolution information. Moreover, the
two experiments with different resolutions (xm, atomic-scale) could give us an unrevealed correlation for spin/valley
physics in 2D materials.

Further experiments on u-PL by applying a magnetic field would be an interesting improvement for the study of
dynamical polarization of resident carriers. Also, time-resolved or spin-resolved ARPES [203} 204] with 2D S-TMD
devices would be promising for future experiments. Since the experimental method of u-PL is an indirect way of
investigating spin/valley physics (mostly related to excitonic species), the ARPES technique provides a direct ob-
servation of the occupied states of the single particle band structure. This combination of indirect/direct observation
methods may give us more clear insight into the mechanism of the dynamical valley polarization of resident carriers.

Lastly, the research topic slowly moves to vertical/horizontal heterostructures investigations, for example, inter-
layer exciton and moiré superlattices. We should develop our mechanical exfoliation setup to stack heterostructures
by controlling the lattice angle of each monolayer.

Notwithstanding these are remaining open questions for future investigation, we would like to emphasize that
these studies provide a further understanding of the rich exciton and spin/valley physics in these 2D semiconductors,

a crucial step for future optoelectronic and valleytronic applications.
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Appendix A
Appendix

A.1 Before/after laser irradiation in MoSe, monolayer
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Figure A.1: PL spectrum (MoSe,; monolayer) under a continuous excitation before (black) and after (red) excitation
with the same laser. (a) The first cycle for laser irradiation. A He-Ne laser (632.8 nm) of 40 uW isused at T = 15 K.
(b) The same sample was exposed by the laser irradiation and cooling cycles from the RT to cryogenic. An excitation
power of 9 mW under a wavelength of 751 nm is used at T = 20K. [149]

A.2 Before/after laser irradiation in MoSe, monolayer

A.3 Optical components (for ;-PL)

M4 wave plate AQWP05M-600, thorlabs

Liquid crystals full-wave plate, thorlabs
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Figure A.2: Raman spectrum of the MoS, monolayer upon excitation with a cw laser at 473 nm [106].

Linear polarizers LPNIR100, thorlabs
Beamsplitter (laser/PL) BS013 (50:50 for 400 ~ 700 nm), thorlabs
Beam expander/reducer BE052-A/B, thorlabs
Lens for the spectrometer part AC254-500-B, thorlabs
Photodiode power sensors (laser power meter) USB type, thorlabs
The extra CCD part DCC1545M (CMOS Camera, thorlabs), AC254-200-B/LA4306/AC254-300-A (Lens, thorlabs),
red LED/convex lens
neutral density finters
We used thorlabs.com|neutral density filters for lasers and PL.
» NEO5B, 10B, 20B, 30B, 40B, 50B, 60B, 502A, 501A
+ NDC-50C-2M (continuously variable ND filter)
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Mirrors
» PF10-03-P01(Silver Mirror, thorlabs)

« BB1-E03 (Broadband Dielectric Mirror, 750 ~ 1100 nm, thorlabs)

Short/long pass and laser filters
We used short/long pass filters from thorlabs.com and semrock.com.
Thorlabs FEL0600, FES0600

Semrock TSP01-628, TLP01-628, TSP01-704, TSP01-790, LL01-633-25 (laser filter)
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A.4 PT100 temperature table (annealing chamber)

RTD Temperature
vs. Resistance Table

For American Curve, Alpha = .00392 1° Celsius Increments

°C Ohms| °C |Ohms| °C |Ohms| °C Ohms| °C |Ohms| °C | Ohms| °C |Ohms °C |Ohms| °C | Ohms
-100 | 59.57 | -38 | 84.80 109.51| 86 |133.75| 148 [157.53| 210 [180.86| 272 (203.74| 334 |226.17| 396 |248.16
-99 | 59.98| -37 | 8520 109.90| 87 |134.14| 149 |157.91| 211 [181.23| 273 |204.11| 335 |226.53| 2397 | 24851
-98 | 60.39| -36 | 8560 110.30] 88 |134.52| 150 |158.29| 212 [181.61| 274 |204.47| 336 |226.80| 308 | 248.86
-97 | 60.80| -35 | 86.01 11069 89 |13491| 151 |[158.67| 213 |181.88| 275 (204.84| 337 |227.25| 309 | 249.21
-96 | 61.21| -34 | 8641 111.09) 980 |13530| 152 [159.05| 214 [182.35| 276 |205.20| 338 (227.61| 400 | 249.56
-95 | 6163 -33 | 8681 11148| 91 |13568( 153 |150.43| 215 |182.72| 277 |20557| 339 |227.96| 401 | 24991
-94 | 6204 -32 | 87.21 111.88| 92 13607 154 [159.81| 216 [183.09| 278 (20593| 340 |228.32| 402 |250.26
-93 | 6245 -31 | 8761 11227| 93 |13646| 155 [160.19| 217 [18347| 279 (206.30| 341 |228.68| 403 | 250.61
-92 | 6286 -30 | 8801 11266] 94 |136.84| 156 |180.57| 218 |[183.84| 280 20666 342 |229.04| 404 25096
-91 | 63.27 | -29 | 8842 11306 95 |137.23| 157 |160.95| 219 [184.21| 281 (207.02| 343 |220.39| 405 | 251.31
-90 | 63.68| -28 | 8882 11345] 96 |137.62| 158 |161.33| 220 |[184.58| 282 |207.39| 344 (22075 406 | 251.66
-89 | 6409 -27 | 8922 113.84| 97 |138.00( 159 |161.70| 221 |184.95| 283 |207.75| 345 |230.11| 407 | 252.01
-88 | 64.50| -26 | 8962 11424| 98 /13839 160 |[162.08| 222 |18532| 284 (20812| 346 |23046| 408 |252.36
-87 | 6491 -25 | 90.02 11463| 99 |138.77| 161 |16246| 223 [185.70| 285 |208.48| 347 |230.82| 409 25271

-86 | 65.32| -24 | 9042
-85 | 65.73| -23 | 90.82
-84 | 6614 | -22 | 9122
=83 | 6655 -21 91.62
-82 | 66.96| -20 | 9202
-81 | 67.36| -19 | 9242
-80 | 67.77| -18 | 9282
=79 | 88.18| 17 | 9322
-78 | 68.59| -16 | 9362
=77 | 69.00| -15 | 94.02
=76 | 69.41| -14 | 9442
=75 | 69.81| -13 | 94.82
-74 | 70.22| 12 | 9522
=73 | 7063 -11 | 9562
=72 | 71.04| -10 | 96.02
71 | 7144 -9 | 9642
=70 | 7185, -8 | 9681
68| 7226| -7 || 97.21
-68 | 7266, -6 | 9761
-67 | 7307 -5 | 9801
66 | 7348| -4 | 9841
=65 | 73.88| -3 | 9881
-64 7429 -2 | 98.20
-63 | 74.70 =1l 99.60

115.02) 100 |139.16| 162 [162.84| 224 [186.07| 286 |208.85| 348 (231.18| 410 | 253.06
11542 101 |139.55| 163 |163.22| 225 |186.44| 287 |209.21| 349 |231.53| 411 | 25341
115.81| 102 |139.93| 164 [163.60| 226 [186.81| 288 (20957| 350 |231.89| 412 |253.76
116.20| 103 |140.32| 165 |163.97| 227 [187.18| 289 (20994| 351 |23225| 413 | 254.11
116.59| 104 |140.70( 166 |164.35| 228 |187.55| 290 |210.30| 352 |232.60| 414 | 254.46
116.89| 105 |141.09| 167 |164.73| 229 [187.82| 291 (21066| 353 |232.96| 415 |254.80
117.38| 106 |141.47| 168 |165.11| 230 [188.29| 202 (211.03| 354 |233.31| 416 |255.15
117.77| 107 |141.86| 169 |165.48| 231 [18866| 293 (21139| 355 |233.67| 417 |255.50
118.16] 108 |142.24| 170 |165.86| 232 [189.03| 294 (211.75| 356 |234.03| 418 |255.85
11856| 109 |14263| 171 |166.24| 233 [189.40| 205 (21211| 357 |234.38]| 419 |256.20
11895 110 |143.01| 172 |[166.62| 234 |[189.77| 296 |21248| 358 (234.74| 420 | 256.55
119.34| 111 | 143.39| 173 [166.99| 235 [190.14| 297 (21284| 359 |235.00| 421 |256.89
119.73] 112 |143.78| 174 |167.37| 236 |[190.51| 298 |213.20| 360 |23545| 422 | 257.24
12012| 113 |14416| 175 [167.75| 237 [190.88| 299 |213.56| 361 (235.80| 423 | 257.59
12051| 114 |14455| 176 |168.12| 238 [191.25| 300 (21393| 362 |236.16| 424 |257.94
12091| 115 |14493| 177 |168.50| 239 (19162 301 (21429| 363 |23651| 425 |258.29
121.30] 116 |14531| 178 |168.88| 240 [191.899| 302 21465 364 |23687| 426 | 25863
12169] 117 |145.70( 179 |169.25| 241 |[19236| 303 |21501| 365 |237.22| 427 | 25898
122.08| 118 |146.08| 180 |169.63| 242 [19273| 304 (21537| 366 |237.58| 428 |250.33
12247 119 |146.47| 181 |170.00| 243 [193.09| 305 |21574| 367 |237.93| 429 | 25067
12286| 120 |146.85| 182 |170.38| 244 |193.46| 306 |216.10| 368 |238.28| 430 | 260.02
12325| 121 |147.23| 183 |170.76| 245 [193.83| 307 (216.46| 369 |238.64| 431 |260.37
12364| 122 (14761, 184 |171.13| 246 19420| 308 |21682 370 (23889 432 26072
12403| 123 |148.00| 185 |171.51| 247 |194.57| 309 |217.18| 371 |239.35| 433 | 261.06

-62 | 75.10 0 (100.00 124.42| 124 | 14838| 186 |171.88| 248 [194094| 310 (21754| 372 |238.70| 434 | 261.41
-61 | 75.51 1 |100.40 12481| 125 |148.76| 187 |172.26| 249 [19531| 311 (217.90| 373 |240.05| 435 |261.75
=80 | 75.01 2 [100.80 12520 126 |149.15| 188 |172.63| 250 |19567| 312 |21826| 374 |240.41| 436 | 262.10
-50 | 76.32 3 [101.19 12559 127 |149.53| 189 |173.01| 251 |196.04| 313 |21863| 375 |240.76| 437 | 26245
-58 | 76.72 4 (10159 12598 128 |149.91| 190 |173.38| 252 |196.41| 314 |218.99| 376 |241.11| 438 | 26279
-57 | 7713 5 (101.99 126.37| 129 |150.29| 191 [173.76| 253 [196.78| 315 (21935| 377 |241.47| 439 |263.14
-56 | 77.53 6 (10238 126.76| 130 |15067| 192 |174.13| 254 [197.14| 316 (21971| 378 |241.82| 440 |263.48
=55 | 77.94 7 (10278 127.15] 131 |151.06] 193 |174.51| 255 |[197.51| 317 |22007| 379 |24217| 441 |263.83
-54 | 78.34 8 (10318 127.54| 132 |151.44| 194 |174.88| 256 |197.88| 318 |220.43| 380 |24253| 442 | 264.18
-53 | 78.75 9 (10357 127.93| 133 |151.82| 195 [175.26| 257 [198.25| 319 (22079| 381 |242.88| 443 |264.52

-52 | 79.15| 10 |103.97 128.32| 134 | 152.20| 196 |[175.63| 258 |[198.61| 320 (221.15| 382 |243.23| 444 |264.87
-51 | 79.56 11 |104.37 12871 135 [15258| 197 [176.01| 259 [198.98| 321 |221.51| 383 (243.58| 445 |265.21
=50 | 7996| 12 (10476| 74 (12909| 136 (15296 198 [176.38| 260 [199.35| 322 (22187| 384 |243.94| 446 |265.56
-49 | 80.36| 13 |10516| 75 |12048| 137 |153.35| 199 |176.75| 261 |199.71| 323 |22223| 385 |244.20| 447 | 265.90

dNYZ3282322R28BRLUGR LBV ABEELEEEHH88LUEREEBBEBENEER

-48 | 80.77| 14 |10556| 76 |129.87| 138 |153.73| 200 |177.13| 262 |200.08| 324 |22259 386 |244.64| 448 268625
-47 | 8117 15 |10595| 77 |130.26] 139 |154.11| 201 |177.50| 263 |200.45| 325 |22294| 387 |244.99| 449 | 26659
-46 | 81.58| 16 (10835 78 [130.65| 140 (15449 202 [177.88| 264 |200.81| 326 (22330| 388 |24535| 450 |266.94
-45 | 81.98| 17 |10674| 79 |131.04| 141 |154.87| 203 |178.25| 265 |201.18| 327 |223.66| 389 |24570| 451 | 267.28
-44 | 82.38 18 [107.14| 80 |[131.42| 142 (15525 204 |178.62| 266 (201.55| 328 |22402| 390 |246.05| 452 | 267.63
-43 | 8279 19 |107.53| 81 |131.81] 143 |155.63| 205 |179.00| 267 |201.91| 320 |224.38| 391 |246.40| 453 | 267.97
-42 | 83.19| 20 |107.93| 82 ([13220| 144 |156.01| 206 [179.37| 268 |20228| 330 |224.74) 392 (246.75| 454 | 268.31
-41 | 8359 21 |10832| 83 |13259| 145 |156.39| 207 |179.74| 269 |20264| 331 |22510| 393 |247.10| 455 | 26866
-40 | 8399 22 |108.72| 84 |13298| 146 |156.77| 208 |180.12| 270 |203.01| 332 |22546| 394 |247.46| 456 | 269.00
-39 | 8440| 23 (10911 85 [133.36| 147 |157.15| 209 [180.49| 271 |203.38| 333 (22581| 395 |247.81| 457 |269.35
Z-255

Figure A.3: Temperature vs resistance table of PT100 thermocouple (TC) from technitemp.com.
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Appendix B

Résumeé en francais

Ce travail de thése visait a étendre notre compréhension de la physique des spins et des vallées excitoniques dans
les Monocouches des Dichalcogénures des Métaux de Transition (TMD ML).

Les TMD ML ont été fabriqués par exfoliation mécanique, ce qui nous a permis de fabriquer des monocouches
encapsulées de haute qualité optique. Nous avons donc pu isoler les ML TMD du désordre diélectrique induit par
le substrat et supprimer I'élargissement inhomogéne de la largeur de raie dans les spectres de Photoluminescence
(PL).

Nous avons utilisé la technique de p-PL résolue en polarisation pour exciter sélectivement les vallées K+ et K~
et détecter la polarisation des vallées en PL grace aux régles de sélection optique chirale dans les ML TMD. De
plus, notre technique d’'imagerie hyper spectrale permet d’étudier le transport par dérive de diffusion des espéeces
excitoniques. Avec ces méthodes, nous avons étudié divers TMD ML tels que WS, (au chapitre 3), MoSe; (au
chapitre 4) et MoS, (au chapitre 5).

Pour la monocouche WS-, nous avons fabriqué un échantillon de haute qualité optique et observé les structures
fines de trions chargés négativement (~ 6 meV) avec des largeurs de raie étroites (5 meV, FWHM) pour les trions
intervallée (T,) et intravallée (T2) grace a I'encapsulation avec des couches de Nitrure de Bor hexagonales (hBN).
En utilisant a I'expérience de u-PL polarisée, nous avons démontré une polarisation de spin/vallée induite optique-
ment efficace. Sous excitation o, nous avons observé que le T; (T2) présente une polarisation circulaire maximale
(minimale) de ~ 80 % (~ 18 %), la ou le PL moyen présente une polarisation circulaire de ~ 40 %.

Notamment, nous avons révélé la présence d’une grande différence d’intensité de PL sous des polarisations
d’excitation circulaires/linéaires pour le T; (un rapport maximum de 19/I™ ~ 1,9) provient d’'un taux de formation
de T, différent sous des excitations o/w. Ce mécanisme suppose qu’un apport continu de paires électron-trou
photoexcitées dans une vallée sous excitation circulaire induit un déséquilibre des électrons résidents dans les
vallées de sub-conduction, appelée polarisation dynamique spin-vallées des électrons résidents.

Nous avons démontré que cette polarisation de vallée dynamique est trés sensible aux excitations résonnantes.
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Nous avons proposé un modele bi-moléculaire simple pour les trions et interprété le comportement de polarisation
des T et T, avec une polarisation maximale des électrons résidents estimée a - 40,7 %.

Pour la monocouche MoSes, nous avons étudié le transport excitonique a des fluences d’excitation élevées par
la technique d’'imagerie hyperspectrale de notre configuration u-PL. Nous avons révélé I'apparition d’un halo dans la
distribution spatiale de la PL a des fluences d’excitation élevées et interprété I'origine du halo dans notre expérience
en modélisant I'équation de dérive-diffusion en régime permanent, incluant un terme de dérive de Seebeck induite
par un gradient thermique. La description suivante peut expliquer I'apparition d’'un halo pour les trions : 1) Lexcitation
laser crée des paires électron-trou avec une énergie beaucoup plus élevée que le gap, générant des excitons chauds
hors du cone de lumiére. 2) ces excitons chauds diffusent hors du point d’excitation sur une distance caractéristique
tout en se relaxant en trions et excitons. 3) Les excitons chauds émettent des phonons pendant le processus (2). Ce
processus d’émission de phonons chauds génére un gradient thermique. 4) Aux puissances d’excitation élevées,
le processus (3) est renforcé de sorte qu’un fort gradient thermique génére la dérive Seebeck, qui domine sur
la diffusion. En revanche, la caractéristique de halo pour I'exciton est beaucoup moins prononcée, ce qui est un
résultat cohérent basé sur le fait que la durée de vie de I'exciton est beaucoup plus courte que celle du trion. Nous
avons reproduit avec succes le halo pour les trions en résolvant numériquement I'équation de dérive-diffusion en
régime permanent du modéle.

Pour le dispositif monocouche MoS., nous avons effectué des expériences PL résolues en polarisation dans les
différents régimes de dopage grace a la réalisation d’un dispositif polarisable. En contr6lant le niveau de dopage,
nous avons visualisé des espéces excitoniques neutres et chargées négativement mais aussi des especes chargées
positivement. Cette méthode nous permet d’étudier les détails de la dynamique des vallées excitoniques. Fait impor-
tant, nous avons observé une polarisation circulaire de ~ 70 % pour les trions chargés négativement et discuté les
mécanismes de relaxation de vallée possibles qui expliquent le degré élevé de polarisation circulaire observé. Nous
avons également démontré que la polarisation de vallée induite optiquement des porteurs résidents est également
possible dans les monocouches de MoS,, et nous estimons une polarisation de vallée des trous P ~ 6,3 % sous ex-
citation continue. Ces résultats démontrent que la polarisation dynamique de la vallée et I'’émission PL dépendante
du spin ne sont pas limitées aux monocouches TMD a base de tungsténe.

En perspectives, a court terme, nous travaillons actuellement a 'amélioration de notre station expérimentale :
1) Un étage de chauffage pour les expériences dépendantes de la température, qui est disponible mais nécessite
quelgues modifications mineures. 2) Nous prévoyons de monter une étape de balayage haute résolution pour la
cartographie 2D du spectre. Cela nous donnera des informations statistiques a basse température, ce qui améliorera
la qualité de nos recherches. 3) Nous travaillons actuellement sur des expériences d’électroluminescence (EL) a
balayage avec une configuration STM pour les S-TMD 2D, qui fournissent des informations de résolution atomique.
De plus, les deux expériences avec des résolutions différentes (um, échelle atomique) pourraient nous donner une

corrélation non révélée pour la physique spin/vallée dans les matériaux 2D.
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D’autres expériences sur u-PL en appliquant un champ magnétique seraient une amélioration intéressante pour
I'étude de la polarisation dynamique des porteurs résidents. De plus, les ARPES résolus en temps ou en spin
avec des dispositifs S-TMD 2D seraient prometteurs pour de futures expériences. Etant donné que la méthode
expérimentale de p-PL est un moyen indirect d’étudier la physique des spins/vallées (principalement liée aux
especes excitoniques), la technique ARPES fournit une observation directe des états occupés de la structure de
bande a une seule particule. Cette combinaison de méthodes d’observation indirecte/directe peut nous donner un
apercu plus clair du mécanisme de la polarisation dynamique de la vallée des porteurs résidents.

Enfin, le sujet de recherche se déplace lentement vers des investigations sur les hétérostructures verticales /
horizontales, par exemple, I'exciton intercouche et les super-réseaux de moiré. Nous devrions développer notre
configuration d’exfoliation mécanique pour empiler les hétérostructures en contrélant I'angle de réseau de chaque
monocouche.

Bien que ces questions restent ouvertes pour de futures investigations, nous tenons a souligner que ces études
permettent de mieux comprendre la riche physique des excitons et des spins/vallées dans ces semi-conducteurs

2D, une étape cruciale pour les futures applications optoélectroniques et valleytroniques.
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[2.24 PL spectra and circular polarization of WS, monolayer at 20 K. o™ (or o~ ) corresponds to co-
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3.1

Photoluminescence spectrum (PL) under an excitation power of (a) 9 uW and (b) 1.6 mW at T =

20 K of an hBN encapsulated WS, monolayer. The excitation wavelength of the laser was 570 nm

(2.1754 eV). Several excitonic peaks are identified in the spectrum (X°, T, T, X”, XX, and XX7).

The dark exciton (X”) and localized (or phonon-related) states (L, L, and L) are observable at (a)

low excitation power. In contrast, bi-exciton (XX and XX~) peaks dominate the emission at (b) high

excitation power. The inset schematic of (a) describes T, and T, formations, which are the inter-valley

trion singlet and intra-valley trion triplet, respectively. The red/blue colors indicate the spin (up/down)

states of sub-valleys. The blue inset curve ot (b) shows the PL spectrum at 10 W under the excitation

energy 2.047 eV, below the X” energy. A PL peak appears at the energy below 5.5 meV from the XX~

emission. I'his energy emission corresponds to the darktrion.f. . . . .. ... ..............

55

B2

Power dependent (a) spectra and (b) peak intensity of power-dependent spectra (excitation power

from 100 "Wito 5 mW at20K).| . . . . . . . o o o
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B3

Photoluminescence (PL) spectra and degree of circular/linear polarization (blue/gold circles) for a

circularly/linearly-polarized excitation laser of wavelength 569.8 nm at 10 uW. The black (red) line

corresponds to o+ (o-) detection under circularly polarized excitation. The inset shows the degree of

circular polarization for the T, and T, as a function of the excitation power. The degree of circular

. . . o+ o— . . . .
polarization is calculated by £-=2"— x 100 (%), as well as the degree of linear polarization on a linear

B4

Total PL spectra and intensity ratio under circular/linear bases for an excitation laser of wavelength

569.8 nm at 10 uW. The black (red) line corresponds to PL spectrum under o (7) excitation. Purple

circles correspond to the PL intensity ratio (I°/1™). The inset presents the 1°/I™ ratio for the T; and T,

as a function of the excitation power.| . . . . . . . . . L
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[38.5

‘Time-resolved photoluminescence (IRPL) of the trion triplet (1) under circular (red) and linear exci-

tations (black) at T = 5.1 K under the excitation laser power of 1 pW. The experiment was performed

by the collaboration group in Toulouse (LPCNO).| . . . ... ............. ... ........
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[3.6

Sketch of the dynamic polarization of resident electrons for trions with o+ excitation. 7;,.ter (Tintra)

represents the inter-valley spin-conserving (intra-valley spin-flip) relaxation times of topmost electrons

while 7,, corresponds to the spin/valley relaxation time of resident electrons [100].[ . . . . . ... ...

B.7

Photoluminescence excitation spectroscopy (PLE) of 1°/I™ ratio for an excitation laser of wavelength

565 nm ~ 605.8 nm at 10 xW. The black curve indicates a hormalized PL spectrum. The inset shows

the neutral exciton (X") intensity as a function of the excitation energy at a fixed excitation power of

10 uW. One can observe that the 1°/I™ ratio increases for the two exciton resonances (neutral exciton

ground state and first excited state of the trion). Note that we do not see the first excited state of the

exciton resonance in PLE due to the maximum photon energy available with our laser source. (the

red circle of theinset).| . . . . . . . . L
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An optical image of the hBN encapsulaied MoSe2 monolayer. [149] . . .. .. ... .. ... .....
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G2

PL spectra of the hBN encapsulated MoSe2 monolayer under o™ laser excitation at T = 20 K (P = 9

IW, N asor = B33 IM] + o o o e e e e

@3

Peak intensities (left axis) and circular polarization (right axis) of the exciton (black) and the trion (red)

in photoluminescence excitation (PLE) experiments performed at T = 20 K with a laser power Py ... =

5 uW. The laser wavelength increased from 685 nm (1.8102 eV) to /53.5 nm (1.6456 eV) by 0.5 nm

step. The emission intensity and circular polarization of the exciton from 1.661 eV to higher excitation

were excluded from the graph due to the laser leak of the tunable longpass filter. Unfiltered laser

light prevents us from acquiring precise spectra at the exciton emission energy when the laser energy

goes close to the exciton resonance. The regular rise and decrease of the exciton circular polarization

from 1.74 eV to 1.81 eV might originate from a parasitic issue due to the multiple filters and mirrors.| .

B2

Gate-dependent PL splitting energy between A= , A5, Ax and Ay, A,,, As,, respectively (denoted

by cyan, orange, and green squares, respectively). 1s, 2s, and 3s are the Rydberg states. The A™

and A~ represent the negatively and positiviey charged trions, respectively. [154] . . . . ... ... ..

[4.5

(a) Power dependent PL spectra (b) Integrated PL intensity of exciton and trion at T = 19 K (Ajgser =

B70NM). [T49] - . o o o o

|4.6

Power dependent (a) peak position and (b) linewidth of the hBN encapsulated MoSe2 monolayer at

T=T9K N\aser =570nm). [149]] . . . . . . . .




[4.7 (a) The exciton dispersion is shown in orange and photon dispersion in blue with exaggerated momen-

| tum, ~ x200, to make the light cone visible. Only excitons within the light cone, |p| < pc, can radiative

| decay. T'his population is highlighted in the narrow, delta function like region in the occupation number

| plot, which results in a Lorentzian shaped PL. (b) The Feynman diagram for trion radiative decay. One

| of the electrons recombines with the hole to emit a photon while the other electron is kicked out to

| conserve energy and momentum. () The trion dispersion is shown in purple with the zero-momentum

| and Kkinetic energies of a trion denoted. All trion states can radiatively decay, so all states in the oc-

| cupation plot are allowed optical transitions. To convert from the occupation distribution to the PL, we

| must account for the energy of the recoil electron resulting in the Tong Tow-energy tail. [172] . . . . . .

[4.8 The eftective temperature of the trion and exciton gas extracted from power-dependent spectra of Fig.

[4.9 (a) PLs spatial distribution of excitons and trions for selected excitation powers. The images have a

| lateral size of 14 um. Measured PLs radial profile for trions (b) and excitons (c) for selected excitation

| powers. PL intensity is normalized by 1 at r = 0 where Is the center of the excitation spot. Black is the

| laser profile and each color corresponds to the written excitation powers in the legend. [149]. . . . . .

|4.10 (a) Normalized radial profile for excitons and trions at low excitation power in a logarithmic scale.

| Also shown is the laser profile and fits of the 2D diffusion equation. (b) Radial profiles at the highest

| excitation power, normalized to one at the center in a linear scale. Also shown Is the trion temperature

| was exiracted from the 1st order image which Is the method described in chapter 2. [149] . . . . . . .

[4171 Calculated profiles of trion and exciton obtained with a numerical solution of EQI4.9[149] . . ... ..

|4.12 (a) Spatial dependence of the trion’'s luminescence spectrum at 20 mW when exciting resonantly

| the neutral exciton (b) Normalized trion profiles obtained from the figures in (a) by integrating the

| trion’s spectrum at different distances from the excitation spot. (c) Trion’s temperature as a function

| of position. The inset shows the measured temperature at the excitation spot, the continuous curve is

| a guide to the eye. (d) Trion’s peak energy as a function of position. [149].| . . . . . .. .. .. ... ..
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5.1 The MoS, charge tunable device. (a) schematic side view (the SIO,/SI substrate is not indicated

| here). (b) an optical microscope image [106].| . . . . . . . . . . . . . Lo

90

5.2 PL spectra of the MoS, device under a 473 nm (10 xW) laser excitation at T = 300 K. (a) PL spectra

| were taken from points A and B In Fig. 2d. The fitting was done by two Voigt functions. (b) A spatial

| map and (c) An histogram of the neutral exciton (X”) emission energy. (d) A spatial map and (e) An

| histogram of the FWHM of the experimental spectrum. The white lines in panels (b) and (d) indicate

| the MoS, monolayer with and without graphite contact on the monolayer.| . . . .. ... ... ... ..
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53

Photoluminescence excitation (PLE) experiment at 100 pW. T =20 Kand V, = 1.5V (neutral regime).

(a) PL spectra (log scale). The spectra were normalized to 1 and multiplied arbitrary numbers to

introduce vertical shift of the even distance in the log scale. (b) The exciton PL intensity. The spectrum

color of (a) corresponds to the circle of (b), indicating the excitation laserenergy| . . . . . .. ... ..

93

5.4

(a) PL intensity on a logarithmic scale under cw laser excitation at 10 uW as a function of photon

emission energy and gate bias (b) PL spectra at selected gate voltages corresponding to the p-type

(top), neutral (middle) and n-type doping regime (bottom). [106] . . . . . ... ... ... ... .....
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(a) Monolayer MoS; Is optically bright in a single-particle picture with Acp > 0. (b) Local and non-

local exchange interaction U, reorders exciton spin configurations resulting in the lowest excitonic

transition to be optically dark. This is schematically depicted as a flip of the conduction bands. (c)

‘Irion fine structure in monolayer MoS. |1gz| ................................

5.6

Density of states (left panel) and charge densities (right panel and inserts) of (a) perfect MoS, mono-

layer and monolayers with (b) Ad_S (sulfur adatoms) and (c) V_S (sulfur vacancies). Inserts show

charge densities of the defect states. I'he right panel shows charge densities of band edge states.

Ad_S has a shallow localized hole trap state next to the VB edge. V_S has two trap states: a shal-

low hole trap close to the VB edge and a deep localized electron trap 0.6 eV below the CB edge.

The charge densities of the VB edge states are strongly perturbed by defects, while CB edge states

remainunchanged. J193] . ... ... ... ... .. ... ...

.7

(a) The difference in the exciton and trion energies, wA - wA~ (symbols), as a function of Fermi energy

Er. The red line is a linear fit to the E» dependence with a slope of 1.2 and an intercept of 18 meV.

The latter determines the trion binding energy. Inset: representation of the dissociation of a trion into

an exciton and an electron at the Fermi level [197]. (b) Evolution of the XT apparent binding energy

measured in PL as a function of the applied gate bias. The continuous line is a guide to the eye [106].| 98

(5.8

Change in zone center phonons Aw of (a) from experiment and (b) from DFT calculations as a

function of electron concentration n. (c) Electron-phonon coupling of A;, and E;, modes as a function

of n. (d) Raman spectrum In the neutral regime, exhibiting the well-known E" and A'1 vibrational

modes. (e) Peak position for both modes of the panel (d) as a function of gate bias. (a-c) Ref. [199].

(d-e) Data were taken from our charge tunable MoS, monolayer [106], . . . . . .. ... .. ... ...

100

[5.9

Polarization-resolved photoluminescence (PL) emission under circularly polarized excitation and lin-

early polarized excitation for different gate voltages, + 3V (a), + 30 V (b) and - 20 V (c). Also shown is

the energy-resolved degree of PL polarization (blue dots). [106] . . . . . . .. .. ............

[5.10 (a) Integrated Intensity as a function of excitation power. (b) Degree of polarization as a function of

excitation power. J[T06]] . . . . . . . . ...




[5.11 The continuous (dashed) lines represent the ordering of the conduction bands in the excitonic (single- |

particle) picture. (a) Schematics of a negatively charged trion in the K™ valley corresponding to a |

spin-singlet state in which both electrons reside at opposite valleys. (b) State obtained after moving |

the exciton from the K™ to the K= valley for the trion depicted in (a). This state is forbidden by the |

Pauli principle. (c) Negatively charged trion in the K™ valley corresponding to a spin-singlet state in |

which both electrons reside in the same valley K. (d) State obtained after moving the exciton from |

the KT to the K~ valley for the trion depicted in (c). [T06] . - - - . - - .« v oo oo 103

[5.12 (a) Total PL intensity under circular (black) and linear (red) excitation in the n-type regime for an |

excitation power of 90 W (top) and 2 uW (bottom). (b) Total photoluminescence (PL) intensity under |

circular (black) and linear (red) excitation in the p-type regime at an excitation power of 100 W (top) |

and 2 yW (bottom). Blue dots are the difference between these two curves. (c) Polarized PL emission |

under circular excitation and degree of circular polarization (blue dots) in the p-type regime at an |
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(b) A trion in the K™ can either recombine radiatively or scatter to the opposite valley before recombi- |

nation. (c) In a steady-state, the process (a) and (b) will lead to a spin and valley-polarization of the |
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IA.1 PL spectrum (MoSe, monolayer) under a continuous excitation before (black) and after (red) excita- |

tion with the same laser. (a) The first cycle for laser irradiation. A He-Ne laser (632.8 nm) of 40 uW is |
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Résumé: Les monocouches de dichalcogénures de
métaux de transition (TMD, formule chimique de MX;
ou M= Mo, W; X =S8, Se, Te) sont des semi-
conducteurs 2D avec une bande interdite directe
qui sont trés prometteurs dans le domaine de la
spin/valleytronique. Dans les monocouches de TMD,
les effets de confinement quantique bidimensionnels,
et le faible écrantage diélectrique, conduisent a une
énergie de liaison d’exciton extraordinaire d’environ
500 meV. La bande interdite se trouve aux points K de
la zone de Brillouin héxagonale, appelés également
"les vallées”. Le fort couplage spin-orbite (SOC) brise
la dégénéréscence des vallées de valence et de con-
duction, créant ainsi un couplage spin-vallée. Les
monofeuillets TMD sont donc sensibles a la polari-
sation de I'excitation optique. Les regles de sélection
optique chirales sont valides et efficaces dans les
monofeuillets de TMD et nous permettent d’exciter
sélectivement les vallées K+ / K= par pompage
optique, simplement en contrélant I'hélicitié de la
lumiere.

Dans cette thése, nous réalisons des études de
photoluminescence (PL) résolue en polarisation a des
températures cryogéniques sur des monofeuillets de

Titre: Micro luminescence polarisée dans les hétéro-structures de van der Waals

Mots clés: 2D semiconductors, spin/valley physics, quantum physics, TMD, polarization-resolved photolumi-

TMD. Nous avons démontré une tres grande polar-
isation spin/vallée dynamique des porteurs résidents
induite par la lumiére polarisée circulairement, jusqu’a
présent elle avait été mesuré seulement par des
expériences de rotation de Kerr résolues en temps.
Nous avons étudié le transport excitonique grace a
la PL en utilisant une technique d’imagerie hyper-
spectrale a des fluences d’excitation élevées. Nous
avons révélé I'apparation d’'un halo dans la distribu-
tion de la PL du trion et construit un modéle pour in-
terpréter la formation du halo en modélisant I'équation
de dérive-diffusion en régime permanent incluant un
terme Seebeck lié a la présence d’un gradient ther-
mique. En outre, nous avons étudié de la PL des
excitons chargées positivement et négativement a
différents régimes de dopage. Pour cela, nous avons
appliqué des champs électriques dans des dispositifs
et nous avons étudié la polarisation et la cohérence
spin/vallée des émission excitoniques. Ces études
permettent de mieux comprendre la riche physique
des excitons et des spins et des vallées dans ces
semi-conducteurs 2D, une étape cruciale pour les
futures applications optoélectroniques et valleytron-
iques.

nescence

Abstract: Transition metal dichalcogenide (TMD,
chemical formula of MX, where M=Mo, W; X=S,
Se, Te) monolayers (MLs) are promising 2D di-
rect bandgap semiconductors for applications in
spin/valleytronics and the study of many-body
physics. In a monolayer limit, the bandgap occurs
at the K points, where a strong spin-orbit coupling
(SOC) splits the valence and conduction sub-bands.
Because of this, a unique spin-polarized band struc-
ture appears at the two non-equivalent K points,
also called valleys. This makes chiral optical selec-
tion rules valid and effective in TMD MLs so that one
can selectively excite K™/K~ valleys by optical pump-
ing controlling the helicity of light. Also, in TMD MLs
2D quantum confinement effects and low dielectric
screening lead to extraordinary exciton binding ener-
gies of ~ 500 meV, and the chiral optical selection
rules also apply for the exciton transitions.

In this thesis, we perform polarization-resolved
photoluminescence (PL) studies at cryogenic temper-

Title: Polarization resolved photoluminescence in van der Waals heterostructures

Keywords: 2D semiconductors, spin/valley physics, quantum physics, TMD, polarization-resolved photolumi-

atures on TMD MLs. We have demonstrated in PL a
very large dynamical spin/valley polarization of res-
ident carriers induced by circularly polarized light, so
far only probed through time-resolved Kerr rotation ex-
periments. We have investigated the excitonic trans-
port through PL by using an hyperspectral imaging
technique at high excitation fluences. We revealed
an appearance of a halo in the trion PL distribu-
tion and built a model to interpret the halo forma-
tion by considering a steady-state drift-diffusion equa-
tion, including the Seebeck drift induced by a ther-
mal gradient. Also, by applying electric fields in gate-
tunable devices, we investigated positively/negatively
charged excitonic species at different doping regimes
and studied their spin/valley polarization and coher-
ence. These studies provide a further understanding
of the rich exciton and spin/valley physics in these
2D semiconductors, a crucial step for future optoelec-
tronic and valleytronic applications.
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