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Abstract
Two-dimensional (2D) semiconducting transition metal dichalcogenides (TMDs) have
gained intense attention in the field of optoelectronics and nanophotonics due to their
unique excitonic properties. TMDs can act as efficient gain materials for lasing in
combination with photonic cavities. Nanolasers based on TMDs have been exten-
sively studied and offer promising prospects for energy-efficient lasers. Interlayer
excitons (IXs) in type-II van der Waals heterostructures hold promise for energy-
efficient, silicon-integrated, tunable, and electrically pumped lasers. The moiré po-
tentials formed in heterostructures create additional in-plane confinement on IXs,
thus potentially providing large optical gain at low pumping levels. However, there
is still a lack of research regarding the moiré exciton at room temperature, and the
influence of moiré superlattices on laser performance remains unexplored.

In this PhD project, we build a deterministic assembly system for transferring
2D materials. Starting with debugging an old spectrometer, we construct a multi-
functional optical measurement setup working from the visible to the near-infrared
(NIR) spectrum with high sensitivity. The success in platform construction serves as
the cornerstone for our upcoming experiments.

We fabricate high-quality MoS2/WSe2 heterobilayers and study the optical prop-
erties of excitons and their dependence on twist angles and pump power. We observe
a significant energy shift (> 200 meV) of the IXs by varying twist angles. When
the twist angle is close to zero, the IX resonance shows a notable blue-shift as we
increase the pump power and the absorption peak of WSe2 A exciton splits. These
observations indicate the existence of moiré excitons at room temperature.

In addition, we study the impact of the moiré potential on the excitons by analyz-
ing the time-resolved PL dynamics. We find that heterobilayers with strong interlayer
coupling exhibit a lower IX energy and a longer IX lifetime than that with weak cou-
pling. Our observation reveals that moiré excitons could be an efficient gain medium
for energy-efficient and high-performance nanolasers.

Furthermore, we couple moiré IXs to silicon topological cavities and study their
light-matter interaction. We fabricate silicon high-Q cavities at DTU Nanolab and
the hBN-encapsulated MoS2/WSe2 heterostructures are then transferred onto the
photonic cavities by using our home-built transfer setup. By conducting power-
dependent PL measurements, we observe low-threshold lasing-like emission in the
optical fiber communication O-band (1260-1360 nm). Our device shows the highest
spectral coherence (∼0.1 nm) compared to all 2D material laser systems and an im-
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pressive spontaneous-emission suppression ratio (SESR) of ∼10 dB, similar to the
value achieved by the TMD-based vertical-cavity surface-emitting laser (VCSEL).

Our works encourage studying novel exciton physics in moiré superlattices at
room temperature and open new avenues for using these artificial quantum materials
in high-performance device applications.



Resumé
Todimensionelle (2D) halvledende overgangsmetal-dichalcogener (TMD’er) har fået
stigende interesse indenfor områder som optoelektronik og nanofotonik grundet deres
særprægede excitoniske egenskaber. I kombination med fotoniske kaviteter kan TMD’er
spille rollen som et effektivt forstærkningsmedie og udmunde i lasing. TMD-baserede
nanolasere er et forskningsområde med meget opmærksomhed, og kan muligvis byde
på energieffektive nanolasere. To-lags-delte excitoner (IX) i type-2 van der Waals
heterostrukturer har lovende udsigter til sillicium-integrerede modificerbare energi-
effektive elektrisk-pumpede lasere. Moirépotentialet skabt af heterostrukturen sk-
aber yderligere indskrænkning af IX’erne i samme plan, potentielt resulterende i en
kraftigere optisk forstærkning ved svag pumpning. Der er til gengæld manglende
forskning indenfor moiré excitoner ved stuetemperatur. Derudover er indflydelsen af
moiré supergitteret på laserkarakteristika uudforsket territorie.

I dette ph.d. projekt bygges der et deterministisk samlingssystem til overførsel af
2D materialer. Ved modificering af et gammelt spektrometer bygges der et multifunk-
tionelt optisk setup til højt sensitive måleserier fra den synlige til den nær-infrarøde
ende af spektret. Denne platform er en hjørnesten for kommende eksperimenter.

Vi fabrikerer MoS2/WSe2 hetero-dobbeltlag af høj kvalitet, og undersøger exci-
tonernes optiske egenskaber samt vridningsvinklens og pumpe-effektens indflydelse
på det førnævnte. Ved at ændre vridningsvinklen findes et signifikant energiskift
(> 200 meV) for IX’erne. Med en næsten afrettet vridningsvinkel viser IX’ernes
resonans et betydeligt blåskift når pumpens effekt øges, og absorptionslinjen for A-
excitonen i WSe2 splitter sig i to. Sådanne observationer indikerer Moiréexcitoner ved
stuetemperatur. Ydermere undersøger vi moirépotentialets indflydelse på excitonerne
ved at analysere tidsopløst fotoluminescens dynamik. Hetero-dobbeltlag med stærk
kobling mellem lagene udviser en lavere IX energi og en længere henfaldstid, sammen-
lignet med svag koblingsregimet. Denne observation peger på at moiréexcitoner kan
blive et effektivt forstærkningsmedium til energieffektive højt-ydende nanolasere.

Til sidst kobler vi moiré IX’erne til silicium-baserede topologiske kaviteter og un-
dersøger lys-stof vekselvirkningen. Vi fabrikerer siliciumkaviteter i DTU Nanolab
med høje kvalitetsfaktorer, og ved brug af det udviklede deterministiske samlingssys-
tem, bliver hBN-indkapslede MoS2/WSe2 heterostrukturer overført til den fotoniske
kavitet. Ved at udføre fotoluminescens målinger observeres en laser-lignende karak-
teristik med lav lasertærskel i O-båndet (1260-1360 nm). Dette apparat har den
højeste spektrale kohærens (∼0.1 nm) sammenlignet med alle lasersystemer baseret
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på 2D materialer, samt et imponerende spontan emissions undertrykkelses forhold
(SESR) på omkring ∼10 dB, sammenligneligt med værdier fundet i vertikal-kavitets
overflade-emitterende lasere (VCSELs).

Vores arbejde fremmer forskningen af ny exciton fysik i moiré supergitre ved
stuetemperatur og paver nye veje for brugen af kunstige kvantematerialer i højt-
ydende apparater.



Acknowledgements
First and foremost, I would like to thank my supervisors, Sanshui Xiao, Nicolas
Stenger, and Martijn Wubs, for giving me the opportunity to pursue my PhD at
DTU and thank for their time, valuable support, and insightful feedback throughout
my studies. In particular, Sanshui, my principal supervisor, cared about my well-
being. Most of my early experiments were frustrating. He told me to take a rest
whenever I felt overwhelmed.

I would like to thank Hanlin Fang, our collaborator from Chalmers University of
Technology, for the academic discussion and his invaluable contributions in sharing his
extensive knowledge and experience for my PhD project. I want to thank Professor
Zhipei Sun, our collaborator from Aalto University, for his patience in reviewing our
manuscript and for constructive discussion.

I would like to thank all the staff at Nanolab for giving me valuable training on
various types of equipment. I would like to thank Professor Juntao Li, my master’s
supervisor, for providing me with SOI substrates. A big thanks goes to Xiaowei Guan
who generously shared his dry etching recipe and valuable experience. I also thank
Bingdong Chang, Meng Xiong, Huaqing Qiu, Yaoqin Lu for generously providing
their kind assistance.

I would like to thank Kresten Yvind for sharing the spectrometer and the optical
table, which are essential for my PhD project. I thank Radu Malureanu, Osamu
Takayama and Binbin Zhou for lending me countless optical components. Many
thanks to Moritz Fischer for his endless help with debugging the spectrometer and
the lifetime setup, as well as MATLAB codes. I thank Yanjing Zhao, a colleague
who conducted optical experiments in the same room, for her companionship and
encouragement in the dark laboratory.

Furthermore, I thank the wonderful group members, Fengwen, Mads, Mortiz,
Laura, Rui, Pooja, Xingyu, Frederik, Devashish, Leonid, Benjamin, Amedeo for their
friendliness and support throughout this journey. Big thanks to Laura for her in-
credible kindness and support. She always patiently explained and translated for
me when I looked confused about what others were saying. Thanks to Xingyu for
organizing various enjoyable activities. I would like to thank all my friends who have
shared countless moments of laughter and joy with me, making my life truly delight-
ful. From playing sports, going on trips, to enjoying meals together, our bond has
made my life truly special.

Last but not least, I would like to thank my family for their support. A special



viii Acknowledgements

thanks goes to my loving husband Hanlin, who always gives me love, patience, and
embrace. It is through his presence that I have come to perceive the essence of love,
and thus embark on a journey of self-discovery.



List of publications
Journal pubilcations

Included in this thesis

• A Room-Temperature Moiré Interlayer Exciton Laser

Qiaoling Lin, Hanlin Fang, Yuanda Liu, Yi Zhang, Moritz Fischer, Juntao Li,
Joakim Hagel, Samuel Brem, Ermin Malic, Nicolas Stenger, Zhipei Sun, Martijn
Wubs, Sanshui Xiao

arXiv preprint arXiv:2302.01266 (2023)

Additional work

• Localization and Interaction of Interlayer excitons in MoSe2/WSe2
Heterobilayers

Hanlin Fang, Qiaoling Lin, Yi Zhang, Joshua Thompson, Sanshui Xiao, Zhipei
Sun, Ermin Malic, Saroj P. Dash, and Witlef Wieczorek

In preparation

• Optically Active Telecom Defects in MoTe2 Fewlayers at Room Tem-
perature

Yuxin Lei, Qiaoling Lin, Sanshui Xiao, Juntao Li and Hanlin Fang

Nanomaterials 13(9), 1501 (2023)

• Observation of Multiple Bulk Bound States in the Continuum Modes
in a Photonic Crystal Cavity

Rui Chen, Yi Zheng, Xingyu Huang, Qiaoling Lin, Chaochao Ye, Meng Xiong,
Martijn Wubs, Yungui Ma, Minhao Pu and Sanshui Xiao

Beilstein J. Nanotechnol. 14, 544–551 (2023)



x List of publications

Conference contributions
• Light Emission of Excitons in 2D Layered Materials Integrated with

Photonic Microcavities
Qiaoling Lin, Nicolas Stenger, Martijn Wubs, Sanshui Xiao
NanoPhoton 2022 (Poster)

• Two Dimensional Material Based Nanolasers
Qiaoling Lin, Nicolas Stenger, Martijn Wubs, Sanshui Xiao
International Postgraduate Photonics Forum (IPPF) 2022 (Presentation)

• Room-temperature Moiré Excitons in van der Waals Heterostruc-
tures towards Lasing
Qiaoling Lin, Hanlin Fang, Yuanda Liu, Yi Zhang, Moritz Fischer, Juntao Li,
Nicolas Stenger, Zhipei Sun, Martijn Wubs, Sanshui Xiao
Nanophotonics of 2D Materials (N2D) 2023 (Poster)



Abbreviations
2D Two-dimensional

ADP NH4H2PO4

AFM Atomic Force Microscope

ARPES Angle-resolved Photoemission Spectroscopy

ASE Amplified Spontaneous Emission

BS Beam Splitter

CBM Conduction Band Minimum

CCD Charge-coupled Device

CMOS Complementary Metal-Oxide-Semiconductor

CVT Chemical Vapor Transport

CW Continuous Wave

DBR Distributed Bragg Reflector

DRS Differential Reflectance Spectroscopy

EBL Electron Beam Lithography

EELS Electron Energy-loss Spectroscopy

FDTD Finite-difference Time-domain

FM Flip Mirror

FWHM Full Width at Half Maximum

GaAs Gallium Arsenide

HB Heterobilayer

hBN hexagonal Boron Nitride



xii Abbreviations

HWP Half-wave Plate

InAs Indium Arsenide

InP Indium Phosphide

IPA Isopropyl Alcohol

IRF Instrument Response Function

IX Interlayer exciton

KDP KH2PO4

LED Light-emitting Device

L-L curve Light-in and light-out curve

LPF Long-pass Filter

mBZ moire Brillouin Zone

MoS2 Molybdenum Disulfide

MoSe2 Molybdenum Diselenide

MoTe2 Molybdenum Ditelluride

NA Numerical Aperture

NIR Near Infrared

Obj. Objective

OFC Optical Fiber Communication

PC Polycarbonate

PDMS Polydimethylsiloxane

PL Photoluminescence

PMT Photomultiplier Tube

QD Quantum Dot

QW Quantum Well

SE Spontaneous Emission

SEM Scanning Electron Microscopy

SESR Spontaneous-emission Suppression Ratio



Abbreviations xiii

SHG Second Harmonic Generation

Si3N4 Silicon Nitride

SiO2 Silicon Dioxide

SMSR Single-mode Suppression Ratio

SOC Spin-orbit Coupling

SOI Silicon on Insulator

SPD Single Photon Detector

SPF Short-pass Filter

STEM Scanning Transmission Electron Microscopy

STM Scanning Tunnelling Microscopy

STS Scanning Tunnelling Spectroscopy

TCSPC Time-correlated Single Photon Counting

TEPL Tip-enhanced Photoluminescence

TFET Tunnelling Field-effect Transistor

TiO2 Titanium Dioxide

TMD Transition Metal Dichalcogenide

UV Ultraviolet

VBM Valence Band Maximum

VCSEL Vertical-cavity Surface-emitting Laser

WS2 Tungsten Disulfide

WSe2 Tungsten Diselenide



xiv



Contents
Preface i

Abstract iii

Resumé v

Acknowledgements vii

List of publications ix

Abbreviations xi

Contents xv

Introduction 1

1 Excitons in transition metal dichalcogenides (TMDs) 5
1.1 Two-dimensional transition metal dichalcogenides . . . . . . . . . . . . 5
1.2 Excitons in monolayer TMDs . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Interlayer excitons in heterobilayers . . . . . . . . . . . . . . . . . . . . 11
1.4 Excitons in moiré superlattices . . . . . . . . . . . . . . . . . . . . . . 16
1.5 Lasers based on atomically thin TMDs . . . . . . . . . . . . . . . . . . 21
1.6 Goal of this PhD project . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Fabricating TMD heterostructures and photonic crystal cavities 23
2.1 Mechanical exfoliation . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Home-built transfer setup and techniques . . . . . . . . . . . . . . . . 29

2.2.1 The all-dry viscoelastic stamping method . . . . . . . . . . . . 31
2.2.2 The fast pick up transfer method . . . . . . . . . . . . . . . . . 34

2.3 Fabrication of photonic crystal cavities . . . . . . . . . . . . . . . . . . 38

3 Building an optical characterization setup 45
3.1 Home-built optical characterization setup . . . . . . . . . . . . . . . . 45



xvi Contents

3.2 Optical techniques with our setup . . . . . . . . . . . . . . . . . . . . . 51
3.2.1 Micro-photoluminescence spectroscopy (µ-PL) . . . . . . . . . . 51
3.2.2 Differential reflectance spectroscopy (DRS) . . . . . . . . . . . 53
3.2.3 Polarization-resolved second harmonic generation (SHG) . . . . 56
3.2.4 Time-correlated single photon counting (TCSPC) . . . . . . . . 61

4 Measuring moiré excitons at room temperature 65
4.1 Fundamental optical properties of MoS2/WSe2 heterobilayers . . . . . 66
4.2 Twist-angle-dependent optical properties . . . . . . . . . . . . . . . . . 70

4.2.1 Twist-angle-dependent PL . . . . . . . . . . . . . . . . . . . . . 70
4.2.2 Power-dependent PL . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.3 Twist-angle-dependent DRS . . . . . . . . . . . . . . . . . . . . 73

4.3 Interlayer coupling mediated optical properties of IXs . . . . . . . . . 77
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5 Studying the coupling of moiré IXs to a photonic cavity 83
5.1 Three-level systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2 Topological nanobeam cavities . . . . . . . . . . . . . . . . . . . . . . 85
5.3 Moiré excitons coupled to a photonic cavity . . . . . . . . . . . . . . . 88

5.3.1 Device 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.2 Device 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.3 Comparison: Coupling to different moiré IX states . . . . . . . 95

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Conclusion and Outlook 101

Bibliography 105



Introduction
In today’s fast-paced digital world, the need for faster and more efficient data pro-
cessing is becoming increasingly crucial. Traditional electronic chips face limitations
when it comes to speed, power consumption, and bandwidth capacity. Compared
to electrons, photons travel at the speed of light without suffering heat loss. And
photons possess a broad spectrum that allows for the transmission of multiple signals
simultaneously. These have led to a growing interest in the development of all-optical
chips, which hold great promise for revolutionizing industries. Silicon has long been
the foundation of the electronics industry. Building upon the well-established tech-
nology of silicon-based integrated circuits, a silicon photonic integrated circuit holds
immense application value [1].

A laser, as a source of coherent light, is a crucial component in enabling the
development and advancement of all-optical chips. However, the inherent indirect
bandgap of silicon make it an unsuitable material for efficient radiative recombination,
thus hindering the laser application. To address this issue, various solutions have been
proposed and explored [2]. One approach focuses on enhancing the light-emitting
efficiency of silicon, such as utilizing porous Si [3] or Si nanocrystals [4]. However,
these attempts have yet to resolve the problem of low emission efficiency in silicon.
Another mainstream approach involves integrating direct bandgap III-V materials
(e.g., GaAs, InP) onto silicon to achieve high-performance hybrid silicon lasers [5,
6]. Nevertheless, this method involves complex fabrication processes, because the
significant lattice mismatch and thermal expansion coefficient mismatches between
III-V materials and silicon make direct epitaxial growth challenging.

The emergence of two-dimensional (2D) materials brings great prospects in the
fields of optoelectronic devices and nanophotonics [7]. It is considered one of the most
promising candidates to extend Moore’s Law [8]. Transition metal dichalcogenides
(TMDs) are semiconductors in the family of 2D materials. Monolayer TMDs have a
direct bandgap, making them suitable gain media without considering lattice match-
ing with various materials including silicon. Thanks to its 2D nature, excitons are
strongly confined in atomically thin layers with large exciton binding energy (hun-
dreds of meV) and stable at room temperature. With their unique characteristics,
TMDs are promising for the development of energy-efficient hybrid optoelectronic
devices.

Currently, TMD-based lasers have been achieved through numerous theoretical
studies and experimental demonstrations [9]. Apart from monolayer MoTe2, the
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majority of monolayer TMDs exhibits an intrinsic bandgap of 1.5-2 eV [10], which
restricts their lasing wavelength below 900 nm. This limitation hinders their inte-
gration with silicon. Silicon-based integrated TMD lasers have been reported by
utilizing MoTe2 whose emission energy (1.1 eV) is a bit below the silicon bandgap
(1.15 eV) [11–13]. Nevertheless, monolayer MoTe2 is susceptible to oxidation in am-
bient air and faces challenges in extending its emission wavelength to communication
wavelengths (e.g., 1310 and 1550 nm).

The interlayer excitons (IXs) in type-II van der Waals heterostructures as an ef-
ficient gain medium have been demonstrated for lasing application with integration
with silicon [14] and silicon nitride [15] cavities. It features flexible band structure engi-
neering, a significant shift between the photoluminescence (PL) and absorbance peaks,
electrical tunability and electrical injection. Thus, it shows great potential for com-
pact, energy-efficient, silicon-integrated, tunable and electrically pumped lasers [15].

The superposition of atomic lattices in heterostructures can create moiré pattern.
The additional in-plane quantum confinement in moiré superlattices could potentially
enhance the quantum yield of light emission and lead to a large optical gain at low
pumping levels, akin to quantum dots which showed lower lasing thresholds than
quantum wells and bulk materials [16]. However, the study of the moiré excitons on
laser performance has remained unexplored.

Outline of this thesis
In this thesis, we study the presence of moiré excitons at room temperature and

explore their combination with high-Q silicon photonic crystal cavities for pushing
the working wavelength to the O-band of optical fiber communication (1260-136 nm).

This thesis is structured in the following manner.
In Chapter 1, we provide an overview of excitons in TMDs, which dominate the op-

tical properties of atomically thin TMD layers. Their unique 2D structure contributes
to the special electrical and optical characteristics. Next, we introduce the formation
and properties of interlayer excitons (IXs) in heterobilayers (HBs) formed by stack-
ing different monolayers. Then we give an overview of the moiré pattern formed in
heterobilayers and the experimental observation of moiré excitons trapped in moiré
potentials. Finally, we provide an overview of the current state of TMD-based lasers.

In Chapter 2, we focus on the preparation techniques of the samples. Firstly, we
discuss the fabrication of MoS2/WSe2 heterobilayers, which involves the exfoliation
and characterization of high-quality monolayer TMDs, as well as the deterministic
transfer technique for monolayer MoS2 and WSe2 stacking. Additionally, we describe
the nanofabrication process for silicon high-Q cavities and the method employed to
transfer the heterostructures onto the photonic cavities.

In Chapter 3, we focus on optical characterization. We discuss the problems we
encountered with the old spectrometer and build a multi-functional optical setup
from scratch. Using this home-built system, we carry out four different optical mea-
surement techniques, allowing us to comprehensively characterize and investigate our
samples.

In Chapter 4, we present the experimental result of MoS2/WSe2 heterobilay-
ers on PDMS as revealed through twist angle-dependent PL measurements, power-
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dependent PL measurements, and twist angle-dependent differential reflectance spec-
troscopy. Our findings demonstrate the presence of moiré excitons at room temper-
ature in MoS2/WSe2 HB. Additionally, we study the impact of the moiré potential
on the excitons by analyzing the time-resolved PL dynamics.

In Chapter 5, we couple moiré IXs to silicon topological cavities and study the
light-matter interaction in a weak-coupling regime. We give a overview of the energy
level structure of moiré IX states and the topological nanobeam cavity. By conducting
power-dependent PL measurements, we observe low-threshold lasing-like emission in
the O-band (1260-1360 nm) of optical fiber communication (OFC). Our device shows
the highest spectral coherence compared to all 2D material laser systems to date.
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CHAPTER1
Excitons in transition

metal
dichalcogenides

(TMDs)
This chapter provides a comprehensive overview of excitons in TMDs, ranging from
fundamental properties of intralayer excitons in monolayers to interlayer excitons
(IXs) in stacked heterobilayers, and their behaviour with the presence of moiré pat-
terns in closely aligned heterobilayers. This chapter also gives an overview of the
journey of advancements made in utilizing TMDs as active materials for lasing.

1.1 Two-dimensional transition metal dichalcogenides

Crystal structure of TMDs

Transition metal dichalcogenides (TMD) are layered materials belonging to the two-
dimensional material family. They have the chemical formula MX2, where M is
a transition metal atom from group IV (e.g., Ti, Zr, Hf), group V (e.g., V, Nb
or Ta) or group VI (e.g., Mo, W), and X is a chalcogen atom (S, Se or Te). As
shown in Fig. 1.1(a), a monolayer TMD consists of a transition metal atom layer
sandwiched between two chalcogenide atom layers, resulting in a layer thickness of
0.65 nm. In the layer plane, The M atom and X atom are strongly connected by
covalent bonds. In bulk crystals, the adjacent layers are held together by the van
der Waals forces, which makes it feasible to fabricate monolayer TMDs and combine
them with diverse materials. Additionally, TMDs have several phases, so-defined 2H,
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3R, and 1T phases 1, as shown in Fig. 1.1(b).
The 1T phase TMD is metallic with octahedral metal coordination. The single

layers of the 2H and 3R phases have the same trigonal prismatic coordination but
are stacked in two different ways giving hexagonal symmetry (2H) or rhombohedral
symmetry (3R). Regarding TMD bilayers, their corresponding stacking orders are
called H-stack and R-stack, respectively.

Crystal Structures

a

Armchair 

Zigzag

ZigzagArmchair 
c

b

Figure 1.1. Crystal structures of TMDs. (a) Three-dimensional schematic representation
of a typical MX2 structure, with the chalcogen atoms (X) in yellow and the metal atoms (M)
in grey, taken from Ref. [18]. (b) Schematics of the structural polytypes: 2H, 3R and 1T,
taken from Ref. [18]. (c) The top view of the 2H phase, showing the hexagonal honeycomb
lattice. The red and blue curves highlight the crystal axes of the armchair and zigzag,
respectively.

The top view of the trigonal prismatic phase is illustrated in Fig. 1.1(c), showing
a hexagonal honeycomb lattice. The red and blue curves represent the orientation
of the crystal axes, i.e., armchair and zigzag. The armchair axes have broken sym-
metry inversion, resulting in strong second harmonic generation. This second-order
nonlinear generation will be further discussed in Section 3.2.3.
1The digit indicates the number of layers in the crystallographic unit cell, and the letter indicates
the type of symmetry with T standing for tetragonal (D3d group), H for hexagonal (D3h group),
and R for rhombohedral (C5

3v group) [17]
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In this dissertation, we focus on the most widely studied compounds of group VI
semiconducting TMDs (MoS2, MoSe2, MoTe2, WS2, WSe2). And the monolayers we
study are isolated from semiconducting 2H phase bulk crystals.

Bandstructure of TMDsBand structures

bulk 4L 2L 1Lba

c d

+K

-K

Γ "

M

Figure 1.2. Band structures of TMDs. (a) A schematic of the hexagonal 1st Brillouin Zone
of the 2H phase TMD. (b) The evolution of the layer-dependent electronic band structure
of MoS2, taken from Ref. [19]. The solid arrows indicate the lowest energy transitions. (c)
Layer-dependent PL spectra of MoS2, taken from Ref. [20]. (d) Orbital projected band
structures, taken from Ref. [21]. The d orbitals are dominated by M atoms. The p orbitals
are dominated by X atoms.

Fig. 1.2(a) shows the hexagonal Brillouin Zone of the 2H phase TMD. When TMD
bulk material is thinned down to a monolayer, the electronic band structure undergoes
a transition from an indirect to a direct bandgap. The evolution of the electronic
band structure with layer number is calculated by density functional theory [19],
as shown in Fig. 1.2(b). For the monolayer, both the conduction band minimum
(CBM) and the valence band maximum (VBM) are located at the K point, resulting
in a K-K direct transition. As the layer number increases, the band edges at the
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K point remain almost unchanged, while the conduction band edge at the Q point
and the valence band edge at the Γ point move closer, leading to a Γ-Q indirect
transition. This indirect-to-direct bandgap transition is experimentally confirmed by
angle-resolved photoemission spectroscopy [22, 23] and the significant enhancement
of photoluminescence in monolayer TMD [20] (see Fig. 1.2(c)).

The reason for distinct layer-dependent responses at K, Γ and Q points come from
the different orbital compositions of electronic states [21, 24]. The orbital projected
band structures from the first principle calculations are shown in Fig. 1.2(d). The
electronic states at the K point are predominantly composed of the d orbitals of the
M atom. In other words, they are strongly localized in the middle transition metal
atom, which is less affected by the adjacent layers. In contrast, the CB states at the Γ
point and the VB states at the Q point are linear combinations of M atom d orbitals
and X atom p orbitals, leading to a strong dependence on the interlayer coupling.

In TMD, the M atoms with a heavy mass yield to a strong spin-orbit coupling,
resulting in the energy splitting at ±K valleys 2 [25], as shown in Fig. 1.3. The
energy splitting in the valence band is around 200 meV for Mo-based TMDs and
400 meV for the W-based, while the splitting in the conduction band is one or two
orders smaller than in the valence band (e.g., 3 meV for MoS2, -37 meV for WSe2).
The resulting spin splitting of the bands gives rise to the so-called spin-valley locking
effect, triggering extensive studies on valleytronics [26].

Band structure with SOC

ba

Figure 1.3. Schematic of electron band structures at ±K valleys for Mo- and W based
TMD, taken from Ref. [27].

1.2 Excitons in monolayer TMDs
An exciton is a quasi-particle that consists of an electron-hole pair bound by their at-
tractive Coulomb interaction. There are three typical types of excitons [28]: Frenkel

2The location of local minimum (maximum) in the conduction (valence) band is regarded as a valley.
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excitons, charge transfer excitons and Wannier-Mott excitons. As illustrated in
Fig. 1.4(a), Frenkel excitons and charge transfer excitons are localized at an atom and
the nearest neighbour molecules, and occur mainly in molecular crystals and ionic
crystals, respectively. Wannier-Mott excitons with electrons and holes separated by
several lattice constants mainly occur in semiconductors, such as TMD materials and
traditional III-V materials. This type of exciton is also called free exciton, as it is free
to move inside the crystal. If not specifically stated, the excitons mentioned below
mean the Wannier-Mott excitons.

+
-

+

-

+

-

Frenkel
exciton

Wannier-Mott exciton

Charge transfer 
exciton

a

b

Figure 1.4. Excitons. (a) Schematic illustration of Frenkel excitons, charge transfer exci-
tons and Wannier-Mott excitons in a crystal. (b) Schematic illustration of the optical re-
sponse of excitons in an ideal 2D semiconductor, including exciton ground (n=1) and excited
(n>1) state resonances and the onset of the (quasiparticle) bandgap, taken from Ref. [29].

Analogous to the hydrogen atom, a series of exciton Rydberg states emerges below
the free quasi-particle bandgap, which is labelled by their principal quantum number
n (n=1,2,3,...), as shown in Fig. 1.4(b). The energy difference between the bandgap
and the exciton resonance defines the exciton binding energies EB , which is the energy
required to ionize the bound exciton into a free hole and electron. The binding energy
of exciton states depends on the principal quantum number. For the exciton ground
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state (n=1), EB is defined as [28]

EB = (mr/m0)
ε2 Ry(H) (1.1)

where mr = memh/(me + mh) is the reduced mass of exciton, m0 stands for the
free exciton mass and ε is the dielectric permittivity, and Ry(H) =13.6 eV is the
Rydberg constant. For traditional bulk GaAs (InP) semiconductors, the exciton
binding energy is ∼4.2 meV (∼5.1 meV). The binding energy will increase to ∼9 meV
for the quasi-2D exciton in a GaAs quantum well of a width less than 10 nm [30].
These excitons can only exist at low temperatures, as the thermal energy at room
temperature is about 25 meV. Remarkably, the binding energy of monolayer TMD
is on the order of 500 meV, making it stable even at room temperature. Fig. 1.5(a)
shows the impact of the dimensionality on the electronic and excitonic properties.
In the 2D limit, the electrons and holes are strongly confined in an atomically thin
layer, and a large proportion of the electric field is outside the crystal. The variation
of the dielectric environment of monolayer TMD changes the exciton binding energy
by several hundred meV [29], see in Fig. 1.5(b). In addition, the reduced masses of
excitons in monolayer TMD are on the order of 0.25m0, which are larger than that
of GaAs (0.06m0) [24]. The dimensionality, reduced dielectric screening, and large
reduced masses contribute to enhanced exciton binding energy. The large exciton
binding energy yields strong excitonic effects that dominate the optical properties of
monolayer TMD.

Binding energy

a b

Figure 1.5. Binding energy of atomically thin TMD layer. (a) Impact of the dimensionality
on the electronic and excitonic properties. Left panel: electric-field distribution of excitons in
real space for 3D bulk and 2D monolayer; Right panel: optical absorption indicates reduced
dimensionality increases both band gap and exciton binding energy; taken from Ref. [31]. (b)
Impact of the dielectric environment on exciton binding energy in monolayer TMD, taken
from Ref. [29].
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Excitons in monolayer TMD can be either optical bright or dark depending on
whether they satisfy the optical selection rule, which requires energy, spin, and mo-
mentum conservation. Due to the strong SOC, the spin splitting in ±K valleys gives
rise to the formation of two bright excitonic states, A and B excitons, corresponding
to the lower and higher energy exciton, respectively. These excitons have been widely
observed in optical absorption spectra [32,33].

Additionally, TMD monolayers exhibit unique valley-dependent optical selection
rules, as shown in Fig. 1.6(a). The +K and -K valleys are degenerate in energy,
but their sign in spin splitting is opposite due to the broken time-reversal symmetry
(Fig. ??). Therefore, the transition in the +K (-K) valley only couples to right-
handed σ+ (left-handed σ−) circularly polarized light. The spin-valley locking effect
has been observed in experiments [33,34] through the utilization of incident circularly
polarized light with analysis performed on the polarization of exciton emission. The
circular polarization degree 3 of monolayer MoS2 is reported to achieve unity at 14 K,
which persists over 1 ns [33]. However, the valley polarization decreases with the
temperature increase (see Fig. 1.6(b)), due to the increased inter-valley scattering at
high temperatures. When warmed up to room temperature, the valley polarization
of monolayer MoS2 totally vanishes [33,34].1.Spin valley locking

a b

Figure 1.6. Spin-valley locking effect. (a) Schematic of valley-dependent optical selection
rules, showing that the transition in the +K (-K) valley only couples to right-handed σ+
(left-handed σ−) circularly polarized light, taken from Ref. [25]. (b) Degree of circular
polarization as a function of temperature, taken from Ref. [34].

1.3 Interlayer excitons in heterobilayers

The van der Waals structure of TMD crystal enables one to tailor material properties
by simply stacking two different monolayers without the need for lattice matching.
The various TMD monolayers have different bandgaps and band offsets, as shown in

3The circular polarization degree is defined as p = I(σ+)−I(σ−)
I(σ+)+I(σ−) , where I(σ+) and I(σ−) are the PL

intensities of σ+ and σ−, respectively.
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Fig 1.7(a). Their multiple combinations enrich the exciton physics in TMD heterobi-
layaer systems. Depending on the band alignment of the constituting monolayers, the
heterobilayer can be classified into three categories: straddling gap (type-I), staggered
gap (type-II), and broken gap (type-III), as illustrated in Fig. 1.7(b). In this disser-
tation, we focus on the TMD heterobilayer with type-II band alignment, in which
the CBM and VBM locate at different layers, leading to the emergence of interlayer
excitons (IXs).

a b
Type-I

Straddling gap
Type-II

Staggered gap
Type-III

Broken gap

+

-

+

-

Semiconductor Semi-metalSemiconductor

layer1 layer2

Figure 1.7. Band alignment of heterobilayers. (a) Band offset for various material com-
binations, taken from Ref. [25]. (b) Three types of band alignment. Type-I: The carriers
can only transfer from one layer with the larger bandgap to another layer with the smaller
bandgap, but not vice versa [35, 36]. Type-II: the CBM and VBM are situated in different
layers, resulting in a reduced band gap. Type-III: the CBM and VBM locate at different
layers, with the VBM energy higher than the CBM. As a result, the band gap does not exist,
making it a semi-metal material.

A distinctive characteristic of IXs is the emergence of a new peak at low energy in
the PL spectrum, as shown in Fig. 1.8(a). The formation process of IXs is depicted
in Fig. 1.8(b). It involves three steps:

1. Under optical excitation, the interband optical absorption leads to the genera-
tion of intralayer excitons in monolayers.

2. Due to the band offsets, the excited intralayer excitons in monolayers separate
into electrons in one layer and holes in the other via an ultrafast charge transfer
process (<50 fs) [37]. This process is mediated by the strongly layer-hybridized
Q(Γ) valley for the electron (hole) transfer [38].

3. These electrons and holes are bonded together through attractive Coulomb in-
teraction, yielding IXs.

Because the formation of IX is a consequence of the dissociation of excitons resi-
dent in the same layer, the emission of intralayer exciton is strongly quenched, which
is a good indicator of interlayer coupling.
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PL spectrum

a b

c

Figure 1.8. Optical properties of IXs. (a) PL spectra from MoSe2/WSe2 heterobilayers
and individual monolayers, taken from Ref. [39]. (b) Illustration of the IX formation pro-
cess in MoS2/WS2 heterostructures as revealed by transient absorption spectroscopy, taken
from Ref. [40]. (c) The imaginary dielectric function obtained from electro-modulation
spectroscopy (magenta) and from typical reflection contrast method (blue) in MoSe2/WSe2
heterobilayers, taken from Ref. [41].

Optical properties of IXs

As mentioned in Section 1.1, the interlayer coupling at Q/Γ valley is strong in
multilayer TMDs, which can lead to an indirect band gap. In the case of heter-
obilayers, calculation and experiment show that the CBM and VBM are predomi-
nantly located at the ±K valleys in individual layers, resulting in fundamental bright
K-K exciton [42, 43]. The spatially separated electrons and holes still experience
strong Coulomb interaction and thus the formed IXs exhibit a large binding energy
∼150 meV [39].

Due to the spatial separation between electrons and holes, the oscillator strength
of IX is so weak that its optical absorption is challenging to be measured by the typical
reflection contrast method. A recent breakthrough in the field comes from the research
conducted by Tony F. Heinz’s group. By using electro-modulation spectroscopy, they
directly measured the absorption of IX and reported that the IX oscillator strength
is three to four orders of magnitude smaller than that of intralayer exciton [41] (see
Fig. 1.8(c)).

Owing to the small wave function overlap of electrons and holes, the recombi-
nation of IX is suppressed, leading to a long exciton lifetime (∼ns) [39, 44], which
is orders of magnitude longer than lifetimes of intralayer excitons (∼ps). The long
lifetime will allow IXs to cool down and potentially create a degenerate exciton gas.
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A remarkable achievement by Kin Fai Mak and Jie Shan’s group is the observation
of exciton condensation at high temperatures (> 100 K) [45]. A two- to three-layer
hBN is inserted between the MoSe2/WSe2 van der Waals heterobilayer in order to
further suppress interlayer electron–hole recombination. Additionally, the extended
lifetime is beneficial to laser applications [14,15], as it facilitates the establishment of
a population inversion and results in a low-threshold lasing.

Tunability of IXs

IXs show richer tunability compared to intralayer excitons. The light emission of IXs
can be tailored by changing the constituting material, applying external stimuli (e.g.,
electric field and strain), and tuning the twist angle of bilayers. We will now discus
each of these tuning mechanisms in more detail.

Constituting material
Stacking of monolayers with different band offsets will tailor the existing excitonic

states and tune their emission energies. For example, in MoSe2/WSe2 heterobilayers,
the IX emission energy is ∼1.35 eV [46], and IX in MoS2/WSe2 has a lower energy
of ∼1 eV [47]. In the case of WS2/MoSe2 heterobilayers, the small conduction-band
offset leads to hybridization between the corresponding intra- and interlayer exciton
transitions where the electron resides in both layers, referred to as hybrid excitons
[48,49].

Electric field
IX has a permanent out-of-plane electric dipole moment, thus has shown excellent

electrical tunability (energy tuning range from 80 to 200 meV) by applying a vertical
gate voltage [47, 50] (see Fig. 1.9(a)). The shift in IX energy △ε exhibits a linear
dependence with bias voltage E due to the linear Stark effect and can be expressed as
△ε = −ed · E, where e is electron charge and d is electron-hole interlayer separation.
The derived d value is approximately 0.5-0.8 nm, corresponding to the interlayer
distance of the heterobilayer. In addition, the lifetime also depends on the applied
electric field. When the electric field antiparallel to the IX dipole moment, it pulls
the two carriers apart and changes the overlap between the electron and hole wave
functions, thus reducing the IX recombination rate and extending the IX lifetime [50].

However, the IX electric dipole illustrated in Fig. 1.8(b) is actually not entirely
accurate. Strictly speaking, the majority of dipoles are oriented in-plane. A com-
plete out-of-plane orientation would challenge the vertical excitation and collection
of IX resonance. In 2022, Alexander W. Holleitner’s group successfully obtained the
contributions of the in- and out-of-plane transition dipole moments in MoSe2/WSe2
heterobilayers by measuring the far-field PL intensity distribution of IX [51]. They
concluded that the transition dipole moments for all observed interlayer exciton tran-
sitions were (99 ± 1)% oriented in-plane. The dominated in-plane orientation can
also be inferred from the Bohr radius of IX. In 2022, Keshav M. Dani and Tony F.
Heinz’s group reported a direct measurement of IX diameter of around 5.2 nm [52]
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in MoS2/WSe2 heterobilayers. This value is significantly larger than the interlayer
distance of 0.65 nm.

a

b

c

d

Figure 1.9. Engineering of IX properties. (a) IX emission energy (top), intralayer exciton
emission energy (middle) and IX lifetime (bottom) as a function of applied vertical electric
fields, taken from Ref. [50]. (b) Exciton energy shift as a function of uniaxial strain, taken
from Ref. [53]. (c) Displacement of CB and VB edges in momentum space due to the twist
angle between two constituent layers, taken from Ref. [40]. (d) PL intensity of IX (top) and
IX emission energy (bottom) as a function of the twist angle, taken from Ref. [54].

Strain
A TMD monolayer can withstand a strain on the order of 10% [55,56]. The applied

strain tunes the lattice constant of the monolayers, resulting in a change in the band
structure. In MoS2/WSe2 heterobilayers, the bandgap change of Γ-K IX transition is
around 107 meV/% uniaxial strain, approximately twice that of the intralayer excitons
in the constituent monolayers (�55 meV/% for MoS2 and 54 meV/% for WSe2) [53]
(Fig. 1.9(b)). The shift for the indirect-band gap peak for MoSe2/WSe2 (22.7 meV//%
strain) is about twice that of the K-K transition (11.2 meV//% strain). The strain
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dependence can be used to verify the transition from different valleys, as the valence
band at the K valley is insensitive to strain [57]. Through strain tuning, type-II band
alignment can even transform to type-I in the MoS2/WSe2 lateral heterojunction [58].

Twist angle
The twist angle between the two layers leads to a displacement of the conduction

and valence band edges at ±K valleys in momentum space, as illustrated in Fig. 1.9(c).
A small momentum mismatch can be compensated for by the finite exciton center-
of-mass momentum to a direct transition. Otherwise, assistance from phonons or
impurities is required for radiative recombination [59].

Fig. 1.9(d) shows the IX PL intensity and energy from MoSe2/WSe2 heterobilayers
as a function of the twist angle [54]. The strongest PL intensity is observed when
the twist angle is close to 0° (or 60°) and gradually vanishes beyond 10° (or < 50°).
And the IXs emission energy rises as the twist angle increases. In addition, the IX
lifetimes also dramatically change with twist angle by one order of magnitude [60].

Furthermore, the presence of twist angle and/or lattice mismatch between the
two layers generates a long-period moiré pattern in the heterobilayer, giving rise
to intriguing phenomena. In the forthcoming section, we will delve into a detailed
exploration of the impact of moiré patterns on excitons.

1.4 Excitons in moiré superlattices

The superposition of atomic lattices in two layers can give rise to a periodic spatially
varying atomic registry known as moiré patterns, as illustrated in Fig. 1.10(a), which
exhibits a larger-scale periodicity than the lattice constant. This intriguing moiré
pattern emerges due to a small lattice mismatch δ and/or small twist angle θ between
two constituent layers. The moiré period aM can be given by aM ≈ a0/

√
δ2 + θ2 [61],

where the lattice constant mismatch δ is defined as
∣∣∣a0 − a

′

0

∣∣∣ /a0, and a0 and a
′

0 are
the lattice constants of the two layers.

The R- and H-typed heterobilayers exhibit a similar moiré superlattice. Here, we
employ the R-typed heterobilayer as an illustrative example. The superlattice hosts
three types of high-symmetry points, which are labelled as Rh

h, RX
h and RM

h , repre-
senting that the hexagonal centre (h) in the hole layer is aligned to the hexagonal
lattice centre (h), chalcogen atom (X) or metal atom (M) in the electron layer re-
spectively. The interlayer spacing varies with different atomic registries, resulting in
the change of local bandgap (see Fig. 1.10(b)) and forming a periodically modulating
energy landscape, known as moiré potential (Fig. 1.10(c)). The optical selection rules
for IX depend on the local atomic registry, e.g., the exciton residing at the Rh

h (RX
h )

site only couples to σ+ (σ−) polarized light (Fig. 1.10(d)). The confined excitons in
the moiré potential are commonly denoted as moiré excitons, which hold promises
in realizing identical quantum emitter arrays [62] and trigger immense enthusiasm
within this research field.
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Figure 1.10. Moiré superlattices. (a) Illustration of a R-type moiré superlattice (white
diamond shape) formed by stacking monolayer MoSe2 and WSe2 with a twist angle θ. Three
high symmetry points are labelled as Rh

h, RX
h and RM

h . Their local atomic registry is shown
on the right, taken from Ref. [46]. (b) Dependence of interlayer distance (top), the local
bandgap of IX (middle) and intralayer excitons (bottom) on the atomic registries, taken
from Ref. [62]. (c) Potential distribution of IXs in moiré superlattices, taken from Ref. [46].
(d) Degree of circular polarization of IX in moiré superlattice, taken from Ref. [46].

Observation of moiré excitons

Despite the growing interest in moiré excitons, experimental detection of their ex-
istence has not been achieved until 2019, when four works [46, 48, 63, 64] indepen-
dently reported the evidence of moiré excitons were published back-to-back in Nature.
Among them, two research groups have reported the observation of moiré IX in the
same type of heterobilayer (MoSe2/WSe2 heterobilayer). Xiaoqing Li’s group [46]
reported the multiple IX PL peaks (Fig. 1.11(a)). They attributed them to quantized
energy levels due to the confinement of IXs within the moiré potential (see the bot-



18 1 Excitons in transition metal dichalcogenides (TMDs)

tom panel in Fig. 1.11(a)). The resonance spacing in the ∼2° sample (∼27 meV) was
larger than that in the ∼1° sample (∼22 meV) due to the tighter lateral quantum
confinement of the ∼2° sample. Xiaodong Xu’s group observed narrow IX emission
peaks with a linewidth of ∼80 µeV at a low excitation power of ∼10–100 nW [63].
The narrow-line emission is suppressed at temperatures greater than 30 K. The sharp
resonance is believed to originate from IX trapped in zero-dimensional moiré poten-
tials, akin to quantum dots. The quantum nature of the sharp emission lines is
further confirmed by power saturation and photon antibunching behaviour in other
works [65]. Interestingly, in 2022, John R. Schaibley’s group reported that the narrow
IX resonances come from extrinsic fluctuations instead of moiré potentials [64]. This
conclusion is drawn based on the findings that narrow resonances still persist when
suppressing the moiré potential by inserting a bilayer hBN spacer between the TMD
layers, and it exhibits a similar dependency on doping, electric field, and temperature.

Moire exciton

a b

c

Figure 1.11. Initial experimental demonstrations of moiré excitons at low temperatures.
(a) Multiple IX resonance in PL spectra in MoSe2/WSe2 heterobilayers with twist angle
of 1° and 2° at 15 K, taken from Ref. [46]. (b) Helicity-resolved narrow IX PL spectra of
twisted MoSe2/WSe2 heterobilayer at 1.6 K, taken from Ref. [63]. (c) Multi absorption peak
around WSe2 A exciton in rotationally aligned WS2/WSe2 heterobilayers compared to those
with a large twist angle at 10 K, taken from Ref. [66].

The presence of moiré potential not only can trap IXs, but also affect the optical
properties of intralayer excitons. Theoretical calculations predict that the moiré
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potential results in the energy splitting of intralayer excitons [67]. Feng Wang’s group
observed that the WSe2 A exciton splits into three multiple peaks in the absorption
spectra of WS2/WSe2 heterobilayer with a twist angle smaller than 3° at 10 K [66].
And the phenomenon is well reproduced by their theoretical model where sufficient
moiré potential generates multiple flat exciton minibands.

In addition to these observations based on far-field optical spectroscopy, the ex-
istence of moiré excitons was demonstrated by time-resolved and angle-resolved pho-
toemission spectroscopy [52, 68], exciton transport measurements [69], and electron-
beam-based hyperspectral imaging [70]. First-principles calculations have predicted
the moiré potential depth to be approximately 100–200 meV [46, 62, 71]. In 2017,
Chih-Kang Shih’s group employed scanning tunnelling microscopy (STM) and scan-
ning transmission electron microscopy (STEM) to directly measure the moiré pattern
in a rotationally aligned MoS2/WSe2 heterobilayer (Fig. 1.12(a)). Their result shows
a periodically varying interlayer separation and electronic bandgap, indicating a pe-
riodic moiré potential modulation up to 150 meV [71], which remarkably exceeds the
thermal energy (∼25 meV) at room temperature. A very recent experiment [72] cor-
relates the multipeak feature in IX emission spectra from free-standing WS2/WSe2
heterobilayers with moiré IXs (see Fig. 1.12(b)), however still lacking strong evidence
for the presence of moiré IX at room temperature.

a b

Figure 1.12. Experimental demonstrations of moiré excitons at room temperature. (a)
STM image of moiré pattern in MoS2/WSe2 heterobilayers, taken from Ref. [71]. (b) Mul-
tiple IX resonance in suspended WS2/WSe2 heterobilayers, taken from Ref. [72].

Atomic reconstruction of moiré patterns
The ideal moiré pattern is a rigid lattice with the atomic registry varying smoothly.
However, atomic reconstruction is known to occur in twisted bilayer graphene [73]
and has been observed heterobilayers with a small twist angle and a small lattice
mismatch [74,75].

The superlattice will relax and expand the regions of lowest energy to reduce
the overall energy, leading to discrete commensurate domains separated by narrow
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domain walls [74] (Fig. 1.13(a)). Thus the exciton does not experience lateral con-
finement, exhibiting a behaviour that closely resembles that of commensurate do-
mains. Multiscale modelling shows that atomic reconstruction only appears in near-
commensurate heterobilayers with twist angle θ < 2.5◦ or θ > 59◦ [76]. Whereas
heterobilayers with large angle or large lattice mismatch behaves as almost rigid crys-
tals. The crossover angle is in agreement with TEM results (θ < 2◦ or θ > 59.1◦) [75].

The atomic reconstruction leads to in-plane strain redistribution and is reported
to contribute to moiré flat bands in incommensurate heterobilayers [70, 77]. Direct
imaging of reconstruction in a rotationally aligned WS2/WSe2 moiré superlattice
was achieved by annular dark-field scanning transmission electron microscopy (ADF-
STEM) [70]. In conjunction with low-loss electron energy-loss spectroscopy (STEM-
EELS), it was observed that the moiré intralayer exciton is restricted to a radius of
∼2 nm at the Rh

h site. Note that the EELS measured the local probability of creating
an exciton rather than the excitons themselves.

Further, it has been reported that the atomic reconstruction includes both a
large in-plane strain distribution and a prominent out-of-plane buckling by comparing
scanning tunnelling spectroscopy (STS) with ab initio simulations [78], as shown in
Fig. 1.13(b). The strong 3D reconstruction dominates the effective moiré potential
and the corresponding moiré flat bands.
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Figure 1.13. Atomic reconstruction of moiré superlattices. (a) Atomic reconstruction
in MoSe2/WSe2 heterobilayers. Left panel: Interlayer stacking energy at various atomic
registries. Right panel: Conductive AFM images, taken from Ref. [74]. (b) Schematic of the
reconstructed moiré superlattices in 3D, taken from Ref. [78].
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1.5 Lasers based on atomically thin TMDs
Van der Waals TMDs have gained significant attention due to their strong excitonic
emission, which holds the immense potential of ultralow threshold lasing. So far, lasers
based on atomically thin TMDs have been successfully demonstrated in conjunction
with various photonic cavities. In this section, we give an overview of the remarkable
progress in utilizing TMDs as active materials for lasing.

The first demonstration of a TMD-based laser was reported by Xiaodong Xu’s
group in 2015 (Fig. 1.14(a)). By coupling monolayer WSe2 to an L3 photonic crystal
(PhC) cavity, they show evidence of lasing at 740 nm with an optical pumping thresh-
old as low as 27 nW (1 W/cm2) at 130 K [79]. In the same year, Xiang Zhang’s group
reported a monolayer excitonic laser from a monolayer WS2 coupled to a microdisk
resonator at 10 K [80]. Lasing happened at the visible wavelength (∼ 612 nm) at a
threshold of 5-8 MW/cm2.
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Figure 1.14. Experimental demonstrations of lasers based on TMDs. (a) The first demon-
stration of lasing from monolayer WSe2 coupled to L3 PC cavities at low temperature,
taken from Ref. [79]. (b) The first demonstration of room-temperature lasing from MoS2
embedded between a silica microsphere and a microdisk cavity, taken from Ref. [81]. (d)
Single-mode lasing from monolayer WS2 embedded in DBRs, taken from Ref. [82]. (c) The
first demonstration of room-temperature silicon-integrated lasing from monolayer MoTe2 in-
tegrated with a Si nanobeam cavity, taken from Ref. [11]. (e) Interlayer exciton lasing from a
MoS2/WSe2 heterobilayer on a L3 type silicon PC cavity, taken from Ref. [14]. (f) Interlayer
exciton lasing from a MoSe2/WSe2 heterobilayer on a grating cavity, taken from Ref. [15].

Soon after, Zetian Mi’s group achieved the first room-temperature TMD laser at
a wavelength range of 600 - 800 nm [81] (Fig. 1.14(b)). Four-layer MoS2 was embed-
ded between a silica microsphere and microdisk cavity, which significantly enhanced
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the coupling between the gain medium and the optical cavity modes, leading to an
ultralow lasing threshold (∼5 µW). In 2017, a single-mode laser was realized by bury-
ing monolayer WS2 into TiO2/SiO2 DBR cavities (Fig. 1.14(c)), showing an ultra-low
lasing threshold (0.44 W/cm2) [82].

Then, the lasing wavelength is further extended to near-infrared through the uti-
lization of MoTe2 material, thereby achieving compatibility with the silicon platform.
Cunzheng Ning’s group reported the first silicon-integrated TMD laser at ∼1130 nm
from silicon nanobeam cavities [11] (Fig. 1.14(d)). Subsequently, Xuehua Wang’s
group extended this wavelength to ∼1310 nm, encompassing the OFC O-band, and
achieved the single-mode MoTe2-on-silicon laser [13].

In type-II heterobilayers, ultrafast interlayer charge transfer and extended IX life-
time allow efficient accumulation of carriers and the establishment of population inver-
sion. In 2019, IX lasers have been realized in MoS2/WSe2 [14] and MoSe2/WSe2 [15]
heterobilayers. Weibo Gao’s group observed IX lasing at 1128 nm from silicon L3
photonic crystal [14] (Fig. 1.14(e)). Most TMD-based lasers are demonstrated by
superlinear light in-light out (L-L) curve and linewidth narrowing. Here, they also
observed an increase in coherence time above the lasing threshold by performing
Michelson interference experiments. The other work from Hui Deng’s group demon-
strated IX lasing at 918 nm using a Si3N4 grating cavity [15] (Fig. 1.14(f)). They
measured an abrupt increase in first-order spatial coherence from 2.38 µm to 5 µm
across the threshold. It is worth noting that the Q-factor of their cavities is much
lower (around 500-600) than that of intralayer exciton lasers, thanks to the nature of
IX.

1.6 Goal of this PhD project
The additional confinement on IX with moiré potential holds great promise for laser
applications. Although great achievements in moiré excitons and TMD-based lasers
have been made, the question about the existence of moiré IX at room temperature
and their potential for laser applications still needed to be answered. In this project,
we will focus on answering these two questions.



CHAPTER2
Fabricating TMD

heterostructures and
photonic crystal

cavities
To couple IX to the cavity mode, we need to prepare a MoS2 -WSe2 heterobilayer and
place it onto the cavity. However, this process can be challenging without the use of
a thin layer of bottom hBN. Encapsulating the heterobilayer between two hBN flakes
brings many benefits, such as preventing degradation of the heterobilayer, creating a
uniform dielectric environment and increasing heat dissipation. In this chapter, we
will focus on the preparation process of the ultimate device, hBN/MoS2/WSe2/hBN
heterostructures on the cavity, which is divided into two main sections.

The first section presents the exfoliation and stacking of 2D materials. In this pro-
cess, the most important objective is to maintain a clean interface between materials,
avoiding any impurities that may affect the optical properties by causing non-radiative
recombination. We will discuss the exfoliation method for 2D materials and some de-
tails that need attention during the process. We will also explain how we maintain
an interface that is as clean as possible to prepare high-quality heterobilayers, which
are crucial for our later research on moiré excitons.

In the second section, we introduce the fabrication method for a silicon-based high-
Q microcavity, which involves a series of standard silicon nanofabrication techniques.
This is a relatively mature process, and the recipe has already been developed by DTU
Nanolab. We will mainly focus on how we use the existing techniques to explore
suitable parameters for processing and preparing our microcavity, and ultimately
achieve a high-Q cavity. The transfer of heterostructures onto microcavities is also
addressed in the first section dedicated to transfer techniques.

Overall, this chapter will provide a detailed introduction to the process of sample
and device fabrication. We believe that the content of this chapter can help readers
better understand our research and provide valuable references for future work.
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2.1 Mechanical exfoliation

To obtain high-quality heterostructures, it is necessary to first fabricate high-quality
monolayer TMDs. We employ the standard method of mechanical exfoliation, which
takes advantage of the lack of covalent bonds between layers in 2D materials to
thin bulk crystals down to atomic thickness. This technique results in better optical
properties for monolayers than other methods, although it has the drawbacks of
limited area and time-consuming preparation. The quality of the obtained monolayers
ultimately depends on the quality of the bulk crystal. For instance, the flux-grown
TMDs have significantly fewer defects than CVT-grown ones [83]. Fig 2.1 shows the
pictures of bulk crystals. During the exfoliation process, it is crucial to maintain a
clean and flat surface to avoid introducing impurities that could reduce the quality.
We aim for large flakes with long straight edges that can facilitate angle alignment
during the later stacking process.Bulk material+ tape

5mm

MoS2-Nb WSe2 MoTe2 hBN

Figure 2.1. Picture of bulk crystals of MoS2, WSe2, MoTe2 and hBN bought from HQ
Graphene.

The process to achieve monolayer TMD flakes can be divided into three parts:
preparation of master tapes, transfer to substrate and monolayer identification.

Preparation of a master tape

The preparation of a master tape is the cornerstone of monolayer TMD fabrication.
A good master tape should have large thin flakes without cracks as well as low tape
residues, which will increase the yield of getting a clean monolayer with a large size.
The first graphene layer has been obtained via Scotch tape which is commonly used
in office settings and leaves significant residue. To get a cleaner surface, a silicone-free
adhesive film is widely employed. The adhesive film is often used in semiconductor
wafer processing and provides a much cleaner process and more consistent adhesive
properties. It also known as blue tape due to its blue colour and will be referred to as
such in the subsequent discussion. Here we use the blue tape 1007R-6.0 (from Ultron
Systems, Inc.), and the steps to obtain a master tape are the following:
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1. Put a bulk crystal onto a small piece of blue tape and cover it with another
piece.

2. Apply gentle pressure with your finger to ensure good contact between the tape
and the surface of the crystal.

3. Slowly peel the two pieces of blue tape apart and store the bulk crystal if it can
be picked up with tweezers.

4. Put tapes together at an angle to avoid overlap of flakes, and repeat steps 2-4
until around one-third of the flakes lose metallic luster. If the tape is full of
thick flakes, use a fresh piece of blue tape.

To get a good master tape, try to avoid folding the tape and reduce repeating step
2-4. Good contact between the tape and the flakes is important as it keeps the flakes
intact.

Transfer on substrate

When a master tape is ready (Fig 2.3(a)), we can place it onto a substrate of interest,
and peel the master tape off.PDMS

10 μm

50 μm 50 μm

Bottom-surfaceTop-surface

Polyethylene cover sheet

PDMS

Polyester substrate

Top-surface

Bottom-surface

10 μm

a b

c e

d

Figure 2.2. Surfaces of double-sided PDMS film. (a) Image of the PDMS film, consisting
of three layers: polyester substrate, gel material and polyethylene cover sheet. Optical
microscope image of the top surface between gel material and polyethylene cover sheet, in
bright field (b) and dark field (c).Optical microscope image of the bottom surface between
gel material and polyester substrate, in bright field (d) and dark field (e).
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Tape

Flake
PDMS

Glass

Flake

PDMS
Glass

Master tape

PDMS on glass
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b

c d e

f g

Figure 2.3. Mechanical exfoliation process. (a) A piece of master tape. (b) Substrate for
TMD exfoliation: PDMS on glass. (c) Master tape is placed onto the substrate. The cross-
section diagram is illustrated in (f). (d) Remove the master tape from the substrate. The
cross-section diagram is illustrated in (g). (e) Final monolayer sample. Scale bar: 5 mm.

In order to employ the all-dry transfer method, we utilize a polydimethylsiloxane
film (PDMS, PF-40/17-X4 from Gelpak) for monolayer TMD exfoliation. The double-
sided film consists of three layers: polyester substrate, gel material and polyethylene
coversheet. Despite the salesperson’s state that the gel material and its properties
are the same for both sides, we discover significant differences between them. As
depicted in Fig. 2.2, the interface between gel material and polyethylene cover sheet
(top surface) displays a cleaner surface with minor bubbles underneath, while the
interface between gel material and polyester substrate (bottom surface) shows more
visible dots. In addition, we find there is a slight difference in tack. The bottom
surface is more adhesive, suggesting more free polymer chains and residue. Thus, we
place the bottom surface onto a solid substrate and use the top surface to touch the
TMD flakes on a master tape. The PDMS is cut to a size of 1 cm × 1 cm and gently
placed onto a glass substrate (1.2 cm × 1.2 cm) (Fig 2.3(b)). Due to the softness of
the PDMS, this process should be done slowly and gently to prevent any strain on
PDMS and to ensure that there are no bubbles trapped between the PDMS film and
the glass substrate.

To peel monolayer from blue tape (Fig 2.3(c)), the adhesion between PDMS and
flakes should be larger than that of blue tape. The adhesion between PDMS and flakes
is determined by the peeling speed owing to the viscoelastic behaviour of the PDMS
[84]. By fast peeling off, the PDMS behaves as an elastic solid and attaches more flakes
from blue tape. On the contrary, at a slow peeling speed, PDMS detaches and releases
the flake to the adhere-preferential surface. This is also the working principle for the
all-dry transfer method (see Section 2.2). As the adhesion is kinetically controllable,
developing good hands-on skills for exfoliation requires practice.

After identifying a desirable monolayer in the sample (Fig 2.3(d)), a smaller piece
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(3 mm × 3 mm) of the sample is cut (Fig 2.3(e)) and stored in a vacuum. A high-
quality master tape typically yields good flakes and can be reused multiple times until
the yield decreases. It is important to make a new master tape when the yield is low,
as hunting for good flakes on a bad tape can be time-consuming and unproductive.
The good master tape can be stored by covering with PDMS for future use, but
long-time storage may increase residue on samples, possibly due to the adhesive bond
between the tape and PDMS.

Monolayer identification

There are several methods to identify whether a TMD sample is a monolayer or not,
including atomic force microscope (AFM), Raman spectroscopy, optical contrast of
microscope image and photoluminescence. Among them, evaluating optical contrast
is widely used, which turns out to be a fast, accurate and reliable method to identify
the thickness of layered TMD materials. Before using optical contrast, calibration
is necessary to correspond optical contrast to thickness. We then confirm the mono-
layer TMD thickness by its photoluminescence (the optical set-up will be discussed
in Chapter 3). Once the calibration is done, the measurement conditions for the
microscope, such as illumination intensity and exposure time are set for future use.
Fig. 2.4(a) shows an optical microscope image of the WSe2 on PDMS sample and
the optical contrast for different layers is recognizable to the naked eye. Fig. 2.4(b)
shows the PL of monolayer WSe2 (blue line) centered at ∼750 nm and its intensity is
five times stronger than the bilayer (red line), which is fully consistent with band-gap
nature and previously reported references [85].Optical contrast monolayer WSe2

Data:
PL-20210414-WSe2

1L

2L

ba

Figure 2.4. Monolayer WSe2 identification. (a) Optical microscope image of WSe2 on
PDMS, showing different optical contrast for different layers. Scale bar: 10 µm. (b) PL
spectra of monolayer and bilayer WSe2.
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hexagonal Boron Nitride (hBN)
A thin layer of bottom hBN is needed for transferring the heterobilayer onto the cavity.
The thickness of the bottom-hBN should be thin to bring the heterobilayer closer to
the cavity mode. For thin hBN flake exfoliation, oxidized silicon wafers are widely
used to enhance contrast due to interference enhancement (Fig. 2.5(a)). We have not
seen any reports using PDMS to peel hBN. We are still interested in knowing if it
is possible to obtain thin enough layers using PDMS peeling. If so, we can use an
all-dry transfer method for the ultimate device.

Since hBN cannot be identified by its thickness using PL due to its large band gap
of ∼5 eV, we first fabricate hBN flakes on PDMS and transfer them onto a ∼90 nm
SiO2/Si substrate (The transfer method will be described in Section 1.2.1). We can
calibrate the optical contrast by measuring the thickness using AFM performed by
Hanlin Fang at Chalmers University of Technology.

The results are shown in Fig. 2.5, showing microscopy images of the same hBN
flake on PDMS and SiO2/Si substrate. The thinnest hBN material we were able to
locate on PDMS corresponds to a thickness of 6 nm, which is sufficient for our project.
However, the contrast of this hBN layer on PDMS is significantly low, as depicted
in Fig. 2.5(b). It is important to note that this optical image is captured by a 100X
objective. When searching for flakes, we typically use a 20X objective to make the
process faster. At lower magnifications, the contrast is poorer as shown in Fig. 2.5(c)
and is barely detectable. This can also be distinguished from the colour of bulk
materials, as displayed in Fig. 2.1. In bulk form, TMD is completely opaque, while
hBN remains transparent. Therefore, we use SiO2/Si substrate for hBN exfoliation
as it significantly improves the contrast.
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Figure 2.5. Optical contrast of hBN. (a) Color plot of the optical contrast of monolayer
BN as a function of wavelength and SiO2 thickness, taken from Ref. [86]. Optical microscope
image of thin hBN flake on PDMS under 100X (b) and 20X (c) objective. Optical microscope
image of the same hBN flake on 90 nm SiO2/Si under 100X (d) and 20X (e) objective. Scale
bar: 50 µm.

2.2 Home-built transfer setup and techniques

A clean interface is crucial to obtain a high-quality heterostructure on optical per-
formance. Here, we use the all-dry viscoelastic stamping method [87] to assemble
heterobilayers, and the fast pick-up transfer technique [88] to protect the heterobi-
layer by hBN and to place it onto photonic crystal cavities.

Both of these two methods require a transfer setup. Fig. 2.6(a-c) shows the images



30 2 Fabricating TMD heterostructures and photonic crystal cavities

of our homemade transfer setup, which is initially designed by our collaborator Hanlin
Fang and optimized in use. It basically consists of a microscope imaging system (blue
box), a stamp stage (green box)and a substrate stage (orange box). The working
principle of the transfer setup is to lower the stamping stage until the stamp touches
the substrate then leave the flake on the substrate, and use the microscope simulta-
neously to trace the process and deterministically place the flake to the position of
interest. The specification of the transfer setup is shown in Table 2.1.

Transfer setup2

Make sure the 
heating stage is 
connected to 
the ground

Substrate stage 1.0

Substrate stage 2.0

Camera

Zoom lenses
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Figure 2.6. Homemade dry transfer setup for van der Waals heterostructure transfer. (a)
Picture of the transfer setup. (b) First generation of the substrate stage. (c) Top view
(left panel) and side view (right panel) of the second generation of the substrate stage with
a vacuum chuck. (d) Micrometer image taken by the 7X microscope system, showing a
0.65 mm field of view.

For the microscope imaging system, an 20X objective with a working distance of
20 mm is used to allow enough space for stamp insertion. In the meantime, the long
working distance corresponding to a small numerical aperture results in an inevitable
blur image under large magnification. One major feature of our designed system is
that we have a continuously adjustable magnification microscope system from 7X to
85X. Typically, a conventional microscope system requires multiple objective lenses
to provide different magnification levels, which inevitably increases the cost of the
transfer system. Our continuously adjustable microscope system can avoid switching
objectives back and forth during the transfer process and always allow us to find a
suitable magnification for different sizes of flakes. Apart from this, the translation
stage for the imaging system compensates for the limited field of view, giving the
possibility to observe the status of whole samples during transfer.
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For the stamp stage, a customized steel plate with holes is connected to a precise
xyz translation stage. The stamp will be mounted on the hole via double-sided
polyimide tape, as shown in the right panel of Fig. 2.6(c).

The substrate stage is one of the key elements of the transfer setup and can be
rotated 360° with a resolution of 0.477°, allowing the possibility of alignment of crystal
flake when stacking heterobilayers. The twist angle between two monolayers strongly
affects the properties of the bilayer and will be discussed in Chapter 4. In addition,
the substrate can be heated up to 200 °C. Note that the 200 °C heating range here is
limited by our heater controller (TC200 from Thorlabs). The maximum temperature
of the heater is 400 °C. To hold a substrate, we initially use a double-side polyimide
tape (Fig. 2.6(b)). The polyimide tape, also called Kapton tape, is heat resistant
with a use temperature range from -75°C to 260 °C. However, the adhesion is too
good to release the sample, which causes the risk of cracking fragile substrates like
silicon and GaAs. After several uses, the fragments left on the tape cause adhesion
vanishing and substrate skew. Therefore, we customize a new holder with a vacuum
chuck (Fig. 2.6(c)), which perfectly solves this problem. In this case, we always need
to remember to turn on the vacuum pump when transferring, as sudden separation
breaks TMD flakes into small pieces.

Table 2.1. Specification of homemade transfer setup

Specification

Microscope system

Objective 20X, W.D. 20 mm, N.A. 0.42
Magnification: 7X-85X continuously
Field of View: 0.65-0.054 mm + 25 mm
Sensor: 1/3 inch

Stamp stage xyz travel range: 13 mm, 50 µm/rev, resolution: 0.5 µm

Substrate Stage
Maxium temperature: 200°C
360° of continuous rotation, resolution: 0.477°/rev
xy travel range: 25 mm, resolution: 500 µm/rev

2.2.1 The all-dry viscoelastic stamping method
The generation of interlayer excitons is achieved through charge transfer between
two adjacent monolayers. The cleanliness of the interface between the two layers
plays a critical role in the efficiency of this process. In order to prepare high-quality
heterobilayers, a clean and efficient method is required. Here, we employ the all-
dry viscoelastic stamping method [87], which avoids any wet chemistry step and
relies on viscoelastic stamps. The process of heterobilayer stacking is illustrated in
Fig. 2.7. First, two exfoliated monolayer TMD flakes are mounted on the dry transfer
sample and substrate stages, respectively (Fig. 2.7(a)). The monolayer areas are
positioned via the imaging system and the substrate stage is rotated to control their
twist angle, and then fix the angle. The sample stage is gradually lowered, and their
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relative position is adjusted during the lowering process. When the two surfaces
come close, interference fringes emerge, and a clear boundary between the contact
and non-contact areas appears as shown in Fig. 2.7(b). Once the layers are in contact
(Fig. 2.7(c)), wait for 5-10 minutes to ensure good contact between the monolayers,
and do not move the relative xy position. The sample stage is raised back up to
separate the two stamps (Fig. 2.7(d)). As the adhesion between PDMS and flakes
is determined by the peeling speed, this process should be slow so that the van der
Waals force between the heterobilayer is stronger than that between monolayers and
PDMS. The resulting heterobilayer (Fig. 2.7(e)) can be either on the sample stage or
substrate stage. Heating throughout the entire transfer process can typically increase
the yield, usually at a temperature of 60 °C. The speed of the process can be controlled
by gradually increasing the temperature by 1-5°C, allowing for a slow, continuous and
controllable transfer.

Throughout the entire transfer process, the surface of the monolayer does not
come into contact with any colloids or chemicals, and no high-temperature heating
is required, to the best of my knowledge, making this the cleanest approach for
preparing heterobilayer interfaces. Furthermore, the transfer process of this method
is very simple and fast. During the exfoliation process, the TMD crystals tend to
break preferentially along specific crystal axes, especially the zigzag edge (the middle
and right panel of Fig. 2.7(a)). Thus, we can align these axes during the transfer
process and identify the twist angle by examining the crystal axes after the transfer
(right panel of Fig. 2.7(e)), providing the possibility for us to study the effects of twist
angle systematically.



2.2 Home-built transfer setup and techniques 33

Transfer process
All-dry transfer

• All-dry transfer process
• Sample image

Tape
Flake

PDMS
Glass

a

Flake1
PDMS

Glass Slide

Glass Slide
PDMS

Flake2

MoS2WSe2

MoS2/WSe2

20μm

~1.9°

b c d

e

Figure 2.7. Step illustrations of van der Waals heterostructure assembly via all-dry vis-
coelastic stamping method. (a) TMD samples are mounted on the dry transfer stages and
aligned at a desired angle. The middle and right panels show optical images of monolayer
WSe2 and MoS2. The dashed lines highlight the crystal axes. The sample stage is gradually
lowered (b) until the two layers are in full contact (c), after which it is raised back up (d).
The experimental images during the process (b-d) are shown in the lower panel. (e) Ob-
tained heterobilayer on PDMS substrate. The optical image is displayed in the right panel.
Scale bar: 20 µm.
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2.2.2 The fast pick up transfer method

After obtaining a high-quality heterobilayer, the subsequent step is to transfer it
onto a photonic microcavity. The all-dry viscoelastic stamping method facilitates the
transfer of flakes on stamps onto substrates with a strong affinity to the flakes, such
as gold and SiO2/Si. Nevertheless, this technique is not suitable for substrates with a
small effective area, including pillars, gratings, and nanobeam cavities. Furthermore,
it is challenging to pick up hBN on SiO2/Si substrates using this method. However,
the fast pick-up technique [88] can effectively resolve this issue.

The principle behind this technique is to take advantage of the strong van der
Waals force between polycarbonate (PC) film and 2D flake, enabling pickup flake
from substrates like SiO2/Si. The polymer is then melted by heating it to 180°C,
higher than the glass transition temperature. Using this method, the material can be
transferred to almost all substrates, even those with weaker adhesion to the material
than polymer.

This PC-mediated transfer process involves high-temperature heating and the use
of chemical reagents. To maintain the high quality of the heterobilayer, we encapsu-
late it between two hBN flakes. The presence of hBN serves to shield the heterobilayer
from oxidation during high-temperature heating and prevents contamination from
polymers and chemicals. Moreover, hBN provides a uniform dielectric environment
that reduces excitonic linewidths [89] and protects against further oxidation caused
by time, beam damage, and increased heat dissipation.

In this section, we will discuss the preparation of the PC stamp and explain the
pick-up and drop-down process to making an hBN/MoS2/WSe2/hBN heterostructure
on a cavity. Moreover, we will discuss the use of a dome-shaped stamp instead of a
flat stamp to improve the transfer process further.

Preparation of the PC stamp
The stamp for this method is a thin PC film placed on top of PMDS on glass. The
schematic cross-section is displayed in the top half of Fig. 2.8(a). To prepare a thin
PC film, we first dissolve the polycarbonate particles (CAS Number: 25037-45-0 from
SigmaAldrich) in chloroform to form a PC solution with a concentration of 6%. Then
we ultrasound it until the particles are fully dissolved. Next, we drop this solution
onto a glass slide and immediately cover it with another slide. As soon as the solution
spreads out, we rapidly slide the two slides. As the chloroform quickly evaporates into
gas, we obtain uniform PC film on glass slides after a few seconds. It is important to
note that the procedure should be carried out in a fume hood to ensure safety.

Although HQ Graphene company sells pre-made PC solutions, they are sold in
small quantities and are quite expensive, with a price of around 570 euro for just
30 ml. Consequently, we have decided to prepare the solution ourselves, using the
polycarbonate obtained from SigmaAldrich at a cost of 210 euro for 250 g. This
amount is sufficient to prepare around 4 liters of solution!
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We place a PDMS onto a flat glass substrate and use a scalpel to cut it into a
small piece with a size of 4 mm. Then, we attach four pieces of Scotch tape to the
edges of a PC film, forming a square aperture at the center that is larger than the
PDMS. Press the tape to increase adhesion. Detach the PC film from the glass slide
so that a thin film of PC is suspended across the hole in the scotch tape. and lay it
across the PDMS. Note the PC aperture must be larger than the PDMS stamp to
prevent the melting of Scotch tape during high temperature, which leaves a residue
that is difficult to remove. One can heat the stamp to 90°C before use to evacuate
any trapped air between the PC and PDMS layers. Once the PC stamp is prepared,
it can be mounted to the stamp stage. It is then ready for picking up flakes.

Pick-up and drop-down process

The process of the fast pick-up transfer method is similar to the all-dry viscoelastic
stamping method, with the main difference lying in temperature control. Fig. 2.8
depicts the schematic of the PC transfer process, mainly involving two steps: pickup
and dropdown.
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Figure 2.8. Schematic of the PC transfer process, consisting of pickup (a-c) and dropdown
(d-g) steps.

Similar experimental phenomena as in Section 2.2.1 are observed with the emer-
gence of interference fringes and a clear boundary between the contacted and non-
contacted regions. To pick up the first flake, top-hBN in our case, the top-hBN/SiO2/Si
substrate is pre-heated to 60°C. When it comes into contact with PC film, the temper-
ature is increased to 90°C and we wait for 5 minutes. Then the temperature is cooled
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down to 60°C and the bottom hBN is lift by the PC film. This process is then re-
peated to collect the heterobilayer and bottom-hBN materials. Then heterostructure
of bottom-hBN/heterobilayer/top-hBN on the PC stamp is obtained, as illustrated
in the cross-section schematic shown in the top half of Fig. 2.8(d).

Once the pickup process has been completed, the heterostructure is ready to be
positioned onto a desired cavity. Preheat the cavity to 150°C and after the heterostru-
ture is brought into contact with the cavity, the temperature is increased gradually
to 180-190°C. The temperature is kept high for 10 minutes to melt the PC film, after
which the sample holder can be slowly lifted. Finally, the PC is removed by rinsing
in chloroform for 1 minute and then in IPA solution (Isopropyl Alcohol). In this way,
we can successfully transfer hBN/MoS2/WSe2/hBN on the desired cavity.

Dome stamp
When using flat stamps, several issues arise. Firstly, there is relative motion between
the stamp and substrate as the contact area increases. In addition, the contact area
is large around 4 mm, which is the same size as the PDMS stamp. The surrounding
structures are covered with unexpected flakes, rendering them unusable for further
experiments. The dome stamp offers a highly effective solution to these issues, with
its innovative use first reported in the tear-and-stack technique of 2014 [90]. Upon
pressing the stamp onto the substrate, the resulting contact area takes on a circular
shape and expands outward radially. By controlling the size of the contact area, the
dome stamp can achieve a smaller contact area compared to flat stamps, while also
enabling precise control over the applied pressing force, thereby ensuring a reliable
and repeatable outcome.

The dome stamp is prepared at Chalmers University of Technology. The liquid
PDMS (SYLGARD 184) is made by thoroughly mixing the silicone elastomer base
with the curing agent. A droplet of the liquid is then carefully pipetted onto a flat
PDMS film, where the surface tension of the liquid causes it to naturally form a
hemisphere shape. The dome stamps are cured for 1 day. And the rest of the PMDS
film is cut off, resulting in the semi-sphere PDMS stamp (Fig. 2.9(a)).
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Figure 2.9. PC transfer with the dome stamp. (a) Image of a semi-sphere PDMS stamp
on glass. (b) Newton’s rings when the top and bottom layer comes close. (c) Picking up
flakes. (d) Released flakes on the cavity. (e) Dendritic pattern due to insufficient heating
temperature.

The transfer process for the dome stamp is similar to that of a flat stamp, but with
a few notable differences. The dome stamp acts as an optical lens that improves image
quality in the center, while blurring the surrounding area. Upon contact, Newton’s
rings are observed (Fig. 2.9(b)).

During the pickup process, it is advisable to maintain as small a contact area as
possible, as this will lead to fewer flakes being picked up and a cleaner PC film. It is
possible to achieve this by lifting the PC slightly during the heating process, which
prevents the contact area from expanding any further. However, as our translation
stage is manually controlled, it tends to produce shaking when hands touch the mi-
cromanipulator. For instance, when lowering the dome stamp to make contact with
the substrate surface, it may retract back to an uncontacted state upon the release
of hands. That brings challenges in controlling the speed of the process, especially
when positioning desired flakes precisely at the center of the dome. Rapid detach-
ment may result in flake breakage before reliable contact can be established. To
mitigate this issue, we place the flake at a distance from the center (Fig. 2.9(c)) and
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regulate the process through temperature control. In the future, an upgrade to an
electrically-controlled translation stage may be considered.

In contrast to the large contact area of approximately 4 mm observed with flat
stamps, the image in Fig. 2.9(d) shows a much smaller contact radius of around
100 µm after melting the PC using the dome stamp.

A potential issue that may arise during the experiment is illustrated in Fig. 2.9(e).
If the releasing temperature is not high enough, it can result in the formation of a
dendritic pattern.

With this technique, we successfully achieve to achieve hBN/MoS2/WSe2/hBN
on a desired cavity, as shown in Fig. 2.10(a). Due to the low optical contrast of
hBN on Si, we utilize a 585 nm bandpass filter with a bandwidth of 36 nm (#33-907
from Edmund) to enhance the contrast. The resulting images (Fig. 2.10(b)) show
several flakes observed on top of the cavity, indicating the successful transfer of the
heterostructure.HS

20μm 20μm

a b

Figure 2.10. Microscope images of hBN/MoS2/WSe2/hBN heterostructures on the cavity
without (a) and with (b) a bandpass filter.

2.3 Fabrication of photonic crystal cavities

The objective of this section is to describe the fabrication of a silicon microcavity
with a high-Q factor. The cavity design we employed is a topological nanobeam
cavity. More detail will be described in Chapter 5. To achieve this experimentally, it
is necessary to obtain precise dimensions in the fabricated structure that match the
design specifications as closely as possible. Additionally, it is important to minimize
surface roughness, which can cause scattering losses and diminish the Q factor.

To accomplish this goal, we have tested different etching recipes to determine the
sidewall roughness and verticality, as well as any resulting structural size deviations.
Then we compensate for any pattern deviations through the use of layout design.
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Sidewall test

To observe the sidewalls, it is necessary to cut the sample and observe the cross-section
after etching. The substrate used for the test sample is a Si wafer for the following
reasons: 1) Si wafers are thinner and easier to cleave into smaller pieces compared to
SOI wafers (Silicon on Insulator), which is the formal substrate for cavities; 2) they
can be used to test etching depths; 3) Si wafers are cheaper than SOI wafers.

The perpendicularity and roughness of the sidewalls are closely related to the
etching technology. There are two facilities in DTU Nanolab that can be used to
etch silicon: ASE and DRIE-Pegasus. We conducted etching experiments on samples
using both machines, and the results are shown in Fig. 2.11. We found that the
samples etched by ASE had much better sidewalls than those etched by DRIE. The
holes etched by DRIE showed a droplet-shaped pattern, with a narrower upper part
and a wider lower part, and got numerous particles on the inner wall. This may be
due to the instability of the DRIE instrument at the time. On the other hand, the
sidewalls etched by ASE were smooth and had better perpendicularity. Therefore, we
use ASE to conduct the following etching tests.

ASE VS DRIE

Width 25 nm 45 nm

dose260
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DRIE
52.71nm

62.75nm

247.6nm

65.26nm

69.19nm

250.9nm
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279.3nm

90.06nm

83.45nm

63.14nm

282.5nm

93.05nm

104.1nm

51.70nm

56.26nm

49.42nm

Figure 2.11. Sidewall test comparison of ASE and DRIE. Top(bottom) row: SEM images
under DRIE(ASE) etching processes.
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Etching deviation test
In addition to sidewall perpendicularity and roughness, we also need to test whether
the existing fabrication process can achieve the critical dimensions we need, i.e.,
whether the dimensions are deep and narrow enough. We conducted tests on a series
of structures with different sizes and etching times.

The etching depth strongly depends on the etching time. The etching time must
be long enough to ensure complete etching. When the Si layer on the SOI substrate is
etched through, plasma bombardment occurs on the SiO2 layer and reflects onto the
sidewall. Overetching may cause problems such as oversize dimensions, inadequate
resist mask thickness, and compromised sidewall perpendicularity. The cross-sections
of holes under the same etching time are displayed in Fig. 2.12, showing the etching
depth depends on the size and shape of the hole. We determined the appropriate
etching time under the condition of ensuring that the smallest hole we need could be
etched through.
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Figure 2.12. Cross section SEM images of a test sample under 12 cycles of dry etching.
Left column: rectangular mask with a 140 nm length and different width. Right column:
circular mask with different diameters.

Since the actual cavity is composed of holes of various sizes, and their etching
time is the same, there are varying degrees of deviation between the designed size
and the final prepared size. Therefore, we get the deviation from the actual prepared
size and made corrections to the layout accordingly.

Cavity fabrication
Once testing conditions are determined, we are ready to fabricate our formal sample.
The complete fabrication process flow is illustrated in Fig. 2.13, including six steps:
substrate cleaning, resist spin coating, electron beam writing, development, etching,
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and resist stripping. We do not hollow out our cavity, as this can compromise its
structural stability, which is essential for transferring to heterogeneous structures in
the future.

Nanofabrication process flow

e-
E-beam writing a

Si

e- e- e-
b c

Spin CoatingSOI Substrate

d
Developing

e
Dry Etching

f
Resist strip

SiO2
Si

CSAR

Figure 2.13. Schematic of nanofabrication process for silicon cavity. (a) SOI substrate
cleanning. (b) Resist spin coating. (c) Electron beam writing. (d) Development. (e) Dry
etching. (f) Resist stripping.

We use a 220 nm SOI wafer with a structure comprising a 220 nm top layer of
silicon and a 2 µm SiO2 layer separating it from the handle silicon layer. The standard
EBL positive resist CSAR (AR-P 6200.09 from AllResist) is coated on the pre-cleaned
chip with a thickness of 180 nm. After e-beam exposure, the sample is developed with
AR 600-546. After dry etching, resist are dissolved in 1165 solution. More fabrication
parameters details are described in Table.2.2

As two pieces of equipment are only capable of handling wafers, spin coater and
ASE dry etching machine, we bond our SOI chips to 4” carriers using Crystalbond,
wax with a flow point of approximately 65°C. Bonding and debonding are achieved
using a hotplate, and residue from the Crystalbond can be removed by acetone, IPA
and DI water.

The results are depicted in Fig. 2.14, exhibiting a clean surface and sidewall with
matching dimensions to our design. In addition, our optical measurements (discussed
in Chapter 5) observed a high-Q cavity mode, affirming the successful implementation
of the fabrication process.
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Table 2.2. Fabrication recipe for Si cavity

Step and tool   Parameters
Substrate  220 nm SOI (2 µm BOX)

Substrate cleaning: Ultrasonic immersion in 1165 for 30 min
IPA for 5 min

Spin coating:
Spin Coater: Gamma
e-beam & UV

180 nm CSAR (AR-P 6200.09 from AllResist)
4318-DCH 100mm CSAR 180nm
spun at a speed of 4500rpm
soft bake at 180°C for 3min

E-beam writing: Dose: 320 µC/cm2

Current: 0.8 nA
JEOL JBX-9500FSZ

Development:
Developer: E-beam

immersion in AR 600-546 for 60s
IPA for 60s
N2 blow-dry

 

Dry etching:
ASE

12 cycle of the Bosch process:
Etch: 5 seconds
C4F8 50 Sccm + SF6 50 Sccm, Coil: 500W,
Platen: 30W
Passivation: 3 seconds
C4F8 50 Sccm, Coil: 400W, Platen 0W

Resist strip: Ultrasonic immersion in 1165 at 60°C for 2 hours.
cavity

500nm 200nm

Figure 2.14. SEM images of cavity, taken by Xingyu Huang.
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CHAPTER3
Building an optical

characterization setup
After preparing the samples, we characterized them using optical methods. To char-
acterize the optical properties of intralayer excitons and interlayer excitons, we con-
structed a multifunctional optical testing platform with a working wavelength ranging
from visible to near-infrared. Starting from an old Andor SR500i spectrometer, which
was not used for many years, we invested significant efforts in building this optical
setup from scratch and also troubleshooting issues with the old spectrometer.

This chapter is divided into two main parts. The first section provides an overview
of our home-built optical setup and the challenges we faced during its construction.
Specifically, we discuss the difficulties we encountered while debugging the old spec-
trometer, which is the most crucial equipment in the platform. We also explain how
we overcame the challenges related to the near-infrared linear array detector and
optimized the grating to achieve optimal performance.

In the second section, we describe the specific measurement techniques we used
with this home-built setup to characterize our samples, including

• Micro-photoluminescence spectroscopy (µ-PL),

• Differential reflectance spectroscopy (DRS),

• Time-correlated single photon counting (TCSPC),

• Polarization-resolved second harmonic generation (SHG).

We also explain how we gather and process the raw data.
Overall, we believe that this chapter provides readers with a comprehensive un-

derstanding of our experimental setup and the techniques we used to characterize the
samples.

3.1 Home-built optical characterization setup
Fig. 3.1 shows the images of our home-built optical setup. Here we use the cage system
to construct the setup, which uses four rigid steel rods and optics are mounted along
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a common optical axis, as it provides robust stability and accurate alignment.
NIR setup

a b

Figure 3.1. The home-built optical setup for optical experiments on TMDs. (a) Image of
the setup. (b) Image of the spectrometer SR500i with dual input and output ports.

Optical components
For supporting a wide spectral range from visible to near-infrared, the optical compo-
nents selected for the multifunctional setup, including a collimator (protected silver
reflective collimator, operation wavelength: 450 nm - 20 µm), mirrors (protected sil-
ver mirror, 450 nm - 20 µm)), beam splitters (UVFS substrate, 600 nm - 1700 nm),
and objectives (LCPLN50XIR from Olympus, 400 nm - 1300 nm), are chosen to be as
broadband as possible. The multifunctionality inevitably results in some compromise
in efficiency. For example, the use of a dichroic mirror could double the PL collection
efficiency compared to a fifty-fifty beam splitter, but it cannot be used for DRS and
SHG measurements.

Microscope system
The dimensions of the heterobilayers and cavities are on the order of tens micrometers
of magnitudes. In order to locate the sample and precisely identify the location where
the excitation laser is aimed, a microscope imaging system is required. Fig. 3.2(a)
shows the schematic of the reflective imaging system, where the sample is illuminated
by a light-emitting diode (LED), and the reflected signal is collected by a 50x near-
infrared objective lens (LCPLN50XIR from Olympus) and focused onto the camera
(DCC1645C from Thorlabs). Fig. 3.2(b) displays a image of the heterobilayer sam-
ple, showing the clear boundary of the heterobilayer and good optical contrast for
monolayer and bilayer TMD. By calibrating the system with a stage micrometer, our
microscope provides a 56x magnification, with a sufficiently large field of view of
65.5 µm × 82.0 µm. With a camera pixel size of 3.6 µm, corresponding to 64 nm,
the system’s resolution is high enough to enable imaging of the focused laser spot.
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Additionally, we have equipped the system with a microscope objective lens turret
(OT1 from Thorlabs) and low-magnification objectives (5x and 10x), which help with
rapid sample location and positioning.

NIR setup
imaging system

LED

X-Y-Z

BS

FM

Camera

BS

Obj.

20 μm

a b

Lens
MoS2/WSe2

MoS2

WSe2

Figure 3.2. Imaging system. (a) Schematic of the imaging part of the setup. BS: beam
splitter, FM: flip mirror, Obj.: Objective. (b) Image of a MoS2/WSe2 heterobilayer on
PDMS taken under the imaging system.

Spectrometer system

In our optical setup, the most critical component is the spectrometer with an internal
structure shown in Fig. 3.3(a). It separates light of different wavelengths in space
using a diffraction grating and finally focuses it onto different positions on the detector
to obtain the spectral signal. The spectrometer (SR500i from Andor) was provided by
our collaborator Kresten Yvind and equipped with a silicon array camera (DU440A-
BU) and InGaAs line camera (DU491A-1,7).

Upon initial use, we found that the efficiency of the spectrometer is low, making
it impossible to measure the IX signal. During the process of debugging the spec-
trometer, we encountered difficulties in adjusting the beam spot to the center due to
the inadequate threaded knob of the tilt adjustment screws. An additional challenge
was the adjustment of the near-infrared detection path owing to the line array of
the InGaAs camera. The InGaAs camera is a linear CCD with 1024 pixels in the
x-direction and only one pixel in the y-direction with a width of 500 µm. In contrast,
the Si camera is an area CCD with 2048 x 512 pixels, and the y-dimension can reach
up to 6.9 mm in size. However, the spectrometer initially had only one output port
with a flange that could be connected to a camera. An additional output port with an
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array camera would be beneficial for the adjustment as well as the measurement of the
intralayer exciton. Thus, we decide to send the instrument back to the manufacturer.

To improve the efficiency, we procured a new turret equipped with three new
diffraction gratings. The parameters of gratings are listed in Table.3.1. Compared
to the old gratings, these new gratings are designed to achieve optimal diffraction
efficiency (blaze wavelength) close to the wavelength of our interest with protected
silver coating to maximize efficiency in the NIR region.

Table 3.1. Specification of gratings of the old and new turret for the spectrometer.

The old turret The new turret
Grating 1: 300 l/mm Blaze: 500 nm Grating 1: 150 l/mm Blaze: 800 nm SIL
Grating 2: 600 l/mm Blaze: 1900 nm Grating 2: 600 l/mm Blaze: 1200 nm SIL
Grating 3: 1200 l/mm Blaze: 500 nm Grating 3: 1200 l/mm Blaze: 1000 nm SIL

After upgrading the spectrometer, we performed adjustments and calibration of
the diffraction gratings. A top view of the new turret is displayed in the bottom panel
of Fig. 3.3(b), showing two pairs of push-pull screws for each grating, referred to as
the tilt and roll adjustment screws. These adjustment screws rotate the grating in
different planes and result in diffracted light variation. As illustrated in Fig. 3.3(c),
the roll adjustment screws change the rotation angle of diffracted light and the tilt
shifts the position. Our old turret (see the top panel of Fig. 3.3(b)) cannot reach the
tilt screws with a cover lid, making the adjustments much more inconvenient. When
the diffracted light hits the edge of the InGaAs line detector, a comb feature with
intensity decreasing appears, like the red and blue curve in Fig. 3.3(d). The yellow
curve shows a well-aligned spectrum.

The adjustment process for the roll and tilt screws is a time-consuming one, as
even a slight tilt change of 0.03° can lead to a significant image shift of 10 × 26 µm
pixels on the sensor [91]. Additionally, these screws are push-pull screws, which means
that tightening one screw requires the loosening of the other. Therefore, it is crucial
to proceed with caution and patience during the adjustment process, especially when
approaching the final stages. For the Si array camera we used, it takes at least 13
seconds to capture a complete image. To shorten the acquisition time, we can read
only a few rows of the image in the readout area when the beam spot moves within
a small range.

The adjustment process is as follows:

1. Set the grating to zero order to serve as a mirror, adjust the height of the
monochromatic incident light until a signal can be detected by the InGaAs line
scan camera, then rotate the flip mirror to switch to the Si array camera to
correspond to the height of the line scan.

2. Adjust the tilt adjustment screws on the turret to make the beam spot at the
same horizontal line when rotating the grating to 0th, 1st, and 2nd orders.
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3. Adjust the roll adjustment screws on the turret to align the beam spot with the
height of the InGaAs line camera.

4. Repeat steps 1-3 for the remaining two gratings to ensure that the three grat-
ings on a turret produce images at the same heights. Make sure all the screws
are tightened.

Finally, we performed the calibration by setting the grating offset utility in the
Shamrock control panel, and the spectrometer is now ready for use.
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Figure 3.3. Problem-shooting of the spectrometer. (a) Internal structure of the spectrom-
eter, consisting of entrance slits, a pair of mirrors, diffraction gratings, and a detector. (b)
Top view comparison of old and new turrets. The top panel shows the old turret while the
bottom panel shows the new turret. (c) A schematic of diffracted light hitting a 2D/1D
detector. A light beam is split by the diffraction grating, depicted as a colorful straight line.
The angle and position of the line can be adjusted by the tilt and roll adjustment screws.
(d) PL spectra for light hitting different positions of the line detector. The yellow curve
shows a typical smooth spectrum from InAs/GaAs QDs. The red and blue curves show the
spectra when the light is not parallel to the line detector and partially hits the edge of the
InGaAs line detector.
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3.2 Optical techniques with our setup

3.2.1 Micro-photoluminescence spectroscopy (µ-PL)
The photoluminescence (PL) process involves the absorption of high-energy photons
that excite electrons from the valence band (VB) to the conduction band (CB).
Through rapid relaxation process, the electrons transit to lower energy states and
bind with holes to form excitons. Recombination can occur through both radiative
and nonradiative processes. Thus, only the radiative recombination process can emit
photons that are detectable by the camera.

The schematic of the µ-PL setup is displayed in Fig. 3.4(a). A 637-nm laser source
is utilized with emission energy above the band gap of TMD samples. As mentioned
above, the excitonic effects will dominate the light emission properties of the TMD
samples. A small laser spot size (∼ 1 µm) is realized by the use of a high numerical
aperture objective (NA=0.65), enabling us to detect local PL emission features in
the samples. The emitted photons are collected and sent to the spectrometer and
analyzed by their emission energies and linewidths.

X-Y-Z

SpectrometerBS

Laser

LPF
Obj.

a b

Lens

Figure 3.4. (a) A schematic of the PL setup. LPF: long-pass filter. The focal length of the
lens in front of the spectrometer is 50 mm. (b) PL spectra of the monolayer WSe2 detected
by the Si line camera (DU440A-BU) and the InGaAs array camera (DU491A-1,7).

Fig. 3.4(b) shows the PL spectra of the monolayer WSe2 detected by the Si array
camera (DU440A-BU) and the InGaAs line camera (DU491A-1,7), respectively. We
discovered that the back-illuminated Si array camera, which has an anti-reflective
coating optimized for ultraviolet (UV) performance, exhibits interference fringes in
the spectrum for wavelengths above 700 nm (blue curve in Fig. 3.4(b)). This charac-
teristic makes it unsuitable for studying intralayer exciton.

However, the InGaAs line camera is capable of detecting signals in a range span-
ning from 600 nm to 1700 nm. Although the quantum efficiency of the InGaAs
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camera at visible wavelengths is relatively low (e.g., 15% at 700 nm) compared to
NIR wavelengths (e.g., 85% at 1200 nm), the strong luminescence of the intralayer
exciton enables us to acquire its spectra (red curve in Fig. 3.4(b)). Figure 3.5 displays
the PL spectra from different samples, showing a wide operation wavelength range
from 700 nm to 1600 nm.

PL spectrum
spectrum range 

Figure 3.5. PL spectrum range of the optical setup using the InGaAs line camera. The
samples (S1-5) shown here are monolayer WSe2, InGaAs QW, InGaAs QDs, InAs/GaAs
QDs, and InP QWs, respectively.

In addition, our setup is capable of weak signal detection. For example, we can
measure the PL from monocrystalline silicon, which has relatively low luminescence
efficiency due to its indirect bandgap nature. The raw data of the Si PL spectrum
is depicted in the red curve in Fig. 3.6(a), showing a PL intensity of 1000 counts per
second under 2680 µW excitation power. Since the signal is weak, the influence of
background noise must be considered. This background noise may come from the
read noise and thermal noise from the camera as well as unexpected noise from the
dark experiment lab. The background is a spectrum taken under the same acquisition
condition without excitation (blue curve in Fig. 3.6(a)) of the camera.

Therefore, we subtract the background and obtain a pure PL spectrum (see
Fig. 3.6(b)). The cut-off at 1000 nm comes from a long-pass filter. 1

For samples with strong PL, whether or not to subtract the background has little
effect. For a better illustration, the PL spectra from the GaAs QDs sample are
displayed in Fig. 3.6(c-d), showing a strong PL intensity at above 20000 counts per
second under 6.7 µW excitation power. Since the signals from our heterobilayer
samples are usually weak, the background has been subtracted from all the data in
this thesis.

1A strong excitation laser at a short wavelength of 637 nm is used to pump the sample. A single
long-pass filter is not sufficient to filter out the laser, resulting in the detection of the second-order
diffraction light by the sensitive detector, i.e., a sharp peak at 1274 nm. Thus we add another
long-pass filter to block the laser completely.
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Figure 3.6. Weak signal detection. (a) Raw PL spectrum (red) from silicon by using an
SOI substrate with an excitation power of 2680 µW, and background noise (blue). (b) Pure
PL spectrum after subtracting the background. The cut-off at 1000 nm comes from a long-
pass filter. (c) Raw PL spectrum (red) from GaAs quantum dots at 6.7 µW excitation power,
and background noise (blue). (d) Pure PL spectrum after subtracting the background.

Scanning the sample and recording PL at each point results in a three-dimensional
hyperspectral data set, and this type of measurement is known as PL mapping. The
spatial distribution of optical properties provides more information about the homo-
geneity of the sample, as will be seen in Section 4.1.

3.2.2 Differential reflectance spectroscopy (DRS)

In TMD monolayers, the dominating oscillators are exciton resonances. Differential
reflectance spectroscopy (DRS) is regarded as the way to measure of absorption spec-
tra [92, 93], thereby providing valuable information on exciton optical transitions in
TMDs.

DRS involves measuring the reflectivity of a non-absorbent substrate without
(R0) and with (R) an absorbent thin film on the top, respectively. It indicates the
reflectivity change introduced by the presence of thin film and is defined as

△R

R0
= (R − R0)

R0
(3.1)
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Strictly speaking, measuring absorption (A) requires the measurement of both
transmittance (T) and reflectance (R) where A = 1 − R − T. In practice, the differ-
ential reflectance over a wide spectral range is sufficient to determine the complex op-
tical dielectric function and optical susceptibility [94,95] using the Kramers-Kroning
relation. The differential reflectance of the thin film layer (d ≪ λ ) at normal inci-
dence is proportional to the absorption properties of the film and is expressed as [92]

△R

R0
= 4

n2
0 − 1

A(λ) (3.2)

where A(λ) represents the absorbance of the thin film and n0 is the refractive index
of the substrate which is assumed to be constant.

Our TMD samples supported by PDMS are ideal for implementing the DRS
method because the PDMS has a refractive index of 1.43, resembling a transpar-
ent glass substrate. The supported layers preserve the absorbance spectral shape as
the suspended layers [94].

The schematic of the DRS setup is illustrated in Fig. 3.7(a), which is similar to
the PL setup as they share the same objective and BS. There are two distinctions
between them. Firstly, DRS utilizes a broadband light source to illuminate the sample;
Secondly, the reflected light is guided to the same spectrometer without the need for
a long-pass filter to block the pumping laser. The broadband light source employed in
our study is a supercontinuum light source (compact-SuperK from NKT photonics)
which covers a wide spectrum typically ranging from 400 nm to 2400 nm. A 532 nm
long pass filter is placed in front of the SuperK as the spectrometer is not sufficient
to detect this short wavelength and we keep the incident power as low as possible to
prevent damage to samples. The average intensity measured is around 67 nW.
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Figure 3.7. Differential reflectance spectroscopy. (a) A schematic of the DRS setup. Sam-
ples are illuminated by a broadband light source (compact-SuperK from NKT photonics).
(b) Raw reflectivity recorded from the PDMS substrate R0 (blue) and the monolayer WSe2
on PDMS sample R (red). (c) Differential reflectivity (R-R0)/R0 of monolayer WSe2 ob-
tained by processing data from (b).

Figure 3.7(b) shows the reflectivity spectra obtained from the PDMS substrate
(R0, blue curve) and the monolayer WSe2 on PDMS sample (R, red curve), respec-
tively. The calculated differential reflectivity spectrum of monolayer WSe2, illus-
trated in Fig. 3.7(c), clearly evidences the A exciton state at 1.673 eV. In addition,
there appears a non-distinct broad peak around 2.069 eV, which is likely to be the
B exciton. As this spectral range is challenging the detection limit of the instru-
ment (corresponding to 600 nm, i.e., 2.067 eV), we will not discuss it further. From
Fig. 3.7(b) and (c), we can tell the differential reflectivity eliminates the contribution
of the substrate and strongly enhances the visibility of optical transitions.

Our results show a flat background thanks to the transparent substrate. The DRS
technique has also been employed for TMD flakes on the SiO2/Si substrate. In this
case, the resulting peaks will be superimposed on a broad background, which arises
from the interference effects induced by the SiO2 layer located between the TMD
layer and the Si substrate.2

DRS and PL

PL and DRS are both linear optical processes, and the nonlinear optical process will
be discussed later in the second harmonic generation section (Section 3.2.3).

2Ref. [31] stated that the interference does not significantly impact the measured energies in their
supplementary material. However, Ref. [96] reported that the substrate-related interference effect
did affect excitonic features and suggested that the optimized SiO2 thickness is 50-100 nm to
investigate the exciton properties.
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As mentioned before, DRS is regarded as the measure of the absorption from
which the ground and excited excitonic states of the fundamental optical transition
can be determined3. It is used to deduce the energy levels of materials, for instance,
obtaining spin-orbit coupling-induced valence band splitting [97, 98] based on the
presence of A and B exciton features.

The PL process involves absorption, relaxation and recombination. And the re-
combination of excited states can occur through radiative or nonradiative processes.
A PL process is intricate, as the radiative recombination of states is susceptible to
the influence of various factors, such as phonons and defects, and PL probes the pop-
ulation of states. PL spectroscopy is a powerful method to detect radiative optical
transitions, including direct exciton transitions, defect states in the gap and exciton
complexes that possess such a weak oscillator strength that it is difficult to trace in
absorption. However, its application to indirect band gap semiconductors and de-
tect dark exciton states are challenging, such as momentum indirect excitons, the
quenched intralayer excitons, and hybrid excitons in heterobilayers.

By comparing the PL and DR spectra, one can gain great insight into the optical
properties of states within a material. For instance, it can reveal the direct bandgap
nature of monolayer TMDs4 [20, 92], and obtain the binding energy charged-exciton
states [97].

3.2.3 Polarization-resolved second harmonic generation (SHG)
The polarization-resolved second harmonic generation (SHG) is an efficient and sen-
sitive tool for characterizing the crystal axis of the TMD flakes and determining the
twist angle of the stacked bilayer [99–101]. In contrast to TEM microscopy, it is
nondestructive and does not require special sample preparation.

Second harmonic generation is a second-order nonlinear optical process, shown
in Fig. 3.8(a), where two lower energy photons with the same frequency ω are up-
converted into a single photon with frequency 2ω. Under an incident electric field
E(ω), the second-order nonlinear polarization P (2)(2ω) be written as

P (2)(2ω) = ε0χ(2)E2(ω) (3.3)
where ε0 refers to the permittivity of free space, χ(2) is the second-order susceptibility.
The SHG can only occur in non-centrosymmetric crystals, that is, crystals without
inversion symmetry.

The most commonly studied monolayer TMDs belong to the non-centrosymmetric
D3h point symmetry group with broken inversion symmetry along the armchair direc-
tion and possess large second-order susceptibilities χ(2) ranging from 5 to 500 pm/V
3Ref. [31] observed the A, B, and C transitions from differential reflectance and the 1s, 2s, 3s, 4s,
and 5s states of the A exciton by the derivative of the differential reflectance.

4In Ref. [20], the PL peak from monolayer MoS2 matches the lower absorption resonance in both its
position and width. And the bilayer PL emerges a low energy peak ∼300meV below the A exciton
absorption peak. Besides, the quantum yield of MoS2 strongly decreases by more than a factor of
1000 from the monolayer (direct band gap) to the multilayer (indirect band gap).
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depending on excitation wavelength [102] and sample quality [103]. As a compari-
son, the typical value of χ(2) in conventional crystals such as NH4H2PO4 (ADP) and
KH2PO4 (KDP) is in the range of 1 pm/V [104]. In addition, the atomic thickness of
2D TMDs eliminates the requirement for phase matching , resulting in the monolayer
TMDs exhibiting strong optical SHG.
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Figure 3.8. Second harmonic generation for the crystal axes determination in monolayer
TMDs. (a) A schematic of the SHG process. (b) The crystalline and the laboratory coordi-
nate systems. The armchair (x-axis) is oriented at angle θ from the laboratory X-axis. (c)
Simulation of the parallel SHG intensity modulation as a function of the sample rotation θ
for two different armchair orientations, θ=0° and 20°. (d) Simulation of the parallel SHG
intensity modulation as a function of the linear excitation angle φ for θ=0° and 20° armchair
orientations, showing a relationship of θ = 2

3 φ.

Determination of the crystal axes of 2D TMDs 5

The second-order nonlinear susceptibility tensor χ(2) of monolayer TMD [105] has
four non-zero elements χ

(2)
xxx=-χ(2)

xyy=-χ(2)
yyx=-χ(2)

yxy, where x and y denote the armchair
and zigzag direction, respectively. Thus, the second-order polarization in the crystal
coordinate system (x, y, z) is given by

5This section is partially adapted from [105]
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(3.4)

Now a linearly polarized electric field normally incident on monolayer TMD at an
angle φ with respect to the lab coordinate (X, Y, Z), that is

(
EX

EY

)
= E0

(
cos(φ)
sin(φ)

)
.

The crystalline and laboratory coordinate systems are illustrated in Fig. 3.8(b). The
armchair (x-axis) orients at angle θ from the X-axis. The incident electric field in the
crystal coordinate is achieved by multiplication with a rotation matrix(

Ex

Ey

)
= E0

(
cos(θ) sin(θ)

− sin(θ) cos(θ)

) (
cos(φ)
sin(φ)

)
= E0

(
cos(θ − φ)

− sin(θ − φ)

)
(3.5)

Using Eq. (3.2), the second-order nonlinear polarization can be expressed in the
crystal coordinates by P

(2)
x

P
(2)
y

P
(2)
z

 = ε0χ(2)
xxxE2

0

cos(2θ − 2φ)
sin(2θ − 2φ)

0

 (3.6)

The second-order nonlinear polarization can be expressed in lab coordinates by mul-
tiplication with a rotation matrix.P

(2)
X

P
(2)
Y

P
(2)
Z

 = ε0χ(2)
xxxE2

0

(
cos(θ) − sin(θ)
sin(θ) cos(θ)

) cos(2θ − 2φ)
sin(2θ − 2φ)

0


= ε0χ(2)

xxxE2
0

cos(3θ − 2φ)
sin(3θ − 2φ)

0


(3.7)

Thus, the SHG intensity of the components parallel to the X axis with respect to the
polarization of the incident field and the crystal axes is given by

I
(2ω)
monolayer = [A cos(3θ − 2φ)]2 (3.8)

where A = ε0χ
(2)
xxxE2

0 . The generated SHG follows the cos2(3θ) or cos2(2φ) de-
pendence, corresponding to a six-fold or four-fold rotational symmetry, according to
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different experiment configurations 6. When the TMD sample is rotated while the po-
larization of the excitation laser and SHG signal are fixed, the SHG pattern exhibits a
known six-fold rotational symmetry [99,106,107] (see Fig. 3.8(c)), where the maxima
of the measured SHG signal correspond to the armchair direction. In the case of only
the polarization of incident light rotation, the SHG response shows a four-fold pat-
tern [100, 101, 106] (see Fig. 3.8(d)), and the armchair direction of monolayer TMDs
is determined by θ = 2

3 φ.
In our experiment, due to the limited size of exfoliated TMD flake, rotating the

polarization of the excitation laser is a more feasible way compared to rotating the
sample, as it ensures the accuracy of the measurement position. Fig. 3.9(a) illustrates
the schematic of our SHG setup. Nonlinear process requires an intense electric field,
thus a 100 fs pulsed laser is used at a wavelength of 1550 nm with a repetition
rate of 80 MHz and propagates through a polarizer to ensure its linear polarization.
The orientation of the laser polarization is often controlled by the zero-order half-
waveplate to avoid laser spot shifting resulting from polarizer rotation. The half-
waveplate is placed in front of the objective [108, 109], so that the generated SHG
signal (at 775 nm) is also modulated, which leads to the same phenomenon as sample
rotation. Simultaneously rotating both the polarization of the excitation laser and
the collection analyzer [110, 111] also results in a six-fold pattern in SHG response.
The excitation laser is blocked using a short-pass filter. The parallel component of
SHG IX is filtered by an analyzer aligned with the first polarizer. The SHG signal is
then focused on the spectrometer.

SHG setup
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Figure 3.9. Second harmonic generation for the crystal axes determination in monolayer
TMDs. (a) A schematic of the SHG setup. LP: linear polarizer, HWP: half-wave plate, SPF:
short-pass filter. (b) Polar diagrams of the experimental SHG intensity as a function of the
excitation polarization angle.

6A clear comparison of SHG patterns with respect to experiment configurations can be found in the
supplementary material from Ref. [106]
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The result of the experimental SHG intensity polar diagrams is displayed in
Fig. 3.9(b), showing a six-fold symmetry pattern with different maxima and min-
ima in each petal. We attribute the butterfly pattern to the polarization-dependent
beam splitter (BSW29R from Thorlabs). The BS shows strong polarization depen-
dence with 60% (40) reflectance for S-(P-)polarized light, resulting in a change of
SHG intensity and polarization. Therefore, in this project, the SHG experiments are
performed at Aalto University with the help of Yi Zhang.

Determination of the stacking order of TMD bilayers

In the bilayer scenario where two monolayers are stacked together, the total SHG
generated by the twisted bilayer is a result of the interference of SHG from two
individual monolayers and is described by

I
(2ω)
Bilayer = [A1cos(3θ − 2φ) + A2cos(3(θ + △θ) − 2φ)]2 (3.9)

where A1 and A2 refer to the two monolayers, △θ is the twist angle between
them. When the two monolayers are aligned △θ=0°, i.e., in the R stacking, the SHG
signal from the bilayer is a result of constructive interference, resulting in total SHG
intensity larger than that of each monolayer. For instance, in a homobilayer where
A1=A2, the SHG intensity is four times stronger than that of the monolayer. In the
case of H stacking △θ=60°, destructive interference occurs, leading to a quenching of
SHG intensity. Therefore, the twist angle of the bilayer can be determined.
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3.2.4 Time-correlated single photon counting (TCSPC)

Time-correlated single photon counting (TCSPC) is a commonly used technique to
investigate the time-dependent behaviour of photon emission. This technique enables
the determination of the average duration for which a particle remains in an excited
state before undergoing a transition to another state, commonly referred to as lifetime.Lifetime setup
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Figure 3.10. Time-correlated single photon counting (TCSPC) measurement. (a)
Schematic of the TCSPC setup. SPD: single photon detector. The photon decay of dif-
ferent MoS2/WSe2 heterobilayer samples (red and blue curve) as a function of time interval
on a linear scale (b) and a logarithmic scale (c). The black curves are the exponential fit for
each lifetime dataset.

The schematic of our TCSPC setup is illustrated in Fig. 3.10(a), which comprises
a pulsed laser (Laser Head: LDH-IB-640-B, Driver: Taiko PDL M1 from PicoQuant),
a single photon detector (ID220-FR-MMF from IDQ), and a time tagger (TT20 from
Swabian Instruments) that measures time intervals. The laser sends an optical pulse
to excite the sample and simultaneously synchronizes the electrical pulse signal to
trigger the time tagger (tstart). The single photon detector detects the emitted photon
from the sample, which sends an electrical signal to the time tagger (tstop). The arrival
time (tstop-tstart) is determined between the excitation pulse and detected photons
and is recorded in a histogram [112]. With periodic excitation, fluorescence decay
can be reconstructed. This technique is essentially a statistical process.

In our experiment, the pulsed laser operates at a wavelength of 637 nm, the same
as the CW laser, with a pulse width of less than 90 ps and a maximum repetition rate
of up to 100 MHz, corresponding to a time interval of 10 ns. Since the IX lifetime is
in the order of tens of nanoseconds, a lower repetition rate is required to ensure that
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the photon fully decays before the next pulse arrives. Here, we typically employ a
10 MHz repetition rate to quantify the lifetime of the IX.

Fig. 3.10(b) displays typical exponential decay curves we measured from different
MoS2/WSe2 heterobilayers, where sample 1 (S1) exhibits a much slower decay than
sample 2 (S2). The experimental data are fitted by utilizing the equation y = e− t

τ ,
where τ represents the lifetime. To visually evaluate the quality of the data falling
upon an exponential curve, plotting the data on a logarithmic scale is recommended
(see Fig. 3.10(c)). As shown in the figure, the fitting results align well with the data
points. By employing this method, we obtain the lifetime of S1 and S2 as 11.62 ns
and 320 ps, respectively.

The fast decay indicates that our system possesses a narrow Instrument Response
Function (IRF) width of less than 320 ps. Since we do not have a suitable laser
for the required wavelength, we have not measured the IRF of our equipment. We
believe the fast decay is already approaching our system’s IRF, given that the timing
resolution of our SPD is at a minimum of 250 ps. For a sample with a short lifetime,
deconvolution is necessary as the measured decay is the convolution of the physical
process of exponential decay and the IRF. However, for the sample with a longer
lifetime in the nanosecond range, this short IRF has practically no effect.

When conducting TCSPC measurements, it is important to pay attention to cer-
tain details. For example, the voltage range that TT20 can accept is -0.3 to 5V, but
the sync output voltage signal of the pulsed laser is negative (< -0.8 V). Therefore, a
signal inverter (SI100) is required to convert the electrical signal into a positive value.
It is also important to note that the sync output voltage will change with the change
in repetition rate.

During testing, we need to set some parameters of the time tagger, such as dead
time and trigger level. We have found that the trigger level has a significant impact
on the measurement results, and we also encounter data overflow problems, which
require the use of conditional filters to solve. These two points are discussed in detail
below.

Trigger Level

The trigger level is a crucial parameter for the measurement as it affects the time
resolution. Even though the SPD detector has a very clean rectangular response with
a peak voltage of 3.44 V (see Fig. 3.11(c)), we observe significant differences in decay
curves when adjusting the trigger level of the SPD channel to 1 V and to 1.6 V, as
shown in Fig. 3.11(a-b). Specifically, the 1 V setting shows a sharp rising edge, while
the 1.6 V setting exhibits a broader rising edge, accompanied by oscillations in decay.

To achieve the highest time resolution, one should select a trigger level at which the
slope of the detector pulse is highest (i.e. the slew rate is highest), where fluctuations
have the least impact on the time. Around 1.6 V, the slope appears to fluctuate (see
the arrows in Fig. 3.11(c)), which might explain this phenomenon. In practice, it is
recommended to sweep the trigger level until time resolution is optimized. In our
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experiment, we choose a trigger level of 1 V for the SPD channel and 0.5 V for the
pulsed laser channel.

Trigger level

1.6 V

1 V

Trigger level : 1 V

Trigger level : 1.6 V
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b

c

c

SPD

Pulsed laser

Figure 3.11. (a) A typical decay at an SPD trigger level of 1V, showing a sharp rising
edge. (b) A decay at an SPD trigger level of 1.6 V, showing a broadening rising edge. (c)
Electrical signal from the SPD in oscilloscope (d) Electrical signal from the pulsed laser after
SI100 in oscilloscope

Overflow and Conditional Filter 7

The time tagger (TT20) is capable of continuous streaming of about 8 million tags
per second on average. Due to the high-frequency signal from the pulsed laser, buffer
overflows occur, causing parts of the time tags lost. So we employ the conditional
filter to decrease the time tag rate, using the SPD channel to filter the high data
rate channel. One may find the lifetime curve is cut and one part is shifted by one
period, as shown in Fig. 3.12. This indicates that there is a physical delay between
these two channels. Given that the TT20 lacks the capability to introduce adjustable
hardware delay, the delay can only be compensated by external delays, either optical
path length or coaxial cable length. In order to introduce an additional delay of
approximately 30 ns (see Fig. 3.12), one would need to increase the optical path
length by around 9 meters or add around 6 meters of coaxial cable (the speed of an
electrical signal is about 2/3 that of light). Given the length, we process the data by

7This section is partially adapted from [113]
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cutting and linking the signal from the left to the right. We have not observed any
issues with processing the data in this manner, as illustrated in Fig. 3.10(b-c).

Conditional filter

Figure 3.12. The photon decay curve as a function of time with condition filter.



CHAPTER4
Measuring moiré
excitons at room

temperature
It is by now widely recognized that moiré superlattices can form due to a small
twist angle and lattice mismatch between two monolayers [114]. The appearance
of moiré superlattices creates a lateral periodic potential for excitons, resulting in
exciton localization (known as moiré excitons), which has been widely observed at
cryogenic temperatures [46, 66, 115]. From first-principle calculations [46, 62], the
depth of the moiré potential is predicted to be approximately 100-200 meV, much
larger than the thermal energy of ∼25 meV at room temperature. A very recent
experiment [72] correlates the multipeak feature in IX emission spectra from free-
standing WS2/WSe2 heterobilayers with moiré IXs. However, strong evidence for the
presence of moiré potential at room temperature is still lacking. In this chapter, we
will focus on the experimental studies about the MoS2/WSe2 heterobilayer on PDMS,
followed by a detailed discussion of the results about the existence of moiré potential
at room temperature and its impact on excitonic emission. This chapter is divided
into four sections.

The first section gives basic optical properties of MoS2/WSe2 heterobilayers. Our
hyperspectral imaging result shows a good sample quality, evidenced by the homo-
geneity in the strong quenching of WSe2 exciton emission and emergence of IX emis-
sion.

The next three sections are based on our unpublished article arXiv:2302.01266
(2023) [116]. In the second section, we show the existence of room-temperature moiré
excitons in MoS2/WSe2 heterobilayers by twist angle-dependent PL measurements,
power-dependent PL measurements, and twist angle-dependent differential reflectance
spectroscopy.

In the third section, we carry out the time-resolved PL dynamics to study the
influence of the moiré potential on the IX. The moiré-suppressed non-radiative re-
combinations give rise to a long IX lifetime, which is beneficial for our further study
on laser applications.
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The fourth section summarizes the impact of moiré potential on IX at room tem-
perature and its potential benefits for laser applications.

4.1 Fundamental optical properties of MoS2/WSe2
heterobilayers

Compared to thrive MoSe2/WSe2, the optical study of MoS2/WSe2 has been progress-
ing slowly, possibly due to the fact that the fundamental IX emission of MoS2/WSe2
heterobilayers (below 1.1 eV) cannot be detected by Si detectors. At the initial study-
ing stage, several experiment works reported an observation of IX emission wavelength
in MoS2/WSe2 heterobilayers around 800 nm (1.55 eV) [117,118]. However, the den-
sity functional theory (DFT) calculation and STS measurement have predicted that
the IX resonance is below 1.3 eV [37,71]. And the observed exciton emission around
800 nm has been proven to originate from the indirect K-Γ transition rather than K-K
transition [119]. In 2019, Tony F. Heinz’s group [47] and Weibo Gao’s Group [14]
did observe a fundamental IX emission below 1.1 eV (1240 nm and 1120 nm, respec-
tively). Such a long wavelength emission is compatible with the well-developed silicon
photonics platform.

In our study, we focus on MoS2/WSe2 heterobilayers. The band alignment of
MoS2 and WSe2 monolayers around ±K point is illustrated in Fig. 4.1, showing a
bright K-K transition of IX around 1240 nm [47]. Monolayer MoS2 and WSe2 are
exfoliated mechanically and stacked with the dry transfer technique (see fabrication
details in Chapter 2) to obtain a clean interface and high-quality optical properties.
All the measurements mentioned in Chapter 4 are carried out at room temperature
on MoS2/WSe2 heterobilayer on the PDMS substrate unless specified otherwise.
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Figure 4.1. Schematic of the type-II band alignment in MoS2/WSe2 heterobilayers. The
blue and green colours indicate intralayer excitons in monolayer MoS2 and WSe2, and the
orange indicates IX in MoS2/WSe2 heterobilayers. The dashed arrows show interlayer charge
transfer processes.
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PL of MoS2/WSe2 heterobilayers

We performed hyperspectral imaging for a representative heterobilayer sample shown
in Fig. 4.2(a). The sample has several regions, including monolayer and bilayer WSe2
regions (denoted as Regions I and II), and heterobilayer regions with different inter-
layer couplings (Regions III and IV). The sample is excited using a CW 637 nm laser
with a spot size of 1 µm at a power of 50 µW. The mapping area is highlighted by
the black box in Fig. 4.2(a), scanned with a step size of 500 nm.
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Figure 4.2. Hyperspectral imaging of MoS2/WSe2 heterobilayers. (a) Optical microscope
image of a representative heterobilayer sample. Purple (Region I), yellow (Region II), red
(Region III) and blue (Region IV) dashed lines encircle, respectively, bilayer WSe2, mono-
layer WSe2 regions, and heterobilayer regions with strong and weak interlayer coupling. The
black box highlights the PL mapping area. 2D images of PL intensity distribution of the
WSe2 excitons (b) and IX (c) in the heterobilayer sample. The corresponding PL spectra
from these regions are displayed in (d-e).
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We display PL 2D images by integrating emission intensity around WSe2 A exci-
ton resonance (750 ± 50 nm) and IX resonance from K-K transition (1300 ± 100 nm)
in Fig. 4.2(b) and (c), respectively. The comparison of PL spectra from these regions
is shown in Fig. 4.2(d-e). The monolayer WSe2 (Region II) and bilayer WSe2 regions
(Region I) can be clearly resolved by their significant discrepancy in emission energy
and PL intensity thanks to the direct band gap nature of monolayer WSe2. heterobi-
layer Region IV remains the same optical properties of monolayer WSe2 (Region II),
indicating a weak interlayer coupling between monolayer MoS2 and WSe2.

On the contrary, Region III exhibits good quality. We observed over three orders
of magnitude quenching of intralayer exciton emission compared to the monolayer
WSe2 in a strong interlayer coupling HB. Due to the interlayer charge transfer, the
population of intralayer excitons in heterobilayers decreases, thereby decreasing the
PL yield of intralayer exciton. The strong PL emission from IX resonance (less than
1.1eV) is in good agreement with its bright K-K transition. Besides, it shows good
homogeneity in intralayer exciton quenching and IX emission. In all, such good
samples give us the opportunity to observe moiré exciton at room temperature.

DRS of MoS2/WSe2 heterobilayers
To further investigate the optical properties of MoS2/WSe2 HB, we carry out differ-
ential reflectance spectroscopy (DRS), which gives information about optical transi-
tions. The absorption spectrum is more robust against the influence of defects than
PL data [41]. The experimental details are described in Section 3.2.2.

Fig. 4.3 displays the absorption spectra of monolayer MoS2 (red), WSe2 (blue)
and MoS2/WSe2 heterobilayer (green). Monolayer MoS2 and WSe2 exhibit strong
oscillator strength of A exciton at 1.675 eV and 1.906 eV, respectively. heterobilayer
shows a generally larger absorption range from 1.426 eV to 2 eV (right part of the
green line) than the absorption of each monolayer because heterobilayer consists of
two monolayers. The heterobilayer also exhibits absorption peaks shift relative to the
two intralayer excitons.



4.1 Fundamental optical properties of MoS2/WSe2 heterobilayers 69DRS HB

Figure 4.3. Differential reflectance spectra of monolayer MoS2 (red), WSe2 (blue) and
MoS2/WSe2 heterobilayer (green). Monolayer MoS2 and WSe2 exhibit strong oscillator
strength of A exciton at 1.675 eV and 1.906 eV, respectively. The heterobilayer shows strong
oscillator strength at the intralayer exciton range (1.426 eV - 2 eV) and small oscillator
strength at the IX range (below 1.14 eV).

On the contrary, the transitions coming from interlayer excitons (left part of the
green line) are difficult to observe. The absorption phenomenon is indeed different
from the PL, where the emission of intralayer excitons is strongly quenched and IX
emerges. The explanation for this lies in the formation of IX states. In type-II HB,
the excited intralayer excitons quickly separate into electrons in MoS2 and holes in
WSe2 via an ultrafast charge transfer process. Our result clearly shows the weak
absorption of IX, which could be a good candidate for lasing applications.

As the IXs do not have a sufficient oscillator strength, it is difficult to measure the
absorption directly via DRS method. In 2022, Tony F. Heinz’s group [41] reported
a direct measurement of the optical absorption of IX states in MoSe2/WSe2 hetero-
bilayers using electromodulation spectroscopy, showing the oscillator strengths of IX
are three to four orders of magnitude smaller than those of the intralayer resonances.

Blisters

Blisters are inevitable in heterobilayers. It has been stated in Ref. [68] that blisters do
not dominate the photoemission yield from the MoS2/WSe2 heterobilayer. Further-
more, it has been systematically studied in MoS2/WSe2 heterobilayers in Ref. [120]
using the tip-enhanced photoluminescence (TEPL) technique which gives a high spa-
tial resolution down to 30 nm. They observed that the PL of intralayer exciton from
the blister exhibits a redshift due to strain, but the PL emission from IX can only
be observed in the flat areas due to the strong interlayer coupling between the layers.
Therefore, blisters found in the heterobilayers increase interlayer spacing and prevent
the formation of IX emission. We believe that the measured PL emission of IX only
comes from the clean regions.
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4.2 Twist-angle-dependent optical properties
The twist angle between two layers affects the momentum mismatch of K valley and
moiré pattern, thus having a significant impact on excitons. Here, we study the
behaviour of excitons in heterobilayers in relation to twist angles. We prepare more
than 25 MoS2/WSe2 heterobilayer samples with diverse twist angles. The twist angles
of stacked heterobilayers are determined based on the straight edges of the constituent
materials and will be discussed later.

4.2.1 Twist-angle-dependent PL
Fig. 4.4(a) displays the normalized PL spectra from different heterobilayer samples,
showing a broad emission range from around 1100 nm to 1300 nm. The peak energy
of IX emission as a function of the twist angle θ is plotted in Fig. 4.4(b). We observe a
strong twist angle-dependence below 3◦. As the twist angle increases, the IX emission
peak tends to shift to higher energy. However, at large angles, it remains constant.
For angles above 10◦, we barely detect a signal from the IX.

The angle-dependent evolution of the IX peak has been observed in MoSe2/WSe2
heterobilayers [41, 54]. Tony F. Heinz’s group [41] ascribed the energy shift to the
moiré potential on top of the twist angle-dependent momentum mismatch, as shown
in the magenta line in Fig. 4.4(c). When considering only the momentum mismatch
between the K valleys of the constituent materials, the calculated energy shift (cyan
line) is small and not enough to explain the magnitude of the observed energy shift.
In our case, we observe a remarkable energy shift of 200 meV and we believe it has a
connection with the moiré effect.

The light red line in Fig. 4.4(b) is a guide to the eye, showing the threshold of the
twist angle around 3◦, consistent with the experimentally observed moiré exciton in
WSe2/WS2 heterobilayers with a large lattice mismatch at a temperature of 10 K [66].
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Figure 4.4. Twist angle-dependent IX emission from MoS2/WSe2 heterobilayer. (a) PL
spectra of IX emission from different heterobilayer samples. (b) IX emission energy as a
function of twist angle. The light red line is a guide to the eye. The red cross marks
the data achieved from polarization-resolved SHG measurement, taken from Ref. [116]. (c)
Theoretical IX energy shift as a function of twist angle when considering only the momentum
mismatch (cyan line) between the K valleys of the constituent materials and considering
moiré effect (magenta line), taken from Ref. [41].

Angle determination

There are many ways to determine the twist angle, such as TEM microscopy and
polarization-resolved SHG measurements (details in Section 3.2.3). Here, we obtain
the twist angle based on the straight edges of the stacked heterobilayers, same as
reported in previous works [65, 106]. Compared to other methods, reading angle
data directly from images is much more convenient and time-saving. Although this
method is not rigorous, it is still very credible if a large amount of data is analyzed.
Ref. [106] has shown a linear relationship between the angle from photos and from
SHG measurements. We also carried out a polarization-resolved SHG measurement at
Aalto University, as shown in Fig. 4.5. The measurement was performed by Yi Zhang
and was carried out with an excitation wavelength of 960 nm (repetition rate 2 kHz)
from an amplified Ti:sapphire femtosecond laser system (Spectra-Physics Solstice
Ace). The polarization orientation of the excitation beam was tailored by rotating a
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half-wave plate (HWP). The laser light after the HWP was focused onto the sample
by a 40x objective lens (NA=0.75, Nikon). The transmitted SHG signal was collected
by another 40x objective lens (NA=0.5, Nikon), and passed through a linear polarizer.
A 700-nm short-pass filter was placed after the polarizer to cut off the excitation beam.
The final signal was detected by a photomultiplier tube (PMT) (Hamamatsu).

WSe2

MoS2

a b c

Figure 4.5. Twist angle determined by polarization-resolved SHG measurement. (a) The
optical microscope image of the sample. Scale bar: 10 µm, taken from Ref. [116]. (b) IX
emission spectra, taken from Ref. [116]. (c) Polarization-resolved SHG pattern from mono-
layer MoS2 (blue), WSe2 (red) and MoS2/WSe2 heterobilayer (purple). The experimental
data are represented by dots, and fitting results are represented by curves. The twist angle
derived from SHG measurements is ∼1.77◦, corresponding to an IX energy of ∼1.089 eV,
taken from Ref. [116].

As mentioned in Section 3.2.3, this kind of measurement configuration results in a
four-fold SHG pattern (Fig. 4.5(c)). The polarization-resolved SHG data from mono-
layer MoS2, WSe2 and MoS2/WSe2 heterobilayer area are marked by red, blue, and
purple dots. The heterobilayer is R-stack, evidenced by the constructive interference
of SHG signal from heterobilayers compared to the constituent monolayers. We ob-
tain a 2.65◦ relative angle between the petals of monolayer MoS2 and WSe2, resulting
in a twist angle of 1.77◦. The data is marked as a cross in Fig. 4.4(b), showing a
reasonable agreement with the twist angle dependence of the IX energy.

4.2.2 Power-dependent PL

We further perform power-dependent PL measurements. Fig. 4.6 displays the power-
dependent evolution of the IX PL spectra for two representative samples with different
twist angles up to the same pumping level.
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Figure 4.6. Power-dependent PL spectra of heterobilayers with twist angles of 2.83◦ (a)
and 0.50◦ (b) up to the same maximum power level of 500 µW. For the heterobilayer with
a small twist angle in (b), the evolution with power exhibits a strong blue shift and the
emergence of high-energy states, indicated by the black arrow, taken from Ref. [116].

For a heterobilayer of θ = 2.83◦ (Fig. 4.6(a)), the IX has an emission energy
of ∼1.12 eV (∼1107 nm) and this energy remains constant with increasing power.
In stark contrast, a remarkable blueshift and the emergence of high-energy states
are observed when θ = 0.50◦ (Fig. 4.6(b)). We attribute these to the existence of
the moiré potential that acts as an exciton reservoir for different exciton states and
enhances the exciton-exciton interaction. As the potential confines excitons laterally
resulting in quantized energy level [46], IXs obtain a larger chance to fill higher-energy
moiré excitonic states when the pumping power increases. The filling to higher-energy
states leads to the occurrence of the blue shift for the emission envelope.

We also report the observation of spectrally resolved moiré states in hBN encap-
sulated heterobilayers, which will be discussed in the Chapter 5.

4.2.3 Twist-angle-dependent DRS
We study the angle dependence of optical transitions on the energy range from 1.6 eV
to 2 eV. The angle-dependent evolution of differential reflectance spectra is displayed
in Fig. 4.7(a). The top three spectra come from monolayers WSe2, MoS2 and uncou-
pled trilayer (1L-WSe2/2L-MoS2) 1. As a reference, the vertical blue, red and green
dashed lines present A exciton transitions from monolayer WSe2, MoS2 and bilayer
MoS2, respectively. From the top to the bottom, the IX emission wavelength becomes
shorter, corresponding to the larger twist angle. We put the IX emission wavelength
here instead of the measured twist angle because the emission energy serves as a more
accurate indicator of the angle in such a small angle range.

1The uncoupled 1L-WSe2/2L-MoS2 trilayer is evidenced by unquenched intralayer exciton emission,
no IX emission, and unshifted WSe2 exciton absorption.
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Figure 4.7. Evidence of moiré intralayer exciton. (a) Evolution of differential reflectance
spectra with twist angles. The curves are shifted vertically for clarity, and the grey dashed
lines track the excitonic peak evolution. The top three spectra come from monolayers WSe2,
MoS2 and uncoupled trilayer (1L-WSe2/2L-MoS2). As a reference, the vertical blue, red and
green dashed lines are referred to as A exciton peaks for monolayer WSe2, MoS2 and bilayer
MoS2, respectively. The splitting of intralayer exciton peaks (two black arrows) indicates
the existence of the moiré potential. (b) Calculated dispersion of intralayer exciton in mini-
Brillouin zone with moiré potential, taken from Ref. [66]. (c) Calculated exciton absorption
corresponding to the optically active exciton states labelled in (b), taken from Ref. [66]. (d)
Multiple moiré intralayer exciton peaks evolution with Gaussian broadening, taken from
Ref. [70].
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Let us first focus on the WSe2 A exciton (blue dashed line) in the range between
1.6 and 1.75 eV. The exciton peak changes pronouncedly upon twist angle. The het-
erobilayer with the large twist angle (12◦) shows a single exciton resonance similar
to the monolayer WSe2. When the twist angle decreases to 2◦ (1160 nm), the single
exciton resonance red-shift. When the twist angle decreases to smaller than 1◦ (wave-
length larger than 1240 nm), we start to observe a splitting of WSe2 A exciton peaks
(highlighted by two arrows).

In order to extract the energy position, the absorption spectra are fitted by a sum
of Gaussian peaks based on the Ref. [121]. Two representative absorption spectra
with fitting are displayed in Fig. 4.8(a). The double peak feature of near-aligned
heterobilayer (red dots) is well reproduced by a sum of two Gaussian peaks (red
line) and these two peaks show comparable oscillator strengths, while the large-angle
heterobilayers can only be fitted with a single Gaussian function with a reasonable
agreement. The extracted peak energy is plotted in Fig. 4.8(b). For the twist angle
smaller than 1◦, the splitting of two peaks remains almost constant with a peak
separation of 50 meV.

The splitting of intralayer peaks around the original WSe2 A exciton serves as
strong evidence for the presence of moiré excitons at room temperature. As the moiré
potential not only traps IXs but also affects the distribution of intralayer excitons in
real space, a large moiré potential modifies the exciton dispersion [66,67], generating
multiple flat exciton minibands (as shown in Fig. 4.7(b)) and thus multiple peaks in
the absorption spectra (Fig. 4.7(c)). The splitting of intralayer exciton peak has been
observed experimentally at cryostat temperature in diverse moiré superlattice systems,
including WSe2/WS2 [66], MoS2/WSe2 [52] and MoSe2/WS2 heterobilayers [122].
The intralayer exciton is split into three exciton states with peaks separated by around
70-100 meV. However, we observe a doublet resonance feature at room temperature.
We ascribe it to the difficulty to distinguish the feature of two additional peaks due
to linewidth broadening. As shown in Fig. 4.7(d), the three resolvable moiré peaks
turn into two with Gaussian broadening of 50 meV and finally unresolvable above
100 meV [70].
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Figure 4.8. Twist angle-dependent differential reflectance spectrum evolution of WSe2
excitonic transition. (a) Experimental differential reflectance spectra from two samples with
IX emission wavelengths of 1272 nm (red dots) and 1197 nm (blue dots), respectively. The
spectra are fitted with Gaussian functions (lines). (b) Energy evolution of exciton peaks
extracted from Gaussian fitting. The blue dashed line refers to WSe2 A exciton energy.

We find that the shift of the A exciton resonances serves as a good indicator
for interlayer coupling between WSe2 and MoS2 monolayers. The best example of
strong interlayer coupling is R/H-stacked homobilayers. It is free from moiré pattern
due to its zero lattice mismatch and twist angle. And it has the smallest interlayer
distance (around 0.61 nm), showing a redshift of A exciton resonance in the absorption
spectrum [123,124]. While bilayers with weak interlayer coupling tend to preserve the
properties of constituent monolayers. In Fig. 4.7(a), for the large twist angle of 12◦

(the bottom spectrum), the MoS2/WSe2 heterobilayer shows exciton resonances close
to the monolayer WSe2 and MoS2 A exciton, indicating a weak interlayer coupling.
We try to increase its interlayer coupling by squeezing heterobilayer with PDMS,
but it does not help. Thus this weak interlayer coupling is not from fabrication
imperfections but from the intrinsic interlayer distance.

Fig. 4.9 shows the evolution of MoS2 A exciton peak with twist angles in het-
erobilayers. The A exciton resonance peaks of monolayer and bilayer MoS2 locate
at 1.906 eV (red dashed line) and 1.87 eV (green dashed line), respectively. The
MoS2/WSe2 heterobilayer with a twist angle around 2◦ (1160 nm) exhibits a reso-
nance peak close to the A exciton resonance of the bilayer MoS2. Surprisingly, this
resonance peak keeps red-shift to around 1.83 eV as the twist angle decreases. The
redshift is likely caused by moiré potential because MoS2/WSe2 heterobilayer rarely
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suffers from atomic reconstruction due to large lattice mismatch.
As we mentioned in Section 1.4, the emergence of moiré pattern changes the

local stacking configurations. The energetically unfavourable stacking configurations
lead to a strong repulsion and the largest interlayer distance (around 0.68 nm [123]),
while the energetically favourable configurations have the smallest interlayer distance
(0.61 nm). When solely considering the interlayer distance, the redshift observed
in heterobilayers should not exceed that of homobilayers. Thus, we believe that the
moiré potential may already play a role with twist angles smaller than 2◦ even though
the splitting of WSe2 exciton transition is not yet observed. The sudden drop at 1◦

(1240 nm) from 1.86 eV to 1.84 eV may come from the insufficient data between the
two data points.

https://www.nature.com/articles/
s41563-023-01521-4

Figure 4.9. Energy evolution of exciton absorption peaks extracted from Gaussian fitting.
The red and green dashed lines refer to the A exciton energy of monolayer and bilayer MoS2,
respectively.

4.3 Interlayer coupling mediated optical properties of
IXs

Recent studies clearly show that the atomic registry of the moiré superlattice dictates
the behaviour of interlayer electronic coupling [71], which can be used as a tuning
knob for novel 2D electronic systems. Here we examine the influence of the moiré
potential on the IX lifetime that plays a crucial role in population inversion.
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The twist angle has a substantial impact on the IX lifetime, as it generates not only
a relative shift in momentum space but also modifies the moiré supperlattices [60].
However, it is challenging to differentiate the contributions to radiative decay from
the momentum mismatch (without moiré potential) and the moiré effect. To largely
exclude the effect of the momentum mismatch, we choose a representative near-zero-
twist-angle heterobilayer shown as the inset in Fig. 4.10(a), where the optical image
shows two clearly distinguishable separated regions. These two regions (Region 1 and
Region 2) can be identified by their different optical contrast, implying the presence
of different interlayer coupling while simultaneously having the same twist angle.

a b

Region 2

Region 1

Figure 4.10. Moiré modulated IX emission. (a) PL spectra from Region 1 (blue), Region 2
(red) and a reference monolayer WSe2 (yellow). The PL spectra of the intralayer exciton on
a logarithmic scale (black frame inset) show the higher interlayer coupling in Region 1, taken
from Ref. [116]. Inset: the optical image of the heterobilayer consisting of two artificially
colored regions. Scale bar: 10 µm. (b) Time-resolved PL dynamics from two regions for IXs
emission longer than 900 nm. The black curves are exponential fits to the data, giving an
IX lifetime of 17.6 ns (8.5 ns) for Region 1 (Region 2), taken from Ref. [116].

The PL spectra shown in Fig. 4.10(a) cover the WSe2 exciton emission (∼750 nm)
and IX emission (∼1000-1400 nm). Both regions feature strong interlayer coupling
supported by the approximately two orders of magnitude emission quenching of the
WSe2 A excitons. On the logarithmic scale (see the inset with black frame), the differ-
ent intralayer exciton intensities from the two regions further indicate that Region 1
has a better coupling than Region 2. Compared to Region 2, the IX emission from
Region 1 exhibits a brighter emission intensity and lower emission energy (see the
right part of Fig. 4.10(a)). These results can be explained by:

1. Stronger interlayer coupling, i.e., the increased overlap of the wavefunctions of
the spatially separated electrons and holes, results in a larger probability of IX
radiative recombination.

2. The interlayer coupling determines the depth of the moiré potential [46], and
stronger interlayer coupling leads to a deeper moiré potential which thus can
trap IXs in lower energy states.
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The increased radiative recombination due to the strong interlayer coupling usually
leads to fast decay. However, our time-resolved PL measurements (Fig. 4.10(b))
show that the IXs in Region 1 feature a longer lifetime (∼17.6 ns) than Region 2
(∼8.5 ns). This counterintuitive result can be explained by the strong suppression of
non-radiative recombination at elevated temperatures due to the spatial confinement
of IXs with moiré potential [125] that impedes the exciton diffusion to non-radiative
centers [69, 126]. We conclude that the moiré potential not only enhances the light
emission of IX but also prolongs its lifetime, which is favourable for low-threshold
lasing applications.

Twist angle-dependent lifetime
One may want to know the twist-angle-dependent lifetime. Unfortunately, we can-
not make a conclusion about that. To illustrate it, we take an extreme example.
Fig. 4.11(a) exhibits the optical properties of two heterobilayer samples (S1 and S2)
with similar twist angles. The close twist angles are also evidenced by the similar IX
emission energy. The quenching of intralayer exciton emission suggests that both of
them have a good interlayer coupling. However, the emission IX intensity of S1 is two
orders of magnitude stronger than that of S2, and there is a big difference in lifetime
(Fig. 4.11(b)). The lifetime of S1 is 13.36 ns while the S2 is 310 ps, which basically
reaches the time resolution limit of our setup. We attribute the weak emission and
fast decay of IX in S2 to fast non-radiative recombination, probably from defects.

It has been widely reported that defect can act as centers for non-radiative re-
combination, lower the photoluminescence quantum yield, and obscures the intrinsic
exciton radiative lifetime [83,127,128]. Defects are inevitable in atomically thin TMD
crystals for now. On the one hand, the grown bulk crystal has an intrinsic defect den-
sity that varies from synthesis techniques. TMD crystals grown by chemical vapor
transport (CVT) are commonly used as a typical source of exfoliation for research
but suffer from high defect density. The flux-grown crystals we used possess 1−2
orders of magnitude lower defect density than the typical CVT-grown method, but
it still has a defect density of ∼1011/cm2 [83]. On the other hand, as the atomically
thin layer is susceptible to surface cleanness and strain, the van der Waals transfer
technique could introduce additional defects, thus affecting their light emission at
room temperature [129]. Control of the generation of extra defects is challenging and,
as a consequence, affects the reproducibility of the quality of the fabricated samples.
The non-radiative recombination introduced by defects would not affect the emission
energy of the lowest optically active state, but will largely affect its population, thus
affecting its emission intensity and lifetime. That is also why we do not compare the
PL intensity and lifetime between different samples.
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Figure 4.11. (a) PL spectra from two heterobilayers (S1 and S2) with close twist angles,
plotted on a logarithmic scale. (b) Time-resolved PL dynamics from two heterobilayers for
IXs emission longer than 900 nm. The black curves are exponential fits to the data, giving
an IX lifetime of 13.36 ns (310 ps) for S1 (S2).

4.4 Summary

In this chapter, we have for the first time confirmed that the moiré potential can
remarkably modulate the IXs at room temperature, evidenced by the strong twist
angle-dependent IX emission energy shift (> 200 meV), the power-dependent energy
shift, and the splitting of WSe2 intralayer exciton resonance in absorption. The
elongated IX lifetime and emission wavelength with moiré potential hold great promise
for low-threshold lasing applications at optical fiber communication wavelengths.

To enhance the comprehensiveness of our experimental analysis, further low-
temperature measurement is of great interest, as it enables us to compare with phe-
nomena observed in low-temperature experiments conducted by other researchers,
such as clearly resolved multiple peaks in absorption and PL spectra and rapid re-
combination of moiré exciton. The theoretical calculation of the emission energy of
the IXs and the absorption peak of MoS2 A excitons as a function of the twist angle
when considering moiré effect is of great significance.
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The observation of room temperature moiré excitons could stimulate future studies
on the correlated physics, including excitonic Mott insulator and superconductivity
in such twisted heterostructure systems at elevated temperatures.



82



CHAPTER5
Studying the coupling

of moiré IXs to a
photonic cavity

In Chapter 4, we have demonstrated the presence of room-temperature moiré excitons
and their potential advantages for laser applications due to the additional in-plane
quantum confinement with moiré potential. This additional in-plane quantum con-
finement in moiré superlattices could enhance the quantum yield of light emission and
potentially lead to a large optical gain at low pumping levels, akin to quantum dots
which showed lower lasing thresholds than quantum wells and bulk materials [16].
However, the study of the moiré superlattice on laser performance has remained un-
explored.

In this chapter, we for the first time, couple moiré IX to silicon topological photonic
cavities (Fig. 5.1) and study the light-matter interaction in a weak-coupling regime.
Our focus lies on investigating the impact of the moiré potential on laser performance,
aiming to achieve a comprehensive understanding of optical gain from moiré excitons
and its potential for energy-efficient lasers.

This chapter is based on our unpublished article arXiv:2302.01266 (2023) [116]
and it is divided into three sections. In the first section, we briefly introduce the
energy level structure of moiré IX states that allow the realization of optical gain.

The second section focuses on the photonic cavity. We explain the reason for
choosing the topological nanobeam cavity reported in Ref. [130] and provide a brief
introduction to the principles behind achieving a robust single mode. We adjust
various parameters to obtain the desired cavity, and the simulation is carried out by
Hanlin Fang at Chalmers University of Technology. The fabrication takes place in
DTU Nanolab (Details in Chapter 2), and the optical properties of the cavity are
characterized using our home-built PL setup (Details in Chapter 3).

The third section is the most important section of this chapter. In this section, we
focus on hBN-protected MoS2/WSe2 heterobilayer on a nanobeam cavity, together re-
ferred to as a device. Optical characterizations of the devices primarily involve pump
power-dependent PL measurements, through which we observe lasing-like behaviour.
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Furthermore, we explore the threshold and spontaneous-emission suppression ratio
variations when the cavity mode couples to different moiré IX states.

The fourth section provides a comprehensive summary of this chapter, highlighting
both the strengths and weaknesses of our current work. Additionally, we discuss
potential avenues for improvement in the future.

Figure 5.1. Sketch of MoS2/WSe2 heterobilayer on top of a topological nanobeam cavity
that together exhibit lasing. hBN is absent for the clarity of moiré patterns.

5.1 Three-level systems
In order to achieve optical gain in a material, it is generally necessary to establish a
state of population inversion. Fig. 5.2 shows the excitonic energy level diagram of the
heterobilayer with type-II band alignment and moiré effect. It has been proposed that
the type-II heterobilayer forms a three-level system and supplies optical gain for the
realization of laser operation [15]. Intralayer exciton states |X> are first generated
after optical pumping (cyan arrow) and follow the ultrafast charge transfer process
(grey dashed arrow) to form IX states |IX>, thus achieving population inversion.
The existence of moiré potential in real space leads to the formation of quantized IX
energy levels, marked as |moiré IX,1>,|moiré IX,2>,|moiré IX,3>, etc. The dipolar
repulsive interaction between IXs could result in a large energy shift of the absorption
spectrum with respect to the PL emission spectrum, permitting optical amplification
at low pump levels [131]. The potential trap in the moiré superlattice could enhance
the IX-IX interaction and even form multi-exciton complexes including biexcitons
and triexcitons [132]. In our system, the deep moiré potential could potentially en-
dow the lowest energy state |moiré IX,1> with enhanced exciton binding energy and
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interaction, which is beneficial for the realization of optical amplification at room
temperature and low pump levels. With raising pump level, the low energy levels will
be saturated and IXs tend to occupy high energy levels. This exciton-filling feature
suggests that the different moiré IX states will play a role in offering optical gain at
different pump levels. Designing cavity resonances to couple to those different moiré
IX states is desired to understand their contribution to lasing. We will discuss it in
Section 1.3.3.
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|g >
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|moiré IX, 3 >

Charge 
transfer

Optical 
pump

|IX >
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transition
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Figure 5.2. Energy level diagram of excitonic states in a type-II heterobilayer with moiré
effect, taken from Ref. [116].

5.2 Topological nanobeam cavities
To explore the potential of moiré IX for laser applications, a high-quality optical
cavity is desired for providing positive feedback. The cavity we adopted here is
a topological photonic nanobeam cavity proposed in Ref. [130], where single-mode
lasing was demonstrated from InAs quantum dots embedded in GaAs nanobeam cav-
ity. This topological nanocavity possesses a near-diffraction-limited mode volume
(∼ 0.23(λ/n)3) and high Q factor (> 104). Its lasing application shows a high spon-
taneous emission coupling factor (β∼ 0.03), which is orders of magnitude larger than
those for conventional semiconductor lasers [130]. High-β lasers have attracted atten-
tion for energy-efficient applications, as a large portion of the spontaneous emission
is coupled into the lasing mode.

Photonic topological cavities are chosen here due to their demonstrated robust
single-mode operation [130, 133], preventing mode competition, thus simplifying the
study of moiré IX-cavity interaction. And the topological nanobeam cavity is robust
against fabrication imperfections. Fig. 5.3(a) shows the sketch of the top view of the
topological photonic crystal nanobeam cavity. The red and blue unit cells (dashed
boxes) share the same periodicity (denoted as a) with different air-hole arrangements
and the same band structure (Fig. 5.3(b)). However, the lowest band for the red
(blue) nanobeam is topologically trivial (nontrivial), characterized by the Zak phase.
At the center where the red and blue unit cells meet, a Dirac point appears at the
band edge, as shown in the middle of Fig. 5.3(b). The abrupt interface formed with
the inversion-symmetric points eliminates the existence of other localized modes that
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are not of topological origin. I briefly introduce the amazing nanocavity here, and
more details can be found in Ref. [130].Topobeam parameter
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Figure 5.3. (a) Sketch of the top-view of the topological photonic crystal nanobeam cavity.
The red and blue unit cells (dashed boxes) share the same periodicity (denoted as a) with
different air-hole arrangements. The interface lies at the center where the red and blue unit
cells meet, taken from Ref. [116]. (b) Band structures of the red and blue unit cells and
wave functions at the band edges. For the case of d1=d2=0.25a, a Dirac point appears at
the band edge, taken from Ref. [130].

In our work, we use an SOI wafer to fabricate the nanobeam, as silicon has a
bandgap larger than the IX energy, and silicon is also compatible with the com-
plementary metal-oxide-semiconductor (CMOS) process. To couple moiré IX to the
topological nanobeam, the cavity mode and parameters are optimized to reach desired
resonant wavelengths using the 3D finite-difference time-domain (FDTD) method
(Lumerical, Ansys). We retain a SiO2 layer to support silicon nanobeams as in
Ref. [13], which is mechanically robust for the 2D material transfer process and is
preferable for efficient heat dissipation. The SiO2 supporting layer is taken into con-
sideration in the simulation. The design and FDTD simulations for nanobeams are
conducted by Hanlin Fang, one of our collaborators at Chalmers University of Technol-
ogy. And fabrication is carried out by ourselves using standard e-beam lithography at
DTU nanolab (fabrication details in Chapter 3). Table 5.1 lists the detailed structure
parameters of the nanobeam with a fixed thickness of 220 nm. Fig. 5.4(a) shows an
SEM image of the fabricated nanobeam around the center. The corresponding sim-
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ulated mode profile is shown in Fig. 5.4(b). The field distribution shows the cavity
mode localized at the interface.

Table 5.1. Structure parameters of the topological photonic crystal nanobeam
cavities and their FDTD simulation results. The thickness of the nanobeams
are fixed at 220 nm.

a d0 d1 d2 w1 w2 Resonance Q-factor
Device 1 300 nm 0.25a 0.2a 0.3a 0.5a 1.6a 1284.52 nm 17521
Device 2 260 nm 0.25a 0.2a 0.3a 0.5a 1.6a 1149.95 nm 19941Topobeam

b

a

Figure 5.4. (a) SEM image of the cavity. The light red and blue areas illustrate two
photonic crystals with different Zak phases, leading to the appearance of a cavity mode at
their interface. Scale bar, 500 nm, taken from Ref. [116]. (b) The simulated mode profile,
taken from Ref. [116].

We excite the silicon nanobeam with a CW 637 nm laser (details in Chapter 3) and
observe cavity-enhanced PL spectra, as shown in Fig. 5.5. As mentioned in Chapter
4, strong pump power is required to get sufficient PL emission intensity due to the
indirect-bandgap material. This creates many carriers inside the silicon nanobeam,
which may lead to a blueshift in resonance and a reduction of the Q-factor. It is
worth noting that this energy shift is negligible compared to the broad IX emission
peak.

Thanks to the topological nature, all cavities exhibit a single-mode feature in a
wide spectrum range of over 300 nm (Fig. 5.5(a)). The narrow peak originating from
the cavity resonance is fitted by the Lorentz function and the extracted Q-factor is
∼3000, which is close to the resolution limit of a 600 lines/mm grating (Fig. 5.5(b)).
Even though a denser grating provides a higher spectral resolution, it also results in
a shorter detection window and a much weaker signal. It would be time-consuming
to characterize a large number of cavities.
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Figure 5.5. (a) PL spectra from bare silicon nanobeams with a 150 lines/mm grating. (b)
PL spectra from bare silicon nanobeams with a 600 lines/mm grating. Inset: Lorentz fit to
the cavity mode.

5.3 Moiré excitons coupled to a photonic cavity
To explore the potential of moiré IXs for laser applications, we integrate rotation-
ally aligned MoS2/WSe2 heterobilayers with our fabricated high-Q nanobeam cavity.
Before transferred to the nanobeam, the heterobilayer is encapsulated within two
hBN flakes to prevent potential optical performance degradation in ambient environ-
ments [13] and to suppress inhomogeneous linewidth broadening [46,134]. Thanks to
this hBN encapsulation, we observe a multipeak feature in the PL spectra (Fig. 5.6),
similar to those observed at room temperature in free-standing WS2/WSe2 in Ref. [72],
which is an indication of the presence of moiré IX states. The high-energy (i.e. short-
wavelength) exciton state gradually dominates the PL spectrum when increasing the
pump level.
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Figure 5.6. PL spectra of the hBN-encapsulated MoS2/WSe2 heterobilayer as a function
of pump power density, taken from Ref. [116]. Experimental data (dots) are fitted with three
Lorentzian functions (dashed lines).

The schematic cross-section of a device is illustrated in Fig. 5.7(a). In order to
achieve good coupling between moiré IXs and the cavity mode, the bottom hBN layer
is kept thinner than 10 nm. The hBN-encapsulated MoS2/WSe2 heterostructures
were assembled and transferred to the nanocavities using the polymer-based dry-
transfer method [88] (details in Chapter 2). Fig. 5.7(b) displays the spectra before and
after hBN-encapsulated MoS2/WSe2 heterostructures transferred to the nanobeams.
The presence of HS on top of the nanobeam leads to a redshift of cavity mode around
10 nm, which should be considered when selecting a desired cavity.
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Figure 5.7. (a) Schematic cross-section of the hBN-encapsulated MoS2/WSe2 heterobilayer
integrated with a SiO2-supported silicon topological nanobeam cavity, taken from Ref. [116].
(b) Spectra before (blue) and after (red) hBN-encapsulated MoS2/WSe2 heterostructures
transferred to the nanobeams, showing a resonance red-shift of around 10 nm.
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5.3.1 Device 1

As mentioned in Chapter 4, the presence of moiré potentials extends the light emission
of IX to the OFC O-band, which is essential for high-speed data transmission and
other applications. By coupling the deeply trapped IX to the cavity mode at O-band,
we observe a pronounced sharp emission line at ∼1321 nm (Fig. 5.8(a)) under optical
pumping by a CW 637nm laser in a device that we denote as Device 1. The optical
microscope image of Device 1 is shown in the inset of Fig. 5.8(a). Spectra evolution
of Device 1 as a function of excitation power is shown in Fig. 5.8(c). We observe
only a single mode dominating the spectrum throughout the pumping range, thus
confirming that the topological nanobeam indeed has a large bandwidth with only a
single cavity mode.

device1

b

0.08 nm

MoS2

WSe2
a

c
150 l/mm

1200 l/mm

Figure 5.8. Charactrization of Device 1. (a) The emission spectrum of Device 1 at an
excitation power intensity of ∼4.39 kW/cm2. Inset: Optical microscope image of the device.
The blue and grey dashed boxes outline the monolayer WSe2 and MoS2 areas. The top and
bottom hBN layers are not shown. Scale bar, 5 µm. (b) Integrated intensity of the output of
Device 1 as a function of pump intensity. (c) Spectra of Device 1 as a function of excitation
power density.

The measured emission peaks are fitted to a Lorentz function and extracted a
narrow linewidth of ∼0.08 nm, which is the highest spectral purity compared to all of
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the reported 2D material lasers (see the comparison table in Table 5.2). It should be
noted that the measured linewidth of ∼0.1 nm is limited by the spectral limit of our
spectrometer with a high-resolution grating of 1200 lines/mm. This narrow linewidth
corresponds to a coherence time of ∼45 ps 1, 26 times longer than the previously
reported IX laser (1.7 ps) [14], thus giving strong evidence for highly coherent light
emission, such as lasing.

Interestingly, we find that the output intensity of the lasing-like mode increases
linearly with pump intensity (Fig. 5.8(b). The laser-like mode keeps dominating the
emission spectrum from the lowest excitation power where the emission line can be
distinguished. Regarding the high spectral purity and the threshold-less feature in
light in-light out (L-L) curve, we suspect it could be an ultra-low-threshold laser
thanks to the moiré effect.

5.3.2 Device 2
To reveal whether Device 1 lases or not, we fabricate another device (Device 2) where
the cavity resonance (1168 nm) is mainly coupled to high-energy moiré IXs, as shown
in Fig. 5.9(a). Compared to the low-energy moiré IX, the high-energy state is less
localized, as the effective potential for the high-energy IXs becomes shallower. We
expect to observe a clear lasing behaviour in Device 2, similar to the previously
reported IX lasing at 1128 nm based on the same heterobilayer coupled to L3 photonic
crystal cavity [14].

We carry out the pump power-dependent measurement for Device 2 and find
that the cavity mode starts to dominate the emission spectrum at high pump levels.
Fig. 5.9(d) shows the integrated intensity, linewidth, and peak position as a function
of pump power density. The threshold region is highlighted by the light red shaded
area. The L-L curve presents a super-linear behaviour, which is a typical signature
of lasing.

1The coherence time was estimated by the formula [135]: τc =
√

8ln2λ2/ (c∆λ), where λ is the
wavelength, ∆λ is the spectral linewidth.
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Device2

a

~ 0.12nm

b

3.34

4.45

5.94

7.42

14.8

kW/cm2c d

150 l/mm 1200 l/mm

Figure 5.9. Output performance of Device 2. (a) PL spectra of Device 2 under a 150
lines/mm grating at 18.12 kW/cm2. The dots are the measured data. The lines represent
the Lorentz fittings. (b) PL spectra under a 1200 lines/mm grating. (c) PL spectra under
different pump power excitation. The Lorentz fit (red curves) to the lasing-like mode agrees
well with experimental data (dots). (d) Integrated intensity, linewidth, and wavelength of
the output of Device 2 as a function of pump intensity. The experimental data are fitted
by a Lorentzian function, and the error bars correspond to the 95% confidence interval of
the Lorentzian fit. The threshold region is highlighted by the light red shaded area. The
inset shows Linear polarization of the emitted mode characterized by polarization-resolved
measurements, taken from Ref. [116].

Additionally, a linewidth narrowing is observed near a threshold of ∼5 kW/cm2,
suggesting a potential phase transition from thermal to coherent emission. Below
the threshold, we observe an increase in linewidth and obtain a Q-factor of the un-
pumped HS-coupled cavity around 104, which is on the same order of magnitude
as our simulation result for the bare silicon cavity (see Table 5.1). We explain the
small effect on the Q-factor by the negligible absorption loss of IXs, two or three
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orders of magnitude smaller than that of intralayer exciton. A common semiconductor
gain medium is a direct bandgap material, which exhibits strong absorption before
the material becomes transparent, significantly reducing the Q-factor of the cavity.
Thus, the laser only undergoes linewidth decreasing with the pump level increasing.
This linewidth broadening phenomenon has also been observed in indirect bandgap
transition lasing [136], where the 50-nm-thick WS2 serves as a low-absorption gain
medium. The low absorption of IX combined with the high-Q cavity gives us the
challenge of resolving the lasing transition by linewidth. On the other hand, the low-
loss system would enable us to reach the threshold condition with a relatively small
optical gain.

When pumping at higher levels (> 10 kW/cm2), the laser-like mode is blueshifted
and accompanied by linewidth broadening (the bottom panel of Fig. 5.9(d)), which
can be explained by free-carrier absorption in the silicon cavity [137]. Our device
barely suffers from pumping-induced heating as observed in previous works [11, 12],
thanks to the supported cavity design and hBN encapsulation which enables efficient
thermal energy dissipation [138].

We emphasize that the measured lasing-like emission is reproducible and can be
observed via a lower-density grating. We perform the power-dependent PL mea-
surements under a groove grating density of 150 (Fig. 5.10(a)) and 600 lines/mm
(Fig. 5.10(b)). Both of them show a super-linear behaviour in the L-L curves around
5 kW/cm2, similar to the measured threshold via the high-resolution gratings of
1200 lines/mm. Owing to the low spectral resolution of the 150 lines/mm grating, no
distinct change in linewidth and energy shift is observed. The 600 lines/mm grating
exhibits a broadening and reduction of the linewidth near the threshold, as well as a
blue-shift of lasing-like mode at high pumping levels, exactly like the 1200 lines/mm
grating.
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a b150 l/mm 600 l/mm

Figure 5.10. Reproducibility of power-dependent PL measurements performed under a
grating density of (a) 150 and (b) 600 lines/mm.

Furthermore, the device exhibits excellent linear polarization with a degree of
polarization 2 of ∼0.94 of the emission line (Fig. 5.9(d)), showing the efficient coupling
between moiré IX and cavity mode. These observations indicate the occurrence of
a lasing-like emission in Device 2 and the presence of efficient moiré excitonic gain
within our low-loss system. And we believe that despite the linear L-L curve, Device 1
has a large probability of being a laser due to its exceptional performance. Further
details regarding this will be discussed in the following section.

In this study, we describe the emission behaviour of our devices as lasing-like emis-
sion rather than lasing because the conclusive evidence from second-order coherence
transitions [139] is absent. Performing such a measurement requires highly sensitive
detectors. We are not able to detect the filtered signal from the lasing-like mode via
the SPD (ID220-FR-MMF from IDQ).

2The degree of polarization is defined as (Imax − Imin)/(Imax + Imin), where Imax (Imin) is the
maximum (minimum) output intensity.



5.3 Moiré excitons coupled to a photonic cavity 95

5.3.3 Comparison: Coupling to different moiré IX states

Fig.4

~10 dB

a

b

~3.6 dB

Deep trap
Localized IX

+-

Shallow trap
Less localized IX

+-

Figure 5.11. (a) Two types of lasing operation: Device 1 (with localized moiré IX) and
Device 2 (with less localized moiré IX) at an excitation power intensity of ∼4.04 kW/cm2 and
∼18.12 kW/cm2 respectively. The black lines indicate the effective moiré potential depth.
taken from Ref. [116]. (b) Output behaviour of two devices. The hollow circles/squares
(plusses + and crosses x) represents the lasing-like emission (spontaneous emission). taken
from Ref. [116].

For comparison, we put the data from the two devices together in Fig. 5.11.
Fig. 5.11(a) shows normalized PL spectra from Device 1 and Device 2 at an exci-

tation power intensity of ∼4.04 kW/cm2 and ∼18.12 kW/cm2, respectively. Device 2
features a lasing-like emission on top of a strong spontaneous emission (SE) back-
ground, whereas Device 1 shows a significantly weaker background. Here, we propose
the definition of the spontaneous-emission suppression ratio (SESR) instead of the
commonly used single-mode suppression ratio (SMSR). Most of the reported TMD-
based lasers operate at multi-mode, which can result in a small value of SMSR. To
ensure a fair comparison, we only consider the strongest lasing mode and compare it
with the most robust SE, as illustrated in the blue arrows in Fig. 5.11(a). To obtain
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the SESR data from other works, we assume that the spectrum presented in a pa-
per represents the optimal scenario. Therefore, we can determine the corresponding
SESR by measuring the data from the main figure, and list it in Table 5.2.

Device 2 exhibits a SESR of ∼3.6 dB, aligning with the typical value (∼3-4 dB) for
2D material lasers. Ref. [11] explains that the strong SE background mainly originates
from the TMD material far from the nanobeam cavity, which is not coupled to the
cavity modes.

On the other hand, Device 1 demonstrates an impressive SESR of approximately
10 dB, similar to the SESR values achieved by vertical-cavity surface-emitting lasers
(VCSEL) [82], where monolayer WS2 embedded in distributed Bragg reflectors. We
emphasize that the real SESR value could even be higher as the SE outside the
nanobeam cavity is also collected [11]. We ascribe the significant difference between
these two devices to a relatively larger optical gain of the low-energy moiré IX states,
as a consequence of different thresholds. The connection between lasing threshold
and optical gain can be described by this formula [12]:

2πneff
λ

1
Q

= Γgth, (5.1)

where the left (right) term represents the loss (gain) of the system, Q is the cavity
quality factor, neff is the effective refractive index for the cavity mode, λ is the
cavity resonance wavelength, Γ is the optical confinement factor which characterizes
the fraction of optical mode confined in the gain medium, and gth is the threshold
material gain. The relatively larger material gain at low pump levels will make it
easier to compensate for the system loss and achieve low-threshold lasing.

The atomically thin layer restricts the motion of excitons to two dimensions,
strongly increasing exciton binding energy. The presence of moiré potentials further
confines the exciton within the plane dimensions, leading to discrete energy levels.
Device 1 is coupled to the low-energy IX state, which is trapped in real space by deep
moiré potential, whereas Device 2 is coupled to the high-energy moiré IX state which
is less localized, as illustrated in Fig. 5.11(a). The strong confinement results in a
high gain at low excitation power. It can also be evidenced by the output intensity
of Device 1 with a larger slope efficiency than Device 2, as shown in Fig. 5.11(b).
We note that our devices exhibit output saturation. We observe that Device 1 shows
saturation at a much lower pumping level compared to Device 2, consistent with their
confinement characteristics.

Device 3

In order to provide further evidence of the ’ultra-low-threshold’ characteristics of
Device 1, we demonstrate the case when the IX is coupled to a cavity mode with
resonance wavelength at ∼1286 nm (Device 3), see Fig. 5.12(a), where we observe a
lasing-like emission at a low threshold. The pump power-dependent measurement of
Device 3 is carried out using the grating with 600 and 1200 lines/mm, and the results
are presented in Fig. 5.12(c) and (d), respectively. Both results show a distinct kink



5.3 Moiré excitons coupled to a photonic cavity 97

in the L-L curves and linewidth narrowing at a threshold as low as ∼0.25 kW/cm2,
suggesting a lasing-like emission from Device 3.

device3

~6.8 dB

a

0.5xPth

1xPth

2.5xPth

5xPth

b

c d
600 l/mm 1200 l/mm

Figure 5.12. Low-threshold lasing-like emission from Device 3. (a) PL spectrum of Device 3
at an excitation power of ∼ 1.43 kW/cm2. (b) PL spectra at various pump levels measured
with a groove density of 1200 lines/mm. Experimental data (dots) are analyzed by the
Lorentz fitting (red curves). Power-dependent PL measurements were performed using a
grating with a density of 600 lines/mm (c) and 1200 lines/mm (d). The black lines are a
guide to the eye. The threshold region is highlighted by the light red shaded area, showing
a lasing threshold of ∼ 0.25 kW/cm2. Such a low threshold further proves that Device 1 has
an instrument-limited low threshold.

Similar to Device 1 and Device 2, Device 3 also reaches the spectral resolution
limit of our setup and exhibits a narrow linewidth of ∼0.1 nm, showing a strong
spectral coherence. And we also observe a reduction of linewidth in Device 3. In
contrast to Device 2, we did not observe a linewidth increase in Device 3 before the
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threshold. Fig. 5.12(b) displays the Lorentz fit to the lasing-like mode measured via
1200 lines/mm before and after the threshold. It clearly shows that the signal before
the threshold is very weak, leading to increased uncertainty in both the linewidth and
center wavelength. For a low pump level, the signal becomes excessively weak and
gets overwhelmed by noise, so we are unable to extract the fitting data. Compared
to Device 2 and Device 3, we believe that Device 1 is also lasing-like emission with a
threshold that is so low that it cannot be distinguished in our measurement.

In addition, Device 3 exhibits a SESR value of 6.8 dB, falling within the range
between Device 1 and Device 2. This observation further confirms our earlier propo-
sition of a larger optical gain in the localized moiré IX states than the delocalized
one.

5.4 Summary

In this chapter, we integrate moiré superlattices with single-mode silicon topological
photonic crystal nanocavities and study the impact of moiré superlattices on laser
performance. To the best of our knowledge, we, for the first time, explore the po-
tential of room-temperature moiré IX for high-performance laser applications. We
demonstrate a broad gain spectrum over 150 nm from moiré IXs. We find the deep
localized moiré IX has a larger optical gain in comparison to its less-localized counter-
part, resulting in a reduction in the threshold and an enhanced spontaneous-emission
suppression ratio (SESR). Through the combination of a Q-factor cavity and deep-
localized moiré IX states, we have successfully demonstrated lasing-like emission in
an operation wavelength (1321 nm) extended to the O-band of optical fiber communi-
cation (1260-1360nm). Furthermore, our demonstration attains the highest spectral
coherence among TMD-based lasers [140] (Table 5.2) and exhibits a high SESR of
10 dB and possibly a threshold of less than 0.25 kW/cm2. We expect that the lasing
threshold can be significantly reduced by increasing the Γ, for example, embedding
the gain material into the cavity [82]. Furthermore, our findings encourage study-
ing novel exciton physics in moiré superlattices at room temperature and open new
avenues for using these artificial quantum materials in high-performance device ap-
plications.

Lasing-like emission
Once again, we emphasize that we are referring to ’lasing-like emission’ instead

of ’lasing’. This is due to the lack of conclusive evidence, i.e., the second-order auto-
correlation function g(2)(0) transition process from 2 to 1. Unfortunately, the weak
signal from the samples and inadequate detector sensitivity hinder us to conduct the
photon correlation measurement.

Small linewidth reduction
Linewidth narrowing is a conventional signature of the onset of lasing. In general,

the linewidth tends to decrease by half when lasing occurs [141].



5.4 Summary 99

In our work, we show a minor linewidth decrease around the threshold from 0.14
to 0.11 nm for Device 2 and from 0.15 to 0.1 nm for Device 3. Such subtle changes in
linewidth are commonly observed in high-β TMD-nanolasers [12–14,80,142]. For ex-
ample, Xiang Zhang’s group reported an excitonic laser using monolayer WS2 coupled
to a microdisk [80] and observed a linewidth reduction from 0.28 to 0.24 nm.

Stephan Reitzenstein’s group also observed a minor linewidth narrowing from 0.21
to 0.19 nm [143] in high-β lasers, and the onset of lasing is confirmed by excitation-
dependent second-order autocorrelation measurements. They pointed out that power-
dependent linewidth narrowing cannot be a criterion for lasing in high-β lasers, as it
could be caused by quenching of absorption losses [143].

Advanced model
Many studies on TMD nanolasers use the laser rate equation model to fit the

L-L curve. However, we did not employ rate equation fitting for mainly two rea-
sons. Firstly, coherence and statistical properties cannot be captured using the rate
equation modeling [143]. Secondly, the rate equations do not take into account the
excitonic effect and non-radiative loss [82].

One may notice Device 2 shows an unfamiliar inverse S-shape in the L-L curve.
This phenomenon has also been experimentally observed in WS2-based VCSELs [82].
Stephan Reitzenstein’s group has systematically studied high-β nanolasers and re-
ported the emergence of an inverse S-shape at 90 K in an III-nitride QW nanobeam
system [143]. When the temperature increased to 156 K, the L-L curve became
linear. They ascribed this inversely S-shaped L-L curve likely to the presence of a
zero-dimensional localized state, providing larger gain compared to 2D gain materials
until it is saturated. Their microscopic model is not able to reproduce the inverse
S-shape, even though it takes into account the light-matter coupling strength and
non-radiative losses.

In all, a comprehensive description of the moiré IX lasing behaviour requires a
sophisticated model that incorporates various factors such as the gain contribution
from various moiré IX states, excitonic effect and non-radiative losses. Currently,
the gain mechanisms in the moiré IX remain to be understood. Our research find-
ings stimulate further investigations into the theory for moiré exciton lasing with
experimental data support.
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Conclusion and
Outlook

In this thesis, we focus on exploring the existence of room-temperature moiré excitons
through the fabrication of high-quality MoS2/WSe2 heterobilayers and investigate
their potential as gain media in lasing when combined with high-Q microcavities.

The key highlights of this thesis are as follows:
Firstly, we have built a deterministic 2D material transfer system and successfully

prepared high-quality heterobilayers. Relying on previous recipes in Nanolab, we
have also developed a fabrication process for high-Q cavities.

Secondly, we have repaired an outdated spectrometer and built a multi-functional
near-infrared optical testing platform, which provides a solid foundation for our inves-
tigation of room-temperature moiré excitons and their interactions with the cavities.

Thirdly, we report, for the first time, the evidence of room-temperature moiré
excitons in MoS2/WSe2 heterobilayers and their impacts on light emission utilizing
the optical setup we constructed. We find that the moiré potential gives rise to an
ultra-wide emission tunability of IXs and extends IX lifetime at RT.

Fourthly, by integrating a moiré superlattice with a silicon topological nanocav-
ity, we demonstrat low-threshold laser-like emission at the technologically important
telecommunication O-band and the highest spectral coherence (< 0.1 nm) compared
to all reported two-dimensional material-based lasers.

We believe that our findings, both from a fundamental and applied perspective, set
the grounds for the study of quantum phenomena in 2D systems and their applications
at elevated temperatures. It will be of high interest to the broad community covering
optics, nanoscience, material, and physics, and therefore will open up new activities
in this very topical area.

There are still numerous interesting topics that have not been explored or have
been explored in any depth so far, waiting for further investigation. Among the many
exciting possibilities, several relevant ones are highlighted below.

Direct evidence of moiré exciton
Currently, numerous articles have reported the observation of moiré excitons

through optical spectroscopy [46, 48, 63, 64]. It provides indirect evidence of the
confinement of excitons in real space through optical features such as spectrum split-
ting, and valley-polarized PL that align with theoretical calculations. Nanoscale
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confinement has been investigated using angle-resolved photoemission spectroscopy
(ARPES) [52, 68] and transmission electron microscopy low-loss electron energy-loss
spectroscopy (STEM-EELS) [70]. However, these methods reconstruct the wavefunc-
tion distribution of the electronic component of the exciton rather than directly prob-
ing the exciton itself. Therefore, there is a need for future direct observations of ex-
citons confined in periodic moiré patterns using high spatial resolution spectroscopy
such as near-field techniques. This will eliminate the dominant exciton trapping
mechanism arising from external sources such as extrinsic traps or defects and give
opportunities to study moiré exciton physics for quantum technology.

Gain mechanism
In addition to van der Waals heterobilayers, various active 2D materials have

been investigated for low-threshold lasing applications, including monolayer TMD
and multilayer TMDs [136]. And more recently, it was demonstrated that combining
TMD with cadmium selenide (CdSe) quantum dots is beneficial for low-threshold
lasing [147].

There are different perspectives regarding the origin of optical gain in 2D materials.
Some argue that the gain arises from the contribution of the stimulated emission of
electron-hole plasma above the Mott transition [148], while others contend that the
gain originates from excitons [80, 149]. Cunzheng Ning’s group [150] reported the
observation of optical gain from charged excitons (so-called trions) in gated MoTe2
at low carrier density levels, orders of magnitudes below the Mott density. They
mentioned that the trion gain could exist at any arbitrarily low carrier density level,
which could lead to extremely low-threshold lasers down to the single charge level.

Despite the significant progress made thus far, there is limited understanding of
the fundamental mechanism for achieving lasing in TMDs materials. For instance, a
direct measurement of the optical gain in IX is crucial for further advancements in
low-power consumption nanolasers. Because these lasers exhibit exceptional energy
efficiency with a wide range of applications in today’s data-driven world, such as
low-power optical communications, optical interconnects, optoelectronic integration,
quantum information processing, and sensing systems.

Lasing confirmation
Many studies have demonstrated TMD-based lasers by combining two-dimensional

materials with various photonic cavities, primarily through the observation of super-
linear L-L curves and linewidth narrowing around the lasing threshold. However,
whether the system operates in a lasing regime or not remains a subject of contro-
versy [151]. Reports show that similar phenomena in the L-L curve and linewidth
can occur in LEDs and amplified spontaneous emission (ASE) [139], thereby making
it an inconclusive criterion for lasing. In addition, first-order coherence cannot be
used as a criterion for identifying lasers as it depends on the linewidth. To confirm
lasing, it is necessary to measure the second-order photon auto-correlation function
g2(τ) which reflects photon statistics. For instance, when g2(0) reduces from 2 to 1 in
a standard laser, the photon statistics undergoes a transition from a super-Poissonian
to Poissonian distribution, i.e., a transition from thermal light to coherent light.
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In Our TMD-based devices, the measurement of g2(τ) is challenging due to the
low threshold and weak emission of these 2D systems. We tried to measure g2(τ)
using a Hanbury Brown and Twiss setup, but the count rates were too low. Highly
sensitive photon detectors like superconducting detectors could be helpful. Recently,
the second-order photon auto-correlations above and below a threshold have been
measured [136,147], but the evolution of g2(τ) around threshold in TMD nanolasers
is still lacking.

Large-scale TMD fabrication
In this thesis, we use the mechanical exfoliation method to obtain monolayer

TMDs. The optical quality of the exfoliated monolayer depends on the quality of
the bulk crystal. The typical defect density of CVT-grown crystals is on the or-
der of ∼1013/cm2, while flux-grown crystals exhibit a lower defect density by 1-2
orders of magnitude, around ∼1011/cm2 [83]. The quantum yield of the exfoliated
monolayer can be further enhanced by employing chemical treatments to eliminate
defect-mediated non-radiative recombination [128].

Despite the low cost and high optical quality of atomically thin layers achieved
through the exfoliation method, it suffers from limited size, low yields, and time-
consuming procedures. Furthermore, the implementation of stacked heterostructures
exacerbates the challenges by further reducing the yield and available area, accompa-
nied by various uncertainties arising from experimental procedures.

For future applications, it is imperative to seek more efficient growth methods
for obtaining large-size, high-quality atomical-thin 2D materials. In this year (2023),
MIT [152] has developed a method that enables the growth of defect-free mono-
layer WSe2 on industrial silicon wafers. The grown monolayer has a defect density
of ∼1013/cm2, approaching the quality level of mechanically exfoliated WSe2 flakes.
They have also demonstrated layer-by-layer growth of large-scale MoS2/WSe2 het-
erostructures. We are optimistic about the integration of these semiconducting 2D
materials into industrial platforms and anticipate the extensive utilization of 2D ma-
terials in the near future.
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