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ABSTRACT

MICROCAVITY COUPLED INTERLAYER EXCITONS
IN MOSE; - WSEy; HETEROSTRUCTURES

Seyma Esra Atalay
M.S. in Materials Science and Nanotechnology
Advisor: Ibrahim Sarpkaya
August 2024

After the discovery of graphene, two-dimensional (2D) materials gained immense
attention due to their exceptional mechanical, optical, and electronic properties.
One of the well-known family of 2D materials is transition metal dichalcogenides
(TMDs). Their electronic bandgap makes a transition from indirect to direct
when the monolayer limit is reached, making them an excellent medium for study-
ing many-body interactions in condensed matter and light-matter interactions.
Also, stacking monolayer TMDs on top of each other enables the creation of
heterostructures (HS). The vertical van der Waals heterostructures made from
monolayer TMDs can host two types of excitons: one is the intralayer excitons
consisting of the strongly Coulomb-bound electron-hole pair within the same ma-
terial, and the other one is the interlayer exciton made up by spatially separated
electrons and holes located in different layers. Intralayer excitons in TMDs exhibit
higher oscillator strengths due to spatial confinement. Furthermore, coupling
intra- and interlayer excitons with optical cavities allows for observing anticross-
ing phenomena between excitons and cavity photons. Consequently, TMDs and
their HSs provide a versatile platform for investigating exciton-polariton forma-
tion and their associated photophysical properties. This thesis presents a detailed
study of the room- and low-temperature photoluminescence (PL) spectroscopy of
interlayer excitons (IEX) in near-hexagonal MoSes — WSey HSs. The studied
hexagonal boron nitride (hBN) encapsulated heterostructures were fabricated us-
ing a combination of three methods: (i) mechanical exfoliation for cleaving the
monolayers from bulk material, (ii) dry transfer technique to stack them verti-
cally to achieve the heterostructure and (iii) edge identification method to adjust
the twist angle between monolayers during stacking. Fabry-Pérot planar micro-
cavities were fabricated for both room and low-temperature studies with different
cavity modes using plasma-enhanced chemical vapor deposition with the aim of
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studying the interlayer exciton-polaritons. Fabricated cavities were further char-
acterized by transmission electron microscopy and focused ion beam lithography
for imaging the alternating layers of distributed Bragg mirrors (DBRs) and their
thicknesses. The PL of IEXs in MoSes — WSes heterostructures were measured
both at room and low temperatures. Low-temperature PL. measurements were
conducted using a closed-cycle cryostat integrated into a home-built micro-PL
setup. The results indicate that our heterostructures exhibit a near-hexagonal
structure. The intensities of the spin-triplet and the spin-singlet states of the
[EXs are prominent in the energy range of approximately 1.35-1.42 eV. The ob-
served splitting between the spin-triplet and spin-singlet IEXs was in the range
of 27-34 meV. Further investigations into the temperature and pump power de-
pendence of the TEXs revealed that the intensity of the spin-triplet IEX is highly
sensitive to temperature variations between 3.5 K and 50 K, becoming less intense
at higher temperatures. Although the intensity of the spin-singlet IEX also de-
creased, it remained detectable at 50 K. With increasing pump power, a blueshift
of 15 meV was observed for the spin-triplet IEX, while the spin-singlet IEX ex-
hibited a blueshift of only 3 meV in the same pump power range. This indicates
that the density of the spin-triplet state IEX increases more significantly with
higher pump power than the spin-singlet state IEX. Additionally, the lifetime
of the spin-singlet TEX was measured using Time-Resolved Photoluminescence
(TRPL) spectroscopy. The fast and slow decay components were in the range
of a few nanoseconds and a few tens of nanoseconds, respectively. Moreover, an
approximately 9 meV splitting on the spin-singlet IEX PL emission was observed
in one of the studied emitters, which has the same resonance wavelength as the
FP cavity. This splitting might be attributed to the interlayer exciton-polariton
formation at k| equals zero. However, the whole angle-resolved PL spectrum
should be measured to ensure this emission belongs to the polariton formation.

Keywords:  Transition metal dichalcogenides, interlayer excitons, exciton-
polaritons, photoluminescence spectroscopy, Fabry-Pérot cavity.



OZET

MIKROKAVITE ICERISINDE ENTEGRE MOSE; -
WSE,; HETEROYAPILARINDA KATMANLAR ARASI

EKSITONLAR

Seyma Esra Atalay
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Damsmant: Ibrahim Sarpkaya
Agustos 2024

Grafenin kegfinden sonra, iki boyutlu (2D) malzemeler olaganiistii mekanik, op-
tik ve elektronik ozellikleri nedeniyle biiytk ilgi gordii. Iyi bilinen 2D malzeme
ailelerinden biri gecig metali dikalkogenidlerdir (TMD’ler). Elektronik bant
araliklari, tek tabaka smirina ulagildiginda dolaylidan dogrudana gecer ve bu
da onlar1 yogun madde ve 1g1k-madde etkilegimlerindeki ¢ok cisim etkilegimlerini
incelemek i¢in miikemmel bir ortam haline getirir. Ayrica, tek tabaka TMD’lerini
st uste istiflemek, heteroyapilarm (HS) olusturulmasimi saglar. Tek tabaka
TMD’lerinden yapilan dikey van der Waals heteroyapilarinda iki tiir eksiton
olugsumu gozlenir: biri, ayn1 malzeme ic¢inde giiclii bir sekilde Coulomb etkilegimli
elektron-desik ciftinden olugan katman igi eksitonlar ve digeri, farkli katmanlar-
daki uzamsal olarak ayrilmig elektronlar ve desiklerden olugsan katmanlar arasi
eksitondur. TMD’lerdeki katman ici eksitonlar, uzamsal sinirlama nedeniyle
daha yiiksek osilator kuvvetleri sergiler. Ayrica, katman ici ve katmanlar aras
eksitonlarin optik kaviteler ile birlegtirilmesi, eksitonlar ve fotonlar arasindaki
capraz gecig olaylarimin gozlenmesine olanak tanir. Sonug olarak, TMD’ler ve on-
larin heteroyapilari, eksiton-polariton olusumunu ve iligkili fotofiziksel 6zelliklerini
aragtirmak igin ¢ok yonli bir platform saglar. Bu tez, neredeyse hekzagonal
MoSe; — WSey HS'larda katmanlar aras: eksitonlarin (IEX) oda ve diisiik sicaklik
fotoliiminesans (PL) spektroskopisinin ayrintili bir ¢aligmasini sunar. Incelenen
hekzagonal bor nitriir (hBN) kapsiillenmis heteroyapilar, asagidaki yontemlerin
bir kombinasyonu ile iiretilmigtir: (i) yigin malzemeden monokatmanlar: ayirmak

icin mekanik eksfoliasyon, (ii) heteroyapiya ulagmak i¢in bunlar dikey olarak
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istiflemek tizere kuru transfer teknigi ve (iii) istifleme sirasinda monokatman-
lar arasindaki donme acisini ayarlamak icin kenar tanimlama yontemi. Fabry-
Pérot (FP) diizlemsel mikro kaviteleri, katmanlar arasi eksiton-polaritonlar1 in-
celemek amaciyla plazma destekli kimyasal buhar biriktirme yontemi kullanilarak
farkli kavite modlariyla hem oda hem de diigiik sicaklik fotoltiminesans spek-
troskopisi calismalar1 icin tretildi. Uretilen bosluklar, dagitilmis Bragg ay-
nalarinin (DBR’ler) déntiigtimli katmanlarini ve kalinhiklarimi goriintiilemek igin
transmisyon elektron mikroskobu ve odaklanmig iyon demeti litografisi ile daha
detayh olarak karakterize edildi. MoSe; — WSe, heteroyapilarindaki TEX’larin
PL’1 hem oda hem de diigiik sicakliklarda olgiildii. Diigiik sicaklik olgiimleri,
bir mikro-PL kurulumuna entegre edilmig kapali cevrimli bir kriyostat kul-
lanilarak gerceklestirildi. Sonuclar, heteroyapilarimizin neredeyse altigen bir
yapi sergiledigini gostermektedir. IEX’larin spin-iiclii ve spin-tekli durumlariin
yogunluklar1 yaklagik 1,35-1,42 eV enerji araliginda belirgindir. Spin-ticlii ve
spin-tekli IEX’larin arasinda gozlemlenen boliinme 27-34 meV araligindaydi.
[EX’larin sicaklik ve pompa giicii bagimliligina iligkin daha ileri arastirmalar,
spin-licli IEX'nun yogunlugunun 3,5 K ile 50 K arasindaki sicaklik degigimlerine
kars1 oldukca hassas oldugunu ve daha yiiksek sicakliklarda daha az yogun hale
geldigini ortaya koydu. Spin-tekli IEX’nun yogunlugu da azalmasina ragmen, 50
K’de tespit edilebilir diizeyde kaldi. Pompa giiciintin benzer bir uyarim aralig
icinde artmasiyla birlikte, spin-ticlii ITEX i¢in 15 meV’luk bir maviye kayma
gozlemlenirken, spin-tekli TEX yalnizca 3 meV’luk bir maviye kayma sergiledi.
Bu, spin-ti¢li durum IEX’larinin yogunlugunun, spin-tekli durum IEX’una gore
daha yiiksek pompa giicliyle daha onemli olgiide arttigimi gostermektedir. Ek
olarak, spin-tekli IEX un émrii zaman ¢oziiniirliiklii fotoliiminesans (TRPL) spek-
troskopisi kullanilarak olctiildii. Hizli ve yavas bozunma bilegenleri sirasiyla birkag
nanosaniye ve birka¢ on nanosaniye araligindaydi. Dahasi, FP kavite ile ayn1 re-
zonans dalga boyuna sahip olan spin-tekli IEX emisyonunda enerjide yaklagik
9 meV bolinme gozlemlendi. Bu boliinme, kj sifira esit oldugunda katmanlar
arasi eksiton-polariton olusumuna atfedilebilir. Ancak, bu emisyonun polariton
olusumuna ait oldugundan emin olmak icin tiim a1 ¢oziintirliikkli PL spektrumu

olctlmelidir.

Anahtar sézcikler: Gegig metali dikalkojenitler, ara katman eksitonlari, eksiton-
polaritonlar, fotoliiminesans spekroskopi, Fabry-Pérot kavite.
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Nomenclature

0D  Zero-dimensional

1D One-dimensional

2D Two-dimensional

3D  Three-dimensional

€0 Dielectric constant of the Vacuum
h Reduced Planck Constant

ARPS Angle-resolved Photoluminescence Spectrometer
c Speed of Light in a Vacuum
DBR Distributed Bragg Mirror

ETM Edge Identification Method

FIB Focused Ion Beam

FP  Fabry-Pérot

H — stacking Near-hexagonal Stacking
hBN hexagonal Boron Nitride

HS  Heterostructure

IEX Interlayer Exciton

1X



NOMENCLATURE

k) In-plane Momentum

M Metal Atom

ML Monolayer

MSL Moire Superlattices

PDMS Polydimethylsiloxane

PECV D Plasma-enhanced Chemical Vapor Deposition
PL  Photoluminescence

R — stacking Near-rhombohedral Stacking
SHG Second Harmonic Generation

TEM Transmission Electron Microscopy
TMD Transition Metal Dichalcogenides

X Chalcogen Atom
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Chapter 1

Introduction

Since Konstantin Novoselov and Andre Geim discovered obtaining graphene from
graphite in 2004, [18], there has been considerable interest in 2D nanomaterials.
But what is a nanomaterial? Nanomaterials can be categorized based on their
sizes: zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) nanomaterials [19]. For a material to be classified as a
nanomaterial, at least one of its dimensions should fall within the nanoscale range

of 1-100 nm. In this thesis, the 2D nanomaterials are used as the quantum well.

An essential scientific database search is enough to reveal the widespread re-
search interest in 2D nanomaterials. The Google Scholar database for academic
publishings shows around 2.3 million results for graphene alone and 5.4 million
for two-dimensional materials. Moreover, there are various 2D materials besides
graphene, such as black phosphorus, hexagonal boron nitride (hBN), and transi-
tion metal dichalcogenides (TMD). Because of the lack of bandgap in graphene,
TMDs gain attention, which possess direct band gaps in their monolayer form
3, 20].



Transition-metal dichalcogenides (TMDs) are a fascinating class of two-
dimensional materials that have attracted the attention of scientists and re-
searchers because of their superior mechanical, optical, and electronic proper-
ties. TMDs exhibit intriguing characteristics, as their indirect to direct band gap
transition from bulk to monolayer (ML) form, making them ideal for studying
multiple physical phenomena, especially the photophysics of intra- and interlayer

excitons and light-matter interactions [1, 3, 4, 13, 21, 22].

Due to the spatial in-plane confinement, the transition from indirect bandgap
to direct bandgap occurs in TMD monolayers. The spatial confinement changes
the dielectric environment, resulting in reduced Coulombic screening. Conse-
quently, the binding energy of excitons and the bandgap of the TMD monolayers
increase [9]. This phenomenon causes the formation of intralayer excitons in TMD
monolayers. Moreover, by stacking the monolayer of TMDs vertically, it is possi-
ble to achieve type-1I band alignment; hence, the interlayer excitons form between
the conduction band minimum and valence band maximum of the two monolay-
ers in heterobilayers. As a result, TMDs serve as valuable tools for studying the

photophysics of intra- and interlayer excitons.

Studying the photo-physics of excitons within TMDs became especially signif-
icant due to their superior optoelectronic properties, mainly because of the high
oscillator strength of the TMD excitons. These materials provide an excellent
platform for investigating the behavior of intra- and interlayer exciton-polaritons,
which are hybrid particles arising from the coupling of electromagnetic waves, the

cavity photon, with electric dipoles, the excitons in a material.

Exciton-polaritons, quasi-particles arising from coupling excitons and pho-
tons in a microcavity, have collected significant interest in the scientific com-
munity due to their potential applications and unique behavior. The research on
exciton-polaritons contributes to our understanding of Bose-Einstein condensa-
tion and superfluidity and holds promise for practical applications such as po-
lariton switches and polariton lasers. These developments can potentially rev-
olutionize various fields, from fundamental physics to advanced optoelectronic

devices.



Our research primarily investigates the photophysical characteristics of inter-
layer excitons in MoSey — W Ses heterostructures confined within planar micro-
cavities and interlayer exciton-polaritons. This study predominantly relies on
experimental methodologies, utilizing advanced microfabrication techniques to
facilitate the investigation. In addition, we are employing essential techniques
for the fabrication of TMD heterostructures, including edge identification and
the dry transfer method, which play critical roles in ensuring the quality of the

heterostructures under examination.

Chapter 2 contains brief information about the properties of TMDs, includ-
ing the intra- and interlayer excitons form in TMDs by photo-excitation and a
short description of the exciton-polaritons. Chapter 3 heavily focuses on the ex-
perimental part of our study; the methodology and the characterization of the
devices are explained comprehensively. Finally, chapter 4 covers the results at
both cryogenic and room temperatures, mainly focusing on the photolumines-
cence of interlayer excitons, time-resolved photoluminescence measurements of
the interlayer excitons, and analyzing the findings to look for the signs of the

formation of interlayer exciton-polaritons.



Chapter 2

Theoretical Background

In this chapter, the essential information about the theoretical background of
TMDs and their heterostructures, the intra- and interlayer excitons forms in TMD
monolayers and their heterostructures, and the exciton-polaritons of the TMDs
coupled with optical microcavities are presented. Specifically, the TMDs chapter
briefly discusses the molecular composition, phases, the direct band transition
from bulk to monolayer, the mechanical exfoliation of the monolayers, the edge
identification method, and the symmetry groups of TMDs. In the intra- and
interlayer chapter, the band gap transition from monolayer to bulk is explained
in detail, and the formation of type-II band alignment in the heterostructures of
TMDs and their crystal structure, depending on the twist angle is also described
in detail. The FP cavities are briefly explained, and exciton-polaritons in TMDs

are elaborated with the quantum model of exciton-polaritons.



2.1 Transition Metal Dichalcogenides

Since the discovery of the exfoliation of graphene by Konstantin Novoselov and
Andre Geim [18], two-dimensional (2D) materials have gained attention because
of their exotic properties associated with their electronic properties and their
potential applications in electronics, optoelectronics, sensors, and so on. The
pristine graphene is unsuitable for electronic applications due to its extraordinary
band gap. As a result, other two-dimensional materials, such as transition metal
dichalcogenides (TMDs), have received much attention. You can see the bulk

form of MoS, crystal in figure 2.1 (a).

Figure 2.1: (a) Image of a bulk MoSy crystal that is roughly 1 c¢cm in length
[1] and (b) Presented below is a three-dimensional schematic representation of a
standard MX2 structure, where the chalcogen atoms (X) are depicted in yellow,
and the metal atoms (M) are portrayed in grey [1].



TMDs are also van der Waals 2D materials with M X5 stoichiometry where M
is the transition metal atom, such as tungsten and molybdenum, and X is the
chalcogen atom, such as selenium and sulfur. TMDs have hexagonal lattices, and
the bond between the transition metal and chalcogen atoms is covalent and in-
plane. There are van der Waals bonds, which are weak out-of-plane interactions
between layers [1], see figure 2.1 (b). Moreover, TMD monolayers do not have
inversion symmetry, which causes spin-orbit coupling to arise in TMD monolay-
ers. The spin-orbit coupling removes spin degeneracy that causes spin-splitting,

making them suitable for spintronic applications as well [23, 5].
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Figure 2.2: Schematic diagrams depicting atomic structures for different phases of
TMDs. (a) Shows bonding and stacking modes for five different phase structures.
(b) Compares d-orbital splitting caused by spin-orbit coupling in 1H and 1T
phases [2].

In TMDs, there can be five different phases, which are 2H (1H when single
layer), 3R, 1T, 1T’, and T,4. [2] 2H and 3R phases are trigonal prismatic phases,
meaning hexagonal symmetry, and they belong to the Dy, group [24]. To summa-
rize, as we are working with single-layer TMDs, they have hexagonal symmetry

(1H). You can see the atomic structures of the phases in figure 2.2.
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In the 1H phase, which is a trigonal prismatic structure, d orbitals of the
transition metal are split into three degenerated states which are two degenerated
orbital of d,y ., two degenerated orbital of dy2_,2 ., and d,» orbital. However,
the T phase is an octahedral structure with two degenerate states as d,2_,2 ,2 (eg)
and dyy . .0 (tog) [2, 24], see figure 2.2.

Bulk TMDs have indirect electronic band gaps but a direct band gap in their
monolayer form; hence, the radiative recombination of electrons and holes is more
efficient in direct bandgap TMD semiconductors [1]. In the figure 2.3 (a), the
bandgap transformation of MoS, with the change in thickness [3] can be seen.
Since the ML MoS; have direct bandgap, in figure 2.3 (b) the difference between
monolayer MoSy and bilayer MoS; photoluminescence (PL) spectrum [4] can be

seel.
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Figure 2.3: (a) Calculated band structures of (1) bulk MoS,, (2) quadrilayer
MoS,, (3) bilayer MoS,, and (4) monolayer MoS,. The solid arrows indicate
the lowest energy transitions Reprinted with permission from [3]. Copyright 2010
American Chemical Society., (b) PL spectra of MoS; ML and bilayer in the
photon energy range from 1.3 to 2.2 eV. Reprinted with permission from [4] as
follows: Kin Fai Mak, Changgu Lee, James Hone, Jie Shan, and Tony F. Heinz,
Atomically Thin MoSs: A New Direct-Gap Semiconductor, 105, 136805, 2010.
Copyright (2010) by the American Physical Society.



The DFT calculations of the bandgap of the MoS5, MoSes, W Ss, and W Seqy
monolayers are shown in figure 2.4 (a); the table shows the calculated bandgap
energies of the monolayer of the TMDs materials with the DFT method [5] in
figure 2.4 (b).

2 T =
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0 1L-MoS; 1L-MoSe;
Sk = = —
3_ A/ N \/ H Bandgap (eV) H
N TR MoS, 1715
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R AL WS, 1.659

Al M//K\Q N AN W Ses 1444

(a) (b)

Figure 2.4: (a) Band structure of monolayer MoSy, MoSey, WSy and W Ses
obtained from DFT calculations [5] and (b) DFT calculated bandgap energies of
the monolayer TMDs [5]

For the characterization of MLs, optical microscopy, Raman spectroscopy, and
PL spectroscopy are used to differentiate the ML TMD flakes from the few-layer
TMD flakes. By optical microscopy, MLs can be distinguished by analyzing the
contrast of the flakes. However, this method is not always accurate. Therefore,
Raman and PL spectroscopy must be done for those potential MLs. Raman Spec-
troscopy is a method based on the materials’ lattice vibrations. By analyzing the
vibrational mode signals, the TMDs can be characterized whether they are single-
layer, multi-layer, or bulk because these vibrational modes’ intensity, width, and
energy are influenced by the layer number of the TMDs [6]. For example, the B
modes are inactive in the W .Sey monolayer. Hence, the ML W Se; does not have
a signal around 310 cm ™. An example of ML MoSe, flake can be seen in figure
2.5.



Figure 2.5: Two MoSe; MLs, dark green triangle-shaped flakes, on silicon sub-
strate pointed with arrows

The vibrational modes of the flakes are investigated via Raman Spectroscopy to
determine the layer number of the TMD flakes. Moreover, the photoluminescence
of the TMD flakes is also measured for further analysis. As mentioned before, the
monolayer TMDs have a direct band gap, and their PL peaks are a characteristic
property for each. PL spectra and Raman shifts of W.Sey, and MoSe; MLs
can be seen in figures 2.6 and 2.7. As seen in figure 2.6, ML MoSe; has a
photoluminescence peak at around 790 nm, and W Se; ML has a peak at around
755 nm [6].

As you can see in the figure 2.7, A;, and EQIQ Raman modes of the ML W Sey
are overlapped at around 250 cm~t. Also, the ML W Se, does not have any peaks
as By, mode around 310 cm™'. Ay, and E;, Raman modes of the ML MoSe; are
at around 240 cm ™! and 290 ecm ™!, respectively. Also, ML MoSe, has a peak as

Bj, mode around 360 cm ™" [6].

There are several synthesis methods for TMD monolayers: mechanical exfo-
liation, liquid phase exfoliation, chemical vapor deposition, and molecular beam
epitaxy [25]. Mechanical exfoliation is also known as the scotch-tape method; it

aims to mechanically cleave the layers of MLs from bulk layered materials [26].
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Figure 2.7: Raman Shift of the (a) WSey and (b) MoSes [6]

The demonstration of the mechanical exfoliation of the MoSe; can be seen

figure 2.8.
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Figure 2.8: Step by step mechanical exfoliation of MoSes with scotch tape

Second harmonic generation (SHG) and transition electron microscopy can be
used to determine the ML flakes’ crystallographic orientation. However, there
is a statistical approach called the edge identification method to determine the
in-plane cleavage behavior of the TMDs. Hence, the orientation of the edges of

the materials [7].

As seen in figure 2.9, without the SHG, the edge of the flakes’ orientation,
whether an armchair or zigzag, can be identified with this statistical approach. If
the angle between two flake edges is 60° or it multiplies, the possibility of a zigzag
configuration will increase. Moreover, in the same research [7], they show that
the clean edges are more likely zigzag edges by molecular dynamics simulations,

as shown in figure 2.9.
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Figure 2.9: (a) Finding the MoS, flake’s lattice direction by identifying the edge
that has been cleaved at a 60° angle. The white scale bar is 2 g m (top), Finding
the same MoS, flake’s (top) lattice direction with the SHG method [7] (b)(1)
MoS5 monolayer flake is fracturing along armchair direction under the tension
along zigzag direction. (2) MoSs monolayer flake is fracturing along a zigzag
direction under the tension along the armchair direction. (3) MoSs monolayer
flake is peeling off along the armchair direction. (4) MoS; monolayer flake is
peeling off along zigzag direction [7].

—
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Identifying the zigzag edges is essential because, during the stacking process of
MLs to make heterostructures, the zigzag edges of the MLs should be aligned with
the consideration of the angle which should close to magic twist angles 0 and 60°
between the edges [7]. The aim here is to align the K and K’ valleys (corners of
the Brillouin zones of the materials, see figure 2.10) so that momentum mismatch
can be avoided as much as possible and exciton formation in the type-II band
alignment can occur more efficiently [23, 27, 8]. With different twist angles other
than 0 or 60°, the valence band maximum and conduction band minimum may
shift to the I'/A (or Q) valleys; hence, due to significant interlayer hybridization,
an indirect band gap can be formed [10, 28].
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Figure 2.10: Diagram showing the band structure at the K points’ band edges.
Reprinted with permission from [8] as follows: Di Xiao, Gui-Bin Liu, Wanxi-
ang Feng, Xiaodong Xu, and Wang Yao, Coupled Spin and Valley Physics in

Monolayers of MoS2 and Other Group-VI Dichalcogenides, 108, 196802, 2012.
Copyright 2012 by the American Physical Society.
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Moreover, TMD monolayers have in-plane two 7 three rotational (C3) symme-
try with three rotation centers as metal site (M), chalcogen cites (X), and hollow
center created by M and X (h) [29], figure 2.11 shows the schematic representa-
tion of the symmetry rotation centers. Because of these symmetry centers, the

heterostructures of TMDs can have different types of lattice orientations.

Figure 2.11: C3 symmetry rotation centers as metal site (M), chalcogen cite (X)
and hollow center created by M and X (h) of TMDs
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2.2 Intra- and Interlayer Excitons

An exciton is a hydrogen-like Coulomb-bound electron-hole pair [30, 31]. The
excitons that form in the same layer are called intralayer excitons in TMD mono-
layers. Since the dimensionality modifies the bandgap of the van der Waals TMD
materials, intralayer excitons in monolayers have a direct band gap caused by
the in-plane confinement in the material [9, 32]. Hence, the Coulombic screening
decreases because of the change in the dielectric environment. That results in
higher exciton binding energies and an increase in the bandgap as well, see figure
2.12 (b); for example, the intralayer exciton of WSy in its ML form has a bind-
ing energy of 320 meV yet in bulk form the binding energy of the excitons is 50
meV/[9].

Bulk (3D)

3D
band
Exciton gap

-

Exciton

Optical absorption

(2D)

H Energy
\

(a) (b)

Figure 2.12: (a) Schematic of electrons and holes forming excitons in real space
in three-dimensional bulk and quasi-two-dimensional monolayers. Changes in the
dielectric environment are indicated by varying dielectric constants (e3p and esp)
and vacuum permittivity (¢). (b) Illustrates the impact of dimensionality on
electronic and excitonic properties. The dashed red line shows that transitioning
from 3D to 2D is expected to increase both the band gap and exciton binding en-
ergy. Reprinted with permission from [9] as follows: Alexey Chernikov, Timothy
C. Berkelbach, Heather M. Hill, Albert Rigosi, Yilei Li, Burak Aslan, David R.
Reichman, Mark S. Hybertsen, and Tony F. Heinz, Exciton binding energy and
nonhydrogenic Rydberg series in monolayer WSy, 113, 076802, 2014. Copyright
2014 by the American Physical Society.
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In TMD, monolayers and their heterostructures, intralayer excitons, and inter-
layer excitons can be observed. When the hole and the electron are formed in the
same material layer, it is called an intralayer exciton; however, when the hole and
the electron are located in different layers, the exciton is called interlayer. Inter-
layer excitons can be formed in the heterostructures of these monolayer TMDs.
TMD excitons have strong oscillator strength and high exciton binding energy
[33].

Figure 2.13: Diagrammatic representation of a TMD heterostructure’s type-II
band alignment (bottom) and side-view structure (top) [10]

Monolayer TMD heterostructures can be stacked vertically to observe in-
terlayer excitons. Heterostructures can have three types of band alignments:
straddling/type-1, staggered/type-11, and broken/type-III [10, 34, 35]. In TMDs,
the theoretical and the experimental studies showed that the type-1I band align-
ment occurs between conduction band minimum and valence band maximum
[10]. In figure 2.13, a schematic of a type-II band alignment can be seen. When
the charge transfer happens in the conduction band minimum and valence band
maximum placed in opposite monolayers, the interlayer exciton formation can be

observed in TMD heterostructures. Interlayer excitons have longer lifetimes than
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intralayer excitons; because of the spatial separation of the electron and the hole,

the wavefunctions of the hole and exciton overlap decrease [10, 35].

The Moiré superlattices (MSL) can be formed in TMD heterostructures due to
a slight twist angle between the layers and the lattice mismatch. There are two
types of stacking: near rhombohedral stacking (R-stacking) and near-hexagonal
stacking (H-stacking). Multiple high-symmetry points can be identified in both
stacking orders, as illustrated in Figure 2.11 [11].

Figure 2.14: The image shows near-R-stacked and near-H-stacked MSLs, consist-
ing of electron-layer M X, and hole-layer M'X). The M, X, M’, and X’ atoms
are represented by green, magenta, blue, and gold colors. Purple and orange
dashed diamond shapes indicate one supercell of the R- and H-stacked MSL [11].
Reproduced with permission from Springer Nature.

These high symmetry points modify the optical selection rules in these MSLs
[29, 11]. Since TMDs do not have inversion symmetry, spin-orbit coupling lifts

the spin degeneracy; hence, the spin splitting occurs[23, 5].
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Interlayer excitons formed in the same valley have suppressed exchange in-
teractions and valley depolarization because of their spatially separate nature
[36]. Hence, they can form spin singlet and triplet states at the H]' high sym-
metry points because of the spin-orbit coupling caused by transition metal (in
the MoSes/W Seq heterostructures caused by Molybdenum [12]), subsequently
undergoing radiative recombination (optically bright)[36, 37].

Since the twist angle between two MLs changes, the stacking changes, hence
the high symmetry points. In the case of the MoSes/W Sey heterostructure,
when the twist angle is close to 0°, the heterostructure becomes an R-stack when
it is close to 60°, it becomes an H-stack. In H-stack, the spin-triplet state of the
interlayer exciton is also bright with the spin-singlet state; however, in R-stack,

only the singlet state is bright [12, 38].
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Figure 2.15: PL spectra of the MSL MoSey/W Sey heterostructure with a
nonzero twist angle.(a) H-stacking MoSes/W Sey heterostructure with an op-
tically bright spin-triplet state and spin-singlet interlayer exciton [12], (b) R-
stacking MoSey /W Sey heterostructure with only optically bright spin-singlet
state interlayer exciton [12]. Reprinted with permission from [12]. Copyright
2021 American Chemical Society.

During the stacking process of the MLs of TMDs, because of the inevitable
lattice mismatch and twist angle, Moiré trapping sites can occur [12, 39]. Moiré

trapping causes localization of the IEXs by modifying the band gap, creating
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minibands [12, 39]. At the low-temperature excitation with low pump power,
these localized ITEXs can be observed [40]. Figure 2.16 shows the schematic rep-
resentation of the Moiré trapping sites. When the mismatch angle is very close
to zero, for instance, 0.15 degrees, these Moiré traps can be very deep; hence,
they become observable even at room temperature [12]. Moreover, deep Moiré

potentials like &~ 100 meV can also localize intralayer excitons and trions [39].

Moire Periodic

Figure 2.16: Schematic representation of the Moiré trapping and de-trapping pro-
cess of the IEX. Reprinted with permission from [12]. Copyright 2021 American
Chemical Society.

2.3 Fabry-Pérot Microcavities

An optical cavity is a resonator, a device that resonates only at specific frequencies
for electromagnetic radiation. Those specific frequencies are called resonator
modes or cavity modes of the cavity [41]. Different kinds of cavities exist, such
as planar cavities, photonic crystals, microdisk cavities, etc. [42]. In our study, a

FP cavity, a planar cavity, is used.

FP cavities consist of two distributed Bragg mirrors (DBRs), which are made

out of A\/4 thick alternating layers of dielectric thin films with different refractive
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indices, see figure 2.17 [43]. Where A is the cavity’s resonance frequency. Hence,
they can be fabricated with desired properties, such as cavity modes. In the
cavity mode, the reflectivity of the full cavity reaches its lowest value. The
reason is because of constructive interference between the light reflected from all
the interfaces of the layers within the cavity. As a result, the cavity reflects all

wavelengths of light near the cavity mode [44].

Figure 2.17 (a) shows an example of a FP cavity. It has 8.5 periods on the
bottom DBR and 7.5 on the top DBR. The period refers to the thin films with
high and low refractive indices. The silicon dioxide layer in the middle is called
the inner cavity. Figure 2.17 (b) shows the reflectivity of the full cavity, the black
curve without the quantum well-embedded response, and the blue curve shows
the quantum well-embedded response as seen there is an absorbance at the cavity

mode.

Active
Passive

Reflectivity

T T T
16 1.7 18 19 2.0 21 22

Energy (eV)
(b)

Figure 2.17: (a)An example of FP Cavity with SiOy — Si3 N, alternating layers.
Reproduced with permission from Springer Nature. (b)The reflectivity spectra
depict the absence of a MoS; monolayer in a passive location (indicated by the
black line) and the presence of a MoS; monolayer in an active location (indicated
by the blue line). The vertical red dashed line denotes the energy associated with
the MoS; exciton (exA).[13].Reproduced with permission from Springer Nature.
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The cavity photons’ loss can be interpreted using a cavity’s quality factor. If

the quality factor is high, the loss of cavity photons will decrease [45].

Wo

©= Aw

(2.1)

Where wy is the resonance wavelength of the full cavity equals 1.39eV, which
is specifically for MoSe;, — W Sey IEX emitter, and Aw is the full-width half

maximum of the cavity mode reflectivity signal [45].

Plasma-enhanced chemical vapor deposition (PECVD) can be used to deposit
the thin films; see figure 2.18 (a). The schematic representation of the PECVD
can be seen in figure 2.18 (b) [46]. Plasma is created with a ground electrode
and radio frequency (RF) powered electrode in PECVD [47]. The main difference
from regular CVD is that the PECVD can operate at lower temperatures because
of the effect of the plasma [47].

The alternating layers of thin films with different refractive indices are de-
posited onto the silicon wafer layer by layer to fabricate the bottom DBR first.
After the fabrication of the bottom DBR, the quantum well is placed on top of
the DBR, and the top DBR is fabricated using the same method.
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Figure 2.18: (a) The real image of the Plasma-Therm PECVD and (b)The
schematic representation of the PECVD.
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2.4 Exciton Polaritons

An exciton is a dipole formed between an electron and a hole pair; therefore,
it interacts with the electromagnetic fields of light [48]. This interaction can be
evaluated by looking at the oscillator strength of the exciton [48]. The oscillator

strength, f, is calculated as follows,

2MeqW Vv
f= [(wy|relue) [P —
Ta

h B

(2.2)

where w is the angular frequency of the electromagnetic field, m,, is the ef-
fective mass of the exciton, |u.) and |u,) are the Bloch functions of the electron
and hole, ap is the Bohr radius of the exciton, and V is the quantized volume.

7 .07

The position operator "r” acts on the electromagnetic field, "e,”

representing the

transition of the dipole of electron and hole [48].

The enhancement of the interaction because of the confinement is interpreted
with the term # The term shows that the exciton has increased electron-hole
B

interaction rather than an unbound electron-hole pair [48].

The confined quantum well exciton has a smaller Bohr radius and higher bind-
ing energy; therefore, its oscillator strength is also higher than unbound electron-
hole pairs; however, to efficiently couple this exciton to the electromagnetic field,
the electromagnetic field should also be confined because its longer transverse
coherence length. That is why microcavities must be used to confine light in z di-
rection [48]. Moreover, the light propagates in free space and has a zero rest mass
with linear dispersion. Yet, when the cavity confines light, it shows a parabolic

dispersion relation with an effective mass m [49].

A photon and an exciton in a microcavity can be considered two coupled
harmonic oscillators; a schematic representation can be seen in figure 2.19 [14, 50].
In a microcavity, the cavity photon and the exciton oscillate independently or
form a new particle called an exciton-polariton in a strong coupling regime [51].

Strong coupling occurs between the photon and the exciton when the exchange
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of light and matter energy is faster than their decay and dephasing rates[52, 53].

The two coupled oscillator model can explain the hybridization of these two new

states [17].

Figure 2.19: Full cavity with embedded quantum well [14]

In exciton-polariton, these two eigenfrequencies are called the upper and lower
polariton branches, as shown in figure 2.20. Hence, two new eigenfrequencies
occur proportionally to the coupling strength between the exciton and the cavity
photon. These branches exhibit characteristics of both excitons and photons due

to the hybridization of light and matter states [54].

\
A}
A
PN
Cavity 'y
\
photon *,

Energy

Momentum (ki)

Figure 2.20: Exciton-Polariton Energy vs In-Plane momentum graph representa-

tion
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The energy difference between the upper and lower polariton branches is called
the Rabi splitting energy, and this phenomenon indicates that the system is in a
strong coupling regime. Because excitons and photons are bosons, polaritons are

also classified as bosons, known explicitly as composite bosons [51].

The system’s angle-resolved photoluminescence or reflectivity spectrum is mea-
sured to determine the energies of the new eigenstates by analyzing the energy
dispersion relation vs momentum of the cavity photons. The photon and exciton
wavevectors are equal during the coupling, k=k’. Since the microcavity confines
the out-of-plane momentum and the photon field in the z-direction, changes in
the in-plane momentum can be detected using angle-resolved techniques. The
reason is that the cavity photon’s momentum is related to its angle, revealing
exciton-polariton formation. This alteration in-plane momentum contributes to
the total momentum, allowing the calculation of the energy of the upper and
lower polariton branches. In this way, the dispersion relation of the polariton can

be observed.

Kl

S .

Figure 2.21: The schematic of the cavity photon coupled with TMD materials
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The coupled cavity photon and TMD quantum well with the momentum of
cavity photon are represented in figure 2.21. The momentum of the cavity photon

can be calculated with the equation 2.3.

ktatal =/ kﬁ + ki (23)

The in-plane momentum (k) is minimal compared to the out-of-plane mo-
mentum, (k) k| < k1, Taylor series expansion can be used to approximate the
photon’s energy. The equation 2.4 shows the calculation of the cavity photon
energy, where h is the reduced Planck constant, n. is the refractive index of the

cavity, and c is the speed of light in vacuum [48].

he >
Ecav(k) = n_ kﬁ + ki (24)

When factor out k£, in the equation 2.4 to simplify, it becomes as the following

equation 2.5 [48],
h k
Fean(k) = ~ky |1+ (-2 (2.5)
Ne ]{l

2
Since k| < k1, the term (:—l‘) is very small, and Taylor series expansion for

v 1+ x when x is very small can be calculated as follows,

\/1+:m1+g for 2| < 1 (2.6)

2
When = = (:—J) . The following terms become approximately equal to each
other [48].

k) 1k \?
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Hence, after substituting the square root free term into the cavity photon
energy formula in equation 2.5, the energy of the cavity photon can calculated as
follows [48],

B (k) & Z—j/ﬁ (1 + % (:—Dj (2.8)

he he
Eowk) ~ —k, + ——Kk? 2.9
(k) Ne l—i_ZanL I (2.9)

The term %k | can identified as the energy of the photon at zero in-plane

momentum (kj = 0) [48].

Ecav<0> = _kl_ (210)

The second term represents the correction to the energy due to the small in-

plane momentum [48].

he

Ecav(kH) ~ Ecav(()) +

This can be written with an effective mass of the cavity photon me,, [55].

fLZkﬁ
Ecav<k||) ~ Eeay(0) + Y (2.12)
Ecav<0)
mcav - Cz/n% . (2.13)

Where the effective cavity photon mass mec,, is given by, and it is mainly on
the order of 10™°m, [48, 55].
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2.4.1 The Quantum Model of the Exciton-Polariton

The Hamiltonian of the polariton can be written as the following,

~

Hpol = ]:Icav + f{exc + -Hlnt (214)

Hoot = Y Bear(Ky, k)il i, + Y Eexe(k))bL bie, + Y go(al, bie, + dne, bl )
(2.15)

where dLH is the photon creation operator, k. is the out of plane momentum

ke = k.Z, k| is the in plane momentum, IA)LH is the exciton creation operator, gq is

the dipole interaction strength of the exciton-photon [48].

The following transformation equations can be used to diagonalize the Hamil-
tonian [48].

PkH = XkH l;kH + Ckudk” (2.16)

an - _C’ful;ku + X g, (2.17)

Where p’“u is the creation, and Q’fu is the annihilation operators of the lower
polariton branch and upper polariton branch, respectively. Cj, and Xy —are
the Hopfield coefficients which represent the amplitudes of the upper and lower
polariton branches because a polariton is a linear superposition of exciton and

polariton with the same k. The sum of their squares must be equal to one[56, 48].

| X, [+ 1C, > =1 (2.18)
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After diagonalization, the Hamiltonian of the polariton becomes as follows,

Hyq =Y Evp(k) Pl Py + Y Bup(kQY, Qx, (2.19)
where ]5,1” and the Q,Tc” are the creation and annihilation operators.

When the energy of the upper polariton branch equals the lower polariton
branch, the squares of Hopfield coefficients become 1/2, which also means the
upper and lower polaritons are exactly half photon and half exciton. Hence, the

energy of the lower and upper polariton becomes as follows.

1
ELP,UP<k||) - §[Eexc + Ecav + \/498 + (Eexc - Ecav)2)] (220)

As the exciton and photon couple, the new polariton energies, upper and lower
polariton branch anticross; in other words, strong coupling regimes are achieved

in the system. It is only possible when |E.., — FEeze| > go-

Since polariton is a quasi-particle, it has a lifetime. When the lifetime of the
cavity photon and the exciton substitute the energy formula of the upper and

lower polariton branches, it can be modified as follows,

1 , .
ELP,UP(]{:H) - 5[Ee:cc_‘_Ecav_{'Z(’Ycav_F’yezc)j:\/49(2] + (Eea:c - Eccw + Z('ycav - 7@1}0))2]
(2.21)

Where 7.4, is the decay rate or the linewidth of the cavity photon mode, and
the veze is the decay rate or the linewidth of the exciton. Half of the absolute
value of the difference between the decay rates of the exciton and the cavity
photon must be smaller than the coupling strength to achieve the anticrossing;

see equation 2.22 [48].

|’Ycav - fyexc‘
2

28

go > (2.22)



The Rabi frequency, €2, which it is related to the Rabi splitting, AS2, can be
calculated as the following [55, 57],

1
Q= 2\/98 - Z(Wcav - %xc>2 (223)

The Rabi splitting refers to the energy split between the upper and lower
polariton branches [55].

Moreover, the coupling strength can also be approximately calculated as fol-
lows [55],

2F00NQW
Ny — 2.24
9o NeLess ( )
2
me
[y=——— 2.25
0 nc47reomecf ( )

Where the f is the oscillator strength, Ngw is the effective number of the
quantum wells in the microcavity, L.sy is the effective cavity length, and n. is
the refractive index of the inner cavity. The effective cavity length can calculated
as follows [55, 58].

A ning
Letf=Lo+ ——--7"—
eff 0 2n, g — nyl

(2.26)

Where ny,ny are the refractive indices of the high and low refractive index
material of the thin films in the DBR, L. is the actual cavity length, and the .
is the wavelength of the cavity mode [55].
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Chapter 3

Experimental Methods

This chapter details the fabrication and characterization techniques employed in
this thesis. Mechanical exfoliation is initially discussed for cleaving TMD MLs
from bulk form. Raman and Photoluminescence spectroscopy are explained with
examples of the monolayer TMD flakes. Following this, the stacking monolay-
ers with the Dry Transfer method and the determination of twist angle with
the Edge Identification method are mentioned thoroughly. The fabrication pro-
cess of FP planar microcavities using plasma-enhanced chemical vapor deposition
(PECVD) is described, and high and low refractive index thin films are charac-
terized via ellipsometry. The cross-section images are obtained with Focused
Ion Beam (FIB), and the thicknesses are determined with Transmission Elec-
tron Microscopy (TEM). In the last section, schematics and authentic images of
the optical setups used to measure the photoluminescence in the room and low
temperatures, as well as the time-resolved photoluminescence spectroscopy for

lifetime measurements of IEX, are explained.
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3.1 Mechanical Exfoliation

Mechanical exfoliation is one of many methods to obtain ML flakes from TMD
bulk crystals. This method is superior to others in achieving ML crystals with
fewer defects. Furthermore, it requires a simple scotch tape for application; see

figure 3.1.

Figure 3.1: The scotch tape used for mechanical exfoliation

The MoSey and W Se, bulk crystals are purchased from 2D semiconductors

company USA. The exfoliated crystals on scotch tape can be seen in figure 3.2.

Figure 3.2: The MoSey; and the W Ses exfoliated crystals on scotch tape
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After exfoliation, a piece of Polydimethylsiloxane sheet (PDMS) is cut with
scissors and put on the edge of a slide; it can be seen in figure 3.3 (a) and (b)
respectively. Then, the scotch tape with exfoliated flakes is pressed on the PDMS
sheet to transfer ML flakes to the PDMS, or the tape can be pressed directly on

silicon wafers. It depends on the application.

(b)

Figure 3.3: (a) Cutting a PDMS sheet with a scissor and (b) A piece of PDMS
sheet on a slide.

The slides for MoSe, and W Se, should be kept separate to avoid contamina-

tion.
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3.2 Raman Spectroscopy and PL Measurement

3.2.1 W Sey; Monolayer

On a silicon substrate, the MLs look transparent and darker. The increase in the
number of layers makes the flake a more prominent green; after a certain point,
the transparency disappears, and flakes become light green and opaque till they

become gold, see figure 3.4. Gold/yellowish flakes are considered bulk.

Figure 3.4: W Se, ML on silicon substrate pointed by an arrow.

The Raman shift and PL spectra of the W Se; ML in figure 3.4 can be seen in
figure 3.5. As seen in the figure, the data matches the literature data.
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Figure 3.5: (a)Raman shift of the W Sey ML in figure 3.4, the laser power was
150 pW, laser wavelength was 532 nm, and (b)Raman shift of the W .Sey; ML in
figure 3.4, the laser power was 150 pW, laser wavelength was 532 nm

3.2.2 MoSe; Monolayer

On PDMS, the flakes with a different number of layers can be differentiated with
the optical microscope by looking at their shade of color, see figure 3.6. The
darker, more transparent flakes are likely MLs or bilayers. To confirm the layer

number, Raman spectroscopy and the PL spectrum of the flake can be measured.

Figure 3.6: MoSe; ML on PDMS substrate
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The Raman shift and the PL spectra of the monolayer in figure 3.6 can be seen

in figure 3.7.
YO = 547.07181, xc = 788.40051
(a) (b) w = 21.22553, A = 242474.13554
H = 7272.55405
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Figure 3.7: (a) Raman shift of the MoSe; ML in figure 3.7, the laser power was
150 pW, laser wavelength was 532 nm, and (b) PL spectrum of the MoSe, ML

in figure 3.7, Lorentz fitted, the laser power was 150 pW, laser wavelength was
532 nm .
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3.3 Stacking MLs with Dry Transfer Method

Dry transfer is a method used to transfer flakes from PDMS to substrates directly,
such as silicon, quartz, etc., using an optical microscope with a transfer set. To
transfer the flakes from PDMS to the substrate, the slide that holds the PDMS

is inserted in the downward transfer set; see figure 3.8.

Microscope

(b)

Figure 3.8: (a) Real image of the Dry Transfer Setup, and (b) The schematic
representation of the Dry Transfer Setup
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Then, the optic microscope focuses on the substrate’s transfer area, and the
slide is pushed down to the substrate. The whole process can be done with the
help of a heating pad set at a temperature below 150 °C due to the glass transition
temperature of the PDMS for a smooth transfer without any fracturing in the
flake.

.‘_

10 pm

Figure 3.9: WSes MLs on PDMS sheet

During the transfer between the PDMS and the substrate, a meniscus occurs
at the first contact, and it moves in the same direction as the PDMS and can be

seen in figure 3.10.

Figure 3.10: The meniscus of the PDMS during transfer
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After the transfer, the ML W Ses flakes look dark green on the silicon substrate,

as seen in figure 3.11.

Figure 3.11: After transfer, WSe, flakes on silicon substrate

After the transfer of the first ML, the second ML is transferred on top of the
first layer using the same dry transfer method; hence, the heterostructure can
be fabricated. Also, the angle between monolayers can be predetermined, and

a transfer can be made accordingly. For that kind of transfer, a rotation stage
would be helpful. Below, you can see the MoSe; ML 3.12.

10 pm

Figure 3.12: ML MoSes; on PDMS sheet
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PL spectroscopy characterizes the heterostructures after the second ML is dry

transferred. After the characterization, the heterostructure can be seen in figure
3.13.
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(b)

Figure 3.13: (a) HS labeled region is the heterostructure area, and (b) PL results
of the heterostructure in (a)

3.3.1 The Edge Identification Method

Before stacking the MLs to fabricate the HSs, the orientation of the lattice of
the TMD MLs should be determined. There are several methods to identify the
lattice orientation, such as second harmonic generation (SHG) spectroscopy and
the edge identification method (EIM) [7], which is a statistical approach. The
SHG method is a non-invasive and straightforward method. Still, it requires a
unique optical setup, which makes the identification of the orientation of the
flake more expensive than the edge identification method. The EIM is also a

non-invasive method and a more cost-effective solution.
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Identifying the crystal structure of the ML flakes before fabrication is crucial
to maintaining the angle between the layers, as it can impact the intensity of
the peaks in the photoluminescence spectrum. Unintended mismatch of the crys-
tal lattices of the MLs can be avoided by transferring the MLs while carefully
considering the angle between their edges during the heterostructure fabrication

process.

Figure 3.14: MoSe, ML flake with identified zigzag edge

As you can see in figure 3.14, the edges of the MoSey; ML flake are determined
with the help of an arrow pattern. The angle between the red arrows is 60°;
therefore, based on the statistics, the two edges that align with the red arrows
should have a zigzag edge structure. In figure 3.15, you can see the W Se, flake,
which has two zigzag edges, as well as the MoSe, flake in 3.32.
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Figure 3.15: W Sey ML flake identified with zigzag edges

The angle between edges of MLs should be close to 0° or 60° degrees; these
angles are referred to as magic twist angles, and lattice matching improves as the

angle between the edges approaches these values, as mentioned in Chapter 2.

Figure 3.16: The area shown with dashed line is MoSe; flake on top of the few-
layers hBN flake

Moreover, the HSs should be encapsulated with a dielectric material like hBN
to isolate it from the surfaces of DBRs and converge the decrease in the exciton
linewidths to the Fourier limit [59]. To do that, first, a few layers of hBN flake
transfer onto the DBR by utilizing the dry transfer method; an example can be
seen in figure 3.16, the MoSe, flake transferred on top of the hBN flake firstly.
Then W Se, flake transferred to make the HS, as shown in figure 3.17. After that,
a thin layer of hBN flake transferred on top of the HS region; see figure 3.18.
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Figure 3.17: HS closed with a thin layer of hBN flake shown with the red dashed
line

The HS in figure 3.17 is stacked with approximately 57 degrees in between two
zigzag edges of the MoSe, flake and W Se, flake.

Figure 3.18: HS closed with a thin layer of hBN flake

In the given figure, labeled as Figure 3.19 (a), an HS is displayed that was
created without utilizing the edge identification method. Consequently, the lat-
tice mismatch between the two edges is unknown. Using the edge identification
method, Figure 3.19 (b) displays an HS with an approximate angle of 0° between
the two edges.
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Figure 3.19: (a)HS image with dashed lines on bottom DBR, and (b) HS fabri-
cated by utilizing the edge identification method on bottom DBR

In figure 3.20, some other examples of HSs can be seen. The HS in 3.20 (a) is
stacked without considering the angle between monolayers. The heterostructure
in 3.20 (b) has 57° between monolayers, which makes it H-stack. The HSs in 3.20
(c) and (d) are R-stack because the angle between their monolayers is close to

Zero.
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Figure 3.20: (a, b, ¢, d) Other examples of HSs by utilizing Dry Transfer method

3.4 Fabrication and Characterization of The

Fabry-Pérot Cavities

To build a FP resonator, two distributed Bragg mirrors (DBRs) are fabricated
on top of each other. The following equation determines the layer thicknesses of

the Si0O, and SisNy [43].

d=— 3.1
in (3.1)
Where in the equation 3.1 X\ is the wavelength of the interlayer exciton res-

onance, and n is the refractive index of the layers when the A is equal to the

exciton peak. This refractive index data is obtained with an Ellipsometer; the

refractive index vs wavelength graphs can be seen in figure 3.22.
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The refractive index of the Si3/V, for 885 nm, which is the interlayer exciton
peak wavelength, is 1.7955, and the refractive index of the SiO, for the interlayer
exciton peak wavelength is 1.463. For eight periods, the schematics of the bottom
DBR can be seen in figure 3.21.
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Figure 3.21: Bottom DBR
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Figure 3.22: (a) The refractive index of the Si3N, obtained with Ellipsometer,
and (b) The refractive index of the SiO, obtained Ellipsometer.
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After determining all the parameters of the DBR, it is fabricated using a
plasma-enhanced chemical vapor deposition (PECVD) system; the thin films are
coated onto a piece of silicon substrate, as shown in figure 3.23. After fabrica-
tion, the cross-section image of the DBR is obtained using Focused Ion Beam

Lithography (FIB) to see the layer formation, which can be seen in figure 3.24.

Figure 3.23: The bottom DBR

Figure 3.24: Cross-section image of the bottom DBR obtained with FIB
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The thin films deposited to fabricate the DBR characterized with Transmission
Electron Microscopy (TEM) showed that the first PECVD recipe did not achieve
the target thicknesses, as shown in figure 3.25. For Si3/N,, the radio frequency
power (RF power) was 20 watts, and for the SiOy was 70 watts. The process time

for Sizs N, was 10 minutes 20 seconds and for Si0, was 5 minutes 15 seconds.

Figure 3.25: TEM image of the DBR with scaled layers of thin films

Initial measurements showed deviations from the target values: SiOs layers
were 140 nm instead of the intended 151 nm, and Si3N, layers were 73 nm
instead of 123 nm. Consequently, the PECVD growth times for SiO, and SizN,
layers were adjusted based on TEM results. Initially, the deposition times were
one minute for a 12 nm Si3/N, thin film and 3.5 minutes for a 100 nm Si0,
thin film. Post-optimization, the deposition times were revised to 8.5 seconds per
nanometer for Sig/Ny and 2.25 seconds per nanometer for Si0Os. No other process

parameters were altered to maintain control over the deposition process.
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As you can see in figure 3.26, the colors of the two DBRs are distinctively
different. The second DBR is fabricated with 70 W RF power for Si0O,, and the
processing time was 5 minutes 45 seconds; for SizNy, the RF power was 20 W,
and the processing time was 17 minutes 45 seconds to achieve 123 nm for Sig/Ny
and 150 nm for Si0s.

Figure 3.26: The color difference between bottom DBRs fabricated with two
different PECVD recipes

The TEM images indicate that the second PECVD recipe did not precisely
achieve the target thicknesses of 150 nm for Si0, and 123 nm for Si3 Ny, as shown
in figure 3.27. However, the thicknesses achieved were very close to the target
thicknesses. Such deviations are not uncommon, given the nanometer scale of
the thin films. Furthermore, achieving deposition precision within 5-10 nm is

inherently challenging.
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Figure 3.27: The TEM results of the second DBR, target thicknesses which were
150 nm for Si0, and 123 nm for SisN,

To determine the cavity mode of the second DBR and its stopband, the reflec-
tivity of the full cavity is measured; a full cavity has 16 periods of 32 layers of

thin films, which can be seen in figure 3.28.
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Figure 3.28: The stopband of the full cavity, the DBR of this cavity is shown in
figure 3.27.

49



The DBR’s cavity mode initially resonated at 908 nm; however, a resonating
wavelength between 885-890 nm was required for cryogenic experiments due to
the interlayer exciton resonance wavelength. By using this data, two new DBRs
are fabricated, first to converge the interlayer exciton resonance wavelength at
a cryogenic temperature which is approximately 890 nm; after multiple different
combinations of the various thicknesses, the recipe was fixed at 18 minutes 10
seconds for the SizN, layer and 5 minutes 54 seconds for the SiO, layer for
low-temperature DBR. You can see the stop band of the final low-temperature
cavity in figure 3.29 (a). For the room temperature measurements, the time of
deposition is changed to 17 minutes 28 seconds for the Si3N, layer, and for the
Si10, layer, the time of deposition is changed to 6 minutes 41 seconds, you can
see the stop band in figure 3.29 (b).
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Figure 3.29: (a) The DBR stop band, the resonating wavelength at 890 nm for
low-temperature interlayer exciton measurements, and (b) The DBR stop band,
the resonating wavelength at 958 nm for room-temperature interlayer exciton
measurements
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Figure 3.30: The bare DBR PL response

Moreover, the bare DBR PL was measured to see if a signal came from the
interlayer exciton region. As seen in figure 3.30, there is no signal without any

quantum wells embedded inside the cavity.

In figure 3.31, the stop bands of both cavities are fitted with the Gauss function
with Origin Lab software; according to these results, the low-temperature cavity
has approximately 23 nm full-width half maximum value (FWHM), and the room
temperature cavity has approximately 20 nm FWHM. The quality factors can be

calculated as follows,

890nm
— — 38. 2
(@s00 23nm 38.7 (3:2)
958nm
— = 47. .
Quss = 55— = 479 (3.3)

as seen in the equations 3.2 and 3.3.
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Figure 3.31: (a) The stopband of the full cavity fitted with Gauss function res-
onating at 890 nm approximately with FWHM at 23 nm, and (b) The stopband
of the full cavity fitted with Gauss function resonating at 958 nm approximately

with FWHM 20 nm



Finally, it is essential to note that the color of thin films varies based on their

thickness. This can be a qualitative way to guess the approximate thicknesses of
the thin films; see figure 3.32.

200 400 600 800 1000
Film Thickness, h (nm)

(a)

200 400 600 800 1000
Film Thickness, h (nm)

(b)
Figure 3.32: (a) SiO; thin film color change according to the thickness [15], and
(b) SigN, thin film color change according to the thickness [15]

After finishing the HSs, the top layer of DBR is made with PECVD. The
schematic of the full cavity embedded with the HS can be seen in figure 3.33.

S MoSe: |, Inner
Y > \WSe: Cavity

Top DBR

SiaNa

Bottom DBR

Silicon Wafer

Figure 3.33: The schematic of full cavity embedded with HS
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3.5 Optical Setups

3.5.1 Room Temperature Angle Resolved Photolumines-

cence Spectrometer

A home-built room temperature angle-resolved photoluminescence spectrometer
(ARPS) is used for measuring the room temperature PL of the HSs embedded
in room-temperature cavities mentioned in Chapter 3. Figure 3.34 (a) shows an
actual real image of the room temperature angle resolved PL spectroscopy setup,
and figure 3.34 (b) shows the schematic of the room temperature angle resolved
PL spectroscopy setup. It consists of a ThorLabs single-axis, 1/2” to the point
of rotation goniometric stage for changing the angle of the sample, an objective,
collimator lenses for focusing the laser, a beam splitter (BS), mirrors to navigate

the laser, a spectrograph, and a laser source with 532 nm wavelength.

Mirror

Spectrograph

N
White \
Light %BS

Goniometric Stage E
(b)

Figure 3.34: (a) Room temperature optic PL setup ARPS, and (b)Schematic of
ARPS optical setup




3.5.2 Micro PL Optical Setup

The low-temperature measurements are conducted using a custom-built micro
PL optic setup in our laboratory. The setup comprises a closed-cycle cryostat
(attoDRY 1000), a spectrograph, and an optical breadboard with lenses, filters,
and light sources [16, 60], which can be seen in the figure 3.35. The setup facil-
itates low-temperature PL spectroscopy measurements, including time-resolved
PL spectroscopy. Operating within a cryostat capable of reaching temperatures
as low as 3.5 K enables incremental temperature adjustments, facilitating com-
prehensive temperature-dependent measurements. The laser utilized was a 532
nm picosecond pulsed laser diode capable of operating in both continuous wave
(CW) and pulsed wave modes; hence, PL spectra of the heterostructures are mea-
sured with the continuous wave mode, and the time-resolved PL measurements

are done with the pulsed mode.
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Figure 3.35: (a) Micro PL Optic Setup: i) The optical breadboard setup includes
the white light source, laser source, and camera, ii) the spectrograph, iii) the
cryostat (attoDRY 1000), iv) the vacuum tube, v) the window allowing light
transmission, along with upper and lower cage plates and a microscope holder,
vi) the objective lens and the sample holder with a nano-positioner [16] and (b)
The schematic presentation of the micro PL setup
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3.5.3 Time resolved Photoluminescence Spectroscopy

Time-resolved photoluminescence is used to measure the lifetime of the IEX.
The time-correlated single photon counting (TCSPC) system (HydraHarp 400)
is used, which counts the fluorescence photons with an Avalanche Photodiode
detector (APD). APD converts the photons into electrical signals. Not after all
cycles should a photon necessarily be emitted. After many cycles, the histogram
of photons is taken as raw data and fitted with an exponential decay function
to obtain the lifetime of the TEX. The slow step of the decay is considered the
lifetime of the TEX. In figure 3.36, the schematic of the TCSPC system can be

seen [61].
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Figure 3.36: The time-resolved photoluminescence setup schematic.
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Chapter 4

Results and Discussion

This chapter presents the results obtained from the room and low-temperature
photoluminescence spectra measurements of TMD heterostructures fabricated us-
ing the dry transfer method, which is mentioned in Chapter 3. The measurements
were conducted at room and low temperatures to explore the TMD heterostruc-
tures’ optical properties inside a planar microcavity and the IEX’s photophysics
under different conditions. Enabling the micro PL setup, the PL measurements
are obtained, and the lifetime of the spin-singlet state of the IEX is measured
using time-resolved PL spectroscopy. Finally, the chapter concludes with the dis-
cussion section, where the results are evaluated, and it outlines possible directions
for further research and suggests improvements and new experiments that could

build upon the findings presented in this study.
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4.1 Results

4.1.1 Room Temperature PL Measurements

The room temperature PL measurements of the IEXs were done using the PL
mode of the Raman spectroscopy and ARPS. The optical microscope image of
the fabricated R-type heterostructure is shown in figure 4.1 (a), and its intralayer
and the interlayer exciton regions are shown in figure 4.1 (b) and (c), respectively.
These measurements are obtained using the PL mode of the Raman spectrograph
without the top DBR at 150 u W. As seen in figure 4.1(c), at room temperature,
the PL peak of the ITEX is present but with low intensity at around 970 nm peak
position; it should be noted that these measurements were conducted without the
top DBR.
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Figure 4.1: (a) The WSey — MoSey, HS with nearly 0° twist angle on bottom
DBR, (b) The PL spectrum of the intralayer exciton region of the heterostructure
in (a) at room temperature, and (c) The PL spectrum of the interlayer exciton
region of the heterostructure in (a) at room temperature
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The TEX peak of another HS is shown in figure 4.2 (a) was not detected using
our home-built ARPS setup, which can be seen in figure 4.2 (¢). This absence
can be attributed to the presence of the top DBR layer on the sample, which
likely caused the low intensity of the IEX, rendering it undetectable. Also, at
high temperatures, such as room temperature, the intensity of IEX is expected
to be lower due to the increased phonon interactions. Moreover, the intralayer
exciton region is measured as seen in figure 4.2 (b), the WSey and MoSey; PL
peaks are seen clearly at 755 and 790 nm, respectively, which are consistent with
our previous PL data obtained individually from the MLs. All the measurements

were done with ARPS ~ 100 W laser power was used.

Intensity @)
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()

Figure 4.2: (a)The W Ses — MoSes; HS with nearly 57° twist angle on bottom
DBR, (b) The PL spectrum of the intralayer exciton region of the heterostructure
in (a) at room temperature measured with home-built ARPS setup, (c) The PL
spectrum of the interlayer exciton region of the heterostructure in (a) at room
temperature measured with home-built ARPS setup
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Although the TEX was not detected at a 0-degree incident angle, further in-
vestigations were conducted. The PL of the IEX region was measured at various
angles, including -10, -5, 0, 5, and 10 degrees. The ARPS measurements with
changing angle of the HS in figure 4.2 (a) are shown in figure 4.3. As seen in the
graph with the changing angle, there is no change in the IEX region. Hence, it is

clear that even with the changing angle, the intensity of IEX remains undetected.

Normalized PL Intensity (a.u)

1.34 1.|36 1.|38 1.40
Energy (eV)

Figure 4.3: The ARPS measurements of the HS in figure 4.2 (a).
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4.1.2 Low-Temperature PL Measurements

More HSs were fabricated on DBRs, which were fabricated explicitly for low-
temperature PL measurements. Figure 4.4 (a) shows the image of one of these
HSs (HS1), and the PL result of the IEX region is demonstrated in 4.4 (b). The
angle between two zigzag edges of the MLs is approximately 57°. As seen in figure
4.4 (b), there is no prominent interlayer exciton peak at room temperature, but
there is a broad low-intensity peak. After the room temperature characterization,
the sample is put into our close-cycle Attocube AttoDRY 1000 cryostat. The PL
spectrum is measured under 3.5 K. The PL of the intra- and interlayer exciton
regions can be seen in figure 4.5. At 3.5 K, interlayer excitons become observable

due to the suppression of phonon interactions.

Intensity (a.u)

T T T T T T
900 920 940 960 980 1000

Wavelength (nm)
(b)

Figure 4.4: (a) The optical image of HS1 for low-temperature measurements and
(b) The PL result of the interlayer exciton region of the HS1 in (a) at room
temperature.
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Figure 4.5: Intra- and interlayer region of the PL emission shown in 4.4 (a)

The PL peaks from the different regions of the same heterostructure at 3.5 K
can be seen in figure 4.6 (a, b, ¢, d). As seen in figure 4.6 (a, b, ¢, d), the H-stack
crystal structure is achieved in most parts of the HS1; the spin-triplet and spin-
singlet states of IEX are bright due to the spin-orbit coupling happening in the
conduction band of the MoSe, [12, 62, 63]. The energy differences between the
spin-triplet and spin-singlet IEXs measured in the 27-34 meV range are slightly
higher than previously reported values. At 3.5 K, in many experimental studies,
the splitting between spin-singlet and spin-triplet IEX in MoSey; — W Sey HSs
without the cavity is reported as approximately 24-26 meV [64, 65, 66, 37, 38, 67].
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Figure 4.6: (a, b, ¢, d) The interlayer exciton peaks of the HS1 in figure 4.4 (a)
obtained from different regions.

After measuring the IEX PL emission, for example, in figure 4.6 (a), its temper-
ature dependence was also studied for further investigation. As seen in figure 4.7,
the intensity of IEX changes with the changing temperature. The PL intensity
is not normalized to know the intensity change with the changing temperature.
For 3.5 and 10 Kelvin, the intensity of the spin-triplet IEX does not change sig-
nificantly; at 30 Kelvin, the intensity of the spin-triplet IEX starts decreasing.
At 50 Kelvin, the spin-triplet IEX became hard to recognize. However, it seems
like the intensity of the spin-singlet IEX is not changing much for 3.5, 10, and 30
Kelvin; at 50 Kelvin, it decreases by approximately 50 percent. The reason is the
thermal population of the lowest state at the low temperatures, which is the spin-
triplet IEX is higher; with the increasing temperature, the number of thermally
excited interlayer excitons increase and fill the high-energy spin-singlet states [37].

Moreover, rising temperatures also stimulate nonradiative decay channels as well.
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Figure 4.7: The temperature dependency of the PL emission of the HS1 in figure
4.6 (a) with the non-normalized PL intensity.

The spin-singlet IEX has a PL emission at 1.39 eV, the same as the FP cavity’s
resonance. This indicates that the interlayer exciton can couple to the cavity
resonance, leading to the formation of exciton-polaritons. Upon close observation
of the spin-singlet interlayer exciton peak in figure 4.9 (a), it can be seen that there
is a small energy split in the spin-singlet IEX peak. The splitting is calculated,
and the relation between the temperature and the splitting is shown in figure
4.9 (b). At 3.5 K, the splitting is nearly 9 meV, as shown in figure 4.9 (a).
Although this might not seem sufficient for the splitting between two branches
of an exciton-polariton, since the oscillator strength of interlayer exciton is much

lower than the intralayer exciton, 9 meV Rabi splitting could be possible.
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Figure 4.8: Temperature dependence of the PL emission of the HS1 in figure 4.6
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Moreover, the coupling strength is directly related to the square root of the
oscillator strength of the interlayer exciton [55]; the Rabi splitting is expected
to be less than the intralayer exciton polariton’s Rabi splitting. It is also clear
that to safely attribute this splitting to exciton-polariton formation, one has to
do whole angle resolved PL measurements as performed for intralayer excitons of

TMD materials as in the study of Liu et al. [13].
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Figure 4.9: (a)The PL emission of the HS1 in figure 4.6 (a) at 3.5 K, fitted with
Lorentz function and (b) The splitting in the spin-singlet IEX peak in (a) as 3.5
K to 50 K.

Furthermore, the pump power dependence of IEXs is also probed, as shown
in figure 4.10 and 4.11; the PL emission is taken in another region on the HSI.
With the increase in laser power, the split in energy between the spin-triplet and
the spin-singlet [EX is decreasing. There was a significant blueshift in the spin-
triplet IEX and the spin-singlet IEX due to the increasing IEX density, as shown
in figure 4.10 and 4.11. The spin-triplet IEX shifts ~ 15 meV from 1 W to 1
mW, and the spin-singlet IEX shifts ~ 3 meV. This indicates that with increasing
power, the spin-triplet TEX density increases more than the spin-singlet TEX
density because spin-triplet IEX has the lowest energy configuration. Increasing
the density of IEXs with increased laser power also increases the dipole-dipole
interactions because of the spatial separation of electron and hole in IEX; they
have a permanent dipole moment [68, 29]. Moreover, as previously reported by
Miller et al. [69], and Rivera et al. [70], the intensity of the spin-triplet state IEX
is more prominent than the spin-singlet state IEX at low pump power excitations
because the lower spin-split band of MoSe, fills first, which matches our results

as seen in the figure 4.10.
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Figure 4.10: The IEX measured in HS1 with different laser powers, the lines
added as a reference to follow the blueshift.
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Figure 4.11: The IEX peaks positions measured in HS1 vs. Laser power graph to
observe the evolution of blueshift.
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The lifetime of the spin-singlet state of the TEX was also measured for the
second heterostructure (HS2). The optical microscope image of the HS can be
seen in figure 4.12. This HS is stacked at approximately 57 degrees like the HS1.
In figure 4.13 (a), the PL result of the IEX can be seen; the intensity of the
spin-triplet state is lower than the spin-singlet state. They are separated from
each other with an energy difference of =22 meV. The lifetime of the spin-singlet
state IEX is measured with the help of a bandpass filter; the spin-singlet state
[EX is isolated.

Figure 4.12: The optical microscope image of the second heterostructure.

The oscillator strength of the IEX is a few orders of magnitude lower than the
intralayer exciton; hence, the recombination lifetime of IEX is longer than the
intralayer exciton [10]. The previously reported data shows that the lifetime of
the IEXs can be in the range of a few ns to us [68, 69, 70, 71, 72]. Moreover, the
lifetime of IEX can be changed for many reasons, such as external electric and
magnetic fields, twist angle between the MLs, temperature, pump power, and
optical cavities [10]. Therefore, lifetime can be measured differently, even for the
same kind of HSs.

As seen in figure 4.13 (b),(c), and (d), the lifetime measurements are done with
different powers to see the power dependence on TEX lifetime. At 10 pW and 20
W, the slow component of the decay is around 24 ns with the indicated errors;
the lifetime is close to the previously reported data [73], the fast component of

decay seems to decrease from 6 to 3 ns for 10 W and 20 pW respectively. They
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Figure 4.13: (a) IEX PL Peak and (b,c,d) The Lifetime measurements of the
spin-singlet IEX peak resonates around 1.39 eV.

are fitted with the biexponential decay equation in 4.1,

y =y + Aje™M 4 Ayemo/t (4.1)

where 1o is the offset, A; and A, are the amplitudes, ¢; and ¢y are the time
constants. When the laser power increases to 50 uW, the slow component of the
decaying of the spin-singlet IEX decreases to approximately 18 ns, and the fast
component decreases to 0.49 ns. The fast and slow components of the decay of
the IEX cannot be associated with a specific decay mechanism only. However,
it can safely be commented that both nonradiative and radiative recombination
affect lifetimes’ fast and slow components. With that, some particular recombi-

nation mechanisms affect one component more than the other; for example, the
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Time (ns)

fast decay component decreases significantly with increasing pump power, and
the slow component stays almost the same. The reason is that the fast decay
component of the decay mechanism is heavily dominated by Auger-assisted an-
nihilation (exciton-exciton annihilation) [74]. The exciton-exciton annihilation
is nonradiative recombination; hence, the lifetime is expected to decrease with
increasing density of excitons [75, 74]. In figure 4.14, the decrease in the lifetime’s
slow and fast components is seen, while the slow component does not decrease
too much; on the contrary, the fast component seems to decrease significantly.

Hence, the results are consistent with previously reported data [74].
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Figure 4.14: (a) Lifetimes of IEX’s slow and fast components in figure 4.13 (a)
vs. pump power, (b) Slow time component of the lifetimes of the IEX vs. pump
power and (c) Fast time component of the lifetimes of the IEX vs. pump power
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The moiré trapping sites were also formed in HS2, and the moiré localized
sharp and narrow PL emission peaks were observed under low pump power and
temperature as observed in the previous study of Seyler et al. [76]. As seen
in figure 4.15, with the increasing power, the moiré trapped localized 1EXs are
changing into delocalized IEXs. The sharp peaks belong to the PLs of the trapped
[EXs. The pump power dependence of the MoSey—W Ses moiré IEXs is explored
in the study of Forg et al. [77], it has been shown that with the increasing pump
power, the intensity of moiré IEXs are decreasing as in our case same results are

obtained.
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Figure 4.15: (a, b) IEX region PL results with changing laser power obtained
from different regions of the HS2 with visible Moiré trapped TEX.
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4.2 Discussion

In this thesis, we aimed to study the photophysics of [EXs in MoSe;—W Ses TMD
heterostructures coupled to FP microcavities. By reaching the strong coupling
regime of cavity quantum electrodynamics, we targeted the formation of interlayer

exciton polariton in these structures.

The TMDs are unique materials that provide an excellent medium to work
many-body physics. The direct band gap in their monolayers allows them to
have excitons with high binding energies. Moreover, stacking TMD monolayers
on top of each other enables the formation of long-lived [EXs. Because of the
spatial charge separation of the electron and the hole, IEXs have longer lifetimes,

which makes them ideal candidates for exciton-polariton formation studies.

We have fabricated TMD heterostructures inside the FP microcavities using
the combination of well-known dry transfer method and the noninvasive, cost-
effective edge identification method. Then, we performed both room and low-
temperature PL spectroscopy. Firstly, we investigated the temperature depen-
dence of the TEX PL emission. Our findings showed that an increase in temper-
ature significantly impacts the spin-triplet IEX more than the spin-singlet IEX.
The intensity of spin-triplet IEX diminishes at temperatures above 30 K, while
the spin-singlet IEX remains unaffected. Also, the pump power dependence of
the IEX showed that an increase in laser power induces a blueshift in both spin
states of the IEX. The spin-triplet IEX exhibits a 15 meV blueshift, whereas
the spin-singlet IEX shows a 3 meV blueshift in the same pump power range.
This difference is attributed to the lower energy of the spin-triplet IEX, which
leads to a higher density of interlayer excitons with the increasing pump power,
subsequently enhancing dipole-dipole interactions and resulting in the observed
blueshift. The PL emission dynamics of IEXs have also been studied, and the
spontaneous emission lifetime of the IEXs was measured. The lifetime’s fast
and slow decay components have been identified within the corresponding time

constants of a few and a few tens of nanoseconds.
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We also emphasize that an approximately 9 meV splitting on the spin-singlet
IEX PL emission was observed in one of the studied emitters, which might be
attributed to exciton-polariton formation at k; when it is equal to zero. However,
to safely attribute this splitting in the energy of the PL peak of the IEX to the
exciton-polariton formation, one needs to perform the whole angle-resolved PL
measurement. Previous reports have documented exciton-photon coupling in
low-Q cavities with intralayer excitons [21], exhibiting prominent Rabi splitting
energies. Due to the significantly lower oscillator strength of IEXs compared to
intralayer excitons, lower Rabi splitting energies are expected, as discussed in
Chapter 4.

Future research can focus on measuring the whole angle-resolved spectrum of
the coupling of the IEX with light to confirm exciton-polariton formation. Mod-
ifying the cavity design to achieve high-Q cavities is also possible. Additionally,
a comprehensive investigation of the effects of these microcavities on both spin-

triplet and spin-singlet states of IEXs can be investigated.
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Appendix A

Two Oscillator Model

When the two oscillators are not coupling with each other (k = 0, see figure A.1,
where k is the coupling strength), the eigenfrequencies can be calculated by the
following formula in the equationA.1[17]. Those oscillators should considered as

the cavity photon and the exciton in the exciton-polariton case.

System A System B

X4(0) Xg(0)

Figure A.1: Illustration of strong coupling, mechanical oscillators with masses m;
and spring constants k; demonstrate frequency shifts and characteristic frequency
splitting as a result of their coupling (x) [17].

wAZ\/k—A,wB:\/k—B (A-l)
ma mp

When the two oscillators are coupling (x # 0), there will be motion between

them. The equation of the motions can be found in equation A.2 & 2.3 [17].
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maZ + kaxa+k(xa+axp)=0 (A.2)
mp 2 + kprp + k(xs +25) =0 (A.3)

The desired solution should be composed as z;(t) = 2%exp[—iwst], here the
w= represents the two new eigenstates of the polariton[17]. With this approach,
the equation A.1 can be written as matrix as M[z9%,2%]" = 0. The solution for
new eigenfrequencies for polariton branches can be calculated as in the equation
A .4; this solution is only valid when the det[M]=0, [17]. Otherwise, the solution

would only be valid for trivial solutions.

1
wd = 5l +ud & /(0 — 0B+ 4T ) (A4)

Where in equation A.4, the spring constants are appointed as k4 = kg and
kg = ko + Ak, and masses are my = mpg = mygy. Ak represents the increase from
—ky to kg. While the wg increases from 0 to \/§wg, w4 remains constant. The
oscillator curves meet at Ak = 0 when no coupling occurs; in the case of coupling,
anticrossing between oscillator curves appears; this anticrossing equals frequency

splitting as in equation A.5.

wy —w_] =T (A.5)

When & # 0, the frequencies of the eigenfrequencies become as in the equation

A.6.

[k /
Wy = A+E,w3: kg + K (A.6)
ma mp

In the case of strong coupling, an anticrossing behavior occurs between two

new eigenstates; the frequency splitting can be calculated as follows A.7.
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_ VE/may/K/mg A
r NG (A7)

Since an increase in one leads to a corresponding increase in the other and
vice versa, there is a linearly proportional relation between frequency splitting

and the coupling strength (I' &) [17].

(@) 16 (b)
1.4

1.2

3/ W, W,/ W, \

1

0.8

w/w,

0.6

0.4

I YRON

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Ak/K, AK/K,

Figure A.2: Eigenfrequencies of two uncoupled oscillators k=0, masses are equal
and spring constants are ky and ko+Ak. (b) When coupling strength x=0.08k,
the anticrossing occurs [17]

With the consideration of damping in the system, when the frictional terms
vaZ 4 and ypap are added to the system, the eigenvalues become complex fre-
quency eigenvalues[17]. The imaginary part of these complex frequency eigenval-
ues is the line widths. When there is robust damping, the split in frequency be-
comes harder to observe. Hence, the splitting in these frequencies has to be higher

than the total amount of the linewidths for a strong coupling to be achieved[17].

r

JA . OB
ma mp

> 1[17] (A.8)
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