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ABSTRACT: The “marriage” of light (i.e,, photon) and matter (i.e., exciton) in 2D excitons
semiconductors leads to the formation of hybrid quasiparticles called exciton
polaritons with fascinating quantum phenomena such as Bose—Einstein condensation
(BEC) and photon blockade. The research of exciton polaritons has been evolving into
an era with emergent two-dimensional (2D) semiconductors and photonic structures
for their tremendous potential to break the current limitations of quantum Exciton
fundamental study and photonic applications. In this Perspective, the basic concepts polaritons
of 2D excitons, optical resonators, and the strong coupling regime are introduced. The ”I e HI

!

research progress of exciton polaritons is reviewed, and important discoveries
(especially the recent ones of 2D exciton polaritons) are highlighted. Subsequently, the
emergent 2D exciton polaritons are discussed in detail, ranging from the realization of
the strong coupling regime in various photonic systems to the discoveries of attractive
phenomena with interesting physics and extensive applications. Moreover, emerging
2D semiconductors, such as 2D perovskites (2DPK) and 2D antiferromagnetic (AFM) semiconductors, are surveyed for the
manipulation of exciton polaritons with distinct control degrees of freedom (DOFs). Finally, the outlook on the 2D exciton
polaritons and their nonlinear interactions is presented with our initial numerical simulations. This Perspective not only aims
to provide an in-depth overview of the latest fundamental findings in 2D exciton polaritons but also attempts to serve as a
valuable resource to prospect explorations of quantum optics and topological photonic applications.

Optical resonators

KEYWORDS: 2D semiconductors, strong coupling, exciton polaritons, transition metal dichalcogenides (TMDs), topological photonics,
nonlinear interactions, valley degree of freedom, Bose—Einstein condensation

the strong coupling between resonant excitons and underlying mechanisms for the strong coupling are elaborated
photons, where the energy exchange rate exceeds the as following.
average decay rates of the excitons and photons."”” In the
strong coupling regime, exciton polaritons feature splitting of EXCITONS IN SEMICONDUCTORS
resonance energy, exhibiting a distinct hybrid nature by
leveraging advantageous characteristics of the exciton and
photon constituents’~” (Figure la). On the one hand, the

E xciton-polaritons are hybrid quasiparticles arising from for the exciton and photon constituents as well as the

Excitons are electron—hole pairs bound by Coulomb
interactions in semiconductors.’® These electron—hole pairs
are regarded as electrical dipoles that could interact with the

exciton constituent in semiconductors provides spin sensitivity, optical field.3°>° This interaction can be described in terms of
electrical tunability, and strong bosonic interactions as oscillator strength f:>¢7>’

underlying mechanisms for nonlinear optics and quantum

phenomena.”~” On the other hand, the photon constituent, 2m*w 5 Vi

typically confined within optical resonators, gives rise to small f= A I Ir-elpe) P )

effective mass, spatial coherence and versatile optical degrees
of freedom (DOFs) for photonic behaviors such as absorption,

reflection, photoluminescence (PL), scattering, propagation, Received: August 24, 2023
etc.””7'%"" These hybrid characteristics result in intriguing Revised:  November 22, 2023
quantum phenomena such as Bose—Einstein condensation Accepted:  November 28, 2023
(BEC),»'°7'® superﬂuidity,lg_22 quantum blockade,**™3? Published: December 5, 2023
topological flows,”>™*° etc, leading to the rapid research

progresses of exciton polaritonics. The basic physical concepts
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Figure 1. Fundamental concepts for semiconductor excitons, optical resonators, and exciton polaritons. (a) Angle-resolved dispersion of 2D
exciton polariton, where UPB and LPB represent the upper and lower polariton branches, respectively, 7€ represents the Rabi splitting. The
blue curve represents the cavity mode, and the red-dashed line represents the exciton state. The red clouds in the polariton dispersion
highlight the bending of the dispersion at large angles. Schematics of (b) Wannier—Mott excitons and (c) Frenkel excitons. (d) Schematic of
a Fabry—Pérot (FP) microcavity, consisting of two mirrors and a cavity layer, whose optical length (L.) is integer number of half wavelength
(A). The mirrors could be DBR or a thin metal film. (e) Schematics of the photonic crystal cavity. (f) Schematic of a plasmonic nanocavity
(NPoM). Panel (a) reprinted with permission from ref 86. Copyright 2017 American Physical Society. Panel (e) reprinted with permission
from ref 87. Copyright 2007 Springer Nature. Panel (f) reprinted with permission from ref 62. Copyright 2016 Springer Nature.

where m* represents the effective mass of the excitons, ly.) and
l44,) are Bloch wave functions of electrons and holes, V,, is the
interaction volume between exciton and light, ap is the Bohr
radius of exciton. The larger the oscillator strength, the
stronger the interaction between excitons and photons
emerges.

Two of the most common excitons are Wannier—Mott
excitons and Frenkel excitons, each of which possesses
distinctive physical properties.””**™** In Wannier—Mott
excitons,””**** commonly observed in inorganic semiconduc-
tors, the electron and hole are spatially separated and located
at different lattice sites (Figure 1b). The exciton Bohr radius is
larger than the lattice constants for delocalized electron—hole
pairs, resulting in relatively small oscillator strengths and weak
binding energies (typically ranging from a few to 100 meV). In
most cases, the Wannier—Mott excitons can be described by
hydrogen—like model with higher excited states of Rydberg
series.” """ But these excited states can only be observed in a
few examples for the relatively weak binding energies and finite
line widths. In Frenkel excitons,””**' as found in organic
semiconductors, the electron and hole are tightly bound at
different molecular orbitals but reside within the same
molecules (Figure 1c). The exciton Bohr radius is small for
localized electron—hole pairs, resulting in a large oscillator
strength and strong binding energies (typically around a few
hundreds of meV). The Frenkel excitons cannot be well
described by the hydrogen models, but are generally analyzed
based on electronic transitions between different molecular
orbitals.*”*%*!

There emerge distinct excitons in two-dimensional (2D)
semiconductors that cannot simply be understood by the
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above-mentioned models of Wannier—Mott excitons and
Frenkel excitons.”®*”**7>" On the one hand, 2D excitons
possess lar%e oscillator strength and strong binding en-
gy V33052755 ywhich are comparable with Frenkel
exc1tons, due to the quantum confinements and dielectric
screening. On the other hand, the electron—hole pairs are not
so localized that they span over several crystalline lattice sites,
which are still in the framework of the Wannier—Mott exciton
model but with some modification.”®*?*#*/ 73932755 Thege
attrctive properties of 2D excitons present numerous exciting
opportunities to investigate fascinating light-matter interac-
tions, supporting fantastic avenues for investigating the exciton
polaritons for fundamental quantum research and optoelec-
tronic applications.”***°~°° Typical semiconductor examples
for 2D excitons are van der Waals semiconductors, including
monolayer transition metal dichalcogenides (TMDs), 2D
perovskites (2DPKs), and 2D antiferromagnetic (AFM)
semiconductors, which will be discussed in more detail later.
Photons Confined in Optical Resonators. Confined
photons are another indispensable constituent for the strong
coupling of exciton polaritons, which are characterized by two
critical parameters of optical resonators, i.e., quality factor and
mode volume.’"** The quality factor Q = @/6w, where @ and
O0w present resonant frequency and frequency line width of
confined photons, represents the number of cycles that
photons are trapped in an optical resonator before the
photons’ leakage.”"*> The mode volume V = [ e(r)IE*(r)l
dQ/max{E*}, where €(r) and E(r) are the dielectric function
and electric field distribution inside the optical resonator,
respectively, exhibits the spatial volume in which photons are
confined.”"** Based on these definitions, the quality factor and
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mode volume of optical resonators represent the confinements
of photons in the time and space dimensions, respectively. The
spectral range of interests in this Perspective is at the visible
and near-infrared (400 nm—1.7 um), if no additional
information is specified. In this context, three main types of
optical resonators are discussed in terms of quality factor and
mode volume: Fabry-Pérot (FP) microcavities, photonic
crystals (PC), and plasmonic nanocavities.

The FP microcavities, typically composed of two facing
mirrors of high reflectance and a cavity layer (Figure 1d), are
the most straightforward resonators and the most widely used
ones. FP cavities typically have high quality factors, which are
proportional to the reflectance of the mirror materials. For
mirrors of near-unity reflectance, the C}ualify factor can reach Q
~ 10° in the near-infrared spectrum.®”®* and the typical mode
volume largely exceeds the wavelength volume (V > (4/
n)*),°"°* where n is the refractive index of the media. The high
reflectance can be realized by distributed Bragg reflectors
(DBR), which are the most chosen option for the mirrors of
FP cavities. DBR refer to one-dimensional photonic crystals of
alternate dielectric layers with contrasting refractive indices,
whose optical lengths are designed to be a quarter of a specific
wavelength.” At this wavelength, each dielectric layer can
support destructive interference, and several periods of such
interfering layers can result in near-unity reflectance with finite
bandwidths. Grating structures and noble metallic films can
also support considerably high reflectance for the top mirrors
(from which photons can leak out). The cavity layer
determines the photon modes of FP cavities by its optical
length, and the photon energy can be described by a L. cavity
length as”

2)

where ki = k2 + kj = i—”tan(g) represents the in-plane wave-

number, @ is the incidence angle, A is the cavity resonance
wavelength at normal incidence, n is refractive index of the
cavity layer, m is an integer number. With translation
invariance, the cavity mode can be characterized by angle-
resolved spectroscopy, where the angle (6) shares a one-to-one
correspondence with the in-plane wavenumber.

The PC cavities, typically composed of periodic nanostruc-
tures of dielectric materials, can support confined photons via
the photonic band structures. The quality factor Q of PC
generally could be notably high, some of which can easily get
over 10* and even reach above 10%.°** On the other hand, the
mode volume approximate to (4/n)® (the scale from pum® to
nm® depending on the specific nanostructures and the
photonic modes®"**). PC cavities can be either one-dimen-
sional (1D) or two-dimensional (2D), depending on their
dimensions of periodicity. The simplest form of PC structure
entails 1D optical gratings, wherein resonant performance
hinges on various geometric attributes like filling factor, period,
and dielectric thickness.”*"°° The 1D PC can provide efficient
light manipulation only along the direction of periodicity.
Upgrading the PC nanostructures to 2D lattices introduces
additional degrees of freedom to manipulate the photons at
nanoscales. Typical 2D PC can be fabricated as periodic
nanoholes, nanopillars, etc.t¥7% 1n PC nanostructures, high
Q photonic resonances emerge either from the edge of certain
photonic bands, or from carefully engineered defect structures

breaking the periodic of PCs.**"® Compared with conven-

tional FP cavities, the rich photonic band structures in PCs can
lead to various intriguing phenomena. For instance, PC
structures can exhibit nontrivial topological behaviors similar
to those originally discovered in condensed-matter systems,
which have recently emerged as a fascinating platform to
manipulate the confined photons protected from photonic
defects,'”'” and lead to the research surge of topological
exciton polaritons.'”'>**73>7=75 Another very interesting
example is PCs exhibiting bound states in continuous (BIC)
resonances. These distinct resonances can support ultrahigh Q
resonances bounded to the dielectric slabs even when it is
within the continuum bands of lossy radiative modes.
Fundamentally, this BIC phenomenon also originates from
topological charges in the momentum space, which topolog-
ically protect the BIC modes from coupling to lossy radiative
modes. All these captivating phenomena in PC nanostruc-
tures,' >3 73579775 especially when they are strongly coupled
to excitons, will be discussed in more details in later context.

Plasmonic nanocavities are usually known to be capable of
trapping photons within extremely small mode volume by
leveraging the highly confined electromagnetic fields of
plasmonic resonances.”>’*””® The mode volume (generally V
< (4/n)*) could even reach the size of picometers,”*” while
the quality factor is small (typically Q < 100).°>”°~"* For the
extremely small V and quite small Q, plasmonic nanocavities
on the one hand could significantly facilitate light-matter
interactions with enormous field enhancement, on the other
hand could be very lossy for photonic applications.>”%~"
There are various configurations for the plasmonic nano-
cavities, such as plasmonic arrays (plasmonic crystals)®' ~* and
gap plasmons.”>’*~"® The plasmonic arrays are similar to PC,
but the unit cells are based on plasmonic nanostructures. The
gap plasmons exhibit complex optical modes strongly depend-
ing on the dielectric environment, gap size, and nanostructure
geometry.”>’°~7® Typical geometries include dimers, bowties,
and nanoparticle-on-mirror (NPoM) configurations. Taking
the NPoM as an example (Figure 1f), optical modes can be
highly confined at the small nanogap between the metallic
nanoparticle and the mirror.””’™"® More specifically, the
optical modes can be described by a resistor-inductor-capacitor
(RLC) circuit model. In the NPoM structure, the nanoparticles
and substrates are both considered as capacitors and inductors
in series, and the sample in the middle is treated as a capacitor;
all of these elements have finite impedances. The solution to
this RLC circuit yields the resonant modes of the nano-
avity.5>7678

Exciton Polaritons in the Strong Coupling Regime. As
appropriate semiconductors and corresponding optical reso-
nators are integrated together, excitons and photons can
couple with each other in the way of energy exchange between
them. The Hamiltonian of such coupled system can be written
as follows: >

ha,, — iy, g
H= )
g hwy, — i, 3)

here hw,, and hw,, represent the energy of excitons and

photons, respectively, 7., and y,, are the line widths of excitons
and cavity photons, respectively. The y,, is determined from
the intrinsic nature of excitons (i.e., radiative and nonradiative
decay rates), while y,, is determined from the quality factor Q.
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Moreover, g is the coupling strength between excitons and
photons as g « /f/V, where V is the mode volume, f is the

oscillator strength of excitons as discussed above.
The eigenvalues of the coupled system Hamiltonian are

obtained as***
w = Wex + wph _ i}/ex + 7/ph
* 2 2
2 ; 2
* \/g + (wph T Wy — l(yph - }/ex)) (4)

For these two eigenvalues, when excitons and photons are in
resonance (i.e., the detuning (8 = w,,— @) is equal to zero),
the difference between them is termed as “Rabi splitting”:

Qp = \/4g2 - (}/Ph - 7’ex)2 (s)

This Rabi splitting could bring up energy level splitting of
the two eigenvalues when g > ly,, — 7.//2. Note the split
energy levels here does not necessarily mean the photonic
system reaches the strong coupling yet. Only when

g> l(y;h + y;) /2, the strong coupling regime is reached

that the higher one of the eigenvalues is called as the upper
polariton and the lower one as the lower polariton.>****°
Moreover, the photonic system may refer to the intermediate

coupling regime when ly, —y 1/2 <g< /(ypzh + y;)/z

2,6,84,85

In the strong coupling regime, Hopfield coeflicients are
defined as™****

1 0
X =14+ —
2 2
2 {67+ 4g (6)
szil_i/%
0" + 4g (7)

where X> + C* = 1. The Hopfield coefficients of X* and C*
represent the fractions of excitons and photons in the strongly
coupled exciton polaritons, respectively. The Hopfield
coeflicients are a critical measure for the hybrid nature of
exciton polaritons so that they could leverage advantages from
both exciton and photon constituents. When X* is larger and
close to unity, exciton polaritons become more exciton-like
with more excitonic properties; when C? is approaching unity,
on the other hand, exciton polaritons become more photon-
like with specific photonic properties from optical resonators.

Hallmarks for the Research Progresses of Exciton
Polaritons. It has been more than three decades since the
observation of exciton polaritons in quantum wells embedded
in a FP cavity." Throughout these decades, exciting progress
has been made, vigorously propelling the quantum research of
exciton polaritons forward, as sketched in the two interwinding
timelines of Figure 2. One of the timelines marks the
significant achievements with more emphasis on the excitonic
research, while the other highlights the critical accomplish-
ments mostly enabled by the photonic properties. Although
the research progresses are marked in these two ways, they are
actually quite dependent on each other and promise quite
interdisciplinary research directions ahead.

Semiconductors Photonic nanostructures

Quantum well |’/41992
; L
exciton polaritons 1998 —  Exciton polaritons in DFB cavity® |
Organic molecule 2004 —  Exgiton polaritons in PC cavity®” |
exciton polaritons®

Single-molecule strong I
coupling in NPOM cavity®?
polariton chemistry'® |\~2012 P9 Y
2015 Topological polariton lasing
and condensation®!

2D TMD exciton polaritonss® 2016
2017-2018
2D TMD valley excitons exhibiting helical exciton polaritons in topological PCs* I
[ ¥
2D perovskite exciton 2020 / — - -~
polariton condensation’® Nonlinear exciton polariton I
interactions in BIC cavity™
2021/ il
2D Moiré exciton polaritons'® I/ ’
2D perovskite exciton polaritons with nontrivial topological berry curvature® I
X
20228

i i 58-60
2D AFM exciton polaritons condensation from BIC cavity”™

Polariton Bose-Einstein |

20[23
Enhanced light-matter coupling of 2D TMD from BIC cavity™ I

\/ \/

Figure 2. Timelines for the research progress of exciton polaritons
with highlighted hallmarks.

Prior to 2015, exciton-polaritons had been observed
sequentially in various semiconductors (e.g, quantum wells,'
organic molecules,*® bulk perovskites,” quantum dots,””
etc.) integrated with conventional optical resonators (e.g., FP
cavities, PC, etc.). Due to high crystalline quality and well
controlled excitonic properties of quantum wells, exciton
polaritons therein have demonstrated striking quantum
phenomena and optoelectronic applications, such as Bose—
Einstein condensation,”'®™'* superfluidity,"”~** quantum
simulation,”' ~** and electrically pumped polariton lasers.”*~°
Because of large exciton binding ener§ies of conventional
semiconductors (e.g., organic molecules, % bulk perovskjtes,89
Zn0,””%® GaN,”” and Cu,0%"), these quantum phenomena
and optoelectronic applications have been gradually realized
toward room temperature.” These hallmarks are mostly based
on FP cavities and other photonic structures (e.g., distributed
feedback cavities (DFB), grating structures, nanophotonic
structures integrated with FP cavities, etc.). Among these
photonic platforms, FP cavities are the most straightforward
resonators, with well-studied photonic behaviors and mature
fabrication techniques. Moreover, the FP cavities have been
utilized to strongly couple with molecular vibrational states, so
that the local chemical properties can be modified for an
excellent frontier research topic, ie. polariton chemis-
try.'®°7'% For excitons of single photon emitters in the
quantum dots,”””° FP cavities can hardly enable large enough
coupling strength g for the strong coupling regime as the mode
volume is not small enough. Therefore, pillar FP cavities and
PC were exploited to increase the coupling strength by
minimizing the mode volume, and ultimately the strong
coupling regime was reached,””” and even the quantum
blockade effect was observed.”>*"**

After 2015, considerable attention has been shifted to
emerging exciton-polariton systems that involve 2D semi-
conductors and distinct optical resonators with fascinating
phenomena and control DOFs. 2D semiconductors mainly
refer to TMDs and their heterostructures,®®*>*® with recent
inclusion of van der Waals 2DPK'"** and 2D AFM
semiconductors.””*’ Since the observation of 2D exciton
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Figure 3. Schematics of excitons and their basic concepts in TMDs. (a) Schematic of intralayer exciton in a monolayer TMD, labeled by the
red dashed box. (b) Diagrams of TMD valley energy bands. (c) Rydberg states of monolayer WS, exciton. (d) Schematic of excitons in TMD
bilayer; the red dashed box represents interlayer exciton and black arrows show the charge transfer. (e) Moiré heterostructure Brillouin zone
and (f) mini-Brillouin zone (mBZ) in a moiré heterostructure. Panel (a) reprinted with permission from ref 142. Copyright 2023 Springer
Nature. Panel (c) reprinted with permission from ref 55. Copyright 2014 American Physical Society. Panel (d) reprinted with permission
from ref 143. Copyright 2018 Springer Nature. Panel (e) reprinted with permission from ref 144. Copyright 2022 Springer Nature. Panel (f)
reprinted with permission from ref 145. Copyright 2023 American Association for the Advancement of Science.

polaritons in TMDs at room temperature,‘% many inspiring
discoveries have been reported. For example, valley polar-
.. 103-105 106,107 108
ization, valley coherence, valley Hall effect,
valley Stark effect,'” and Zeeman effect''® of TMD exciton
polaritons have been extensively investigated. Recently, the
nonlinear properties of such exciton polaritons have been also
. o . 111-113
reported such as nonlinear bosonic interactions, para-
. 114,115 . 116,117
metric scattering, and polariton lasing. Moreover,
when the 2D excitons are hosted in 2DPK and 2D AFM
semiconductors, exciton polaritons exhibit distinct control
DOFs via the anisotropic nature of crystals’”''® and strong
magnetic responses.”””” Meanwhile, explorations of distinct
optical resonators have been going beyond the traditional
configurations of FP cavities and PC, extending to extreme
. . . 62,7678 .
nanophotonics of plasmonic nanocavities and deliber-
ately designed PCs with nontrivial topological photonic
bands.'”'¥* 73777 Along with the advancements of distinct
photonic designs and nanofabrication techniques, these
distinct optical resonators unveil fascinating photonic behav-
iors in the strong coupling regime, especially for 2D exciton
polaritons. For example, optical resonators of plasmonic
nanocavities can even realize the strong coupling at single
molecule level at room temperature by leveraging advantages
- 62 ) .
of nanometer-sized mode volume.”” More interestingly, when
PC are designed with nontrivial topological properties, exciton
polaritons are found to demonstrate intriguing phenomena of
quantum Hall effect’® and quantum spin Hall effect,®
prospecting tremendous opportunities to study correlated
many-body physics and realize topological polaritonic device.
In the following sections of this Perspective, the fundamental
excitonic properties of 2D TMDs would be first reviewed, and
the strong coupling regime of 2D semiconductors with various
optical resonators would be introduced and analyzed afterward.
In these 2D exciton polaritons, attractive phenomena and the
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underlying mechanisms are discussed in more details. More-
over, 2D exciton polaritons in emerging semiconductors of
2DPK and 2D AFM materials would be highlighted. Finally,
our perspective with initial simulations on the exciton
polaritons of these emerging semiconductors integrated with
distinct optical resonators would be presented.

Emerging Research of Exciton Polaritons in 2D TMDs.
2D TMD Excitons. TMDs are a class of materials with the
formula MX,, where M is a transition metal element from
group IV (e.g, Ti, Hf, Zr), group V (e.g,, V, Nb, Ta), group VI
(e.g., Mo, W), group VII (e.g., Tc, Re), or group X (e.g., Pd,
Pt), and X is a chalcogen (S, Se or Te)."'"”~"*' These materials
form layered structures of X—M—X, where the chalcogen
atoms are in two hexagonal planes separated by a plane of the
metal atoms (similar to the schematic of Figure 3a). These
layered materials include semimetals, superconductors, insu-
lators, and semiconductors. In this Perspective, we will focus
on discussing the most studied semiconducting TMDs for
exciton polaritons, where the transition metal mainly refers to
Mo or W and the chalcogen refers to S or Se. For the
convenience, TMDs represent these semiconductors in this
Perspective unless noted otherwise. TMD can be thinned
down layer by layer because of weak interlayer interactions of
van der Waals forces. When thinned down to monolayer limit,
which only consists of two chalcogen atoms sandwiching a
transition metal atom, TMDs become direct-bandgap semi-
conductors and possess strongly bound excitons of large
oscillator strength and strong binding (energies?’g’éﬁ”44 (Figure
3a). Because of the 2D hexagonal lattice, the direct-gaps reside
at two degenerate valleys at the hexagonal Brillouin zone of
TMDs, denoted as K and K****** (Figure 3b). The K and K’
valleys are not equivalent and thus form valley excitons with
time reversal symmetry, whose optical transitions follow
distinct selection rule of circular polarizations.'”*™"*> Specif-
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Figure 4. Schematics of various photonic systems of 2D TMD in the strong coupling regime. Schematics for (a) an open FP microcavity
integrated with MoSe, and (b) an NPoM with monolayer WS,. (c) A FP cavity with moiré superlattices of MoSe,/WSe, heterostructures, (d)
1D PC with monolayer TMD, (e) BIC PC with monolayer WS,, and (f) topological PC with monolayer TMD. Panel (a) reprinted with
permission under a Creative Commons Attribution 4.0 International License from ref 158. Copyright 2015 Springer Nature. (b) reprinted
with permission from ref 172. Copyright 2020 American Physical Society. Panel (c) reprinted with permission from ref 113. Copyright 2021
Springer Nature. Panel (d) reprinted with permission under a Creative Commons Attribution 4.0 International License from ref 65.
Copyright 2018 Springer Nature. Panel (e) reprinted with permission from ref 70. Copyright 2023 Springer Nature. Panel (f) reprinted with
permission from ref 34. Copyright 2020 American Association for the Advancement of Science.

ically, each K (K') valley excitons can only allow optical
transitions of left (right) circular polarization, providing
photonic spin DOF for TMD excitons. Because of the large
spin—orbit coupling of transition metals in TMDs, the split
valence bands and conduction bands at each valley can also
form different exciton species, including A and B excitons with
quite distinct properties of absorptions and emissions (Figure
3p).122-125

In the research of the exciton polaritons in monolayer
TMDs, A excitons of lower energy have attracted the most
attentions because of the larger oscillator strength, strong
binding energy and dominant emission properties.”****® In
most cases, the excitons discussed in TMD monolayers refer to
A excitons if no additional information is elaborated. For these
specific properties, TMD excitons can also be understood by a
hydrogen model with modifications of 2D confinement and
dielectric screening.”® Therefore, Rydberg series of 2D excitons
can also be well resolved, even up to room temperature®>*>>
(Figure 3c). It is worth noting that there could be dark
excitons in W-based TMD monolayers, as the lowest energy
transitions for A excitons are spin-forbidden and in turn form
out-of-plane dipoles with respect to the 2D plane.'**™"%°
Moreover, due to the tightly bound nature and intrinsic
excessive charge in monolayer TMDs, complex excitonic states
including charged excitons (trions), biexcitons, and charged
biexcitons'*''*® are also observed. These multiple-particle
excitons generally have much weaker binding energies, which
are comparable with the room temperature thermal energy
(ksT ~ 25 meV), making them better resolved at low
temperatures. Furthermore, they could also demonstrate valley
polarization dependence for valley DOF, which depends on the
electron—hole configuration for each specific case.'”' ™"

Recently, another group of TMDs (ReS,, ReSe,) have also
attracted some attentions, since they can also possess a direct
band gap in the bulk form with large exciton binding energy
and strong anisotropy.>”"*® The strong coupling regime in
these TMDs of ReS,, ReSe, has been realized and may deserve
further polaritonic investigations."*”~"*'

Excitons in stacked TMD monolayers (homo/hetero-
bilayers or moiré superlattices) have recently been found to
demonstrate more intriguing optical properties with interlayer
electronic coupling and moiré potential. In the stacked bilayer
structures, along with the intralayer excitons, there emerges
distinct interlayer exciton configuration'**'*® where electrons
and holes are separated into different layers because of charge
transfer and interlayer coupling (Figure 3d). These interlayer
excitons, strongly depending on selected pairs of TMD
monolayers, are typically referred to as either indirect-gap
excitons or indirect excitons due to the type-II band alignments
of the two monolayers."**'*® This results in weak oscillator
strength, which is generally smaller than the intralayer excitons
by 2 orders of magnitude."*” However, this oscillator strength
could be significantly increased and would be beneficiary for
the strong coupling regime if the interlayer excitons are
hybridized with intralayer excitons.'**~">" The hybridization
could occur when the interlayer excitons (IX) are close to the
resonance of intralayer excitons, and the conduction (or
valence) bands for both excitons are nearly degenerate. The
hybridization of both excitons have been discovered in moiré
superlattices of MoSe,/WS,, WS,/WSe,, bilayer MoS,, and
bilayer MoSe,.'**"**'>1715% I these experiments, the IX were
found to possess much larger oscillator strengths borrowed
from the intralayer excitons and strong interactions with
maintained dipolar interactions.

https://doi.org/10.1021/acsnano.3c07993
ACS Nano 2023, 17, 24449—24467


https://pubs.acs.org/doi/10.1021/acsnano.3c07993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07993?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c07993?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c07993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

More striking phenomena and more intriguing underlying
physics are expected when the moiré superlattices play a
critical role for the exciton confinements,*>*®!3%15%1347157
The moiré superlattices could be much larger than the TMD
atomic lattices when the twist angles of the stacked bilayers are
small. Typically, at small twist angles, the moiré lattice
constants are in the range of ~1—10 nm, constructing mini-
Brillouin zone with mini-bands near the K (K’) point (Figure
3e,f). These mini-bands act as localized potentials at moiré
lattice sites that strongly modulate both the intralayer and
interlayer excitons in TMD bilayers, enabling intriguing
excitonic behaviors such as various optical selection rule,
single-photon emission and strongly correlated quantum
phenomena,*>**!5%1521547157 When coupling these moiré
superlattices with optical resonators, attractive many-body
interactions with moiré confinements and tunable arrays of
quantum emitters based on strong correlation models (e.g.,
Bose—Hubbard model) are expected.'” In a recent exper-
imental report of moiré exciton polaritons, the quantum dot-
like nonlinearity in moiré superlattices is observed, suggesting
many possibilities of polariton blockade and strongly
correlated polariton gases with electrical tuning.' "

Furthermore, it is worth noting that 2D platform is ideal to
integrate different materials together to study intriguing
physics, including not only stacked TMDs such as moiré
superlattices but others like magnetic semiconductors,
dielectric layer, or other types of 2D materials.

Investigation of the Strong Coupling Regime in 2D
TMDs. For these distinctive excitonic properties, TMDs as the
most promising and feasible 2D semiconductors have been
investigated to explore beyond the limitations of conventional
semiconductors in the strong coupling regime. Since 2015, the
strong coupling of TMD excitons has been realized in various
photonic systems, where distinct control DOFs and attractive
phenomena have been discovered.”**%!'*!5¢

The straightforward way to reach the strong coupling regime
of monolayer TMD excitons is based on general FP
cavities.”"**'** For example, in the conventional FP cavity
(Figure 1d) structure, the strong coupling of monolayer MoS,
was realized at room temperature with a Rabi splitting of ~46
meV.>® This cavity configuration was later optimized to
demonstrate robust strong coupling with reasonably high
splitting-to-line width ratio (SLR) of ~3.3, which can support
coherent control of polariton emission and dynamics from low
temperature through room temperature.*® Sequentially, the FP
cavity was modified to an open cavity with a nanotranslated
top mirror of DBR (Figure 4a), and the strong coupling of
monolayer/bilayer MoSe, was also realized with high SLR at
low temperatures.'>® Since FP cavities were found to be such a
convenient platform for the strong coupling of TMD excitons,
a simpler configuration of DBR-metal film could also work."”
Recently, FP cavities of two metal films controlled by Casimir
forces were also demonstrated to be capable of supporting the
strong coupling regime at room temperature.160 In a similar
metal film FP cavity integrated with electrodes, the coupling
strength of polaritons could be reduced as the applied voltage
increases, due to reduced oscillator strength of excitons in WS,
by the screening of Coulomb interaction with increased free
carriers.'®' Moreover, the strong coupling regime has also been
observed for charged excitons (trions) and higher Rydberg
states of excitons in TMD monolayers within FP cav-
ities."'>'*7'%7 Different dispersion features and nonlinear
interactions were discovered in the strongly coupled polaritons

of the distinct exciton species. Note here that most of the
strong coupling regimes discussed above were confirmed via
the criteria based on eq S.

By leveraging the advantages of the atomic thickness, the
plasmonic nanocavities were also tried out to determine if the
small mode volume could facilitate a strong coupling regime.
To minimize the influences of plasmonic lossy feature (broad
line width), plasmonic arrays with narrower mode line widths
have been tested to realize the strong coupling.*"** However,
the mode volume of these plasmonic arrays remained
comparable to the wavelength volume. Plasmonic nanocavities
of NPoM and bowties were tried for few-layer TMDs,'*”'%®
and NPoM was later tested for monolayer TMDs'®~'"" to
realize the strong coupling regime, where the criteria of eq 5
were not fully satisfied in some examples. Subsequently, the
strong coupling regime of monolayer TMDs was confirmed in
NPoM configurations (Figure 4b) of nanoprism and core—
shell nanospheres.'”>'”* In these NPoMs, the criteria of eq 5
were fully satisfied, and the small mode volume (generally
below 50 nm**>'%”) was exploited to look into the coupling
behaviors of few excitons and nonlinear optical behaviors.
However, the lossy nature (broad line widths) of these
plasmonic nanocavities still hinders further investigation of the
exciton polaritons’ PL, although the FP modes of plasmonic
nanorod could help improve their PL characteristics.'”*

In these conventional optical resonators, the strong coupling
of 2D excitons in TMD bilayers has also been also realized.
Because of the much smaller oscillator strengths (f),""
interlayer excitons need to hybridize with intralayer excitons
for larger oscillator strength'**~'*" and thus larger coupling
strength (g « /f/V, where V is the mode volume) with
optical resonators. The interlayer excitons in bilayer MoS, can
be efficiently hybridized with intralayer A excitons, and
therefore could be demonstrated to reach the strong coupling
regime in a FP cavity and enhance polaritonic nonlinear
interactions.'”> These hybridized excitons could be efficiently
modulated through moiré superlattices, leading to the
observation of moiré exciton polaritons with enhanced
nonlinear interactions (Figure 4¢).""® The enhanced nonlinear
interactions in the bilayer MoS, demonstration were attributed
to the dipolar interactions of these hybridized excitons,'”
while those in the moiré exciton polaritons were due to the
moiré potential confinements.'’> Moreover, they could be
easily tuned by electrical doping for strongly correlated
physics.*>**'7° As a result, these hybridized exciton polaritons
were predicted with more profound quantum phenomena of
many-body physics and more extensive polaritonic applica-
tions. ™

In comparisons with FP cavities and plasmonic nanocavities,
PC can easily support much higher quality factor but possess
appropriate mode volume for the strong coupling regime.®"**
The strong coupling in 1D PC was achieved with monolayer
WSe, and WS, for anisotropic polariton dispersions of the TE
and TM modes (Figure 4d). Besides, the PC can support
extremely high quality factor for different configurations. One
is based on specific surface mode, referred to Bloch surface
wave (BSW) in DBR, can realize the strong coupling of
monolayer WS,."'" Another one is based on BIC, whose
quality factor ideally could get to infinity, can also easily
support the strong coupling regime of TMD mono-
layers’®”*'”” (Figure 4e). In these cases of high quality
factors, the nonlinear interactions among 2D exciton polaritons
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Figure S. Fascinating phenomena of exciton-polaritons in 2D TMDs. (a) Schematic of valley polarization and valley coherence in 2D exciton
polaritons. (b) Valley Hall effect of exciton-polaritons in monolayer MoSe, under linear polarization excitation. Left panel: experimental
data; right panel: simulated data. Dashed box represents the sample region. (c) Helical polariton propagation in edge state within 2D
topological PC of photonic spin Hall effect. (d) Configuration schematic for the parametric scattering of exciton polaritons. (e) Nonlinear
phonon scattering under strong coupling regime in plasmonic nanocavities of NPoM. The nonlinear phonon regime resides after the linear
thermal regime and nonlinear anti-Stokes (phonon pumping) regime. (f) Nonlinear interaction of exciton polaritons in BIC, inset is the blue
shift of LP with increasing pump fluence. Panel (b) reprinted with permission from ref 108. Copyright 2019 Springer Nature. Panel (c)
reprinted with permission from ref 34. Copyright 2020 American Association for the Advancement of Science. Panel (d) reprinted with
permission from ref 178. Copyright 2001 Springer Nature. Panel (e) reprinted with permission from ref 173. Copyright 2021 Springer
Nature. Panel (f) reprinted with permission from ref 70. Copyright 2023 Springer Nature.

are all found to be enhanced significantly. Meanwhile, 2D
topological PCs were also explored to realize the strong
coupling of 2D excitons (Figure 4f), by leveraging advantages
of the vally DOF and 2D excitonic nature.”**> These
topological PCs not only can be easily integrated with 2D
TMDs via nanofabrication techniques but also can support
high quality factor and modulate the mode volume with
topological protection for the strong coupling regime. In this
context, these 2D topological exciton polaritons were then
demonstrated for the quantum spin Hall effect as well,
prospecting many exciting opportunity to study the many-
body physics and develop polaritonic devices.'”'>?*3737077>

Fascinating Phenomena in 2D Exciton Polaritons. For
the hybrid nature leveraging the advantages of exciton and
photon constituents, 2D exciton polaritons in these photonic
systems discussed above exhibit attractive phenomena. In the
following, these phenomena would be surveyed based on the
underlying mechanisms, such as distinct valley DOF, bosonic
nonlinear interactions, and their potential with topological
structures.

Valley Exciton Polaritons. 2D exciton polaritons can
directly inherit the valley DOF from TMD excitons and thus
demonstrate this diverse control DOF and anticipated
dynamics that conventional exciton polaritons cannot provide.
For the valley DOF, as mentioned above, the straightforward
feature is the optical transition rule of circular polarization
dependence.'”””"** Valley polarization dependence was
demonstrated by three groups in 2017,'”7'% so that the
valley DOF is better preserved in 2D exciton polaritons than
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bare valley excitons and can persist up to room temperature
(Figure Sa). In some cases of electrical doping conditions,
valley DOF was even observed in trion polaritons.'*>'%*""?
The preservation of valley DOF in these demonstrations is
attributed to the coherent coupling process that hinders the
depolarization dynamics of valley excitons. Equipped with
valley DOF, optical manipulations of 2D exciton polaritons
were further demonstrated at external fields such as an ultrafast
light pulse and magnetic field. In an optical configuration of
pump—probe, valley-selective Stark effect was observed in a FP
cavity with monolayer WS,, where the Stark shifts can only be
observed when the light of pump and probe is cocircularly
polarized.'"”” By applying a magnetic field, Zeeman splittin

between valley excitons polaritons could be observed;'”*"*"
this splitting could be largely enhanced by proximity effect if
the monolayer TMD is placed on top of magnetic substrate
(EuS) in a cavity.""’

This distinct valley DOF brings up intriguing topics for
further fundamental study and photonic applications of 2D
exciton polaritons, such as valley coherent dynamics and the
valley Hall effect. The valley coherent dynamics was observed
in the linear polarization dependence of bare valley
excitons.””>'®" For TMD valley excitons, the linear polar-
ization angle could represent the dynamic correlated phase
between K and K’ valleys when linear polarization is
decomposed as the superposition of two crossed-circular
polarizations. The linear polarization angle of valley exciton PL
is found to follow the polarization angle of pump light,
suggesting the coherent valley dynamics in TMD exci-
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tons.'””>'®" The valley coherence time is quite short and
estimated to be a few picoseconds and thus can hardly be
captured at room temperature because of more complex
dynamics from the thermal process. The valley coherence was
ultimately observed in 2D exciton polaritons of WSe, even up
to room temperature'*>'®* (Figure 5a). This is because the
strong coupling process provides a coherent dynamic channel
that protects the valley coherence from dephasing processes at
an elevated temperature. Valley Hall effect refers to that the
carriers/excitons from different valleys would be drifted in
opposite directions perpendicular to the transport pathways,
which was predicted earlier in graphene,'® and ultimately
observed in a transistor of monolayer MoS,."** The valley Hall
effect is regarded as a critical mechanism for valleytronic
applications,'® and was also observed in MoS, excitons.'*
This effect was reported recently in 2D exciton polaritons,
where high valley coherence was preserved via the second
harmonic generation (SHG)'*® (Figure 5b). Another efficient
way to observe similar valley transport phenomena is to couple
the TMD excitons with topological PC for quantum spin Hall
effect’** (Figure Sc). Following the nontrivial bands, different
valley exciton polaritons in the strong coupling regime of such
topological PC would propagate in the opposite directions
with crossed-circular polarizations.”*** The topological nature
of such 2D exciton polaritons will also be discussed in more
detail in a later context.

Bosonic Nonlinear Interactions. Bosonic nonlinear
interactions are the fundamental driving mechanism for the
quantum phenomena and photonic applications in exciton
polaritons, such as BEC, superfluidity, and quantum simu-
lation.”*”'®” As there is negligible interaction between
photons, the nonlinear interactions of exciton polaritons can
only be originated from the exciton constituent, which is thus
proportional to their excitonic fractions (the exciton Hopfield
coefficients, “X”) and is ultimately limited by the exciton
interactions. The exciton interactions in 2D TMDs mainly
include two aspects, i.e., exchange interactions and dipole—
dipole interactions.”*”'®” The former one scales as Epa}
(where Eg and ay are the exciton binding energy and Bohr
radius respectively), the latter one strongly depends on the
transition dipoles of these excitons (the dipole length, the
dipole alignments, etc.). For most of discussed cases in this
Perspective, these bosonic interactions behave as repulsions
and are usually observed as spectral blueshift (AE,) with
increased exciton density (n.), which is quantified by the
interaction strength (g.,) as AE,, = g/ Note here that g,
may include contributions from exchange interactions and
dipolar interactions depending on the exciton configurations.

In the strong coupling regime, polariton interactions are also
characterized by the spectral shift (AE,q = gpaifipor), Where goo
refers to the polariton—polariton interaction strength and n,
is the polariton density. The polariton interaction strength g,
could be understood by two main contributions, i.e., excitonic
interactions with g,,_., and phase space filling (PSF, also
known as saturation effect) with gPOI_Sat.2,22,187 The contribu-
tion of g, is originated from the excitonic constituent and
scales as X’g,, where X is the excitonic Hopfield
coefficient.”*>""” The contribution of 8pol—sat is resulted from
the weakened coupling strength by the PSF when the polariton
density approaches saturation.”**'*” Typical feature for PSF
with decreasing coupling strength is that the lower polariton
states blueshift while the higher polariton states redshift and

Spol—sat xX?Q. Practical understanding of these nonlinear
interactions needs careful analysis of all these contributions.
With the nonlinear interactions, exciton polaritons may form
BEC with the following process: at low polariton densities,
exciton polaritons would follow Bose—Einstein distribution
with thermal equilibrium; at high densities, the nonlinear
interactions between polaritons may induce stimulated bosonic
scattering and redistribute the exciton polaritons into the
energy favorable states (generally the lowest polariton states);
the majority occupation of these polaritons at the favorable
states could lead to spontaneous coherent bosonic condensate,
which is regarded as BEC.>>***'®7 In practical experiments,
the spontaneous coherence of the polariton condensate could
be observed as a research focus, although the BEC may not be
strictly realized because thermal equilibrium cannot be always
reached and phonon scattering may interference the stimulated
bosonic scattering.”>**>'*” The nonlinear interactions have
been one of the most important research topics since the
realization of 2D exciton polaritons. The earliest study of
nonlinear interactions was conducted in BSW-polaritons based
on a DBR-WS, conﬁguration.lll The nonlinear interactions in
terms of spectral blue-shift were found to support extremely
long polariton propagations of up to 33.4 pm. They were
characterized by polariton interaction strength g, ~ 6 X 107
ueV-um? and pure exciton strength as g, ~ 6 X 107 yeV-um®.
The interaction strength was found to be smaller than the
theoretical predictions by more than 1 order of magnitude,
which was attributed to overestimated polariton density and
unknown complex excitonic mechanisms. The nonlinear
interactions were further studied in FP cavities of 2D TMDs,
and the strength g., was mostly reported at the range of 107" ~
107 peV-um* (see Table S1 in Supporting Information of ref
114). These observations suggest that the nonlinear
interactions in 2D exciton polaritons may not be that strong
for the bosonic stimulation at finite polariton densities, which
are critical for the quantum phenomena such as BEC. To
examine the bosonic stimulation, an effective configuration is
based on parametric scattering scheme (the so-called “magic
angle” excitation scheme) as in Figure 5d."”*'*® Here the
polaritons are resonantly injected by a pump laser at the magic
angle. The magic angle (corresponding to one specific in-plane
wavenumber, kp) is chosen to allow energy and momentum
conservation for the scattering between two polaritons. In this
way, one polariton is scattered into the lowest-energy state
(Et-o) and the other into a higher-energy state (Ey) to fulfill
the eq 2E; = Ey + Ei-o, where E;_is the pump laser energy. A
weak probe beam (the “signal” with E;_,) is applied at normal
incidence to stimulate the scattering into the lowest-energy
state with a superlinear increase (amplification) of polaritons at
Ei_o, which could be regarded as optical parametric
amplification (OPA). The parametric scattering is therefore
modeled by coherent bosonic final-state stimulation with
nonlinear polariton-polariton interactions. This parametric
scattering was recently reported with interaction strength
(~107" = 107> peV-um?) and improved valley DOF in the
nonlinear regime.''*'"> Moreover, the BEC-like polariton
condensation has also been reported recently,”é’117 indicating
profound opportunities to investigate the quantum phenomena
in 2D exciton polaritons. One of differences between the
resonant pumping scheme of parametric scattering and
nonresonant pumping scheme of BEC is minimizing the
phonon scattering. Phonon scattering becomes a critical
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Figure 6. Strong coupling in 2DPK and 2D AFM Materials. (a) Schematic of a FP cavity integrated with 2DPK (F(C4H;(CH,),NH,),Pbl,).
(b) Room-temperature exciton-polariton condensation in 2D perovskite. (c) Nonzero Berry curvature through control of an external
magnetic field in 2D perovskite. (d) Schematic of CrSBr integrated with a FP cavity. (e) Coherently hybridized excitons with magnons in
CrSBr. (f) Energy dispersion of polaritons; inset is Zhang—Rice excitons in NiPS;. Panels (a) and (c) reprinted with permission from ref
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process for exciton polaritons at elevated temperatures and
directly acts on the valley dynamics for 2D exciton polaritons
up to room temperature. Nonlinear valley phonon scattering
was recently observed in plasmonic nanocavities, where the
phonon scattering was enhanced drastically by the 2D exciton
polaritons with valley polarization dependence and could
support the stimulated scattering under resonant pump
condition (Figure Se).'””

The enhancement of nonlinear interactions has been tried
out in various approaches, which have been one of the research
focuses in 2D exciton polaritons. One of the straightforward
ways is to utilize multiple quantum well structures with higher
exciton polariton density.'”® This configuration, on the one
hand, indeed enhances the coupling strength of 2D exciton
polaritons and could even enable the polariton light-emitting
devices.'"®” More importantly, on the other hand, it
significantly increase the saturation density of exciton polar-
itons for the nonlinear processes, which is indeed observed
with strong PSE.'” Though the nonlinear interactions are
enhanced, the interaction strength is still comparable to the
single monolayer case. To enhance the interaction strength, an
effective way is leveraging advantages of larger Bohr radius of
Rydberg excited states of excitons by following Egaz.'”" When
strongly coupled with FP cavity, polaritons of Rydberg
excitonic state (2s) demonstrate an enhancement of 4.6 for
the nonlinear interactions than those of ground exciton
states.''” Another way of enhancing the interactions is to
exploit the dipole—dipole interactions from dipolar alignments
of the bilayer TMDs. As discussed above, the interlayer
excitons possess an out-of-plane dipole component that
significantly increases excitonic interactions. When hybridized
with intralayer excitons, they can also strongly couple with FP
cavities for enhanced nonlinear interactions, which were
indeed observed with an enhancement of 10 in a polaritonic
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system of bilayer MoS,.'”> More interestingly, when the bilayer
excitons are trapped in moiré superlattices, the nonlinear
interactions could be even enhanced with moiré potential trap
(Figure 4c).113

Besides manipulating the exciton constituent for stronger
interactions, distinct photonic structures (e.g, topological
photonic structures) could also play a nontrivial role in
enhancing the nonlinear polariton interactions, which are
though less explored so far. Typical examples have been tried
out are based on the photonic structures of BIC.””* As
discussed above, BICs are typically featured by their high
quality factor, which could dramatically decrease the photonic
loss.”” Due to the high quality factor, the 2D exciton polaritons
in BICs were discovered with stronger coupling strength and
similar nonlinear interactions to other polaritonic systems, but
with topological protection from defects or fabrication
imperfections.””’* Though not extensively investigated yet,
topological photonic structures, as we emphasize here, would
be an efficient way to enhance the nonlinear polariton
interactions for following arguments.' "' First, the high quality
factor is beneficial to minimize the photonic loss of exciton
polaritons, which could be obtained in various topological
structures. As exampled above, photonic structures of BIC
(other than the demonstrated ones’”’*), photonic valley Hall,
and higher order corner states could also support high quality
factors. Second, the mode volume could be significantly
minimized by some topological PCs of photonic valley Hall
and higher order corner states. The optimum resonators for
exciton polaritons and their nonlinear interactions require a
large quality factor and small mode volume, which could be
satisfied in topological structures. For example, while
maintaining high quality factors, the photonic structures of
corner states could support a smaller mode volume than PC
defect cavities. Last but not least, the topological structures
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could have topological protections from defects. The defects,
from either 2D TMDs or photonic structures, could result in
scattering loss and even involve phonon scattering, which are
detrimental to the nonlinear interactions. The topological
protections in 2D exciton polaritons, if realized, are expected to
be critically beneficial for the quantum phenomena and
nonlinear optics. For this aspect, we elaborate how these
arguments are substantiated in some specific cases with
numerical simulations in the following “Outlook” section.

Emerging 2D Semiconductors for Exciton Polaritonic
Research. Along with the progress in 2D TMDs, emerging 2D
semiconductors were discovered as fascinating platforms to
study intriguing polaritonic phenomena with strong anisotropy
and magnetic control. Specifically, two groups of 2D
semiconductors for polaritonic research are surveyed as
following.

2D Perovskites (2DPK). With large oscillator strength and
strong binding energy, excitons of 2DPK were found to
support higher PL quantum yield, higher nonlinear interaction
strength and strong anisotropy for polariton research, in
comparisons with 2D TMDs.*”***” Here 2DPK mainly refers
to Ruddlesden—Popper halide perovskites (RPP) of quantum
well structures formed by 2D layers of halide perovskites
separated by bulky organic spacer layers. Their stoichiometric
ratios are defined by the general formula A,A’, \M,Xj,,, where
A, A’ are cations, M is a metal, X is a halide and the integer
value n determines the perovskite layer thickness (i.e., the
quantum well thickness with values of n up to $).*”*® Each
layer of 2DPK (for smaller n values) has similar 2D quantum
confinement and dielectric screening environment to the 2D
TMDs, leading to large oscillator strength and strong binding
energies (even up to 470 meV) for 2DPK excitons, as
compared to conventional 2D semiconductors characterized by
Wannier-Mott excitons. As # increases and is larger than 5,
2DPK becomes similar to 3D perovskites without prominent
2D nature.””*® The interlayer interactions between 2DPK
layers are much smaller than 2D TMDs, and thus can
construct multiquantum well structures without interferences
from neighbored quantum well. Together with direct-gap
structures of high transition probabilities, 2DPK excitons
demonstrate a high PL quantum yield and support higher
density for stronger nonlinear interactions. Moreover, 2DPK
are found to be stable at some specific anisotropic structural
phase and easy to alter the organic/inorganic component that
renders strong optical anisotropy and rich tunability for
photonic applications.*”** Here we mainly survey the research
progress of exciton polaritons in the strong coupling of 2DPK.

Similar to 2D TMDs, 2DPK can also easily reach the strong
coupling regime, which were realized in FP cavities at room
temperature‘w’192 (Figure 6a). With strong nonlinear inter-
action and higher polariton density, the polariton condensation
was also demonstrated in 2DPK exfoliated from single
crystals'”> (Figure 6b). Interestingly, due to the strong
anisotropy, 2DPK can be also exploited to investigate the
nontrivial topological nature of the polariton bands by two
examples. Here, the anisotropy would be divided into optical
anisotropy of the cavity and structural anisotropy of 2DPK for
clarity. The first one combines 2D perovskites with liquid
crystals in a FP cavity for a huge Rashba—Dresselhaus spin—
orbit coupling (SOC) via the splitting of TE and TM modes to
support optical anisotropy.'”* In this way, the Berry curvature
of the polariton bands can be quantitatively controlled by
electrically tuning the orientations of the liquid crystal. The

local Berry curvature is found to be nonzero, but the integral
Berry curvature remains zero since the time-reversal symmetry
is not broken, which is similar to those discovered in
anisotropic 3D perovskites'**'*® and anisotropic organic
molecule."”” The other example introduces a Zeeman effect
via an external magnetic field in an anisotropic polariton
system of FP cavity, which leverages full advantages of the
anisotropic 2DPK."'® With strong Rashba—Dresselhaus SOC,
nonzero Berry curvatures were measured (Figure 6¢). Different
from the first example, a nontrivial topological gap is opened
between the split modes and the integral Berry curvature is
nonzero because the time-reversal symmetry is broken. These
attempts indicate a distinct way to control the topological
properties in the polariton bands without relying on specific
topological PC structures.

2D Antiferromagnetic (AFM) Semiconductors. Since
the discovery of 2D magnetism in 2017,""”?° 2D magnetic
semiconductors have attracted extensive attentions for
fascinating magneto-optical phenomena.””’ Recently, 2D
excitons in AFM semiconductors, such as CrSBr and NiP§,,
have been discovered with attractive magnetocorrelated
features that are intriguing for exciton polariton research.
Among these features, excitons coupled with magnons provide
a distinct degree of freedom to impact the strong coupling
regime, manipulate the spin nature of the polaritonic quantum
system, and prospect distinct spintronic information processing
with exciton polaritons. Magnons, defined as quantization of
spin waves in the collective oscillations of electron spins, can
be found to be strongly coupled with an archetypal AFM
semiconductor of CrSBr. It consists of ferromagnetic (FM)
monolayer films with interlayer AFM coupling along the
stacking direction, which can be transformed into FM order
under an external magnetic field.”° The AFM and FM orders
provide quite distinct band structures, leading to spin-
correlated excitons in CrSBr with strong anisotropy, exhibiting
giant oscillator strength (much larger than 2D TMDs), high
PL quantum yield, and extremely strong anisotropy. Moreover,
they can efficiently couple with the magnons that can be
directly observed in ultrafast time-resolved spectroscopy,””
presenting an outstanding candidate for the strong coupling
regime with magnetic control.

Another example of NiPS;, featuring nickel spin chains with
ferromagnetic alignment, exhibits AFM arrangement at each
layer below the Neel temperature Ty ~ 155 K. In the AFM
order, there emerge spin—orbit entangled excitons originated
from the many-body state of Zhang-Rice singlets, which are
fundamentally different from the conventional Wannier—Mott
excitons formed by extended Bloch states.*” These excitons
coexist with the AFM order, and are featured with large
oscillator strength, extremely sharp PL line width (typically <1
meV) and strong optical anisotropy,””****** which could be
fully exploited in the strong coupling regime.

The research of the strong coupling regime of AFM
semiconductors is still at its initial stage, which would be
surveyed with the typical examples of CrSBr and NiPS;. In a
DBR FP cavity of CrSBr, the excitons are found to reach the
ultrastrong coupling re§ime with extremely large coupling
strength (Figure 6d).”>*° Furthermore, because of the high
index, extremely large oscillator strength, and the optical paths
of a few hundreds of nanometers, CrSBr can form an internal
FP cavity by itself, which supports cavity mode and can even
reach the strong coupling regime without external optical
cavity. In addition, these exciton polaritons have demonstrated
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Figure 7. Outlook on 2D exciton polaritons integrated with photonic nanostructures. (a) Illustration of anisotropic 2D excitonic materials
integrated with photonic nanostructures exhibiting topological charges in momentum space. The relative angle 6 between the exciton
dipoles and the photonic structures can be used to control strength of light-matter interactions from the weak coupling to the strong
coupling regimes. (b, c) Calculated angular-resolved reflectance spectra for @ = #/2 and O respectively. (d) Schematic illustration of
topological nanophotonic crystals integrated with emerging 2D exciton systems. (e) Structure of topological boundaries between two
regions of PCs with opposite topological order, which support topological edge states at the domain wall. (f) Calculated band diagrams of
exciton-polariton topological edge states. Valley-polarized half-exciton half-light topological edge states exist in the bulk band gaps (marked
with a gray shadow). (g) Calculated spatial distribution of relative exciton distributions for the eigenstates inside the topological bulk

bandgap.

strong anisotropic features following their exciton fraction. As
the energy of excitons varies from AFM to FM orders, the
exciton polaritons can be largely detuned by applying
appropriate external magnetic fields, leading to controllable
contributions from excitons and photons.59’60 Specifically, the
interaction between excitons and magnons influences the
exciton resonances’ shifts as a function of magnetic moment
angle between adjacent layers, leading to cosine-function-like
shifts in exciton resonances and polariton states (Figure 6e).”°
Moreover, magnons, quantum excitations of spin waves, can
also efliciently coupled with exciton polaritons in CrSBr
inherited from their exciton constituent under external
magnetic field.”” For the AFM semiconductor of NiPS;, the
strong coupling between photons and spin-correlated excitons
in a FP cavity generates distinct exciton polaritons that inherit
characteristics of excitons, photons, and spins (Figure 6f).”®
Because the spin-correlated excitons cannot efficiently couple
with phonons at low temperatures, most phonons cannot
facilitate relaxation of polarized excitons to the lower
polaritons and lead to polariton bottleneck relaxation and
dominant PL emissions around the uncoupled exciton
resonance. As temperature increases, the phonon scattering is
enhanced so that the polariton bottleneck relaxation is
reduced, and stronger emission can be observed at lower
polariton states. By analyzing the excitation density, exciton
resonances, and their relations with Rabi splitting, the exciton
polaritons in NiPS; are found to be quite localized without
strong long-range nonlinear interactions.”® This is attributed to
the tightly bound localized excitons in NiPS; and their
influence on polariton research, which may merit further
investigations. Though at its initial stage, the polariton study of
2D AFM semiconductors provides distinct DOF of magnetic
control, promising unconventional magneto-optics for the
polaritonic phenomena.

24460

Outlook on the 2D Exciton Polaritons and Their
Nonlinear Interactions. From the above review, the rapid
research progress of the strong light-matter coupling benefits
from the developments of two interwinding directions, i.e.,
innovative 2D semiconductors and fascinating photonic
nanostructures, as in Figure 2. By further leveraging full
advantages of the latest progresses from these interwinding
directions, there is still plenty of room to explore fascinating
polaritonic quantum phenomena. Here our outlook on the 2D
exciton polaritons would be presented from semiconductor
perspective and photonics perspective as the following, where
numerical simulations for some specific cases are carried out to
claim the possibility.

From the semiconductor perspective, integrating various
cutting-edge 2D exciton systems, such as moiré superlattices,
2DPK, and 2D AFM semiconductors with photonic nano-
structures, could potentially create distinct ways to manipulate
strong light-matter coupling at the nanoscale with distinct
DOF. For example, 2DPK and 2D AFM display excitons with
highly anisotropic dipoles, as discussed above and indicated in
Figure 7a. By combining these 2D materials with anisotropic
photonic nanostructures, we can continuously regulate the
strength of light-matter coupling by adjusting the relative
angles 0 between the exciton dipoles and the nanostructures.
Specifically, we are considering a 1D BIC grating that supports
nontrivial topological charges in momentum space (Figure 7a).
By controlling the relative angle 6 from /2 to 0, a transition
from the weak light-matter coupling to strong coupling regimes
can be observed (Figure 7b,c, and see simulation details in
Methods). Furthermore, combining room-temperature polar-
iton condensation and superfluid phenomena in perov-
skites'”*?*> with the ultralow condensation threshold with
BIC structures’> could significantly improve device perform-
ance, offering a distinct opportunity to develop electrically
pumped polariton condensation and lasers in perovskite.”*’
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Because 2D AFM excitons can exhibit long-range spin ordering
and magnons, exciton polaritons could exhibit more unconven-
tional quantum phenomena and attractive optoelectronic
devices by taking advantages of the nonreciprocity of magnons
and exploring their excitonic coupling with magnons under the
external magnetic field.

From a photonics perspective, we also expect rapid
advancements in exciton polaritons by integrating various
emerging photonic nanostructures with topological properties.
Previously demonstrated exciton polaritons integrated with
topological photonic crystals were mainly based on quantum
spin Hall topological PCs.>**> The supported edge states in
this configuration naturally exhibit significant out-of-plane
radiation loss, which greatly hinders the realization of polariton
condensation and quantum superfluids with long propagation
lengths. By considering other topological structures, such as
quantum valley Hall PC,**7**® high-order PC of corner
states,”’”” and recently realized topological Dirac-vortex
states,”'””'" the optical performance can be significantly
enhanced and topological polariton condensations with a
lower threshold may be achieved with fascinating topological
nature. Taking valley Hall PCs as a representative example of
various photonic topological insulator schemes, Figure 7d
shows a conceptual illustration of a valley Hall photonic crystal
slab integrated with emerging 2D excitonic materials. This
photonic crystal slab can support topological edge states at the
domain wall between two regions with opposite topological
charges (Figure 7e and more simulation details in Methods).
As shown in Figure 7f, there are gapless polaritonic states
within the bulk polariton bandgaps (gray shaded regions and
see details in Methods). These topological polariton edge
states are not only robust against sharp bends at the nanoscale
but also have negligible radiation loss in free space. By winding
the boundary into a closed-loop triangular ring, we can create
discrete whispering-gallery modes inside the bulk bandgap,
with modal profiles tightly bonded to the boundary (Figure 7g
and see details in Methods), without observable back reflection
around sharp bends.

By fully leveraging the attractive properties from both 2D
semiconductors and photonic nanostructures, we prospect that
exciton polariton systems will provide an exciting platform for
experimentally exploring fascinating topological physics with
strong bosonic interactions and many-body physics. Consid-
ering the recent advancements in 2D exciton systems such as
2D semiconductor moiré superlattices, we optimistically
predict the experimental realizations of topolo%ical polariton
solitons,”"” topological Bose—Hubbard lattices,”"* and topo-
logical photon blockades*® based on the exciton polaritons in
the future. This development could significantly impact our
understanding of polariton physics and further enhance the
potential applications of low-threshold coherent light sources
and nonlinear optics.

METHODS

In our outlook on 2D exciton polaritons, numerical simulations
of angle-resolved reflection spectra are calculated by finite-
difference-time-domain method. We assume the dielectric
functions of 2D semiconductor material as a Lorentz model to
obtain weak and strong coupling dispersions in Figure 7b,c:
woz - - iyw
depend on different materials, as well as temperatures. For
instance, 2DPKs can operate at room temperature while 2D

£=¢€ + . The specific Lorentz model parameters

AFMs only exhibit relatively narrow exciton line width at
temperature below Neel temperature Ty. In Figure 7b,c, we
adopted background permittivity of &, = 11, line width of y =
6.6 meV, and exciton resonant energy of w, = 1.975 eV for a
simulation example. We have also used a tight-binding
approximation to theoretically calculate the band diagrams
and spatial distributions of topological exciton polaritons in
Figure 7f,g. Specifically, we consider a honeycomb photonic
lattice, where each sublattice (labeled by s = 1, 2) of the i-th
unit cell contains a photonic mode a; and an excitonic mode
b,;. The entire Hamiltonian of the light-matter coupled system
is

H/h = Z [wph + (_1)5.5]'[1;,1'“;{ - Z K'(a;iasr,i/ + as,iusT/,ir)

s,s,i,i

s,i
¥ ¥ ¥

+ z wex.bs,ibs,i_ z g'(as,ihs,i + as,ibs,i)

s,i s,i (8)

Here, the first and second terms on the right-hand side of eq
8 represent the pure photonic topological Hamiltonians with
on-site frequency modulation § and the nearest photonic mode
coupling coeflicient x. The third term represents the collective
excitonic modes, and the last term describes the light-matter
coupling. We solve the eigenvalue problem of this Hamiltonian
in momentum space to obtain exciton-polariton valley edge
state dispersion in Figure 7f, and in real space to obtain the
spatial distribution of excitons in Figure 7g.
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