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Abstract: Since the discovery of two-dimensional transition metal dichalcogenides monolayers
as a direct band-gap semiconductors with pronounced room-temperature exciton transitions,
research on excitons and polaritons in these materials have exploded worldwide. Here, we give
an introductory tutorial on the basic properties of excitons and polaritons in these materials,
emphasizing how they are different from those in conventional semiconductors, and discuss some
of the most exciting new phenomena reported.

© 2024 Optica Publishing Group

1. Introduction and overview

An exciton is an electron-hole quasi-particle that is an elementary unit of optical excitation in
solids. It serves as a basis of light-matter interactions in semiconductor materials and modern
optoelectronics technology. Exciton polaritons are new elementary excitations formed in solids
when the exciton and light interaction enters the strong-coupling regime. They are light and
matter hybrid quasiparticles that may allow us to combine the best of both worlds for exploration
of many-body physics phenomena and development of new technologies.

While excitons and polaritons have been extensively studied in group III-V and II-VI semicon-
ductors such as GaAs, GaN, CdTe and ZnO, the emergence of van der Waals semiconductors
has opened doors to new opportunities unavailable in conventional materials. Van der Waals
materials encompass a wide range of materials, including insulators, semiconductors, semimetals,
magnets, and ferroics. The burgeoning field of 2D materials has been revolutionized by the
discovery of graphene exfoliation in 2004 [1]. This discovery has propelled and expanded the
research on 2D materials and continues to attract research interest. In this tutorial, we focus on
transitional metal dichalcogenides (TMDCs), which are direct band-gap semiconductors in the
monolayer form. They have a large binding energy, spin-valley degree of freedom, and ease of
heterostructure engineering, making them an interesting playground for exploring exciton physics
and novel exciton-polariton optoelectronic devices.

This article will give a tutorial on excitons and exciton-polariton physics in TMDCs and
summarize the current progress in the field. We will introduce in the remainder of this section
the general properties of 2D materials and light-matter interactions in 2D materials, then we
will discuss in Section 2 properties of excitons in TMDC:s, in Section 3 collective phenomena
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Fig. 1. Types of 2D materials. Reprinted from [W. Liao, Y. Huang, H. Wang, and H.
Zhang, Appl. Mater. Today, 16, 435455, 2019], with permission from Elsevier [2].

observed in TMDC exciton systems, and in Section 4 properties of TMDC exciton-polaritons.
We will conclude in Section 5.

1.1. Two-dimensional materials

Van der Waals (vdW) 2D materials are layered atomic sheets bound by vdW forces, and
encompasses metals, semiconductors, and insulators (Figure 1). Geim and Novoselov’s Nobel
Prize-winning work pioneered the field of 2D materials by isolating a single layer of graphene
using scotch tape [1]. TMDCs are a class of 2D materials that have an indirect band gap
(like silicon) in bulk form but have a direct band gap (like GaAs) in the monolayer limit.
Unlike conventional 3D semiconductors, TMDCs have a reduced dimensionality, which enables
exceptionally strong interactions with light and integration with a wide range of substrates.
TMDC heterostructures can be constructed by stacking different combinations of TMDCs,
allowing customizable optical, electrical, and structural properties while retaining the benefits
of monolayer TMDCs. For instance, the optical properties can be engineered by changing
the specific combination of TMDCs used to form heterostructures. Furthermore, the ability
to manipulate the electronic band structures by changing the twist angle between layers opens
up possibilities of studying strongly correlated physics. These unique optical and structural
properties prompted active research of TMDCs for photonics and optoelectronic applications [3].

In 2D materials, exciton experiences reduced dielectric screening compared to 3D materials.
Therefore, the exciton binding energy in 2D material is larger than in 3D materials. Due to
their strong binding energy, excitons and exciton-polaritons in TMDCs can persist up to room
temperature, making them a good candidate for room temperature photonics and optoelectronics.
In addition, excitons dominate the optical spectrum of TMDCs, resulting in strong absorption
and emission with measurable absorption. Lastly, higher-order excitonic transitions, which are
analogous to the Rydberg series in the hydrogen atom, appear in the optical measurements of
TMDCs.

Another unique property of TMDCs is the spin-valley physics of excitons and exciton-polaritons,
which arises because of the broken inversion symmetry in the material. The inversion symmetry
is broken because TMDCs have a hexagonal crystal structure with neighboring lattice sites
occupied by different atoms. The broken symmetry results in degenerate direct band gap minima
at the K and K’ valleys at the corners of the hexagonal Brillouin zone. This contrasts with GaAs
and other III-V semiconductors, where the band gap minima are at the center of the Brillouin
zone, or the I' point. Monolayer TMDCs have a strong spin-orbit interaction that leads to spin
splitting at the valleys, which is opposite for the K and K’ valleys. Consequently, the K and
K’ valleys are addressable with opposite circular polarizations of light, opening new ways of
encoding and processing information using the valley degree of freedom. The formation of
exciton-polaritons can further increase the practicality of spin-valley physics because the light
effective mass of exciton-polaritons allows a longer diffusion length and further propagation of
the ‘information’ stored in the valleys.

Engineering heterostructures with 3D materials could pose technical challenges because it is
limited by epitaxial growth and lattice matching conditions. Therefore, the options for material
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combinations and types of substrates are limited. On the other hand, 2D material heterostructures
offer more flexibility and degrees of freedom. The layers of 2D materials are held together
by relatively weak van der Waals forces, and the layers can be separated by exfoliation and
carefully restacked to have arbitrary twist angles between layers. The twist angle and lattice
mismatch between layers can introduce a moiré superlattice, which is a periodic variation of lattice
alignment and stacking order in a heterostructure. The moiré superlattice results in a periodic
modification of the potential landscape and can lead to excitons localization and modified optical
selection rules. Thus, TMDC moiré heterostructures are a good platform to study correlated
electronic states and collective many-body phenomena.

1.2. Light matter interactions for photonics

When carriers (electrons and holes) in TMDCs are excited by a laser, they form excitons, which
are electron-hole pairs bound by Coulomb forces. Excitons can recombine to emit light. The
binding energy is related to the strength of light-matter interaction, characterized by the oscillator
strength, which has a fundamental impact on many optical properties of the material.

In monolayers, excitons are tightly confined in the in-plane direction and are referred to as
intralayer excitons. Intralayer excitons have a large binding energy that is an order of magnitude
greater than that of GaAs. Therefore, monolayer exciton emission can persist at room temperature
and strongly interact with light.

In hetero- or homobilayers, electrons and holes can be spatially separated into different layers,
resulting in interlayer excitons. Interlayer excitons have smaller oscillator strength compared
to intralayer excitons, therefore weakly interact with light and have longer radiative lifetimes.
Interlayer excitons also have a permanent out-of-plane dipole moment, which may facilitate
electrical tuning of exciton properties [4—6] and collective many-body phenomena such as exciton
condensation and superfluidity [7,8]. Moiré superlattices may form in heterostructures, providing
unprecedented tunability of the excitonic band structures.

Photonic cavities provide a method of controlling and enhancing the interactions between
excitons and photons in TMDCs. The exciton-photon interaction strength determines two distinct
regimes of light-matter coupling: weak coupling and strong coupling. In the weak coupling
regime, the decay rate is greater than the energy exchange rate. The spontaneous emission
is irreversible but enhanced by the cavity, characterized by the Purcell factor (Figure 2(b)).
Conventional photon lasing operates in this regime. Interlayer TMDC excitons have a smaller
oscillator strength and therefore couple weakly with the cavity photons and generally remain
in the weak coupling regime. In the strong coupling regime, the exciton and the cavity photon
energy exchange rate (the coupling strength) is greater than the decay rates of the system and
results in a reversible spontaneous emission rate and a formation of new hybridized eigenmodes
called exciton-polaritons (Figure 2(a)). Exciton-polaritons are a unique platform for observing
many-body phenomena and developing ultra-low threshold semiconductor lasers. Intralayer
TMDC excitons are ideal for studying exciton-polaritons due to their strong oscillator strength.

2. Excitons in TMDCs: theory and experiments

An exciton is an electron-hole quasiparticle that is an elementary unit of optical excitation in solids.
It serves as the basis of light-matter interactions in semiconductor materials. Semiconductors
have a valence band filled with electrons and an empty conduction band. When the electron
in the valence band is excited to the conduction band by an external source, it leaves behind a
positively charged hole. The electron and hole are bound by Coulomb interaction forces and form
an energetically favorable quasiparticle called excitons. The exciton electron-hole pair forms a
dipole moment that interacts with the electromagnetic field of light and therefore serves as an
essential component of photonic devices. In this chapter, we will discuss the theoretical and
experimental work on excitons in monolayer TMDCs and introduce excitons in heterostructures.
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Baranov, M. Wersill, J. Cuadra, T. J. Antosiewicz, and T. Shegai, ACS Photonics, 5,
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Fig. 3. Crystal structure of TMDCs. (a) Side view of two TMDC layers showing a 2H
stacking structure. (b) Top view of the hexagonal crystal lattice structure. @; and d»
indicate the Bravais lattice vectors and the polygon shape outlines the unit cell. (c) Unit
cell of MX, with a trigonal prismatic geometry. Drawings created using VESTA.

2.1.  Theory of excitons in Monolayer TMDCs

Unlike multilayers, TMDC monolayers have a direct band gap. Excitons in monolayers feature
a strong binding energy, large oscillator strength, and momentum valley physics. This makes
monolayer excitons, or, intralayer excitons, a fundamental component of studying light-matter
interactions in TMDCs.

2.1.1. Crystal structure of monolayer TMDCs

Bulk TMDC crystals are composed of atomically thin layers of materials that are bound together
by vdW forces. Because vdW forces are weak in comparison to the covalent bonds between
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Fig. 4. Electronic band structure of TMDCs. (a) Hexagonal Brillouin zone (BZ)
reciprocal lattice structure. 1_51 and 52 are reciprocal lattice basis vectors, and I', M, K,
Q are symmetry points. (b-e) Electronic band structures of (b) bulk, (c) quadrilayer, (d)
bilayer, and (e) monolayer MoS; calculated using density functional theory (DFT). The
solid arrows indicate the lowest energy transition. Reprinted with permission from [A.
Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, and F. Wang, Nano
Lett., 10, 1271-1275, 2010] [11]. Copyright 2010 American Chemical Society.

atoms, the layers of material can be peeled off down to a single layer. This process is called
exfoliation. The bulk crystal has a 2H stacking order, with each layer rotated by 180 degrees with
respect to the neighboring layers, as shown in Figure 3(a).

A single layer of TMDC material is about 6 — 7 A thick and has a hexagonal lattice structure in
the in-plane direction, with alternating transition metal and chalcogen atoms occupying each
lattice site as depicted in Figure 3(b). This alternating occupation of atoms breaks the inversion
symmetry, which has important consequences for the electronic and optical properties. The unit
cell of MXj has a trigonal prismatic molecular geometry, with the transition metal as the central
atom, and six chalcogen atoms arranged at the vertices of the triangular prism (Figure 3(c)). The
Bravais lattice is spanned by basis vectors:

51 :((,1,0,0), 52:%(1,‘/5,0), (1)
and the reciprocal lattice has the basis vectors:

- ar (V3 1 - 4
by = —|—,-=,0|, b= —(0,1,0) )
\/§a(2 2 ) V3a

[10].

2.1.2. Band structure of monolayer TMDCs

In solid state physics, a single free electron in a periodic lattice structure can be represented
by Bloch waves, and the periodic modulation of the potential opens gaps in the energy band
structure. The local extrema in the band structure are called ‘valleys’. The crystal structure of
TMDCs result in a hexagonal Brillouin zone (BZ) in reciprocal space with valleys at the K* and
K™ points as depicted in Figure 4(a).

TMDCs have a direct band gap at the K* and K~ points in the monolayer limit. To explain
this, we can consider the electronic band structure of bulk TMDCs. The direct band gap in
monolayers occurs at the K point while the indirect band gap in multilayers occurs at the I" point.
The out-of-plane mass for electrons and holes at the K point exceeds the free electron mass, while
at the I" point it is a fraction of the free electron mass [12]. Therefore, reducing the layer number
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results in increased quantum confinement, which causes an increase in the indirect band gap,
while the direct band gap remains the same. Comparing the monolayer TMDC band structure
to that of graphene, graphene has a linear Dirac cone dispersion with a closed band gap, while
monolayer TMDCs have a parabolic dispersion with an open band gap. This difference is due to
the broken sub-lattice symmetry in TMDCs as compared to graphene, which results from the
alternating occupation of lattice sites by transition metal and dichalcogenide atoms [13]. density
functional theory (DFT) calculations show the band structure of the TMDC monolayers in more
detail. Figures 4(b-e) are DFT calculated band structures of multilayers and monolayer MoS,,
which show the lowest energy valence-to-conduction band transition to be indirect in multilayers
and direct in monolayers.

2.1.3. Spin-Valley locking

A unique property that monolayer TMDCs have over other conventional semiconductors is
their spin-valley properties and valley-dependent optical selection rules. The monolayer unit
cell has a trigonal prismatic crystal structure, and the inversion symmetry is broken. In other
words, if we take the transition metal as the inversion center and perform the space-inversion
transformation, the chalcogen atoms will be mapped to an empty lattice site. This broken
symmetry results in changes in the band structure property, namely the large spin-orbit coupling
and the valley-contrasting Berry phase.

The valence and conduction bands at the K™ and K~ valleys are partially composed of d atomic
orbitals. Due to the broken inversion symmetry, the energy bands develop a spin-splitting, and
because of the heavy transition metal d orbitals (compared to that of carbon atoms) the spin-orbit
coupling is strong compared to that of graphene [14, 15]. The spin-orbit splitting in the valence
band is around 200 meV in Mo-based TMDCs, and 400 meV in W-based TMDCs. The splitting
in the conduction band is smaller, a few tens of meV [16].

Another consequence of the broken inversion symmetry is the Berry phase. Berry showed
that when an eigenstate slowly moves in a closed loop through a vector field, the eigenstate will
return to the initial state but will acquire a phase [17, 18]. The acquired phase is called the Berry
phase, and the curl of the vector field is called the Berry curvature. In the context of monolayer
semiconductors, the K* and K~ valleys have opposite signs of Berry curvature. When Bloch
electrons move in a closed loop around the K* and K™~ valley band extrema, they acquire a Berry
phase that is equal and opposite between the valleys [15,19]. Schematic drawing of the Berry
curvature for each valley is shown in Figure 5. The Berry curvature results in a valley orbital
magnetic momentum, which leads to valley-dependent optical selection rules (see discussion in
Sec. 2.1.6).
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These valley properties can give rise to interesting phenomena, such as valley Zeeman and Hall
effects [20], and can provide an extra degree of freedom for applications in Quantum information
storage and processing.

2.1.4. Basics of excitons

A semiconductor at absolute zero temperature has a valence band filled with electrons and
an empty conduction band. At finite temperatures, there is a probability of holes occupying
the valence band and electrons occupying the conduction band, which is determined by the
carrier density of states and the Fermi-Dirac distribution function. External sources, such as
electromagnetic waves or electric fields, can further excite electrons into the conduction band,
leaving a hole in the valence band. The electrons and holes can form a bound quasi-particle
called excitons (Figure 6(a)), which is analogous to a hydrogen atom, where an electron is bound
to a proton. Unlike hydrogen atoms however, excitons in semiconductors (also known as Wannier
excitons) have a larger Bohr radius spanning multiple lattice sites, and a smaller binding energy.
This is due to the small effective mass of electrons compared to that of holes and the presence of
dielectric screening in semiconductors. Excitons can recombine to emit light and thus are a key
component in studying light-matter interaction in TMDCs. Some of the beneficial properties of
excitons will be discussed further in the following sections.

The interaction of electron and holes has important consequences for optical and electronic
properties in the material. The free particle band gap is determined by the Bloch wave
approximation and corresponds to the energy in which the electrons and holes are in a continuum
state. Compared to the free particle band gap (E¢), exciton energy (Ex) is lower because it is a
bound state. The exciton binding energy (Eg) is defined as the energy required to disassociate
the electrons from the holes, and can be used to express the exciton energy:

Ex =Eg - Ep. 3)

The exciton energy is also referred to as the optical band gap. The optical band gap is the
lowest-energy state (n = 1) of the exciton. The energy diagram of the exciton energies are drawn
in Figure 6(b).

The lowest-energy exciton is called the 1s exciton, whose wavefunction of the relative motion
of electron and hole is analogous to the 1s state of a hydrogen atom. Excited states of exciton
mimic the Rydberg serious of the hydrogen atom. In addition, when there is a finite electron or
hole population in the conduction or valence band, the exciton may interact with the electron
or hole gas collectively and form two polarons [21,22], one at a slightly higher energy than
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the neutral exciton, one at a lower energy. The latter is often modeled as a trion (Figure 6(b))
and the difference between the exciton and trion energy is the trion binding energy (Erp). In
traditional 3D semiconductors, E7p is typically on the order of 1 meV [23]. In comparison,
the trion binding energy (E7p) in TMDCs is about 30 meV and observable even up to room
temperature [24,25]. Both excited state excitons and trions interact with each other more strongly
and respond to external field more strongly compared to the tightly bound neutral excitons,
making them potentially interesting for studying nonlinear exciton and polariton physics [26—28].
But the stronger nonlinearity come at the expense of weaker binding and weaker oscillator
strength. In this review, we focus on the charge neutral 1s excitons unless specified otherwise.

2.1.5. Binding energy

The stability of the exciton is largely determined by its binding energy, which also has important
implications for light emission as we will discuss later. Excitons in TMDC monolayers have
large binding energies on the order of 500 meV [29], two orders of magnitude greater than that of
GaAs. This is due to a large reduced mass, reduced dielectric screening, and small electron-hole
separation resulting from the decrease in dimensionality going from 3D to 2D. A schematic
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drawing of the dielectric screening in 3D versus 2D is shown in Figure 7(a), 7(b). The monolayer
exciton binding energy is larger than the room temperature thermal energy (=~ 25 meV), which
makes monolayer excitons stable at room temperature, allowing room temperature photonic and
optoelectronic devices.

To calculate the exciton binding energy, we start from the Wannier equation, which is a
two-particle Schodinger equation that describes an electron in the conduction band and a hole in
the valence band interacting via an attractive Coulomb potential [31]:

h?v?
—[2—+V(l’) ll’v(r)zEv‘//v(r)- “4)
u
u is the reduced mass of the exciton:
memy,
H=— )
Me +my

where m, is the electron effective mass and my, is the hole effective mass. V(r) is the Coulomb

potential:

2

(6)

where e is the elementary charge, €, is the relative permittivity, and € is the vacuum permittivity.

The Wannier equation is analogous to the Schrodinger equation for an hydrogen atom. It turns
out, going from 3D to 2D, the n quantum number goes from n — (n —1/2) [31-33]. This change
manifests itself during the change of coordinates from spherical (3D) to polar (2D). The detailed
analytical derivation can be found in Ref [34]. Solving the Wannier equation in 2D (using the 2D
Laplace operator in polar coordinates) we obtain the eigen-energy:

V(r) = ,
(r) dre, eyr

4
n pe

Ef=—"——— withn=1,2,3,---, (7
B ome (n-1/2)?

where €. is the effective dielectric screening from the environment. Experimental measurements
and theoretical studies of 2D excitons in monolayer TMDCs have shown deviation from this
simplified model [30,35-37]. This is due to the nonuniform dielectric environment experienced
by the exciton in 2D materials [38]. Qualitatively, this is due to the different levels of dielectric
screening experienced by the electric field lines between electrons and holes. The electric field
lines experience a larger screening when going through the 2D material than when going through
the surrounding medium as shown in Figure 7(c). For higher order excitons (higher quantum
number n), the separation between electron and hole becomes larger, fewer electric field lines
go through the 2D material, and thus the screening is reduced. This can be modeled as the
Rytova-Keldysh potential [39,40]:

2
Ven(r) =—§i [Ho (L) -Y (L)] 3)
ro ro ro

where Hy and Y; are Struve and Bessel functions and ry is the effective screening length.

Because of the 2D nature of monolayer TMDC:s, the substrate or capping material can increase
the dielectric screening and reduce the exciton binding energy. However, the additional dielectric
screening also renormalizes and reduces the free particle band gap [41]. This combined with the
reduced binding energy results in minimal changes to the exciton ground state energy.

The strong binding energy of monolayer TMDC excitons offer benefits for the study of
light-matter interactions. First, the large binding energy results in room-temperature stable
excitons. Next, the higher order exciton states (n = 2, 3, - - - ) are experimentally observable [30]
and have been used to demonstrate exciton-polaritons with higher interaction strength [42]. Lastly,
the excitons interact strongly with light, which we will discuss further in the next section.
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2.1.6. Optical selection rules and spin valley locking

Excitons are optically active if they can couple with light. They are generically called “bright
excitons”. The exciton-photon coupling require conservation of both the linear and angular
momentum. The conservation of the linear momentum requires the exciton center-of-mass wave
vector k to be equal to the in-plane projection of the photon wave vector g [29]. Thus, the
allowed wave vectors are k < gy = w/c, where w is the photon frequency corresponding to the
exciton resonance. In other words, the excitons that are within the “light cone” are bright excitons
and couple to light by absorption or emission, while excitons outside of the light cone are “dark
excitons” and are optically inactive. A schematic illustration of such dark and bright exciton
formation is shown in Figure 8.

The total angular momentum has contributions from both the spin angular momentum and
orbital angular momentum. In the absence of magnetic field or magnetic scattering, the allowed
optical transitions are between the same spin states in the valence and conduction bands. In
TMDOC, it results in two bright excitons called the A exciton (lower energy) and the B exciton
(higher energy) as represented in Figure 8(b). They are also called spin-singlet excitons, as
the electron and hole have parallel spins. Transition between valence and conduction bands of
opposite spins lead to spin-triplet excitons, where the electron and hole has anti-parallel spins;
they form another type of dark exciton. In tungsten-based TMDCs, namely WS, and WSe, [43],
these dark excitons are the lowest energy exciton state. Consequently, the dark states reduces the
emission of WS, and WSe; at low temperature [44].

In addition to conservation of spin, the orbital and valley angular momentum need to be
conserved. Since both the conduction and the valence band electrons have d orbitals, opposite
helicities of circularly polarized light couple to the valleys K* (o* polarization) and K~ (o~
polarization) valleys, respectively (Figure 8(b) and 8(c)). The spin-valley locking property of
TMDC:s is thus transcribed to the valley selection rule of the optical transitions.

2.1.7. Oscillator strength and linewidth

For optically active excitons, the radiative decay rate can be obtained using the Fermi’s golden
rule [45]:
Lo~ [(fle - rli) I* pev(@) 8(Ec = Ey = hw), ©)

where f and i are final and initial states, p. ,(w) is the density of states, E. and E,, are final and
initial state energies, respectively, and %w is the energy of the electromagnetic field.

The strong binding energy of TMDC excitons leads to a small spatial separation of electrons
and holes, and thus a larger wave function overlap. As a result, the excitons have a large oscillator
strength and interact strongly with light. The exciton oscillator strength is a dimensionless
quantity that quantifies the interaction between the exciton and electromagnetic waves. It can be
derived from the interband optical transition matrix and is defined as follows [46]:

\%
3 9
Tapop

2uw
=L e - elu)

(10)

where u. and u, are Bloch wave functions of electron and hole, respectively, w is the frequency
of the transition, V is the exciton quantization volume, and ag »>p is the Bohr radius in 2D. To
determine the Bohr radius in 2D, we first consider the general form of the exciton radius in 3D:

rx3p =nagj3p, withn=1,2,3,--- . (11
Here, ap 3p is the exciton Bohr radius in 3D. The Bohr radius in 2D (where n = 1) is therefore:

1 €, ol
ap2p = zAB3D = e

> 12)
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Fig. 8. Exciton formation and emission. (a) Schematic diagram of the exciton
formation dynamics in the two-particle representation. The light cone is colored in
yellow. Excitons inside of the light cone are bright excitons and excitons outside of
the light cone are dark excitons. Excitons are created by excitation of carriers and
subsequent relaxation to the ground state. Dark excitons can scatter into the light cone
via phonon scattering and at finite temperatures bright excitons can scatter outside of
the light cone. (b-c) Spin-valley band configurations and optical transitions for bright
excitons in (b) Molybdenum-based, and (c) Tungsten-based monolayers. A and B
represent the A-exciton and B-exciton transitions, respectively. Spin up and spin down
states are represented in red and blue, respectively. (d-e) Dark exciton formation in (d)
Molybdenum-based and (e) Tungsten-based monolayers. (f-g) Inter-valley bright trion
formation for (f) Molybdenum-based and (g) Tungsten-based monolayers.

Hence, in 2D the exciton binding energy is 4 times larger and the Bohr radius is 2 times smaller
than in 3D. Using a simplified picture, this is due the the exciton being confined to a 2D plane
and being ‘squeezed’ together. In TMDC:s, the exciton Bohr radius for the 1s state is on the order
of 1 nm [47].

The exciton linewidth gives some information about the dynamics of the excited state population
and how it interacts with light. Theoretical studies predict the radiative lifetime of 1s excitons in
TMDC:s to be on the order of 1 ps, which corresponds to a radiative linewidth of 1 meV [48,49],
about two orders of magnitude smaller than that of GaAs [50]. The radiative lifetime sets a lower
bound for the linewidth. In real systems, defects, inhomogeneity, and impurities may lead to
inhomogeneous broadening of the linewidth (Figure 9(a)), while fluctuations in the environment
and scattering with phonon and carriers often result in additional homogeneous broadening.

Decreasing the exciton linewidth is important for thermalization of excitons and exciton-
polaritons. In TMDCs, the best way to reduce the linewidth is by encapsulating the monolayer
with hBN [52-54]. Capping the monolayers with hBN can ensure the surface roughness of
the substrate does not transfer to the monolayer, and can also protect the exciton from charge
transfers or local electric fields, thus reducing the inhomogeneous broadening of the linewidth.
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Fig. 9. Exciton linewidth in TMDCs. (a) Schematic representation of inhomogeneous
linewidth broadening. Individual oscillators with linewidth 2y have different frequencies
due to the environmental variations. This results in an inhomogeneously broadened total
linewidth (I'j,). Figure reproduced with permission from [G. Moody, C. Kavir Dass, K.
Hao, C.-H. Chen, L.-J. Li, A. Singh, K. Tran, G. Clark, X. Xu, G. Berghéuser, E. Malic,
A. Knorr, and X. Li, Nat. Commun., 6, 8315, 2015] [51]. (b) Photoluminescence
measurements of bare and encapsulated monolayer MoSe; at SK.

Experimental studies show that hBN encapsulation results in linewidths as low as 2 meV [52].
Encapsulation also alters the dielectric environment experienced by the excitons and trions and
can change their energies (Figure 9(b)).

2.2. Experimental studies of excitons in monolayer TMDCs
2.2.1. Monolayer TMDC sample preparation

Monolayer sample preparation techniques play an important role in making high quality samples
that have strong emission and narrow linewidths. We review here three main types of methods
to prepare monolayer TMDCs: exfoliation using polymers, exfoliation using metal tapes, and
epitaxial growth or deposition.

First is mechanical exfoliation using polymers such as scotch tape or polydimethylsiloxane
(PDMS) [1]. This method is readily implemented in typical lab environment and produces
good quality samples, therefore is currently the most used method for making photonic devices.
However, the typical dimension of the exfoliated flakes are on the order of 10s of um, with low
yield.

A general procedure for monolayer exfoliation is as follows: first a thin (sub-millimeter) flake
of bulk crystal is exfoliated onto an adhesive tape, which is often referred to as ‘mother tape’.
Then, a sheet of polymer material, such as scotch tape, PDMS, or PVC tape, is brought in contact
with the crystal on the mother tape and peeled off to cleave the crystal and transfer some layers
onto the polymer sheet. To further thin down the crystal, a fresh sheet of polymer is pressed
onto the existing one and peeled off. This process is repeated until optimal thickness is achieved.
Next, the polymer sheet is pressed onto a clean substrate, usually a silicon dioxide (Si0,) wafer,
and peeled off to exfoliate some of the flakes onto the substrate. To locate the monolayers, the
substrate is searched under an optical microscope and monolayers are identified by its optical
contrast. On average, this method produces flakes that are on the order of 20 X 20 microns, which
is sufficient for most optical characterization measurements.

Exciton optical characterization measurements or exciton-polariton devices benefit from
exciton emission with narrow linewidths and high quantum field. To that end, different methods
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to passivate and encapsulate the monolayers have been investigated with varying degrees of
effectiveness. The most effectively and widely applicable method is to encapsulate the monolayer
with hexagonal boron nitride (hBN). hBN has a flat 2D hexagonal lattice structure that provides
a smooth, uniform surface for the TMDC material. Encapsulation also protects the TMDC
material against degradation and reduces the charge fluctuation in the material and lowers
the inhomogeneous broadening [52,54]. Exfoliating hBN layers is very similar to exfoliating
monolayer TMDCs, except that hBN can be a few to few-tens of layers thick. To encapsulate the
monolayer TMDC with hBN using a dry transfer technique, a transfer stamp, usually comprised
of a glass slide with a small piece of polymer, is used to pick up the top hBN layer, the TMDC
layer, and the bottom hBN layer. The encapsulated sample stack is then transferred onto a desired
target substrate and any residual polymer on the sample is washed away with a solvent. This
method can produce samples with the highest optical quality at present.

The second method to produce monolayers is metal-assisted exfoliation. It can produce
larger area monolayer flakes up to the centimeter scale and is a promising avenue for scalable
2D material devices [55-58]. However, removing of the gold from the 2D material results in
degraded optical qualities. Recently, it was shown that, after removing gold, encapsulating
the large area monolayer with 1-dodecanol molecules results in drastically improved optical
qualities with defect states that are strongly suppressed [59]. The exciton and trion linewidths and
photoluminescence quantum yield are comparable to that of hBN-encapsulated, tape-exfoliated
small flakes and are highly uniform across multiple millimeters. Such dodecanol-encapsulated
large-area monolayers can facilitate integration of TMDC monolayers with photonic structures
and systematic development of TMDC photonic devices.

Lastly, large-area growth of monolayers uses techniques such as chemical vapor deposition
(CVD) [60-65], molecular beam epitaxy (MBE) [66,67], or atomic layer deposition (ALD) [68].
The optical quality of the epitaxial monolayers has been greatly improved over the past decade
and has become competitive with exfoliated monolayers at room temperature. However defect
densities in large-area monolayers are still much higher than the state-of-the-art bulk crystals
or exfoliated monolayers, resulting in typically worse exciton linewidth and quantum yield at
low temperatures. Further development of these methods will be crucial for 2D material based
technologies.

2.2.2. Optical spectroscopy techniques

The strong binding energy of TMDC excitons leads to a small spatial separation of electrons and
holes and thus a larger wave function overlap. As a result, the excitons have a large oscillator
strength and a strong interaction with light. They often feature much stronger linear and nonlinear
optical responses than those of typical semiconductors, when permitted by crystal symmetries.
Therefore, optical spectroscopy is especially useful and versatile for the study of TMDC materials.
We will focus on linear spectroscopy in this review, which has been well established and widely
used to characterize fundamental properties of excitons. Nonlinear spectroscopy using ultrafast
lasers has been used to study valley and carrier dynamics and nonlinear optical phenomena that
are hard to access in conventional materials and in the linear regime. Furthermore, TMDCs can
exhibit nonlinear characteristics when interacting with ultrafast pulses, and can serve as a basis
for nonlinear photonics. This is a fast evolving and exciting topic that we refer the readers to a
few recent reviews on the subject [69—74].

Identification of monolayers There are few different ways of identifying monolayer TMDCs.
The fastest way is to search the exfoliated use an optical microscope to distinguish the monolayer
among multilayers through optical contrast. Another way to determine monolayers is through
reflection contrast and photoluminescence (PL) measurements. Monolayer excitons have a direct
bandgap and a strong oscillator strength thus a strong absorption and emission at the exciton
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resonance energy that can be seen through reflection and PL measurements. Raman spectroscopy
is another method that can be used to determine the number of TMDC layers. There are two
Raman active modes that can be measured via spectroscopy: Ag and Eég. Ajg corresponds to

the out-of-plane vibrations of the two chalcogen atoms in opposite directions. E21 corresponds
to the in-plane vibrations of the chalcogen atoms with respect to the transition metal atom [75].
The energies, intensities and the lineshapes of the Raman peaks are sensitive to the layer numbers
and can therefore be used to identify monolayers.

Exciton measurements The lowest energy exciton optical transition (n = 1) can be directly
measured by linear reflectance contrast, PL, and photoluminescence excitation (PLE) measure-
ments. The large binding energy of excitons results in room-temperature stable excitons and
experimentally observable higher order (n = 2, 3, - - - ) exciton states [30]. In monolayer TMDC:s,
there are both bright and dark excitons. The optical transition between the same spin states in the
valence and conduction bands results in the formation of two bright excitons called the A exciton
(lower energy) and B exciton (higher energy). Furthermore, dark exciton is the lowest energy
state in tungsten-based TMDCs, namely WS, and WSe, [43], leading to reduced emission at low
temperature [44].

Linewidth measurements The exciton linewidth gives some information about the dynamics
of the excited state population and how it interacts with light. In TMDC:s, the radiative lifetime
of the 1s exciton is predicted to be on the order of 1 ps (or 1 meV) [48,49].

In real materials, the linewidth is often dominated by various inhomogeneous broadening and
additional dephasing mechanisms due to defects, inhomogeneity, environmental fluctuations,
and scattering. Therefore, special experimental techniques, such as 2D Fourier transform
spectroscopy [51,76], mid-infrared absorption spectroscopy [77], and high-resolution time-
resolved spectroscopy [78] are required to extract the radiative lifetime. Notably, it is remarkable
that the exciton linewidth in high-quality TMDC monolayers can be comparable or of the same
order of magnitude as the radiative linewidth. This is unique among semiconductor excitons
of greater than zero-dimension. In such monolayers, light-matter interactions approach the
coherent limit; even a monolayer can function as a high-reflectance mirror [79, 80] or a perfect
absorber [81].

2.3. Excitons in multi-layer crystals and heterostructures

2D materials offer a platform that allows the creation of heterostructures with a variety of
functions. In this section, we focus on the spectroscopic experiments of TMDCs heterobilayers.
In the first part, the interlayer exciton state as a novel state in heterobilayers will be reviewed. We
will discuss band alignment, lifetime, oscillator strength, electric dipole momentum, magnetic
dipole momentum, valleytronics, and optical selection rules. The above features of interlayer
excitons can be explained without the consideration of moiré lattices. In the second part, we will
summarize the evidence of moiré excitons, such as the splitted exciton species, moiré assisted
electronic band hybridization, and moiré-manipulated optical selection rules. Other observations
such as moiré twist angle dependence of exciton lifetime and diffusion length can also provide
additional evidence of the moiré superlattice. These phenomena can be understood in a single
particle picture considering the moiré superlattice, and the moiré manybody physics is reviewed
in the next section.

2.3.1. Interlayer excitons

A beneficial property of TMDC:s is the ability to form heterostructures without lattice matching
constraints. Unlike 3D materials, 2D materials do not have dangling bonds, which means they can
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Fig. 10. Heterostructure lattice matching. Schematic drawing of a 3D (a) lattice
matched and (b) lattice mismatched heterostructure interface. The lattice mismatch
induces strain and defects along the boundary. (c) 2D heterostructure interface. The
layers are bound together by vdW forces.

be integrated with other materials without inducing strain or defects at the boundary (Figure 10).
Furthermore, there is a wide variety of 2D materials with different band gaps and work functions
that can be used for heterostructure engineering, allowing a greater degree of flexibility than 3D
bulk semiconductors.

When two different semiconductor materials are combined to form a heterostructure, an
electron in one layer and a hole in another can be bound to form an interlayer exciton. The electron
and hole wave functions in interlayer excitons are spatially separated, whereas in intralayer
excitons they are closer together. Therefore, interlayer excitons are also known as spatially
indirect excitons, and they have been first reported in GaAs/AlGaAs coupled quantum wells to
use as electro-optical modulators [82].

In 2D materials, interlayer excitons in both homo- and heterobilayers feature a strong binding
energy compared to 3D semiconductors, making them useful for high-temperature applications.
The spatial separation of electron and holes result in a long radiative lifetime, a long valley
depolarization time, and a permanent out-of-plane dipole moment with strong dipole-dipole
interactions. Such spatially indirect excitons can exhibit a variety of physical phenomena including
quantum-confined Stark effect [83—86], exciton condensation and superfluidity [7,87-91], and
strongly-correlated electronic states [92-94].

Interlayer excitons have been demonstrated in a wide range of TMDCs materials, including
MoSe; [95], WSe, [86], and MoS; [96-99] homobilayers, and MoSe,/WSe; [6, 100-104],
MoS,/WS, [105, 106], MoS,/WSe, [107,108], and WS,/WSe; [109] heterobilayers.

In general, interlayer excitons in TMDC heterobilayers have a smaller oscillator strength
compared to the intralayer excitons in monolayers and therefore weakly interact with light.
However, there are hybrid inter/intralayer exciton states [110, 111] and homobilayer excitons [96—
99] that maintain a sufficiently high oscillator strength for cavity coupling. This will be further
explored in section 4.3.

Band alignment Stacking two monolayer TMDCs will result in a heterobilayer, and the band
edge alignment is generally in a staggered form, which implies a type II heterostructure. A
simplified diagram of the interlayer exciton formation and the WSe,/MoSe, band energy diagram
is shown in Figure 11. The conduction band minimum and valence band maximum comes
from two different layers, which is confirmed by photoelectron spectroscopy and first principle
calculations. Therefore, optically or electrically injected electrons and holes will relax to two
separate layers and form a new bound state, called interlayer exciton. The first experimental
evidence of interlayer exciton is reported in a WSe,/MoSe, by PL spectrum [100]. PL from
bilayers replicates the main features of the constituent monolayers including the neutral excitons
and trions, but with a highly reduced intensity. Besides, a new emerging peak was observed at the
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Fig. 11. Interlayer exciton schematic. (a) Schematic illustration of the intralayer and
interlayer exciton formation. Intralayer excitons are created by external excitation of
charges. Charge transfer of carriers between layers created spatially separated interlayer
excitons. (b) Type II band alignment of a WSe,/MoSe; heterobilayer. EX;V (E é” ) is the
band gap energy of WSe; (MoSe;). E};V (E 1’_,‘34 ) is the binding energy of WSe, (MoSe,)
intralayer exciton. E¢- is the interlayer band gap energy, E g/ in the interlayer exciton
binding energy, and Eyx is the interlayer exciton energy (Note: this is a simplified
picture that ignores the twist angle between layers). Figure made with data presented
in [112].

longer wavelength, which is assigned to be the emission from the interlayer exciton. The origin of
interlayer exciton is further confirmed by the PL excitation spectra. The interlayer exciton emission
intensity is enhanced when the excitation laser frequency is on resonance with the intralayer
excitons. Up to now, interlayer excitons have been reported in different heterobilayers. Among
them, interlayer exciton energy of WSe,/MoSe,, WS,/MoSe;, WSe>/MoS,, and MoSe;/MoS; is
well separated from that of the corresponding intralayer excitons, and can be easily identified
from the PL spectrum. In WS,;/MoSe, and WS,/MoS,, the interlayer exciton and intralayer
exciton are almost degenerate, and the coupling between intralayer and interlayer excitons needs
to be considered.

Ultrafast interlayer charge transfer Considering a type II heterobilayer optically pumped at a
frequency above intralayer exciton energy, optically excited carriers will quickly separate into
electrons in one layer and holes in the other layer. Such an interlayer charge transfer process is
extremely fast in heterobilayers, which can happen at a femtosecond (fs) timescale. This ultrafast
process was first identified in a WS,/MoS, heterobilayer. After optically exciting MoS, intralayer
excitons in a MoS,/WS, heterobilayer, the hole was observed to transfer from the MoS, layer to
the WS, layer within 50 fs [113]. Similar ultrafast charge transfer process has also been observed
in the other heterobilayers, and is found to be twist angle independent. A number of studies
have been carried out to understand the mechanism behind the ultrafast process and its twist
angle independence, which are summarized in a review [114]. The key reason for the ultrafast
charge transfer is that the small layer separation of around 1 nm leads to interlayer exciton state
with strong coulomb interaction. Therefore, these energetically more favorable interlayer exciton
state will be occupied by the optically excited electron hole pairs in a very short time scale. The
twist angle independence is explained by the assistance of phonon scattering process and strong
interlayer hybridization via I" and Q valleys.

Electrical dipole momentum The interlayer exciton has two different kinds of dipole moments.
The first kind corresponds to the optical transition between the vacuum state and the exciton
state, which determines oscillator strength. The second kind is the static electric dipole. We will
briefly discuss them separately as follows.
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As a result of the spatial separation of the electron and hole, the oscillator strength of
interlayer exciton is smaller than that of intralayer exciton by 2-3 orders of magnitude. This
contrast is confirmed by three different types of measurements. The PL lifetime of intralayer
and interlayer exciton is typically ps and ns, respectively. Remarkably, the longest reported
interlayer exciton PL lifetime is around ws [115]. Photocurrent spectroscopy measurements on
an MoSe,/WSe; p-n junction show ~200 times lower photocurrent generation from interlayer
excitons than from intralayer excitons [116]. Optical absorption of interlayer excitons measured
using electromodulation spectroscopy show the interlayer exciton intrinsic radiative lifetime to
be 0.4 ns [117].

The static electric dipole is along the out of plane direction, and proportional to the layer
separation d. By applying the electric field along the out of plane direction, interactions between
the electric dipole and the electric field will induce the shift of the exciton resonance, which is
called D.C. Stark effect. This Stark effect of interlayer excitons has been observed in different
types of heterobilayers [6, 83]. By fitting the field dependence of the energy shift, the dipole
momentum can be extracted, which has dependence on the interlayer separation. This static
dipole momentum can also leads strong dipole-dipole interaction, manifested as a strong blueshift
of the interlayer exciton resonances with increasing densities.

Magnetic dipole momentum The influence of the magnetic field on the exciton can be expressed
as: AEx = AE€—AEYV—-AE )b(, where AE., AE,, and AE g’( are the Zeeman shifts of the conduction
band extrema, valence band extrema, and the binding energies, respectively. In TMDCs systems,
the exciton binding energy acquires negligible diamagnetic shift when the magnetic field is under
10 T. Therefore, the magnetic response is simplified to be AEx = AE€ — AEY = —(u€ — u")B,
where 1€ and p” are the magnetic moments of the conduction and valence bands. u¢ and u"
are further contributed by three parts: spin, orbital, and valley angular momentum. For bright
intralayer exciton of monolayer TMDCs, the contribution from spin is cancelled because of
the parallel spin of electrons and holes. The contribution from the valley orbital number is
negligible [118]. The orbital angular momentum for the valence and the conduction band are 27
and 0, respectively. For the K valley, the Zeeman shift of the neutral exciton energy depends only
on magnetic moments of the orbital angular momentum, which is (¢¥ — u€) = —2up.

In heterobilayers, the magnetic response of the interlayer exciton depends on the total angular
momentum engineered by the stacking orders and relaxed optical selectivity. In contrast with
intralayer exciton in monolayers, spin non-conserved optical transition of interlayer exciton is
allowed in heterobilayers as a result of the broken out-of-plane mirror symmetry, corresponding
to the spin triplet exciton. The spin conserved transition corresponds to the spin singlet exciton.
Four cases need to be considered: spin singlet and triplet excitons in a heterobilayer with AA
(twist angle close to 0°) and AB stacking orders (twist angle close to 60°). For a singlet exciton,
the spin angular momentum contributed by electron and hole will cancel. For a triplet exciton,
the total contribution of the spin will be yp. In a heterobilayer with AA stacking order, where
the K valley of electron and hole is aligned, the contribution of valley angular momentum is
negligibly small, similar with monolayer intralayer exciton. However, in the case of AB stacking
order where K and K’ valley are aligned, the valley angular momentum of electron and hole will
constructively contribute to the total angular momentum.

Optical selection rules Compared to intralayer excitons, the optical selection rule for interlayer
exciton is more complex, as they also depend on the atomic registries in the bilayer and are
affected by the breaking of plane mirror symmetry.

Unlike the monolayer excitons whose spin-conserved (spin flip) interband transitions can only
couple to photons with in-plane (out-of-plane) polarization, such restriction is removed for the
interlayer excitons due to the breaking of the out-of-plane mirror symmetry in the heterobilayers,
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Fig. 12. Stacking order and atomic registries of heterobilayers. (a-c) Atomic registries
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Table 1. The inter-valley optical selection rules between the valence band of one layer
and the conduction band of another layer. Made with data presented in [119].

both the spin singlet exciton and spin triplet interlayer exciton can couple to photon with in-plane
polarization. This has been verified in a WSe,/MoSe, heterobilayer, where the PL emission from
both the spin singlet and triplet exciton are observed. Moreover, the singlet and triplet exciton
from the same valley will couple to photon with different circular polarization, also in agreement
with experiments [102, 119, 120].

The heterobilayer also allow engineering of the atom registry alignment, which modifies the
optical selection rule via the phase factors of the Bloch wavefunction. Theoretically, one-to-one
correspondence between the interlayer atomic registry and the optical transition dipole can be
established. Therefore, to determine the optical selection rule of an interlayer transition, both the
atom registry and the spin configurations need to be considered, as summarized in Figure 12 [119].
The light polarization that corresponds to the inter-valley optical transition at each atomic registry
is summarized in Table 1 [119].

In CVD-grown heterobilayers, due to the small difference in the lattice constants of WSe, and
MoSe, monolayers, lattice relaxation leads to precise R- or H-stacking [121]. Opposite optical
helicities were measured between interlayer excitons of such R-stacked and H-stacked bilayers,
as predicted by theory. However, the larger inhomogeneous linewidth prevented differentiation
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Fig. 13. Moiré superlattice. (a) Diagram of a moiré superlattice pattern. apy is the
superlattice constant. (b) Schematic of the monolayer TMDC bands folded due to the
superlattice potential. The green lines represent the monolayer band dispersion and the
gray lines represent the new folded mini bands. Reprinted from [E. C. Regan, D. Wang,
E. Y. Paik, Y. Zeng, L. Zhang, J. Zhu, A. H. MacDonald, H. Deng, and F. Wang, Nat.
Rev. Mater., 2022] [122].

between exciton and trion transitions. In WSe,/MoSe; heterobilayers made of twist-aligned,
exfoliated monolayers with R-stacked atomic registries [102], exciton and trion of the opposite
helicities were measured, again in full agreement with the theoretical prediction.

Valleytronics of interlayer exciton The valley degree of freedom of intralayer excitons
can be transferred to the interlayer exciton by aligning the two constituent monolayers [101].
Interestingly, a much higher degree of valley polarization can be preserved for interlayer excitons
in heterobilayers, with a much longer valley-depolarization time [102]. This can be understood
by considering two time scales. First, the optically injected intralayer exciton will be decomposed
to electron and hole in the two layers, and this process can happen in fs scale, which is much
faster than the valley depolarization rate of intralayer exciton (ps). Once the highly polarized
interlayer excitons are formed, their depolarization rate is much slower than the monolayer
intralayer exciton, because the valley depolarization, mainly induced by electron hole exchange
interaction in monolayers, is highly suppressed in the heterobilayer as a result of spatial separation.
Experimentally, the circular polarization degree of interlayer exciton of more than 80% was
measured even in time-integrated PL spectra, with high-above resonance pumping. The valley
polarization lifetime, measured from the polarization and time resolved PL spectra of interlayer
exciton, is around tens nanoseconds, 3 orders of magnitude higher than that of the intralayer
exciton [102].

2.3.2. Moiré excitons

In twisted TMDCs bilayers, moiré superlattices can be created through a small twist angle or
lattice mismatch between the two constitute layers, providing a powerful method to engineer
excitonic states in TMDCs (Figure 13(a)). The moiré lattice has a period many times of the
monolayer crystal’s lattice constant. Correspondingly, in momentum space, the crystal Brillouin
zone folds into a much smaller one, as illustrated in Figure 13(b). The folded bands form mini
bands with a smaller bandwidth, sometimes becoming nearly flat. Such tunable minibands
provide an ideal platform for observing strongly correlated electronic states [123—-128]. Moiré
excitons can scatter resonantly with electrons or holes at certain filling factors, creating a 2D
Feshbach molecule that can be tuned in and out of resonance with external electric field and
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adding a layer of tunablity [129, 130].

Moiré induced split exciton levels and engineered optical selectivity Exciton in moiré
lattices, called moiré excitons, can manifest as discrete exciton resonances or mini-bands, split
from the monolayer exciton resonance, as a result of the moire lattice confinement [131, 132].
They may also manifest in special optical selection rules as they are distribute mainly at different
locations in the moiré lattice with different atom registries [132—135].

Moiré induced band hybridization The above two features of moiré excitons were demon-
strated in both interlayer and intralayer excitons. In a special combination WS,/MoSe,, the
conduction bands of the two layers are almost aligned, and strong coupling between intralayer
exciton and interlayer exciton is realized through the conduction band hybridization. The
momentum-conservation of the hybridization is satisfied by the bandfolding induced by the moiré
lattice, which is further confirmed by the twist angle dependence of the hybrid excitons [110].
Such phenomena have also been observed in the combination of WSe»/WS, [136].

Twist angle dependence of moiré exciton dynamics Twist angle between two TMDCs
layers, has become a new tuning knob to engineer exciton states. The twist angle dependence
of moiré-exciton dynamics was experimentally studied, including PL lifetimes and diffusion
length. In WSe,/MoSe; hetrobilayers, the PL lifetime of moiré excitons was found to increase
by one order of magnitude when the angle is increased from 1° to 3.5°. This is mainly due
to the increased K valley misalignment between the two monolayers, and the electron hole
recombination requires the phonon scattering. The twist angle dependence of interlayer exciton
diffusion is also studied [109, 137, 138]: When the twist angle is small, the interlayer exciton is
more likely localized within the moiré unite cell because of the larger moiré peirod and shorter
interlayer exciton lifetime. With increasing the twist angle, the diffusion of interlayer exciton can
be resolved with reduced moiré period and longer PL lifetime.

3. Collective phenomena of TMDC excitons
3.1. Exciton lasers in TMDCs

TMDC materials have a variety of exciton species and the freedom to integrate with a wide
range of substrates, making them ideal for observing and controlling light-matter interactions and
collective phenomena. They also offer new opportunities for compact and efficient optoelectronic
and photonic devices.

The spatially indirect nature of interlayer excitons results in a strong dipole interaction and a
long exciton lifetime, which can be beneficial properties for collective and controllable many-body
phenomena [7, 139].

Interlayer excitons in WSe,/MoSe, heterobilayers have been widely studied because of their
strong PL emission. By integrating the heterobilayer with a photonic cavity, the interlayer exciton
emission can be enhanced by the cavity feedback and, under the right conditions, lasing can
occur. Figure 14(a) shows a schematic of a heterobilayer integrated with a photonic grating cavity.
A direct band gap between the two monolayer materials can form when the layers are nearly
commensurate with one another, and the interlayer excitons can have a sufficiently large oscillator
strength for emission (Figure 14 (b)). With a type-II band alignment, the heterobilayer forms a
three-level system that allows efficient pumping through the intralayer exciton resonances followed
by rapid electron transfer to a lower-energy empty conduction band [141, 142] (Figure 14(c)).
As a result, population inversion is readily achieved at the reduced bandgap while avoiding fast
intralayer radiative loss of the carriers.
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Fig. 14. Illustration of the heterobilayer/grating cavity laser system. (a) Schematic
of the laser device consisting of a heterobilayer on a grating cavity. The along-bar
(cross-bar) direction and polarization are defined as x (y) and TE (TM) respectively.
Grating cavity design parameters are the following: total SiN thickness (¢), SiOy
thickness (d), grating thickness (%), grating period (A), gap width (g). We define 6
(0y) as the azimuthal angle of the light beam along the x-z (y-z) plane with respect to
the z-axis, as indicated by the red arrows. (b) [llustration of the rotationally aligned
heterobilayer with twist angle € = 0° (top), and the correspondingly direct band gap at
the K valleys (bottom). (c) Band alignment and carrier dynamics of the heterobilayer.
The heterobilayer has a type II band alignment, forming a three-level system for the
injected carriers. Intralayer excitons are excited by a pump laser in the WSe; layer
(solid wavy line). Some electrons transfer to the lower MoSe, conduction band on a
fast (10 - 100 fs) time scale (dotted line), while others recombine as intralayer excitons
with lifetimes of 1-10 ps (dash-dotted wavy line). Without the cavity, the interlayer
excitons (dashed line) recombine with a lifetime on the order of 1 ns (Ix), and, with
cavity enhancement, on the order of 100 ps (Ixc). Reprinted from [E. Y. Paik, L. Zhang,
G. W. Burg, R. Gogna, E. Tutuc, and H. Deng, Nature, 576, 80-84, 2019] [140].

22



697

698

699

700

701

702

704

705

706

707

709

710

71

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

Lasing using interlayer excitons in TMDC heterobilayers has been demonstrated with a
photonic crystal cavity at room temperature [143] and one dimensional (1D) grating resonator
cavity with the formation of spatial coherence [140]. These studies set the stage for small-scale,
energy-efficient, electrically injected, room-temperature semiconductor nanolasers that are easily
integrable with existing silicon-based photonics.

3.2. Exciton condensation at high temperatures

Bose-Einstein condensation (BEC) of excitons is a macroscopic quantum phenomenon that
attracts much interest in the condensed matter physics community [87, 144—-146]. In three
dimensions (3D), this is expected to happen when the exciton thermal de Broglie wavelength
becomes comparable to the average inter-exciton separation; a macroscopic occupation of
excitons in the ground state emerges below the condensation temperature. Such macroscopic
occupation is, however, not possible in 2D [147-149]; the long-wavelength phase fluctuations
in the exciton fluid destroy long-range phase coherence. Instead, it is expected that the system
develops quasilong-range phase coherence and exciton superfluidity below the characteristic
Berezinskii-Kosterlitz-Thouless (BKT) transition temperature [147—149], which is comparable
but lower than the degeneracy temperature of the exciton fluid [7, 148, 150].

The emergence of atomically thin TMDC semiconductors that support tightly bound excitons [3,
29] provides an ideal avenue to explore the physics of exciton BEC in 2D [7, 8, 151-154].
Compared to double layers of semiconductor quantum wells and graphene [87,90,91, 155-157],
the large exciton binding energy in TMDCs favors exciton BEC at much higher temperature
scales [7,8,151-154]. As an estimate, the exciton degeneracy temperature in 2D is proportional to
the exciton density and inversely proportional to the exciton mass. The maximum exciton density
just before complete ionization of the excitons into an electron-hole plasma is 7,45 ~ al‘g2 o« Epg
(ap is the exciton Bohr radius); it implies a maximum degeneracy temperature on the order of
the exciton binding energy Ep ~ 300 meV in monolayer TMDCs. Exciton BEC above room
temperature is possible.

Unfortunately, the large binding energy in monolayer TMDCs also imply very strong light-
matter interactions and therefore very short exciton lifetime [3,29], which makes both the build
up of a high exciton density and exciton thermalization difficult or impossible. To overcome
this difficulty, theoretical studies have proposed the realization of exciton BEC in a dipolar
interlayer exciton fluid [7, 8, 151-154, 158] (Figure 15(a)). Compared to intralayer excitons in
monolayer TMDC:s, the exciton binding energy is reduced because of interlayer electron-hole
separation. The interlayer separation, however, endows excitons with negligible electron-
hole wavefunction overlap and therefore much longer lifetimes [84, 159]. The compromise
between binding energy and lifetime strikes a good balance and provides a realistic setting to
stabilize exciton BEC in the 100 K (or higher) temperature scale [7,8, 151-154] (Figure 15(c)).
Moreover, the permanent dipole of interlayer excitons induces strong dipolar exciton-exciton
interactions [8, 151]. The strong interaction further favors exciton BEC by suppressing both
density and phase fluctuations [148, 149]; it can also stabilize other exotic ground states of
excitons, such as exciton Wigner solids and supersolids [158, 160]. Below we review recent
experimental progress in the studies of dipolar interlayer exciton fluids with and without a lattice.

3.2.1. Strongly correlated excitons in a continuum

Although optical pumping can create dipolar interlayer excitons in a rather simple TMDC
heterobilayer with type-II band alignment [6, 83, 159], it remains difficult to produce a high-
density exciton fluid using this method because of the short exciton lifetime at high exciton
densities due to electron-hole wavefunction overlap and Auger relaxations [83]. Instead, we will
focus in this section Coulomb-coupled TMDC bilayers with type-II band alignment, in which
a thin hexagonal boron nitride (hBN) tunnel barrier is inserted between the two TMDC layers
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Fig. 15. Dipolar exciton fluid. (a) Schematic of a Coulomb-coupled MoSe,/WSe;
electron—hole double-layer encapsulated by top and bottom graphite gates. (b) Type-II
band alignment of the double-layer with interlayer band gap E (left). An interlayer
bias voltage V}, separates the electron and hole chemical potentials (dashed lines)
and reduces the charge gap (right). Interlayer excitons are formed spontaneously
when Vp,, which acts as a chemical potential for excitons, exceeds the exciton energy
Eg — Ep. (c,d) Schematic (c) and experimental (d) exciton phase diagram in the
temperature and exciton density plane. (c) The dashed lines indicate crossovers and the
solid lines mark the phase transitions. The dot is the Mott critical point. (d) Exciton
compressibility as a function of temperature and exciton density. The white squares
denote the exciton ionization temperature, which characterizes a crossover from the
EI (left) to an electron—hole plasma (right). The dashed line and dotted line show,
respectively, the degeneracy temperature per flavour for non-interacting excitons and
the temperature corresponding to the exciton compressibility peak. Panel (a) reprinted
from [Z. Wang, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. C. Hone, J. Shan, and
K. F. Mak, Nature, 574, 76-80, 2019] [88]. Panels (b) and (d) reprinted from [L.
Ma, P. X. Nguyen, Z. Wang, Y. Zeng, K. Watanabe, T. Taniguchi, A. H. MacDonald,
K. F. Mak, and J. Shan, Nature, 598, 585-589, 2021] [92]. Panel (c) reprinted with
permission from [M. M. Fogler, L. V. Butov, and K. S. Novoselov, Nat. Commun., 5,
4555, 2014] [7].
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to further prevent electron-hole recombination [88,92] (Figure 15(a)). The two TMDC layers
are separately contacted by metal electrodes; an interlayer bias voltage can populate electrons
in one layer and holes in the other, forming a dipolar exciton fluid below the exciton Mott
density [7,158]. We will first discuss the limit of an equilibrium exciton fluid, in which the
excitons have practically infinite lifetime [92]. The electron and hole layers are maintained at the
same electrochemical potentials as the metal electrodes, which serve as electrical reservoirs [151];
the exciton density and chemical potential are determined by the electrostatics of a parallel plate
capacitor. We will then discuss the physics of a non-equilibrium exciton fluid, in which the
electron and hole layers have different electrochemical potentials from the metal electrodes [88].
The exciton density is determined by a balance between electrical pumping from the electrodes
and exciton decays [161].

Thermodynamics of an equilibrium exciton fluid We consider a TMDC heterobilayer (e.g.
MoSe,/WSe,) with a thin hBN barrier and type-II band alignment (Figure 15(a,b)). The two
TMDC layers are separately contacted by metallic electrodes, which serve as electrical reservoirs
for excitons [92,151]. The Fermi energy is aligned for the two layers and inside the semiconductor
band gap, E¢, under zero interlayer bias voltage. The Fermi levels of the two layers are split by a
finite bias voltage, V},; the charge gap of the system is reduced to Eg — V. When the charge
gap becomes smaller than the interlayer exciton binding energy, Eg > Eg — V},, an interlayer
exciton fluid or an excitonic insulator is expected to form spontaneously [162—-164]. The exciton
chemical potential, which is equal to the difference in the electron and hole chemical potentials, is
given by V;, (Ref. [151]). A highly tunable exciton fluid (in both density and chemical potential)
is created.

A recent experiment has realized such electrically tunable exciton fluid in equilibrium [92].
The Coulomb-coupled electron-hole double layer structure is further encapsulated by top and
bottom electrical gates (Figure 15(a)). The gates allow tuning of the electron-hole density
imbalance and measurements of the differential penetration capacitance, Cp. Measurement of
Cp is achieved by applying a small A.C. voltage on the top gate and collecting the induced charge
density through the bottom gate (Figure 16(a)). It measures how well the heterobilayer screens an
A.C. electric field and is approximately given by the charge compressibility of the entire double
layer [165—167]. The bias and gate voltage dependence of Cp is shown in Figure 16(b). The
red region corresponds to a charge-incompressible double layer with Cp = Cyg, the gate-to-gate
geometrical capacitance; the double layer fails to screen the A.C. electric field here. When one
of the TMDC layers is doped with charge carriers (electrons or holes), the double layer becomes
charge-compressible with Cp < Cy, (the blue region); the A.C. electric field is efficiently
screened. The charge gap of the system at a specific bias voltage is given by the integration of
Cp/Cg4q with respect to the gate voltage. It vanishes for V;, > Eg =~ 0.68V.

In addition to penetration capacitance measurements, the electron-hole interlayer capacitance,
Cy, is also measured by applying a small A.C. bias voltage on one of the TMDC layers and
collecting the induced charge density through the other layer (Figure 16(c)). It is equal to the
isothermal exciton compressibility, kx (Ref. [151]). Figure 16(d) shows the bias and gate voltage
dependence of C;. The blue region is exciton-incompressible with «x ~ 0, i.e. there is no exciton
in the double layer. The system is exciton-compressible only when both electrons and holes are
populated in the double layer (red region), i.e. an exciton fluid is formed. Intriguingly, the onset
of the exciton-compressible region occurs at V, ~ 0.65V, which is about 30 mV below the onset
of the charge-compressible region at V}, ~ E¢. Therefore, the triangular region bound by the two
onsets (white dashed lines) and the charge-incompressible region (red dashed lines) represents
a system that is charge-incompressible but exciton-compressible, i.e. an excitonic insulating
state [161]. The difference in V}, between the two onsets provides a measurement of the exciton
binding energy Ep ~ 25 mV in the zero-exciton-density limit [151].
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Fig. 16. Excitonic insulator in Coulomb-coupled bilayers. (a,c) Schematics of the
penetration (a) and interlayer capacitance (c) measurements. The double layer is A.C.
grounded in (a). (b,d) Normalized penetration capacitance (b) and interlayer capacitance
(d) as a function of bias and gate voltages. The charge incompressible region in (b)
is enclosed by red dashed lines. White dashed line I and II correspond to the bias
voltages at which the charge gap closes and the exciton population appears, respectively.
Their difference (25 mV) provides an estimate of the exciton binding energy in the
limit of zero exciton density. Reprinted from [L. Ma, P. X. Nguyen, Z. Wang, Y. Zeng,
K. Watanabe, T. Taniguchi, A. H. MacDonald, K. F. Mak, and J. Shan, Nature, 598,
585-589, 20217 [92].

The ability to control the exciton density continuously also allows experimental mapping of
the exciton phase diagram. Figure 15(d) shows the exciton compressibility as a function of
temperature and the exciton density. The square data points show the ionization temperature
of the exciton fluid; it separates the crossover from an excitonic insulator to an electron-hole
plasma; the density-tuned transition between these two states in the zero-temperature limit is
known as the Mott transition [168]. The ionization temperature is determined by penetration
capacitance measurements; specifically, the charge gap of the double layer vanishes above
the ionization temperature at each exciton density. The dashed line denotes the degeneracy
temperature per flavor for non-interacting excitons [7]; it scales linearly with the exciton density
with a slope that is determined by the non-interacting exciton density of states in 2D. The actual
degeneracy temperature of the exciton fluid (black dots), as determined by the position of the
exciton compressibility maximum, also scales linearly with the exciton density but with a slope
that is about 5-6 times larger than that for the non-interacting degeneracy temperature. For a
strongly correlated exciton fluid, in which the exciton-exciton interaction energy far exceeds
the exciton kinetic energy, the degeneracy temperature is no longer determined by the kinetic
energy but by the interaction energy [149, 169]. A 5-6 times larger slope corresponds to an
exciton dimensionless coupling constant (the ratio of the interaction energy to the kinetic energy)
about 10-12. The exciton fluid is in the strong correlation regime, which helps suppress both
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density and phase fluctuations of the exciton fluid and enhances the superfluid transition (or
BKT) temperature [149, 169]. The existence of exciton superfluidity remains to be demonstrated.

Evidence of exciton condensation from optoelectronics studies A device structure similar to
Figure 15(a) but with thinner hBN barrier can also support an out-of-equilibrium exciton fluid by
electrical pumping. When the electrical contacts to the electron and hole layers have contact
resistance large compared to the interlayer tunneling resistance, the electron and hole layers can
no longer be maintained at the same electrochemical potential with the metallic electrodes; the
potential drops at the contacts dominate the interlayer potential drop [161] (Figure 17(a)). In
this limit, electrons and holes are continuously pumped into the TMDC layers from the metal
electrodes; they also recombine/decay (both radiatively and non-radiatively) at the electron-hole
tunnel junction. The net result is an out-of-equilibrium exciton fluid with density that is not
determined by electrostatics but by the balance between pumping and decay in the steady
state [161]. Compared to the equilibrium exciton fluid in the previous sub-section, the excitons
here are more tightly bound because of the thinner hBN barrier; the radiative recombination of
the excitons at the tunnel junction and the accompanied electroluminescence (EL) also enables
an optoelectronic probe of the exciton fluid. However, it is difficult to determine the exciton
density because the pumping and decay rates are poorly characterized.

Intriguingly, a threshold dependence of the exciton EL intensity on the tunneling current,
which increases with the exciton density, is observed [88] (Figure 17(b)). Intensity correlation
measurements also show photon bunching near the EL threshold, corresponding to enhanced
photon number fluctuations. Moreover, both the EL intensity and the intensity correlation
depend sensitively on the electron-hole density imbalance in the exciton fluid near and slightly
above the threshold. These results signify the onset of exciton condensation as the exciton
density increases with the tunneling current. The EL threshold and the accompanied photon
bunching are analogous to the onset of lasing, which is an out-of-equilibrium continuous phase
transition [170-172]. In particular, photons condense into a single cavity mode above the lasing
threshold, accompanied by critical photon number fluctuations near the threshold. There is,
however, no optical cavity in the electron-hole double layer device. Instead, the onset of exciton
condensation and spontaneous interlayer phase coherence induces superradiant EL above the
threshold [144]. The photon bunching near the threshold corresponds to critical fluctuations
near the continuous phase transition from a normal exciton fluid to an exciton condensate. The
sensitivity to electron-hole density imbalance near and slightly above the threshold is also
consistent with the emergence of exciton condensation, which requires electron-hole Fermi
surface nesting [173—-175].

Finally, we note that although the experimental observations point to possible exciton conden-
sation, EL intensity and intensity correlation measurements are not phase sensitive measurements
that can directly reveal the emergence of spontaneous interlayer phase coherence. Future studies
on the spatial and temporal dependence of the electric field correlation function are required to
unambiguously establish the onset of spontaneous phase coherence [144, 145].

3.2.2. Strongly correlated excitons in a moiré lattice

Semiconductor moiré materials are a unique platform to explore the interplay between strong
electronic correlations and non-trivial band topology [128, 176]. They can be thought of as a
periodic array of artificial atoms that can trap electrons in the moiré length scale [177-180]. Both
the average electron filling per moiré atom and the trapping potential depth can be continuously
tuned by electrostatic gating, realizing a highly controllable quantum system [123-127,181-184].
In addition to trapping electrons, heterostructures of semiconductor moiré materials can also trap
excitons to realize strongly correlated bosonic physics in a lattice [93,94, 185-188], akin to cold
atom experiments with optical trapping [189].
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Fig. 17. Evidence of out-of-equilibrium exciton condensation. (a) Schematic of
electron-hole transport processes in a bilayer TMD system with isolated monolayer
TMD regions near the contacts and effective contact resistances that are larger than
the interlayer tunnel resistance. The thick black lines show the bilayer system and
the top and bottom gates. The MoSe, and WSe; bands are shown in blue and green,
respectively, and the dotted lines show the electron and hole Fermi levels set by the
gate and bias voltages. The tunneling current is limited by the injection current from
region III, and regions II and III in the MoSe; layer are not able to reach equilibrium.
Reprinted figure with permission from [Y. Zeng and A. H. MacDonald, Phys. Rev.
B, 102, 085154, 2020] [161]. Copyright 2020 by the American Physical Society. (b)
Bias voltage dependence of the integrated electroluminescence intensity and tunnelling
current (top), and of the electroluminescence intensity correlation at zero time delay
(bottom). A threshold behavior is observed near 5.6 V. Reprinted from [Z. Wang, D. A.

Rhodes, K. Watanabe, T. Taniguchi, J. C. Hone, J. Shan, and K. F. Mak, Nature, 574,
76-80, 2019] [88].
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There are several related but different heterostructures that can realize correlated exciton physics
in a lattice. The simplest structure is twisted bilayer TMDC near AB-stacking [186, 190] (or near
H-stacking for natural bilayer TMDCs). The spin-valley locking in each monolayer [19, 191]
nearly spin-forbids the interlayer tunneling process in this stacking structure, effectively realizing
two Coulomb-coupled moiré lattices. A related but different structure is to insert another
multilayer TMDC, as a tunnel barrier, in between the AB-aligned bilayer TMDC [186, 187].
Because of the lattice mismatch between different TMDCs, Coulomb-coupled moiré lattices
are formed at both the top and bottom interfaces of the multilayer structure. The advantage
compared to AB-twisted bilayer TMDCs is the additional suppression of interlayer tunneling by
the barrier. A third structure is to Coulomb-couple a TMD moiré lattice with a monolayer TMDC
through a thin hBN barrier [93,94, 185]. The moiré layer provides the trapping potentials for
excitons. The hBN barrier effectively suppresses interlayer tunneling. In all cases, the separation
between the active TMDC layers is substantially smaller than the moiré period of the superlattice.
The entire heterostructure is also encapsulated between top and bottom electrical gates that can
independently tune the total electron density of the heterostructure and the vertical electric field
that redistributes electrons between the constituent TMDC layers.

To see how excitons are formed in these structures, we start with one moiré layer in the Mott or
Wigner-Mott insulating state (see Section 3.3.2 for more discussions) and the other layer depleted
of electrons [93,94, 187] (Figure 18(a)). Excitons are formed when electrons are transferred
by the vertical electric field to the empty layer because the transferred electrons remain bound
to the empty sites (holes) left behind in the original moiré layer in order to minimize the total
Coulomb repulsion energy of the entire system. The exciton binding energy is approximately the
interlayer on-site Coulomb repulsion U’ for the Mott state and the interlayer nearest-neighbor
Coulomb repulsion V' for the Wigner-Mott state. These interlayer Mott and Wigner-Mott states
after electron transfer are distinct from the original layer-polarized Mott and Wigner-Mott states
because bosonic degrees of freedom (excitons) that can hop around the lattice are created. They
can be regarded as excitonic insulators that host an exciton fluid. The exciton-exciton interaction is
equal to the difference in the intra- and inter-layer Coulomb repulsion between the electrons [188].
The exciton kinetic energy is also substantially suppressed by the moiré potential [192]. The net
result is a strongly correlated exciton fluid in a lattice.

Excitonic insulating states at total integer and fractional fillings of the moiré lattice The
emergence of an excitonic insulating state at filling factor v = 1 of the moiré lattice has been
recently reported in Coulomb-coupled WSe»/WS, moiré and WSe, monolayer [93,94]. The band
alignment near the valence band maximum of both layers is shown in Figure 18(c). Because of
the interlayer coupling in the WSe,»/WS, moiré bilayer, the WSe, moiré valence band maximum
is pushed up in energy with respect to that of monolayer WSe, under zero vertical electric field.
Electrostatic gating can independently tune the Fermi level (or the hole doping density) and the
band alignment (or the interlayer charge distribution). Starting from a Mott insulator at v = 1
of the WSe,/WS, moiré lattice and an empty WSe, monolayer, an excitonic insulating state is
expected to emerge when holes are transferred from the moiré layer to the monolayer while
keeping the total filling factor unchanged.

The electrostatics phase diagram of the Coulomb-coupled heterostructure has been mapped out
by photoluminescence (PL) spectroscopy [93,94]. In the parameter range shown in Figure 18(b),
four different regions can be identified: 1) a charge-neutral monolayer and a hole-doped moiré
layer in region I; 2) a hole-doped monolayer and a moiré layer in the Mott insulating state in
region II; 3) both layers are hole doped in region III; and 4) a charge-neutral moiré layer and a
hole-doped monolayer in region I'V. Correlated insulating states at both fractional and integer
filling factors can be identified in the moiré layer in region I. The band alignments corresponding
to the four different electrostatics regions are summarized in Figure 18(c). Excitonic insulating
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Fig. 18. Excitonic insulator in a moiré latter. (a) Left, electronic Mott insulator at v = 1
when all the holes reside in the moiré layer. Middle, some of the holes are transferred
to the WSe, monolayer under a positive electric field. They are tightly bound to the
empty moiré sites to minimize the total Coulomb repulsion energy. Right, the empty
sites in the moiré layer are equivalent to electrons under a particle-hole transformation.
A dipolar exciton fluid in the moiré lattice forms. (b) Peak PL intensity of the moiré
layer as a function of v and electric field. The four regions I-IV are defined by the
electrostatic doping density in the monolayer (v¢) and moir€ layer (vy,). Region I,
Ve = 0and 0 < v, < 1. Region II, v > 0 and v, = 1. Region III, vy > 0 and
0 < vy < 1. Region IV, vy > 0 and v;;; = 0. The boundaries are shown in the dashed
and dash-dotted lines. (c) Corresponding band alignments in the two layers for the
electrostatics regions [-IV. The single-particle band is shown for monolayer WSe;
and the Hubbard bands are shown for the moiré layer. The dashed line denotes the
Fermi level. (d) Normalized differential gate capacitance C/Cg as a function of v and
electric field. Only regions III and IV are accessible because of the device structure. A
charge-incompressible state is observed at total filling v = 1 in region III. (e) Charge
gap extracted from the capacitance as a function of electric field (bottom axis) and
doping density (or exciton density; top axis) in the monolayer at varying temperatures.
Reprinted from [J. Gu, L. Ma, S. Liu, K. Watanabe, T. Taniguchi, J. C. Hone, J. Shan,
and K. F. Mak, Nat. Phys., 18, 395400, 2022] [94].

30



909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

a v=1 b .3 C oo
e & & 0 0 b b I e e
e 5 & 8 & @® ° ° . . s ©® Electron (top)
o VERYERY .\. . v, f. VALY or exciton
o o(c e 0o 0 ™ o o e ® Electron (bottom)
o e o 0 0 . b [ e o
e o & 0 0 @ L] hd [ ] L I ] ]
e o 0 0 . ] ° @ o @
Wavefunction
of exciton
Exciton fluid Exciton density wave

Fig. 19. Exciton densities. (a-c) Schematic representation of the inter-layer Mott
insulator at total filling v = 1 (a), and of the inter-layer Wigner crystals at v = 1/3 (b)
and v = 2/3 (c). Top, electrons in the top (red) and bottom (blue) layer. Electrons in
the top layer are bound to the empty sites in the bottom layer directly below them to
minimize the Coulomb interactions. The bound states form interlayer excitons that can
hop around the moiré lattice (arrows). The exciton hopping is unrestricted in (a), but is
guided to the channels defined by the inter-layer Wigner crystals in (b) and (c). Bottom:
The exciton density distribution shows an exciton fluid at v = 1 that preserves the
lattice symmetry and exciton density waves at v = 1/3,2/3 that break the translational
symmetry of the lattice. Reprinted from [Y. Zeng, Z. Xia, R. Dery, K. Watanabe, T.
Taniguchi, J. Shan, and K. F. Mak, Nat. Mater., 22, 175-179, 2023] [187].

state is expected to emerge at total filling factor v = 1 in region III, where holes are shared
between the two layers.

Figure 18(d) shows the electric field and filling factor dependence of the differential bottom
gate capacitance, C, of the device covering regions III and IV (the only regions accessible
in capacitance measurements [94]). The differential capacitance is directly connected to the
charge-compressibility of the Coulomb-coupled heterostructure. Specifically, the system is
charge-compressible for C = C,, the bottom gate geometrical capacitance (red regions), and
is charge-incompressible for C < C, (the blue area in region III). The charge-incompressible
state at total filling v = 1 in region III is consistent with the emergence of an excitonic insulator.
The extracted charge gap (or the exciton binding energy) as a function of the vertical electric
field (bottom axis) and the exciton density (in units of the moiré density, top axis) is shown in
Figure 18(e). The charge gap decreases with increasing exciton density and temperature. It
vanishes continuously at about 80% of the moiré density at 20 K; the value provides an estimate of
the Mott density, above which the exciton fluid is ionized to an electron-hole plasma. The exciton
ground state is expected to be a superfluid [185, 186, 188], which remains to be demonstrated
experimentally.

In the Coulomb-coupled moiré-monolayer system, no correlated insulating state can be
identified at total fractional fillings in region III. Only an excitonic insulating state at v = 1
is observed; the state hosts excitons hopping between moiré lattice sites without restriction;
the resultant exciton density distribution preserves the translational symmetry of the lattice
(Figure 19(a)). The lack of total fractional states is likely caused by the high electron kinetic energy
in the WSe; monolayer, which quantum melts the generalized Wigner crystals (or Wigner-Mott
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insulators) at total fractional fillings. To stabilize these states in region III, the monolayer has to
be replaced by a more correlated system with substantially lower electron kinetic energy. This
has been recently demonstrated in an angle-aligned monolayer WS,/bilayer WSe,/monolayer
WS, heterostructure [187]. The heterostructure supports Coulomb-coupled moiré lattices of
nearly identical period at the top and bottom interfaces. Using a Rydberg sensing technique that
can probe the charge-compressibility of the heterostructure [125] (see 3.3.2 for details of the
technique), excitonic insulating states at total fractional fillings v = 1/3,2/3,4/3,5/3 in region
IIT have been reported. The states can be understood as exciton density waves [193, 194], in
which excitonic hopping is restricted to sites that are defined by the interlayer Wigner crystals at
v =1/3,2/3,4/3,5/3 in order to minimize the total Coulomb repulsion energy (Figure 19(b,c)).
In contrast to the excitonic insulating state at total filling v = 1, the resultant exciton density
distribution spontaneously breaks the translational symmetry of the lattice. It provides a rare
physical realization of symmetry-broken exciton insulators, whose ground state is expected to be
a supersolid [194-196].

3.3.  Probing strongly correlated electrons with excitons

In addition to realizing strongly correlated states of excitons, the tightly bound excitons in 2D
TMDCs and the accompanied strong light-matter interaction also provide a unique opportunity to
probe strongly correlated states of electrons, especially in the regime of low carrier density and
magnetic moment density usually inaccessible by probes developed for conventional quantum
materials. We will discuss the recent progress in this interesting direction of research. In
particular, we will focus on the tunable Hubbard model physics realized in TMDC moiré materials
and discuss how one could use excitons as a probe for the correlated insulating states, quantum
phase transitions and magnetic properties in these materials.

3.3.1. Hubbard model physics

TMDC moiré materials are formed by stacking either two identical TMDC monolayers with
a small twist angle (homobilayer) or two different TMDC monolayers with a lattice mismatch
(heterobilayer). In both cases, the interference in the constituent atomic structures produces
a moiré superlattice. Because the moiré period is many times larger than the atomic lattice
constant of the TMDC monolayers, one can discard the original atomic lattice structure as long as
low-energy physics is concerned [177,197]. The moiré band structure within the mini-Brillouin
zone can be obtained by treating electrons with a band mass of the monolayer TMDCs moving in
a smooth periodic moiré potential of the superlattice.

In the case of a sufficiently isolated moiré conduction/valence band, the low-energy physics
can be mapped to a single-band extended Hubbard model in a triangular lattice [177]. The
electrons can hop between nearest-neighbor sites with an amplitude #, experience an on-site
Coulomb repulsion U when two electrons are at the same site, and interact with other electrons
at different sites via the extended-range Coulomb repulsion V. The typical energy scales in
TMDC moiré materials are ¢t ~ 1 — 10 meV, U ~ 100 meV and V ~ 50 meV. In many cases,
the Coulomb energy can completely dominate the electron kinetic energy; the system is in the
strongly correlated regime.

In a typical experiment, the TMDC moiré material is encapsulated between top and bottom
gates with hBN as the gate dielectric (Figure 20(a)). The two gates allow independent tuning
of the electron filling factor of the moiré lattice v (or electron density) and the vertical electric
field, which tunes the moiré band offset between the two TMDC layers via the Stark effect.
Because the moiré potential originates from spatially modulated interlayer hopping in the TMDC
bilayers [177, 197], tuning the moiré band offset tunes the moiré trapping potential depth, which
in turn tunes the electronic bandwidth (« ¢) predominantly [183]. The setup realizes a highly
controllable quantum manybody system with tunable chemical potential and effective interaction
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Fig. 20. Mott and Wigner-Mott insulators. (a) Schematic device structure and electric
circuitry. The bound electron—hole pair (exciton) with its electric-field lines beyond the
sensor layer probes the compressibility in the sample controlled by electrostatic gating.
(b) Gate-dependent reflection contrast spectrum near the 2s exciton in the sensor. An
abundance of insulating states is revealed by blueshifts and enhanced spectral weight in
the 2s exciton resonance. The top axis shows the filling factor for the insulating states.
(c) Device schematic for an optically detected capacitance and resistance measurement
in a WSey/WS, moiré. A small a.c. bias leads to charge redistribution between region
1 and region 2, which is detected by changes in the optical reflectivity in region 2.
Cy, Cp and C; are the geometric capacitances in the system, and R and Cg are the
doping-dependent resistance and quantum capacitance, respectively, of the sample.
(d) Capacitance (left) and resistance (right) of region 1. The decreased capacitance
and increased resistance indicate emerging insulating states at v = 1/3,2/3,1. (e)
Ground state charge configurations at different filling factors. Filled and unfilled circles
denote occupied and empty sites for state v, respectively. The occupied and empty
sites are switched for the state 1 — v. Panels (a), (b), () reprinted from [Y. Xu, S. Liu,
D. A. Rhodes, K. Watanabe, T. Taniguchi, J. Hone, V. Elser, K. F. Mak, and J. Shan,
Nature, 587, 214-218, 2020] [125]. Panels (c), (d) reprinted with permission from [E.
C. Regan, D. Wang, C. Jin, M. 1. Bakti Utama, B. Gao, X. Wei, S. Zhao, W. Zhao, Z.
Zhang, K. Yumigeta, M. Blei, J. D. Carlstrom, K. Watanabe, T. Taniguchi, S. Tongay,
M. Crommie, A. Zettl, and F. Wang, Nature, 579, 359-363, 2020] [123].
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strengths measured by U/t and V /t. Below we will discuss the application of excitons in TMDCs
to probe the emergent correlated states of electrons in a Hubbard system.

3.3.2. Mott and Wigner-Mott insulators

In the strong correlation limit (U/t > 1 and V/t > 1), the TMDC moiré system is in the Mott
insulating state at v = 1 (half-band-filling) [123, 124,126, 127,181, 183] and the Wigner-Mott
insulating state (or generalized Wigner crystal) at fractional lattice fillings [123, 125,182, 198]
(Figure 20(e)). These states are charge-incompressible, i.e. gapped for charge excitations. They
emerge as an attempt of the system to minimize the total Coulomb energy cost. In the Mott
insulating state, the charges are localized to the moiré sites by the strong on-site Coulomb U the
low-energy physics are governed by collective spin excitations (see Section 3.3.5). In contrast
to the Mott insulating state, which preserves the translational symmetry of the moiré lattice,
the Wigner-Mott insulating states break the translation symmetry of the lattice; the charges are
localized by the extended-range Coulomb V. Similar to the Mott insulating state, collective spin
excitations govern the low-energy physics.

These states were detected by multiple spectroscopy methods involving TMDC excitons [123,
125,199-202]. Here we focus on two techniques: 1) optical readout of electronic compressibil-
ity [123] and 2) Rydberg sensing of dielectric constant [125]. The first method relies on the strong
light-matter interactions and the sensitivity of the excitonic absorption on the doping density in
2D TMDC:s [3,29]. The TMDC moiré device is divided into two regions, the sample region
with both top and bottom gates and the readout region with only the bottom gate (Figure 20(c)).
The bottom gate sets a particular doping density in the readout region in order to achieve a high
sensitivity of the excitonic absorption to a small change in the doping density in this region. The
top gate controls the doping density in the moiré sample, in this case angle-aligned WSe>/WS,
bilayer. A small A.C. top gate voltage is also applied to modulate the doping density in the sample
region. When there is an extremely large contact resistance at the TMDC-metal junction (not
shown), charges modulated at a sufficiently high frequency cannot go through the contact region;
instead, they can only be transferred between the sample and the readout regions. The amount of
charges that can be transferred and the rate of the transfer depend on the geometric capacitances
of the top and bottom gates, and the quantum capacitance and resistance of the moiré sample.
Therefore, by measuring the modulated charge density in the readout region as a function of the
modulation frequency (through optically detecting the change in the excitonic absorption), both
the quantum capacitance and resistance of the moiré sample can be extracted (Figure 20(d)). The
Mott insulating state at v = 1 and the Wigner-Mott insulating states at v = 1/3,2/3 are observed.

The second method utilizes the sensitivity of the exciton binding energy in monolayer TMDCs
to their surrounding dielectric environment [3,29,203]. The optical transitions in monolayer
TMDCs are dominated by excitonic Rydberg resonances (1s, 2s, 3s, . ..) [3,29]. Measurements
of the Rydberg resonances allow the determination of the exciton binding energy. The binding
energy increases (decreases) with decreasing (increasing) dielectric constant of the surrounding
environment. We now consider a device structure, in which a sample of interest is brought
close to but without direct electronic coupling with a monolayer TMDC (Figure 20(a)). This
can be achieved by inserting a thin hBN barrier between the sample and the TMDC monolayer.
The exciton binding energy in the monolayer TMDC is now sensitive to the dielectric constant
of the sample. In particular, the binding energy is large (small) when the sample is charge-
incompressible (compressible). The monolayer TMDC is a sensor of the electronic states in the
sample.

In practice, Rydberg sensing of electronic states can be carried out by monitoring the energy
and spectral weight of the 2s Rydberg resonance in the sensor [125]; the 2s Rydberg state has a
Bohr radius about 5 nm, providing a convenient distance range for the sample-sensor separation.
Figure 20(b) shows the dependence of the sensor’s 2s Rydberg state reflection contrast spectrum
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on the doping density (or v) in a WSe,/WS; moiré sample. A blue shift in the 2s resonance
accompanied by an enhanced reflection contrast is observed at each insulating state in the moiré
sample. These include the v = 2 band insulating state, the v = 1 Mott insulating state and an
abundance of Wigner-Mott insulating states at fractional lattice fillings. These states are fully
consistent with the predictions of an extended triangular lattice Hubbard model in the flat band
limit.

3.3.3. Mott and Wigner-Mott transitions

Whereas the TMDC moiré system in the strong correlation limit is in the Mott insulating state
at v = 1 and the Wigner-Mott insulating state at fractional lattice fillings, it is a Fermi liquid
in the weak correlation limit. A transition from the correlated insulating states to a Landau
Fermi liquid is expected when the moiré bandwidth is comparable to U or V (Ref. [204,205]).
Such bandwidth-controlled metal-insulator transition (MIT) is driven first-order in most cases
because the transition is accompanied by other structural and magnetic phase transitions that
break symmetries [204]. Whether a continuous bandwidth-controlled MIT exists has remained
as an open question [206-209]. This is particularly the case for the Wigner-Mott transition,
which involves translational symmetry breaking of the lattice; whether a continuous Wigner-Mott
transition is possible is far from clear. The geometrically frustrated triangular lattice and the
2D nature of TMDC moiré materials, both of which suppress magnetic ordering, could favor
continuous bandwidth-controlled MITs. Quantum spin liquids have also been predicted near
such MITs [206,210].

Recently, bandwidth-controlled MITs have been realized in TMDC moiré materials [181, 183].
Electrical transport measurements have provided strong evidence of a continuous Mott transition
at fixed filling factor v = 1. No magnetic phase transition is detected near the MIT down to 5% of
the Curie-Weiss temperature [183], suggesting a quantum phase transition from a non-magnetic
Mott insulator to a Landau Fermi liquid. In addition to electrical transport measurements, the
Rydberg sensing technique has also been applied to monitor the dielectric constant near the
bandwidth-controlled MITs in angle-aligned MoSe,/WS, bilayers [211]. By tuning the moiré
band offset by a vertical electric field, a continuously vanishing oscillator strength for the 2s
Rydberg state in the sensor is observed near both the Mott and Wigner-Mott transitions. The
result shows a diverging dielectric constant near the MITs. The observed dielectric catastrophe
reflects the critical charge dynamics near these transitions [212], suggesting that both the Mott
and Wigner-Mott transitions are continuous in this system.

3.3.4. Stripe phases and electronic liquid crystals

In addition to breaking the translational symmetry of the moiré lattice, some correlated insulating
states at fractional fillings also break the rotational symmetry of the system, e.g. v =2/5,1/2,3/5
(Figure 20(e)). These are known as stripe crystals [213,214]; they form as a compromise between
competing short-range and long-range Coulomb repulsions. The strong light-matter interactions
in 2D TMDCs provide a unique opportunity to probe these states using excitonic enhanced
optical anisotropy measurements. Because of the spontaneously broken rotational symmetry in
the system, the complex optical conductivities parallel and perpendicular to the major axis of the
stripe phases are different. Linearly polarized incident light reflected from the sample would in
general have its polarization axis rotated by a small angle (unless the incident polarization is
parallel or perpendicular to the major axis). The polarization rotation angle can be significantly
enhanced when the photon energy is near the strong exciton resonances in the TMDC moiré
material.

Based on this idea, a recent study has measured the polarization rotation angle as a function of
the electron filling factor in angle-aligned WSe,/WS, bilayers [215] (Figure 21(a)). A strong
optical anisotropy peaked at v = 1/2 is observed. The anisotropy signal decreases to zero
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Fig. 21. Stripe phases. (a) Gate-dependent polarization rotation (upper panel) and the
corresponding penetration capacitance (lower panel) at different temperatures. The
curves are vertically displaced for clarity. The peak at v = 1/2 decreases continuously
with temperature and disappears around 35 K, showing continuous thermal melting
of the stripe crystal. Vertical dashed lines mark the region with optical anisotropies
(upper panel) and the upper limit of the insulating region around v = 1/2 (lower panel).
The optical anisotropies persist into the compressible region. (b) Domain pattern
of electronic stripes at v = 1/2. The length and orientation of the line segments at
each pixel represent the local amplitude and orientation of anisotropy and the color
corresponds to the anisotropy amplitude. Reprinted from [C. Jin, Z. Tao, T. Li, Y. Xu,
Y. Tang, J. Zhu, S. Liu, K. Watanabe, T. Taniguchi, J. C. Hone, L. Fu, J. Shan, and K. F.
Mak, Nat. Mater., 20, 940-944, 2021] [215].

above the melting temperature (=~ 35 K) of the stripe crystal. Moreover, by rotating the incident
polarization angle and monitoring the polarization rotation angle at each point of the sample, a
spatial map of the major axis of the stripe crystal can be obtained (Figure 21(b)). (The polarization
rotation angle is zero when the incident polarization is parallel/perpendicular to the major axis.)
The result demonstrates multiple stripe domains inside the mesoscopic sample.

Intriguingly, strong optical anisotropy is not only observed at the stripe crystals at v =
2/5,1/2,3/5 but also observed at generic filling factors, where the system is charge-compressible
based on differential capacitance measurements (Figure 21(a)). A broad optical anisotropy peak
centered at v = 1/2 but extends all the way down to v = 1/3 and up to v = 2/3 is observed. The
presence of strong optical anisotropy at compressible electronic states demonstrates the emergence
of electronic liquid crystals [214,216]. Analogous to the stripe crystals at commensurate fractional
fillings, electronic liquid crystals at incommensurate fillings also break the rotational symmetry
spontaneously, but the translational symmetry of the lattice is restored. Here the parental v = 1/2
stripe crystal can be viewed as the building block for the continuum of stripe phases extending
from v = 1/3 to v = 2/3 (Ref. [215]). Electron and hole doping from v = 1/2 induces electronic
liquid crystals except at v = 2/5,3/5, where stripe crystals again form at commensurate fillings.
How this continuum of stripe phases melts to a Landau Fermi liquid by bandwidth tuning is an
interesting direction to be explored by future studies.
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3.3.5. Interacting local magnetic moments

The strong light-matter interactions and the spin/valley-dependent optical selection rules in 2D
TMDC:s also provide a very sensitive optical probe of the magnetic properties in TMDC moiré
materials. Specifically, left- and right-handed light couple exclusively to the transitions at the K
and K’ valleys (or the up and down spins), respectively. When the TMDC is doped with charges,
the difference in the left- and right-handed optical absorption, known as the magnetic circular
dichroism (MCD), is proportional to the valley/spin polarization in the material. (Please refer to
Ref. [19, 191] for reviews on the spin/valley-dependent optical selection rules in 2D TMDCs.)
The use of circularly polarized light as the basis for measurement (instead of linearly polarized
light) ensures that the signal is only sensitive to time-reversal symmetry breaking. As an estimate
of the sensitivity in magnetic measurements, a typical MCD signal near the excitonic resonance
in TMDC moiré materials is about 0.1 at magnetic saturation. Typical MCD noise level is about
10-%/v/Hz in polarization-modulation measurements. The number of magnetic moments within
a diffraction-limited light spot is about 10* in moiré materials. The excitonic enhanced MCD is
therefore sensitive down to the single moment level.

The high magnetic sensitivity opens the door to investigate the local moment physics in
strongly correlated moiré systems described by the Hubbard model. For example, the charge
degree of freedom is frozen in a Mott insulator in the strong correlation limit (see Section 3.3.2);
only the spin degree of freedom remains; the low-energy physics is governed by the collective
spin excitations [177]. As an attempt to become a metal, however, the electrons can lower its
total energy (by ~ #>/U per particle) by hopping virtually to a nearest-neighbor site and back,
effectively exchanging two electrons at adjacent sites [217]. The Mott insulator in the strong
correlation limit is therefore approximately a lattice of interacting magnetic moments connected
by a nearest-neighbor Anderson superexchange interaction J ~ #2/U. The adjacent spins have to
be anti-aligned in order to make the virtual hopping because of the Pauli exclusion principle; the
magnetic interaction in a Mott insulator is antiferromagnetic.

The magnetic field dependent moiré exciton MCD at v = 1 of the WSe,/WS, moiré lattice is
shown in Figure 22(a) (Ref. [124]). The MCD saturates above ~ 1 T at low temperatures; the
saturation magnetic field increases quickly with temperature because of thermal excitations of
spins. Because the MCD is proportional to the sample magnetization, the zero field MCD slope is
proportional to the magnetic susceptibility y. The temperature dependence of y is well described
by the Curie-Weiss law Xﬁl oc T—Tcw (Figure 22(b)), which is a phenomenological manifestation
of local moment physics in the system. Here Tcw o J is the Curie-Weiss temperature; it provides
a measure of the net magnetic interaction between the local moments. A Curie-Weiss temperature
Tcw = —1 K can be extracted for the Mott insulator. The negative sign shows antiferromagnetic
interaction, consistent with the expected Anderson superexchange. The small value reflects the
localized Wannier wavefunction in the strong correlation limit, i.e. < U.

Similar to the Mott insulating state, local moment physics is also expected for the Wigner-Mott
insulating states at fractional lattice fillings. The low-energy physics of the Wigner-Mott insulators
in the strong correlation regime can also be mapped to lattice spin models [219]. Interestingly,
Curie-Weiss behavior is also observed at generic fillings 0 < v < 2 (Ref. [124,220]). These
charge-compressible states with local moment physics could be exotic metals in the strong
correlation limit [221]; they deserve further investigations. The filling factor dependence of
the extracted Curie-Weiss temperature for WSe»/WS, moiré is summarized in Figure 22(c).
Starting from the Mott insulator at v = 1, doping above v = 1 turns the magnetic interaction from
antiferromagnetic (Tcw < 0) to ferromagnetic (Tcw > 0) near v = 1.2. Its possible connection
to Nagaoka ferromagnetism [222] in a triangular lattice deserves more in-depth investigations.
On the other hand, doping below v = 1 in general strengthens the antiferromagnetic interaction,
which is maximized near v = 0.6; the magnetic interaction becomes negligible at small fillings
because the moments are far apart so that the exchange amplitude drops substantially.
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Fig. 22. Interacting local magnetic moments in a moiré lattice. (a) Magnetic-field
dependence of spectrally integrated MCD at v = 1 and at representative temperatures.
The MCD saturates above ~ 1 T at 1.7 K. The slope at zero magnetic field is extracted
to represent the magnetic susceptibility. (b) Temperature dependence of the extracted
magnetic susceptibility at v = 1. The red curves are Curie—Weiss fits from 6.4 K to
48 K, revealing a Curie-Weiss temperature of —0.6 + 0.2K. (c) Dependence of the
extracted Curie-Weiss temperature on the filling factor. A transition to ferromagnetic
interaction is seen near v = 1.2 and a substantially suppressed antiferromagnetic
interaction is observed at v = 2/3. Red and black data points are results from analysis
of the exciton Zeeman splitting and the exciton MCD, respectively. Panels (a) and (c)
reprinted from [Y. Tang, K. Su, L. Li, Y. Xu, S. Liu, K. Watanabe, T. Taniguchi, J.
Hone, C.-M. Jian, C. Xu, K. F. Mak, and J. Shan, Nat. Nanotechnol., 18, 233-237,
2023] [218]. Panel (b) reprinted from [Y. Tang, L. Li, T. Li, Y. Xu, S. Liu, K. Barmak,
K. Watanabe, T. Taniguchi, A. H. MacDonald, J. Shan, and K. F. Mak, Nature, 579,
353-358, 2020] [124].

Intriguingly, a substantially suppressed antiferromagnetic interaction is also observed at the
Wigner-Mott insulator at v = 2/3. The suppression is gone when the Wigner-Mott insulator is
quenched by metallic screening of the long-range Coulomb repulsion from a metal gate close
to the sample [220]. While the exact origin of the suppression is far from clear at this stage,
the observation reflects the frustrated magnetic interaction in the system. In particular, because
the moiré trapping potential, an approximate harmonic trapping potential, is rather smooth and
shallow compared to the Coulomb potential of real atoms, the Wannier wavefunction is more
extended spatially. This can substantially enhance the non-local magnetic interactions compared
to the local interactions [223,224]. At this stage, it is believed that the non-local ferromagnetic
interactions compete strongly with the local antiferromagnetic interactions near v = 2/3, giving
rise to the observed suppression in the magnetic interaction strength. However, it remains unclear
why suppression of magnetic interactions is only observed at the v = 2/3 Wigner-Mott insulator
but not at the other commensurate fractional fillings. More in-depth studies are required.

In addition to probing magnetic properties in the strong correlation limit U > t, MCD
spectroscopy has also been employed to monitor the magnetic properties of semiconductor
moiré materials through the bandwidth-controlled Mott transition [183]. In particular, the
temperature-dependent magnetic susceptibility on both the insulating and the metallic sides
has been measured through the transition. No signature of magnetic instability is observed;
the magnetic susceptibility evolves smoothly through the transition down to about 5% of the
Curie-Weiss temperature. The results are consistent with a bandwidth-controlled transition from
a nonmagnetic Mott insulator to a Landau Fermi liquid. For comparison, a recent experiment on
AB-twisted bilayer WSe; has reported the emergence of long-range antiferromagnetic ordering
in a honeycomb lattice charge-transfer insulating state [190]. This difference may highlight the
impact of geometric frustrations in long-range magnetic ordering.
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4. Polaritons in TMDCs

Exciton-polaritons are quasiparticles that arise from strong coupling between excitons and cavity
photons. They are formed when the exciton and cavity photon coupling strength is greater
than the loss and decoherence of the system. Due to their half-exciton and half-photon nature,
polaritons offer unique properties. Coulomb interaction between the excitonic components
leads to strong optical nonlinearity, enabling correlated-many-body phenomena and optical logic
devices. The photon component can be leveraged to obtain a small effective mass (4-5 orders of
magnitude smaller than that of free electrons), enabling macroscopic quantum degeneracy, such
as polariton condensates, superfluidity, vortices, and BEC-BCS state, at higher temperatures
(up to room temperature). Taking advantage of nanofabrication techniques and laser shaping
methods, various potential landscapes can be imprinted onto the polariton state through both
its photonic and excitonic component. Therefore, polaritons can provide a new platform for
complex circuitry, such as neuromorphic networks and quantum simulation. Lastly, polariton
is a natural driven dissipative system, where non-Hermitian physics can be explored. Overall,
exciton-polaritons combine coherence, nonlinearity, topology, and non-Hermitian physics into
one platform, underpinning their potential not only in fundamental physics, but also in device
concepts.

Monolayer TMDCs are direct bandgap semiconductors featuring robust excitons that interact
strongly with photons, with binding energies two orders of magnitude larger and oscillator
strengths one to two orders of magnitude larger than those of GaAs. Therefore, they are promising
for exploring polaritonic physics and devices above the cryogenic temperatures. Moreover, 2D
Van der Waals heterostructures (vdWHs) made of different 2D materials can be created and
integrated with any optical structures without lattice matching constraints, allowing unprecedented
flexibility for engineering the electronic properties and light-matter coupling. The most common
types of cavities used for TMDC exciton polaritons include vertical cavities constructed with
DBRs and slab photonic crystal cavities, which will be discussed in this section. Lastly, many
unique properties of vdWHs, such as spin-valley locking, strong phonon—charge interactions,
and moiré lattice in twisted bilayers, promise a wealth of novel phenomena and opportunities of
new polariton devices.

4.1. Coupling between monolayer TMDC excitons and cavity photons

Light-matter interactions in TMDCs Controlling and enhancing the interactions between
light and matter is essential to construct integrated photonic devices that use light to efficiently
store and process information. Classically, light-matter interaction is a resonant interaction of
charged particles and electromagnetic waves. This classical model is also known as the Lorentz
oscillator model, where atoms are considered to be small harmonically oscillating dipoles and the
driving force is the electromagnetic waves. Quantum mechanically, we can consider a transition
between two atomic states, ¢; with energy E1, and iy, with energy E,. The time-dependent wave
functions are:

vi(r.0) = i (rye B, (13)
va(r.1) = ya(rye B0 (14)
The average position of the atom is defined as:

(r (1)) = / U rad’r, (15)

where Yo is the superposition of ¥ and y¥» (Yo = ¥1 + 7). The strength of the light-matter
interaction depends on the transition dipole moment:

(p) = e(r), (16)
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which has a matrix component:

e / i) o (R, an

and an oscillation component:
e—i(El—Ez)z/h' (18)

We can see that an incident electromagnetic field resonant with the transition energy (E> — E1)
can put the atom into a superposition state of ¢ and i», and the atom can oscillate between the
two states and emit electromagnetic radiation.

As the dipole radiates, the total power decays at a rate called the radiative decay rate (y;ad)-
There are also non-radiative decay channels and decay rate (). As the dipoles collide with
each other, they can pick up a phase and can decrease the macroscopic polarization (P). This is
called the dephasing rate (1/7,). All of these decay channels determine the total polarization
decay rate (y).

We can solve the equation of motion for the macroscopic polarization and define:

P =¢yE. (19)
E is the incident electric field with frequency w, and y is the electric susceptibility:

Né? 1
X= mey (w2 — w?) +2iyw’ 20
0 Yw

where N is the number of dipoles and wy is the resonant frequency. The real part of y is a
dispersive function and describes the real refractive index of the material. The imaginary part is
a Lorentzian function and describes the absorption of the material [225]. The susceptibility of a
material contains information about the strength of the light-matter interaction and the optical
properties.

Aside from the light-matter interaction that is intrinsic to the material, we can use external
methods to control and enhance the interactions. Cavity provides a powerful method to achieving
this.

Weak exciton-photon coupling In the weak coupling regime, the photon escapes the cavity
before being resonantly reabsorbed by the exciton, and the light-matter coupling rate is smaller
than the decay rate of the system. Therefore, the decay of exciton is irreversible and the cavity
only alters the radiative lifetime of the exciton. When the exciton energy is resonant with the
cavity mode energy, the optical density of states increases and the spontaneous decay rate of the
exciton is enhanced. On the other hand, when the exciton energy is off-resonant, the emission
rate decreases.
The spontaneous emission rate of a dipole emitter follows the Fermi’s golden rule:

2w
Fimg =35 P E(r 0l p(w), @1

where |p - E(r,1)|? is the transition dipole matrix element and p(w) is the photon density of
states. For photons that have a linear dispersion relation (E = hiw = fick), the 3D density of

states in vacuum is: b s
wVn
Pvac(w) = 23 (22)
méc

where w is the angular frequency of light, V is the mode volume, and # is the refractive index.
On the other hand, the density of states in a cavity is modified and can be calculated using a new
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Fig. 23. Polariton energy dispersion and Hopfield coefficients at different detunings.
The detunings are: (a) +27€Q, (b) 0, and (c) —2A€2. Reprinted from [H. Deng, H. Haug,
and Y. Yamamoto, Rev. Mod. Phys., 82, 1489-1537, 2010] [46].

cavity wave vector. The cavity density of states is [226]:

2 Aw?
d We . (23)
T4(w - we)? + Aw?

pcav(w) =

Recall QO = w./Aw,. Atresonance, the ratio of spontaneous emission rates inside the cavity and
in the vacuum can be written as:

Fp = =2 = 24
P T 4r2 % 24

n

o _ 3 (ﬂc )3 0
where A is the resonance wavelength. This is also known as the Purcell factor.

Strong exciton-photon coupling In the strong coupling regime, the photon can be emitted and
reabsorbed by excitons coherently and reversibly, and the light-matter coupling rate is larger than
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the decay rate of the system. In other words, the photon is reabsorbed by the exciton before it
escapes the cavity. In the strong coupling regime, the energy eigenstates of excitons and cavity
photons mix and hybridize to form new energy eigenstates that are a superposition of the exciton
and cavity modes. Thus, the new elementary excitations are called exciton-polaritons, which
are quasi-particles that result from strongly coupled light and matter. Experimentally, strong
coupling is demonstrated by measuring the anti-crossing of the polariton energies as the exciton
and cavity mode energies cross, through reflectivity or PL measurements.
The Hamiltonian of exciton-polaritons in a microcavity is given by:

ﬁpol = I:Icav + I:Iexc + I:II, (25)

where H.,, is the cavity, Hex is the exciton, and H is the interaction Hamiltonians. Using the
rotating wave approximation, the Hamiltonian of the exciton-polariton system can be written in
the matrix form:

IS

N Ecw — 1y g
Hpol = (Ll’\T éT) o .
8 Eexe — ik

Q>

Where, a' and é% are creation operators of photon and exciton modes. E.,y and E¢ are the
energies of the uncoupled exciton and photon respectively, with the corresponding out coupling
and decay rate described by y and «. g is the coupling strength. The energies of polaritons, which
are the eigenenergies of the Hamiltonian, are deduced from the diagonalization procedure as:

1 .
ELP,UP(kH) ZE [Eexc + Ecyy + l(K + 7)

1
J_r\/g2+z

The difference between cavity and exciton energies is referred to as the detuning:

2
Eexe = Ecay +i(k — 7)} . (26)

AE(kll) = Ecav(kll’ kz) - Eexc(k||)~ (27

Xk, and Cy are Hopfield coeflicients and they describe the exciton and photon fraction in
lower and upper polaritons. They are defined as [227]:

|Xk” |2 — % 1+ AE(kH) (28)
\/AE(k||)2 + 4202
I AE(k
iyl = 51 S : (29)

JAE (k)2 + 41202

where |Xk”|2 + |Ck”|2 = 1. The polariton energy dispersions and corresponding Hopfield
coefficient at different energy detunings are shown in Figure 23.

When the uncoupled exciton and cavity photon are at the same energy E.xc = Ec4v, LP and
UP energies have the minimum separation 2AQ = Eyp — Epp = 24/g% — 4—11(7 — k)2,which is
the Rabi splitting. To reach strong coupling, reversible energy exchange between the exciton

and photon modes is required, and the two splitted modes need to be spectrally separable. The
minimum mode-splitting needs to be greater than the sum of the half linewidths of the modes.

2hQ >y +k, or, g > A/(y2 +«2)/2. (30)
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Exciton-polaritons possess properties of both excitons and photons so their properties can be
determined by the exciton and photon fractions, or the Hopfield coefficients (|X|?, |C|*). The
polariton effective mass is:

1 1XPcP
_ = — 4 —
mrp  Mexe  Mecay

L lepP | 1xP
= — 4+ —

€29

) (32)
myp Mexc  Mcay

where X and C are Hopfield coefficients, mey is the exciton effective mass, and m,y is the cavity

effective mass. The polariton radiative lifetime is:

yip = | X Yexe + 1CYeav (33)

Yup = |Clzyexc + |X|2ycaVa (34)

where yexc is the exciton lifetime and 7y, is the cavity photon lifetime.

Selection of Materials From the perspective of materials, the four types of well known
TMDCs have been employed separately to demonstrate strong coupling with cavity photons. To
obtain well resolved Rabi splitting, monolayer prepared by mechanical-exfoliation method is
preferred compared to CVD grown monolayers because of reduced inhomogeneous linewidth.
Monolayers encapsulated with few-layer hBN exhibit even narrower linewith approaching the limit
of homogeneous linewidth. It has been shown that monolayer WS, prepared by the mechanical
exfoliation provides the narrowest exciton linewidth at room temperature. Therefore, WS, based
polariton systems exhibit the most well resolved splitting at room temperature over the other
TMDCs. MoSe, typically exhibits the narrowest linewidth at low temperature, and has been
used to investigate polariton lasing at low temperature [228]. MoS, and WSe; possess very
strong valley polarization and valley coherence, and are integrated with cavities to investigate the
valleytronics of polaritions, which will be discussed in details in the following sections.

4.2. Cavities for TMDC polaritons

A cavity is an optical resonator that confines and stores light at resonant frequencies. A
microcavity has size that is comparable to the wavelength of light [229]. Microcavities confine
light by reflecting it back when it reaches the boundary of the cavity. The microcavities used for
semiconductors rely primarily on the photonic band gap and internal reflection. Much like an
electronic band gap, photonic band gap is created when a periodic modulation of the dielectric
material results in band folding and opens up a band gap. Cavities that utilize internal reflection
are often made with high index materials and rely on the reflection of light at the interface
between a dielectric and the surrounding medium to trap light within the cavity.

Optical resonators are characterized by two main parameters: the quality factor and mode
volume. The quality factor (Q) is a measure of how well the light stays confined in the cavity. In

another words: 4
¢
_ 5 Stored energy ’ (35)
energy loss per cycle

which is equivalent to:
We

Aw,’
where w, is the resonance frequency, and Aw, is the spectral linewidth, or the FWHM, of the

resonator modes [230]. A microcavity with a high Q-factor can allow longer photon lifetime,
which is important for strong coupling.

0=

(36)
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Fig. 24. Types of cavities. (a) Planar-mirror cavity, (b) fiber ring cavity, (c) whispering
gallery mode cavities, (d) DBR cavities, and (e) photonic crystal defect cavity.

The mode volume is the volume occupied by the optical mode:

Jy eMIEM) Py
T max[e(r)|E(rP]’

(37

where €, is the dielectric constant, |E(r)| is the electric field strength, and V is a quantization
volume encompassing the resonator [231].

For a given material, where the exciton oscillator strength is fixed, cavity with smaller mode
volume and higher quality factor will be highly desirable to obtain exciton polaritons with large
coupling strength and strong coherence. They can be characterized by the Rabi splitting and
linewidth in the spectra of polaritons. There are many different types of cavity configurations
that are available for study, including mirror cavities, fibers or waveguides, whispering gallery
modes, DBRs, and photonic-crystal defects (Figure 24). Strong exciton-photon coupling have
been demonstrated in TMDCs monolayers integrated with various types of optical structures
including dielectric DBRs cavities, Tamm plasma cavities, full metal cavities, nano plasmonics,
and dielectric photonic crystals. In this section, we will introduce some of these cavity structures.

4.2.1. DBR cavities

Theory DBR microcavities are one of the most widely used cavities for semiconductors because
they have high reflectivity. DBR is a periodic structure composed of alternating high and low
refractive index materials, each with an optical thickness of 1/(4n), where n is the index of
refraction. Considering a single dielectric layer of thickness 1/(4n), the optical path difference of
incident light reflected off of the bottom surface is 1/(2nr) (which results in a total phase shift of
), and therefore adds in phase with the light reflected off of the top surface (which experiences a
7 phase shift), maximizing the reflectivity.

The reflectivity of the DBR stack can be calculated using the transfer matrix method. First, we
consider a single layer of material with index of refraction n; and thickness /, with electromagnetic
waves incident from a material with index ng, and the material is on a substrate with index
of refraction ng;. A schematic illustration is shown in Figure 25. For simplicity, we consider
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Fig. 25. Electric field (E) and wave vectors (k) for a single dielectric layer on a
substrate. The index of refraction of the incident material is ng, dielectric material is
ny, and substrate is ng. [ is the thickness of the dielectric material.

15 normally incident light. The boundary conditions dictate that the tangential component of electric
13 (E) and magnetic (H) fields must be continuous across the boundary. Along the first interface:

E0+E6=E1+Ei (38)
Hyo-H)=H, - H| 39)
or noEU—n()E(')znlEl —nlEi. (40)
1337 At the second interface,
Ee* + Elem M = 41)
Hie™™ — Hje ™ = H (42)
or mEe™ —nlE{e_ikl =nsE;. (43)

18 The above equations can be simplified to:

E/ A} ES‘
1+ =2 = (cos ki — i sin k1| =2 (44)
Ey ni Ey
£ (—iny sin kI + ki) E, (45)
ny —nop— = (—in; sin ng cos kl) —.
0= Mg, 1 s Eo
1339 Re-writing it in matrix form:
i
1 1 | E] cos kl ——sinkl||1| E
+ E_O = n E_Y (46)
no —ng| =0 | —in, sin kI cos kl ng| =0
130 which can be further simplified to:
1 1 1
N 47)
no —ng g

1341

where r is the reflection coeflicient, ¢ is the transmission coefficient, and M is the transfer matrix:

M=

cos kl L sin k/
ni
—ing sin kl cos kl

45

(48)
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For N layers the transfer matrix is:

A B
M=MMM;---My = ,
C D

(49)

and the reflection coefficient is:
Ang + Bngng — C — Dny
r= .
Ang + Bngng + C + Dnyg

(50)

Now, we consider a pair of layers, one with a low index n; and one with a high index nj,, each
with A/(4n) layer thickness. Here, k[ is /2 so the transfer matrix is:

17T I np

o —[o L] |- o
' ny ' np | = l n (G29)
—iny 0 | |~inn 0 0 —a
If the DBR has N pairs, the transfer matrix is:
- n N
S
m=|\ o (52)
o )
np
The reflectance of the DBR is:
_ 2N _q 2
R=1|r]? = (no/ng)( ”l/nh)QN (53)
(no/ng)(=ng/np)*N +1

[232]. We can see that more layers and higher refractive index contrast result in higher reflectance
of the DBR mirror. A DBR has a broad, high reflectivity band called the stop band corresponding
to a 1D photonic band gap. The width of the stop band is [233]:

5 = o2 arcsin (”” - ”’) : (54)
T ny +n;

where Ay is the center wavelength of the stop band. Higher refractive index contrast results in

a wider stop band. An example of a 1D DBR reflection spectrum calculated using the transfer

matrix method is shown in Figure 26.

To form a cavity, two high-reflectance DBRs are stacked together with a spacer layer in between.
The optical thickness of the spacer layer is a multiple of 1./2, where A is the cavity resonance
wavelength (Figure 27(a)). A plot of the refractive index and calculated electric field intensity
is shown in Figure 27(b). In essence, the DBR cavity is a Fabry-Perot etalon with a sharp
transmission peak at the resonance wavelength given by the airy function. The transmission
is [232]:

T = (1-R)(1-Ry) , (55)
[1 = VRIR2]? + 4VR  Rysin’(¢/2)
where R and R; is the reflectivity of the two mirrors and ¢ is the phase difference that light
acquires during a cavity round trip. The cavity resonance is a dip in the reflection spectrum, as
shown in Figure 27(c).
The cavity dispersion energy for a planar DBR cavity is defined as [234]:

fic
Eeay = —Jkﬁ +k2,
ne
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Fig. 26. Reflection spectrum of a DBR mirror calculated using the transfer matrix
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Fig. 27. DBR microcavity. (a) Simplified schematic of the planar DBR microcavity
structure. Each of the DBR layers has a 1/4 optical thickness with alternating high-index
(ny,) and low-index (n;) materials. The cavity optical length is 1/2 and the cavity index
of refraction is n.. (b) Cavity index of refraction and electric field intensity profiles.
(c) Reflectivity spectrum of the DBR cavity calculated by the transfer matrix method.
(d) Calculated angle-resolved energy dispersion of the DBR cavity.
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where n. is the cavity index of refraction, and k| (k) is the wave vector parallel (perpendicular)
to the mirror layers. In the limit where k|| << k, the above equation can be simplified as:

222
hc h°k
Ecav ~ _kz ” ’ (57)
ne 2meay
where the cavity effective mass is:
2nh
Meay = —. (58)
Acc

Figure 27(d) shows the plotted cavity dispersion.

DBR cavities for TMDCs DBR cavities are attractive for TMDC exciton-polariton devices
because of its robust structure and relatively simple cavity modes that can be simulated and
measured. To ensure a high-quality microcavity device, integrating the active media with the
cavity requires careful and methodical fabrication steps to minimize defects and strain introduced
during the process. This is especially important for exciton-polariton devices because reducing
the loss in the system is critical for strong coupling. For conventional III-V semiconductors such
as GaAs, the DBR mirrors are grown monolithically, along with the active quantum well layer.

Exciton-polaritons with TMDC materials and DBR cavities have been demonstrated in recent
years using a variety of different cavity fabrication methods. Typically, the TMDC active layer
is mechanically transferred or grown onto the bottom DBR and the top DBR encapsulates the
TMDC layer. There are several different methods of transferring the top DBR. First method is
direct deposition of the top DBR on top of the TMDC material [235,236]. This method can
require high processing temperatures which can induce strain and lower the sample optical quality.
Another method is to use a open cavity system with the top DBR mounted on a piezo-controlled
stage. In addition to retaining the TMDCs as pristine, the cavity resonance can be tuned flexibly
and the quality factor was raised to 1500 [237]. However, the mode volume is larger than the
compact DBR cavity, resulting in a smaller Rabi splitting. Most recently, a new method to
prepare a double DBR cavity is developed, where the top DBR can be stacked on to monolayer
TMDCs by a dry-transfer technique. Such cavities show cavity quality factor up to 10000, and
retain the small mode volume of a compact DBR cavity as well [238,239].

4.2.2. Dielectric photonic crystal and grating cavities

Dielectric photonic crystals (PC), with high quality factor, small mode volume, and unprecedented
tuning flexibility, have attracted more interests to explore light matter interaction with TMDC:s.
The first verification of strong coupling between a dielectric photonic crystal cavity and
TMDCs excitons is realized in a one dimensional subwavelength grating [240]. A photonic
grating cavity utilizes a guided mode resonance (GMR) and is a slab of dielectric material
patterned with a sub-wavelength periodic modulation along the in-plane direction. Essentially,
it is a slab waveguide with a periodic pattern. The waveguide supports a guided mode and the
periodic pattern tunes the mode dispersion and couples light in and out of the waveguide.

A slab waveguide is a high index medium (the ‘slab’) sandwiched between lower index layers
(the ‘cladding’), as illustrated in Figure 28. Then, total internal reflection traps light within the
wave guide. Solving the electromagnetic wave equation from Maxwell’s equations, we can obtain
a solution for the S-polarized waves (in-plane, perpendicular to the wave propagation direction),
which is an exponential function in the cladding and a oscillatory function in the slab:

Ecladding = Eceiax’ where @ = \[ﬂz - n(2)k27 (59)

Egap = Eg cos (hx) + E, sin (hx), where h = ,ln%lk% - B2. (60)
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Fig. 29. Guided resonance mode of (a) a slab waveguide versus (b) a patterened
photonic grating mode. p is the periodicity of the photonic grating. Reprinted with
permission from [J. O. Grepstad, M. M. Greve, B. Holst, [.-R. Johansen, O. Solgaard,
and A. Sudbg, Opt. Express, 21, 23640-23654, 2013] [241].

B is the total propagation constant, ng is the refractive index of the cladding, ko = w?/c? is the
vacuum wave vector, and ny, is the refractive index of the slab. At the edges of the slab boundary,
the fields must be continuous. We can see that a higher index contrast between the slab and
the cladding results in more confinement of the electromagnetic fields within the slab. The
electric field of the resonant mode is confined in the slab and exponentially decays in the cladding
region. Therefore, for a realistic device, it is important to place the active medium as close to the
waveguide as possible and also have a slab that is thick enough to support a guided mode but not
too thick as to reduce the coupling between the mode and the active medium.

The GMR in a slab waveguide is not optically accessible and lies outside of the light cone.
The periodic patterning of the slab folds the resonance band and makes the guided mode optically
accessible (Figure 29). Because the periodicity is present only along one of the directions, the
guided mode is anisotropic and has polarization dependence. On resonance, the light must be
trapped inside of the cavity and not interfere destructively with each other. Thus, the phase
difference between the diffracted and transmitted wave is 7 and total destructive interference of
transmitted light occurs at the resonance [242]. Experimentally, the resonance mode shows up as
a peak in the reflectance spectrum. The line shape of the reflectance peak is an anti-symmetric
Fano resonance due to the interference between the portion of the light that goes directly through
the slab and the light that couples to the guided mode before decaying [243].

2D materials can be incorporated simply by exfoliation onto the top of the PC. For a given
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monolayer TMDC, the Rabi splitting that can be achieved is mainly determined by the slab
thickness, which controls the field overlap between the exciton and GMRs mode. Numerical
simulation indicates that strong coupling can be achieved in a wide range of slab thickness [244].
Such a design has also been demonstrated experimentally, and dispersion of exciton polaritons
have been observed in a WSe,-PC structure at low temperature and a WS,-PC structure at room
temperature [240]. Interestingly, boundary in continuum state in the 1D grating has also been
utilized to couple with TMDCs exciton, where strong polariton nonlinearity was observed [245].
The 1D grating is extended to a 2D photonic crystal [246], and additional degree of freedom
in 2D allows more flexible mode engineering. By integrating monolayers with a topological
hexagonal photonic crystal, helical topological polaritons are demonstrated [247,248].

4.2.3. Tamm plasma cavities

Tamm plasma cavities and full metal cavities are constructed by replacing one or both DBRs
with metal mirrors. They can reduce the mode volume and simplify the fabrication process, but
can result in a lower quality factor. Plasmonic cavities are nanoscale metalic structures that can
further reduce the mode volume by overcoming the diffraction limit, and thereby can achieve the
largest Rabi splitting. Various single plasmonic nanocavities, including nanorods [249-251] and
nanoprisms [252,253] have been used to couple with TMDCs excitons, and the Rabi splitting
detected by the scattering spectra is above 100 meV, establishing strong coupling.

An interesting topic in plasmonic-TMDCs polariton hybrid systems is to reduce the number of
excitons involved in the coupling, paving the way to quantum nonlinearity in TMDCs polariton
systems [254]. A hybrid plasmonic structure comprising of a nanoparticle and a metal mirror
allow small mode volumes and high field confinements. Such hybrid plasmonic structures
have been integrated with monolayer TMDCs, and the effective exciton number contributing
to coupling is reduced to single-digit level [255]. To improve the quality factor of plasmonic
cavities and retain the small mode volume at the same time, plasmonic arrays can be integrated
with TMDC monolayers [256-259].

4.3.  Special properties of TMDC polaritons
4.3.1. Valleytronics of TMDCs polaritons

The spin-valley properties and the consequent valley-dependent optical selection rules give
TMDC excitons an additional degree of freedom for valleytronics applications. This valley
degree of freedom of excitons can be transferred to polaritons via strong light matter interactions.
In addition, valley coherence of TMDCs excitons, an important property for manipulating and
controlling optical information, is a result of coherent superposition of the K* exciton states, and
can be transferred to polaritons [237,260] (Figure 30 (a,b)).

The valley polarization of excitons, manifested as the circular polarization of the PL emission, is
enhanced in the strong coupling regime. For excitons, the relatively low degree of polarization in
PL mainly results from the valley depolarization rate being faster than the radiative rate. These two
competing processes can be controlled in the polariton system. The spatially extended polariton
wavefuction can reduce the valley depolarization induced by defects on the nanometer-scale [261].
In addition, the total decay rate of polaritons is enhanced through the cavity

4.3.2. Nonlinearity in TMDCs polaritons

Another important property of excitons and polaritons is their nonlinearity. Excitons show
nonlinear responses to both the intensity of a coherent laser and the density of carriers. The
optical nonlinearity results from the exciton-photon coupling and thus scales with the optical
dipole moment of the material and is greatly enhanced in TMDCs due to the large oscillator
strength of intralayer excitons. The strong optical nonlinearity has manifested in strong optical
Stark effect. In monolayer TMDC on the DBR, a Stark shift of a few meV, corresponding to an
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Fig. 30. Special properties of TMDC polaritons. (a,b) Valley coherence of polariton
(a) and exciton (b) shown as a measurement of co- and cross- polarized PL intensities.
Reprinted from [260], CC BY 4.0. (c) Schematic diagram of a moiré polariton structure.
(d) Angle-resolved reflection spectrum of the moiré polariton. Reprinted from [L.
Zhang, F. Wu, S. Hou, Z. Zhang, Y.-H. Chou, K. Watanabe, T. Taniguchi, S. R. Forrest,
and H. Deng, Nature, 591, 61-65, 2021] [111].

effective magnetic field up to 40 T was measured [73]. The nonlinear response to the carrier
density results from interactions among the carriers. It is often expressed in terms of band
renormalization, exciton-exciton interaction dominated by contact interactions, and phase space
filling due to the Pauli exclusion principle. All three effects generally scale with the exciton Bohr
radius. In the TMDCs system, the exciton Bohr radius is about 1 nm, as opposed to ~ 10 nm in
GaAs, and therefore the resulting nonlinear interaction strength is much smaller than the GaAs
system.

Polaritons show nonlinear response due to their exciton component, but modulated by the
exciton fraction and exciton-cavity coupling. The exciton fraction results in a proportionally
reduced nonlinearity in polaritons. However, the nonlinear response is mostly commonly
measured through the shift the resonance and should be compared with the linewidth of the
resonance. Polariton linewidth has contributions from both the exciton and the cavity component
and, in high-Q cavities, can be substantially smaller than the exciton linewidth. Therefore
nonlinear responses that are difficult to measure in excitonic systems can become measurable in
polaritons.

The polariton nonlinearity is also modulated by the exciton-cavity coupling, which can result
in a nonlinear response much stronger than that of the excitons through phase space filling. Phase
space filling leads to reduced exciton oscillator strength, which simply saturates the nonlinear
response for exciton systems. In contrast, for polaritons, the reduced oscillator strength leads
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to reduced vacuum Rabi-splitting and in turn a blue (red) shift of the lower (upper) polariton
resonance, producing effectively an additional nonlinear response. This additional nonlinearity
still scales with the exciton Bohr radius and therefore is still weaker in TMDC polaritons than
polaritons in conventional materials.

To increase the polariton nonlinearity in TMDC systems, a variety of unconventional excitonic
states have been investigated. Rydberg 2s excitons feature a larger exciton Bohr radius than
1s excitons and thus a stronger nonlinearity [42]. Charged polaritons, such as trion or polaron
polaritons [27,262], have stronger direct Coulomb interaction between the charges and are
predicted to exhibit an unconventional polariton blockade at high enough densities [28]. Interlayer
excitons in homobilayers have a finite but sufficiently small electron-hole separation, therefore
they feature dipole-dipole interactions between the finite out-of-plane permanent dipole moment
while retaining high enough oscillator strength to establish strong coupling [263,264].

The increase in nonlinearity in these polariton system comes at the expense of reduced binding
energy of the excitonic transition, or stability and operating temperature of the excitonic and
corresponding polaritonic states. Interestingly, moiré superlattices provide a new route to mitigate
this fundamental trade-off of quantum-well exciton based polariton systems.

4.3.3. Moiré polariton and its nonlinearity

Moiré superlattices provide a powerful tool to engineer the energies, wavefunctions, and optical
selection rules of excitons, because they provide a lattice potential on the length and energy scale
of those of the excitons. When excitons couple with cavity modes to form polaritons, however, the
polariton properties are expected to become less sensitive to fluctuations on the exciton’s length
and energy scales and the effect of the moiré superlattice is obscured. Interestingly, contrary to
this intuition, it was shown that moiré superlattices can provide a new route to achieve strong
polariton nonlinearities [111].

In moiré superlattices form in the nearly twist-aligned WS,/MoSe; heterobilayer, the lowest-
energy excitons states are moiré excitons with large oscillator strength. They form moiré polaritons
when placed in a resonant cavity. Meanwhile, these moiré excitons are spatially confined in the
moiré superlattice, leading to strong on-site exciton-exciton interactions and exciton blockade
in a moiré unit cell. In another word, each moiré unit cell functions as a quantum dot and
single exciton filling in each cell leads to full saturation of its oscillator strength. Effectively,
the period of the moiré superlattice replaces the Bohr radius as the length scale for polariton
nonlinearity, without affecting the binding energy and Borh radius of the moiré excitons. Such a
moiré exciton-polariton system can exhibit a nonlinearity enhanced by (ay;/ag)® ~ 10 — 100. It
introduces quantum dot-like nonlinearity into a cooperatively coupled solid-state system, opening
a door to novel quantum many-body physics and polariton devices [111]. Theoretical studies on
moiré polaritons predict single or multiphoton lasing [265] and non-local interactions, which can
lead to steady states with broken translational symmetry [266].

4.4. Manipulation of TMDCs polaritons

TMDCs provide a platform on which polariton properties can be manipulated with unprecedented
flexibility via both the excitonic and photonic components. In polariton systems based on
conventional materials, the exciton properties are largely determined by the as-fabricated material
and tuning is limited by the requirement of integration with high-quality microcavities; the
cavity materials and cavity structures used are also highly restricted due to the requirements of
integration. In contrast, TMDCs can be readily integrated with a variety of cavity materials and
structures (see Sec. 4.2) while at the same time, TMDC excitons can still be controlled through
electrical contacts placed in close proximity and by the broad freedom in 2D heterostructure
engineering (see Sec. 2.3).

To manipulate the material, electrically doping the TMDC layers can continuously tune the
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Fig. 31. Manipulation of TMDC polaritons. (a) Schematic of a 1D photonic grating
cavity structure and its (b) simulated electric field profile of the TE mode. Reprinted
from [240]. (c) Topological exciton polaritons. Reprinted with permission from [W.
Liu, Z. Ji, Y. Wang, G. Modi, M. Hwang, B. Zheng, V. J. Sorger, A. Pan, and R.
Agarwal, Science, 370, 600-604, 2020] [247].

TMDC-cavity system between strong and weak coupling regimes [267]. At low to moderate
doping levels, trion or polaron polariton states can be studied [27,262]. The ultrafrast optical Stark
effect can be used to coherently manipulate polarization-selective valley polariton populations in
TMDC [268]. Coupling between excitons, polaritons, and phonons can lead to hybridized states,
which can be identified and studied using 2D spectroscopy techniques. The moiré superlattice
can lead to quantum dot-array polaritons with enhanced noninearities [111].

To manipulate the cavity mode, photonic crystals can be used to generate interesting spatial
symmetries, polarization selectivity, and topological properties [240, 247, 248], while these
properties are transferred to polaritons when TMDCs are placed directly on the photonic crystals
(Figure 31). In open vertical cavities, photonic lattices can be imprinted by etching the top DBR
mirror, producing desired band structures of polaritons [269]. Naturally occurring dielectric
disorders also modify the polariton energies of TMDCs, leading to trapped states or guided
transport [270].

The multi-facet flexibility in integration and property engineering makes TMDC exciton
polaritons a particularly attractive platform for room-temperature simulator of 1D and 2D
Hamiltonians in condensed matter physics [271].

4.5. Polariton lasing in TMDCs system

In analogy to other bosonic systems, such as cold atoms and excitons, Bose-Einstein condensation
can occur in polaritons, where a large number of polaritons occupy the same quantum state [46].
As a driven dissipative system where the photon component of the polariton has a fixed out-
coupling rate from the cavity, a polariton condensate leads to coherent emission, called a polariton
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laser. While conventional photon lasers require band inversion to establish stimulated scattering
into the cavity mode, polariton condensates are formed by stimulated scattering into a polariton
state as it approaches quantum degeneracy. Therefore, polariton condensation, and resulting
polariton lasing, can take place at carrier densities many orders of magnitude below that required
for conventional semiconductor lasing.

Although polariton condensation and lasing have been well established in GaAs and a number
of other material systems, it has been challenging in TMDCs. To obtain quantum degeneracy,
lighter effective mass, long polariton lifetime, and faster scattering rate to the lower energy
polariton states are preferred. In TMDCs, the relatively higher density of defects in the materials
and the lower quality of the cavity introduce significant loss and decoherence to the polariton
states. Moreover, the weaker nonlinearity of the TMDC exciton limits the energy relaxation rate.
Most recently, polariton lasing has been reported in a MoSe, monolayer assisted by a nearby
GaAs quantum well, at cryogenetic temperature [228]. At room temperature, threshold behavior
and increased spatial coherence have been reported in a WSe, monolayer [272]. Combining
recent improvements in both material and cavity qualities may enable room-temperature polariton
lasing in the near future.

5. Summary

In conclusion, TMDCs form a new class of excitonic materials with not only many unique physical
properties but also unprecedented flexibility for engineering heterostructures and integration with
photonic systems. A wealth of novel phenomena and device concepts have been explored, while
abundant opportunities of new discoveries await.

Excitons with homogeneous linewidth have been demonstrated in TMDCs with hBN encapsu-
lation, which is of great significance to identify coherent quantum states. Electronic and excitonic
systems in heterostructures, especially in multi-layer moiré lattices and quasi-crystal lattices,
will continue to be a testbed for novel fundamental phenomena. They may serve as quantum
simulators with further technological development in fabrication, integration, and control. In
TMDCs-cavity systems, combining excitons of homogeneous linewidth and a cavity of a high
quality factor has yet to be demonstrated, which may enable macroscopic quantum states in
TMDC:s polaritons. Electrically injected polariton lasers in TMDCs system will be sought after
as coherent light sources with high power efficiency, room-temperature operation, and compact
size.
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