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Bulk transition metal dichalcogenides (TMDs) have found widespread applications on nanophotonics, con-
densed matter physics, and quantum optics, due to their high refractive index and stable excitonic response
at room temperature. In this paper, based on the finite-element method simulations, we demonstrate that the
high refractive index enables the fabrication of bulk WS, into high-quality-factor metasurfaces that support
chiral quasibound states in the continuum (Q-BICs). Interestingly, the Q-BIC resonance can in turn hybridize
with excitons in the WS, metasurface itself. The self-hybridized exciton-polaritons, induced by the strong
coupling between a Q-BIC and excitons, exhibit a typical anticrossing behavior with the Rabi splitting up to
136.5 meV. Such remarkable anticrossing behavior is also well elucidated by the coupled oscillator model.
Intriguingly, we numerically verify that the self-hybridized exciton-polaritons are photonic spin-controlled,
attributed to the chiral Q-BIC with the circular dichroism approaching 0.91. Therefore, we can control the
exciton-photon interaction by simply changing the helicity of incident light. We believe that the outstanding
self-hybridized exciton-polaritons in a WS, metasurface itself, without external microcavities, could pave the
way for large-scale, low-cost integrated polaritonic devices at room temperature. Additionally, the chiral Q-BIC
will enrich the toolbox for engineering exciton-photon interactions in bulk TMDs and other semiconductors. The
photonic spin-controlled self-hybridized exciton-polaritons would find utility in ultrafast all-optical switches,

modulators, chiral light-emitting devices, and valleytronic devices.

DOLI: 10.1103/PhysRevB.109.125201

I. INTRODUCTION

Exciton-polaritons, a prototypical form of light-matter
interaction, arise from the strong coupling between semi-
conductor excitons and photons within microcavities [1].
As half-light, half-matter bosons, exciton-polaritons exhibit
favorable characteristics including low effective mass, fast
propagation, and strong nonlinearity [2,3]. These attributes
enable exciton-polaritons to play significant roles in not
only fundamental sciences but also novel optoelectronic and
quantum applications such as quantum entanglement [4],
Bose-Einstein condensation [5], low-threshold lasing [6],
and all-optical circuits [7]. The experimental exploration of
exciton-polaritons can trace back to the GaAs and CdTe planar
quantum wells [8,9]. However, because of their small exci-
ton binding energies (about 4 meV for GaAs and 10 meV
for CdTe) [10,11], the exciton-polaritons in the GaAs or
CdTe systems exist only at cryogenic temperature, e.g. 5 K.
Constrained by the cryogenic temperature, the exploration
of novel systems capable of sustaining room-temperature
exciton-polaritons has garnered increasing interest in recent

“These authors contributed equally to this work.
hjli@hfut.edu.cn
fgaoweiqing @hfut.edu.cn

2469-9950/2024/109(12)/125201(9)

125201-1

decades. The semiconductor systems with a large exciton
binding energy against room temperature thermal fluctua-
tion (the corresponding thermal excitation energy is kg7 =~
26 meV, where kg is the Boltzmann constant, and 7 = 300 K
is the temperature) have been considered as promising can-
didates. To date, the ZnO, GaN, organic semiconductors,
halide perovskites, and monolayer transition metal dichalco-
genides (TMDs) have been reported to facilitate substantial
experimental progress in the realm of room-temperature
exciton-polaritons [12]. Among these semiconductors, di-
rect band gap monolayer TMDs have received enormous
attention. The excitons in monolayer TMDs exhibit a small
Bohr radius of a few nanometers. In combination with
the two-dimensional quantum confinement and significantly
suppressed dielectric screening, the Coulomb interaction in
monolayer TMDs is greatly enhanced, leading to the ex-
citons with a large oscillator strength and a high binding
energy over 300 meV (e.g., 320 meV for WS,, 500 meV for
MoS,, 550 meV for MoSe,, 370 meV for WSe,) [13-16].
The various microcavities including photonic crystals, meta-
materials, planar microcavities enabled by distributed Bragg
reflectors, and plasmonic metallic nanoparticles, have been
proposed for strong coupling with monolayer TMDs [17-22].
Consequently, the room-temperature exciton-polaritons with
the Rabi splitting energy approaching 300 meV have been
successfully achieved [23]. Nevertheless, the use of external
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microcavities alongside adjacent monolayer TMDs inevitably
imposes limitations related to strain, mode overlap, and
material integration, making it impractical for designing ul-
tracompact polaritonic devices. Therefore, for the fabrication
of ultracompact polaritonic devices, it is highly desirable
for room-temperature excitonic materials themselves to serve
as resonant microcavities, realizing self-hybridized exciton-
polaritons without the need for a separate microcavity to
confine the field.

Fortunately, bulk TMDs host stable excitons at room
temperature and simultaneously exhibit a high refractive in-
dex in the visible range [24]. The high refractive index
will facilitate strong light confinement in patterned bulk
TMDs through geometric resonances, determined by oscilla-
tion of induced polarization charges or displacement currents.
Specifically, only utilizing bulk TMD platforms enables the
integration of a resonant microcavity and excitonic materials
into a single nanostructured system, making the realization
of self-hybridized exciton-polaritons feasible [25]. To date,
the nanopatterned bulk TMDs have been reported to support
various microcavity resonances such as Fabry-Pérot reso-
nances, surface lattice resonances, guided-mode resonances,
and Mie resonances [26-30]. When the energy of these res-
onances is tuned across the TMD excitons, the nontrivial
anticrossing behavior with a large Rabi splitting energy is
observed, which thus affirms the occurrence of self-hybridized
exciton-polaritons induced by the strong coupling between
the resonant microcavity and the exciton itself [28,30]. In
general, the coupling strength between excitons and resonant
microcavities depends on the inner product of the electric
field E in the resonant cavity and the exciton transition dipole
moment u, of bulk TMDs. In the passive self-hybridizing
structures, the coupling strength is determined by the ratio of
the quality factor (Q factor) to the mode volume (V) of the
resonant cavity [31]. Therefore, achieving a high Q factor in
TMD resonant cavities is crucial to observing a remarkable
anticrossing pattern with a larger Rabi splitting energy. Re-
cently, the design of resonant microcavities using bound states
in the continuum (BICs) has gained significant attention, ow-
ing to the unbounded Q factor and strong field confinement
simultaneously [32-34]. Ideal BICs, as nonradiating eigen-
values, are spectrally invisible and inaccessible externally,
preventing them from hybridizing with excitons. Fortunately,
the small perturbation in the geometrical parameter will en-
able BICs to transform into externally accessible quasi-BICs
(Q-BICs) [35-37], which still possess ultrahigh Q factors and
strong field enhancement. Therefore, the bulk TMD nanos-
tructures governed by Q-BICs [38] have become the ideal
platform for investigating self-hybridized exciton-polaritons.
The bulk TMDs have been designed into asymmetric rod-
type metasurfaces, elliptical metasurfaces, slotted gratings,
and nanodisk metasurfaces, to facilitate the Q-BICs [39—43].
Consequently, the ultrastrong coupling between a Q-BIC and
the exciton itself has been witnessed, leading to the self-
hybridized exciton-polaritons with the Rabi splitting energy
larger than 200 meV [43]. However, in the mentioned Q-BIC
driven bulk TMD systems, the methods to control exciton-
photon interaction are limited, with most relying on passive
changes in geometric parameters. Importantly, the reports of
self-hybridized exciton-polaritons based on a chiral Q-BIC
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FIG. 1. (a) Square unit cell of a bulk WS, metasurface with a
pair of parallel and identical rectangular nanobars is marked by the
pattern I, which is designed for exciting the symmetry-protected
BIC. Only the change in the height difference (AH) of two nano-
bars allows the symmetry-protected BIC to transform into a Q-BIC,
corresponding to the pattern II. The pattern III describes the parallel
nanobars with W H, but one nanobar is turned on its side. It is
used for exciting an achiral Q-BIC. When the nanobars in pattern
IIT are further diverged by an in-plane rotation, the maximum chiral
Q-BIC is possible for the pattern IV. In the pattern IV, the nanobars
are rotated in-plane around their respective centers. The tilt angle is
defined by the 6 between the x axis and the long axis of the nanobar.
(b) Schematic of the chiral Q-BIC driven bulk WS, metasurface
under the illumination of circularly polarized lights.

[44—47] on bulk TMD metasurfaces are rare. The chiral Q-
BIC will further offer a new opportunity to actively control
exciton-photon interaction only by adjusting the helicity of
the incident light.

In this paper, we numerically investigate a bulk WS, meta-
surface consisting of a pair of parallel and identical nanobars.
Finite-element method simulations suggest that it supports
a symmetry-protected BIC driven by a pair of antiparallel
electric dipoles. When one nanobar is turned on its side and
two nanobars are tilted, the maximum chiral Q-BIC resonance
is observed. By changing the lengths of nanobars, the Q-BIC
resonance is tuned across the WS, A exciton. The outstand-
ing anticrossing behavior, with a Rabi splitting energy up
to 136.5 meV, is observed and theoretically demonstrated
by the coupled oscillator model. Thus, the self-hybridized
exciton-polaritons induced by the strong coupling between
a Q-BIC and excitons itself are achieved as expected. In-
triguingly, the self-hybridized exciton-polaritons are verified
to be photonic spin-controlled, attributed to the chiral Q-BIC
with the circular dichroism approaching 0.91. Hence, we can
dynamically switch the exciton-photon interaction by simply
varying the helicity of incident circularly polarized light. We
believe that the remarkable self-hybridized exciton-polaritons
in WS, metasurfaces without external microcavities are not
only of fundamental interest but could also pave the way
toward large-scale and low-cost integrated polaritonic devices
for quantum and nanophotonic applications. The chiral Q-BIC
scheme undeniably provide a new degree of freedom for dy-
namically modulating the exciton-photon interaction on other
TMD materials and perovskites.

II. GEOMETRIC STRUCTURE AND NUMERICAL MODEL

Figure 1(a) shows the geometric transformation of the bulk
WS, metasurface unit cell, to illustrate the evolution of a
symmetry-protected BIC to the maximum chiral Q-BIC. We
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choose the WS, for the realization of our Q-BIC metasurface,
due to the highest refractive index exceeding 4.5 in the visible
range [24]. The high refractive index enables the Q-BIC reso-
nance in smaller size metasurfaces, thereby benefiting densely
packed exciton-polaritons systems. Additionally, compared to
other TMDs (MoS,, MoSe,, and WSe,), WS, exhibits a larger
difference between A and B exciton transition energies, re-
sulting in a spectrally isolated A exciton at 621 nm. Thus, we
can eliminate the influence of other excitons and focus solely
on the coupling between the A exciton and the Q-BIC reso-
nance. Importantly, a significant advantage, when compared
with other TMDs, is that WS, exhibits a large ratio of exciton
oscillator strength to line width at room temperature, making
it more suitable for achieving noticeably exciton-polaritons
induced by the strong coupling.

The metasurface unit cell comprises paired rectangular
WS, nanobars. The unit cell consisting of two parallel and
identical nanobars is marked by the pattern I, where the length
of nanobars is denoted as L, the width as W, the height as
H, the period as a for both x and y directions. The distance
between centers of mass of two nanobars is marked by D.
For the pattern I, the metasurface maintains the C5 symmetry
(m rotational symmetry around the z axis) and the o, sym-
metry (the up-down mirror symmetry along the z direction)
simultaneously, which are sufficient to support a symmetry-
protected BIC in theory [48,49]. To open the radiation channel
of the potential symmetry-protected BIC, thereby obtaining
the externally accessible Q-BIC, we break the out-of-plane
symmetry of the metasurface by changing the height differ-
ence between two nanobars [50], as indicated by the pattern
II. To create the maximum chiral Q-BIC, we first consider the
achiral Q-BIC on the pattern III, where the parallel nanobars
have equal footprints but one of which is turned on its side.
Then, we investigate the chiral Q-BIC on the pattern IV, where
both bars further diverge with an opening angle of 8 [51-53].
The periodic array of a WS, metasurface with the unit cell
formed by the pattern IV is shown in Fig. 1(b).

Firstly, the eigenmodes of the bulk WS, metasurface with
the unit cell formed by the pattern I are investigated. The
geometric parameters are selected as a = 280 nm, L = 155
nm, W = 63 nm, H = 84 nm, and D = 140 nm. The dielec-
tric function of the bulk WS, is determined by the classical
Lorentzian oscillator [25,27,43]
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Here, e = 20 is the background permittivity dominated by
higher energy transitions. The /iw., = 2.0 eV represents the
A exciton transition energy and the 7y, = 50 meV denotes
the exciton full line width. The f, stands for the exciton
oscillator strength. To characterize the resonant properties of
the bulk WS, metasurface microcavity, the background index-
only material is considered and thus the oscillator strength
is set to fy = 0. For the subsequent investigation of self-
hybridized exciton-polaritons on bulk WS, metasurface, we
set the oscillator strength to fy = 0.2. In the implementation,
the eigenfrequency solver in COMSOL Multiphysics 5.6 is
utilized to calculate the eigenmodes. The Floquet periodic
boundary conditions are applied in the x and y directions to
determine the in-plane wave vectors (k, = k, = 27 /a), and

the perfectly matched layers are used in the z direction to
absorb the radiation wave. To minimize the background reflec-
tions, the WS, metasurface supported by a transparent silica
substrate should be covered by a same transparent dielectric.
In our simulations, we immerse the WS, nanobars in a trans-
parent uniform dielectric background with the refractive index
of 1.5 for simplicity. To select the transverse electric eigen-
states, a perfect magnetic conductor as a boundary condition
is set at the middle of the WS, metasurface. The first Brillouin
zone of a square lattice is schematically shown in the inset of
Fig. S2(a) of the Supplemental Material [54]. The calculated
complex eigenfrequencies are expressed by wg = f + jn, in
which the real part (f) is the resonance frequency and the
imaginary part (1) represents the leakage rate. The Q factor of
the eigenvalue is defined as Q = %E:EZO) = L. The selective
0) 2n
band structure in the visible range is in Fig. S2(a) of the
Supplemental Material [54] and the corresponding radiative
Q factors are presented in Fig. S2(b) of the Supplemental
Material [54].

III. SIMULATION AND DISCUSSION

The results from the eigenvalue calculations (see Figs. S1
to S4 of the Supplemental Material [54]) suggest that the WS,
metasurface with the unit cell formed by the pattern I supports
a symmetry-protected BIC carrying a topological charge of
q = —1. Meanwhile, this BIC is dominated by a pair of an-
tiparallel electric dipoles on nanobars. Owing to the symmetry
mismatch between the mode profile of this BIC and that of
the external propagating wave, the observed BIC cannot be
excited by any linearly polarized plane waves under normal
incidence [55-60]. The coupling between the eigenmode of
the metasurface with the unit cell formed by the pattern I and
the far field can be described by the parameter m, [61]

Me X P1 « ekt 4 P2 eek, 2)

The p, , are the electric dipole moments of two nanobars
and z;, are their effective z coordinates. The e is the unit
vector of the polarization of a plane wave propagating along z
direction and with the wave vector k . For the BIC resonance
on paired parallel and identical nanobars [the pattern I in
Fig. 1(a)], a pair of antiparallel electric dipoles are along the
x axis (see Fig. S2(c) of the Supplemental Material [54]). The
antiparallel electric dipoles have same magnitudes (|p;| =
|p2|) and the effective z coordinates. Thus, the p; = —p» and
71 = zp enable the BIC with me = 0. To open the radiation
channel of the symmetry-protected BIC and transform it into
an externally accessible Q-BIC, we reduce the height of one
nanobar. The small height difference (AH) will give rise to
P1 # —P2 and z; # 2. Therefore, for the pattern II, the nano-
bars with different heights will support antiparallel electric
dipoles but whose electric dipole moments have different
magnitudes and effective locations along z axis. Thus, we
obtain m, # 0 and the original BIC degrades into a Q-BIC
that can couple with linearly polarized light along the long
axis (x axis) of the nanobars. Correspondingly, the coupling

parameter m, is reduced to
m, o pi(e**=1)+ Ap, Az=27 —2.

3

Ap = p; — pa,
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We calculate the transmission spectra of the WS, meta-
surface with the unit cell formed by the pattern II, utilizing
the frequency-domain solver in COMSOL Multiphysics 5.6.
The periodic boundary conditions are applied in the x and y
directions and the perfectly matched layers are used in the
z direction. To excite the electric dipole resonance along the
long axis of nanobars, the metasurface under the x-linearly
polarized incidence (i.e., the incident electric field is oriented
along the x axis) is considered. The height of one nanobar is
H, = 84 nm, and that of another is reduced. The dependence
of transmission spectra on height differences (AH) is shown
in Fig. S5(a) of the Supplemental Material [54]. As expected,
the BIC resonance is spectrally invisible at AH = 0 nm. By
reducing the height of one nanobar, i.e., increasing the height
difference (AH), the radiation channel of the BIC opens
and the transmission dip determined by the Q-BIC appears
at AH # 0. Furthermore, the difference in the field en-
hancement between two nanobars indicates that their electric
dipole moments have different magnitudes (see the insets in
Fig. S5(b) of the Supplemental Material [54]).

Notably, the Q-BIC with the Q factor exceeding 10* is
achieved (see Fig. S5(b) of the Supplemental Material [54]).
In combination with its strong field enhancement inside the
nanobars (see the insets in Fig. S5(b) of the Supplemental
Material [54]), we believe that such Q-BIC is conductive
to obtain strong light-matter interaction. However, to further
achieve photonic spin-dependent light-matter interaction, the
chiral Q-BIC is qualified. Here, to realize the chiral Q-BIC,
the mirror symmetry of paired parallel nanobars with differ-
ent heights should be further broken. Specifically, to create
a chiral Q-BIC, we consider the metasurface with unit cell
formed by the pattern IV where one nanobar is turned on
its side and simultaneously both nanobars diverge with the
opening angle of 6, as shown in Fig. 1(b). Owing to the two
nanobars with equal footprint of W x H and the length, the
supported electric dipoles have same magnitudes (|p;| = |p2])
but different effective z coordinates. The relative displacement
of the electric dipole moments along the z axis is roughly es-
timated by Az = |[H—W|/2. Meanwhile, the electric dipoles
with opposite orientations diverge with the rotation angle of 6.
The coupling parameters of the Q-BIC for the right circularly
polarized (RCP) and left circularly polarized (LCP) waves can
be evaluated by

mp,p & sin(@ & kAz/2). “)

Therefore, the metasurface without any point symmetry
will allow the supported Q-BIC to possess chirality. To ob-
tain the maximum chiral Q-BIC, we can precisely adjust the
diverging angle (0) to match with the 260 = kAz, where the Q-
BIC can strongly interact with the RCP light by mg o sin(20)
and isolate from the LCP light by my, = 0.

The optimized geometric parameters of the metasurface
with unit cell formed by the pattern IV are a = 280 nm,
L =155 nm, W =63 nm, H =84 nm, D = 140 nm, and
6 = 8°. The Jones matrix of transmission coefficient (z,,,)
under circular polarization basis is used for characterizing the

chiral response [62].
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FIG. 2. (a) Transmission spectra of four Jones matrix elements,
corresponding to the metasurface with unit cell formed by the pattern
IV. (b) The calculated CD spectrum. (c) and (d) correspond to the
scattered power of different multipole moments in the chiral meta-
surface under RCP and LCP illumination, respectively. The insets in
(d) show the electric field distributions of the metasurface unit cell
under RCP and LCP illumination, respectively.

Here, the subscripts r and / represent the RCP and LCP,
respectively. The t,,, (m =r, [ and n = r, I) stands for the
transmission coefficient of output polarization m from input
polarization n. The transmission is expressed by T,,, = |t |2.
In the implementation, the circularly polarized light with

Jones vectors (:.) and (li) are denoted as LCP and RCP light,

respectively. An input port is illuminated with RCP light, and
the transmission is monitored at two output ports, specifi-
cally measuring 7,, and Tj,, respectively. Subsequently, the
input port is excited by LCP light, and the transmission is
monitored at the same two output ports, measuring 7;; and
T,;, respectively. Transmission spectra of four Jones matrix
elements are shown in Fig. 2(a). It is evident that in the
absence of cross-polarization transmission contribution, the
Q-BIC induces a distinct transmission resonance only for RCP
incidence and remains decoupled from LCP incidence. Conse-
quently, the achievement of a chiral Q-BIC is confirmed, and
this can be characterized by the circular dichroism (CD). The
CD, defined as the transmission difference, is expressed as
[63]

T;’r Tr - T T;'
CD=( + 1) — (T + 1)' ©)
(Trr + nr) + (Tu + Trl)

The calculated CD spectrum is shown in Fig. 2(b), and
the maximum CD value reaching 0.91 is obtained at the Q-
BIC resonance. In addition, the chiral Q-BIC is verified by
the multipole decomposition method [64-67]. The leading
multipole moments including electric dipole (ED) moment
(P) magnetlc dipole (MD) moment (M ), toroidal dlpole (TD)
moment (7)), electric quadrupole (EQ) moment (Q ) and

magnetic quadrupole (MQ) moment (Q(m)) are, respectwely,
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described by
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Here, the c is the speed of light in vacuum and w is angular
frequency. The 7 denotes the distance vector from the origin
to point (x, y, z) in the Cartesian coordinate. The J is the
displacement current density within the two WS, nanobars of
a metasurface unit cell. The scattered power from multipole
excitation is calculated by

I 20t “;'2 n 20t IA_4>|2 . 2w |;|2 n o Z |Q(e)|2
T 33 3¢3 3¢5 5¢5 @b

6
w ( )2
+ 5005 2 12051 (11

The scattered power of different multipole moments within
the metasurface under RCP and LCP illumination is shown
in Figs. 2(c) and 2(d), respectively. The comparison of two
figures exhibits that the Q-BIC is dominated by the EQ res-
onance enabled by a pair of inverted EDs within the unit
cell and it is exclusively excited by the RCP light. These
results are consistence with the field distributions shown in
the insets of Fig. 2(d). The EQ resonance within the unit cell is
excited under the RCP incidence, whereas is suppressed at the
LCP incidence. Thus, all these findings consistently suggest
that the chiral Q-BIC is achieved on the WS, metasurface
with unit cell formed by the pattern IV. This chiral Q-BIC,
characterized by an ultrahigh Q factor and strong near-field
enhancement on the WS, metasurface interior, will greatly
boost the photon-exciton interaction and further allows the
ability to modulate the photon-exciton interaction by simply
changing the helicity of the incident light.

To illustrate the potential strong coupling between the Q-
BIC resonance and the A exciton in the WS, metasurface
itself, we utilize simulation methods that have been validated
by numerous experimental results [25,27,30,41,43]. We tune
the wavelength of the Q-BIC resonance across the WS, A
exciton wavelength of 621 nm (2.0 eV) by changing the
lengths (L) of two nanobars, because the Q-BIC is driven by
the EQ resonance along the long axis of nanobars. Trans-
mission spectra of the pure Q-BIC resonance with different
lengths are shown in Figs. 3(a) and 3(b). As expected, the
chiral Q-BIC is only excited by the RCP light, as shown in
Fig. 3(a). The spectral position of the Q-BIC shows a red shift

a,B=x,y2z (10)

(

as the length (L) increases. When the nanobar length is tuned
to L = 171 nm, the spectral overlapping between the Q-BIC
and the A exciton resonance occurs. Correspondingly, when
the A exciton response is considered by setting the oscillator
intensity to fo = 0.2 in the Eq. (1), the typical anticrossing
behavior is observed, as shown in Fig. 3(c). The anticrossing
behavior near the exciton resonance is the hard evidence of
strong coupling between the Q-BIC and the A exciton. As a
result, two new branches of self-hybridized exciton-polaritons
appear. On the contrary, under the LCP incidence, the Q-BIC
is always suppressed and only the transmission dip induced
by the A exciton resonance, maintaining unchanged spectral
positions at the wavelength of 621 nm, is observed with the
increase of the length (L), as shown in Fig. 3(d). Hence,

-
=
(=)
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[=2]
o
o
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70 0.
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FIG. 3. Transmission spectra of the pure Q-BIC resonance with
different lengths of the nanobars under the RCP (a) and LCP (b)
illumination. Transmission spectra of the hybrid system as a function
of the nanobar length under the RCP (c) and LCP (d) illumination.
In (a) and (b), only the background index-only material is considered
by setting the oscillator strength to f; = 0 in the Eq. (1). In (c) and
(d), the A exciton response is considered by setting the f, = 0.2.
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FIG. 4. (a) The CD spectra of the self-hybridized exciton-
polaritons. (b) The theoretically calculated wavelengths of two new
hybrid states as a function of the nanobar length (L). The black
and purple curves represent the intrinsic wavelengths of individual
Q-BIC and A excitons, respectively. (c) The energy level diagram at
the strong coupling region. (d) Calculated Hopfield coefficients of
the LEHM and HEHM, respectively.

we can switch the interaction between the Q-BIC and the A
exciton on the WS, metasurface itself by changing the helicity
of the incident light. In other words, based on the chiral Q-BIC
resonance, the observed self-hybridized exciton-polaritons are
photonic spin dependent.

Based on the Figs. 3(c) and 3(d), the calculated CD spectra
are shown in Fig. 4(a). An evident anticrossing behavior with
the emergence of two new eigenstates is witnessed. Such
behavior can be qualitatively elucidated using the coupled
oscillator model in Hamiltonian representation. The satisfied
eigenvalue equation is described as [18,68,69]

Eq.Bic — ivQBIC g A E. o
8 Eexciton — Vexciton B B)

(12)

Here, Eq.gic and Ecxciton are the energies of the uncoupled
Q-BIC and A excitons, respectively. The yq.pic and Yexciton are
the half line widths of the uncoupled Q-BIC and A excitons,
respectively. E; denote the eigen energies of two new hybrid
modes, named by the high- (HEHM) and low-energy (LEHM)
hybrid modes, respectively. The g represents the coupling
strength between the Q-BIC and A excitons. The « and S are
the Hopfield coefficients, which satisfy |«|* 4 |8]> = 1 for the
two branches of self-hybridized exciton-polaritons. The mix-
ing fractions of |«|? and |B|? represent the relative weightings
of the Q-BIC and A excitons in the two new hybrid modes,
respectively. According to the Eq. (12), the eigenenergies of
two new hybrid modes are obtained as

E. = 0-S(EQ-BIC + Ecxciton) + O‘Si(VQ—BIC — Vexciton)

:l:\/g2 - 0'ZS[EQ—BIC - Eexcilon + i(VQ—BIC - Vexcilon)]z-
(13)

The coupling strength g can be calculated by using the
Rabi splitting energy (4€2) at the detuning of § = Eq.pic —
Eexciton = 0, in combination with the half line widths of yq_gic
and Yexciton- The coupling strength g thus is determined by

8= 05\/h92 + i(VQ—BIC - yexcilon)2~ (14)

The Rabi splitting energy of 72 = 137.5 meV at § = 0 is
extracted from simulation results in Fig. 4(a). Meanwhile, the
hyq-sic = 6.8 meV is calculated from the transmission spec-
tra in Fig. 3(a), and the /iyexciton = 25 meV is obtained from
the complex dielectric function of the bulk WS,. The g = 68.9
meV thus is obtained by using the Eq. (14). Consequently,

(yé—BIC + yezxciton)/z is
rigorously satisfied. In the strong coupling region of § =
0, the energy level diagram is illustrated in Fig. 4(c). The
two new hybrid modes can be identified as states combining
half-Q-BIC and half-exciton characteristics, arising from the
strong coupling between Q-BIC and A excitons. The excel-
lent matching between numerical simulations and theoretical
results for the energies of hybrid states is also observed in
Fig. 4(b). The fractions of the Q-BIC and A exciton con-
stituents in the HEHM and LEHM can be derived from the
Eq. (12) and are expressed, respectively, as,

the criteria for strong coupling g > \/

1 8
o = (1 — ).
2 V82 + 4g?

, 1 8
1BI" =3 (1 T \/m) 15)

The fractions of the Q-BIC and A exciton components in
the LEHM and HEHM, are demonstrated in Fig. 4(d). As
the Q-BIC energy shifts across the A exciton energy from
high to low (namely the wavelength gradually increases), the
fraction of A excitons decreases at the LEHM, whereas the
fraction of the Q-BIC increases. At the HEHM, the opposite
behavior yields. Thus, the energy exchange behavior between
the Q-BIC and A excitons is confirmed again, which is also
the compelling evidence of the anticrossing behavior induced
by the strong coupling between the Q-BIC and A excitons.
Notably, the values of the fractions of both the Q-BIC and
A excitons are close to 0.5 at § = 0, which indicates the
complete formation of a half-light, half-matter hybrid state,
as demonstrated in the Fig. 4(c). Finally, it should be pointed
out that for the passive WS, metasurface system, the coupling
strength between the Q-BIC and the exciton itself depends
on the effective mode volume (V) of the Q-BIC resonance
and the exciton transition dipole moment (i), referring to
2g x \’;—‘% [70]. In the proposed metasurface, the slight vari-
ations in structural parameters minimally affect the effective
mode volume of the Q-BIC resonance whose wavelength re-
mains unchanged to match with the exciton wavelength of 621
nm. However, these perturbations may exert a considerable
influence on the Q factor of the Q-BIC. As illustrated in
Fig. S5(b) of the Supplemental Material [54], the Q factors
follow an inverse quadratic relationship with the height differ-
ence (AH). Consequently, the bandwidth of two branches of
exciton-polaritons increases with the height difference (AH)
increasing (see Fig. S6 of the Supplemental Material [54]).

125201-6



PHOTONIC SPIN-CONTROLLED SELF-HYBRIDIZED ...

PHYSICAL REVIEW B 109, 125201 (2024)

The exciton transition dipole moment (i) can be character-
ized by the exciton oscillator strength (fy). As expected, the
Rabi splitting is observed to increase with higher values of
fo, reaching approximately 200 meV at f, = 0.4 (see Fig. S7
of the Supplemental Material [54]). In addition, considering
the practical fabrication of the investigated WS, metasurface,
the WS, flakes can be mechanically exfoliated from bulk
crystal using a polydimethylsiloxane stamp and transferred by
using the all-dry transfer method [25]. Patterning of the WS,
flakes can be achieved by utilizing electron beam lithography
including the processes such as deposition, patterning, lift-off,
and etching.

IV. CONCLUSIONS

In conclusion, we have proposed the chiral Q-BIC scheme
to realize the room-temperature self-hybridized excitonic-
polaritons on a bulk WS, metasurface. Owing to the tight
field confinement and ultrahigh Q factor of the Q-BIC, the
strong coupling between the Q-BIC and excitons is ob-
served in a compact system composed of an array of paired
WS, nanobars, without requiring an external microcavity.

The strong-coupling-induced anticrossing behavior, with the
Rabi splitting energy up to 136.5 meV, is well illustrated
by the coupled oscillator model in Hamiltonian represen-
tation. Intriguingly, the chiral Q-BIC with the CD up to
0.91 is achieved on the proposed bulk WS, metasurface
without any point symmetry. Consequently, photonic-spin-
dependent self-hybridized exciton-polaritons are observed.
All numerical simulations based on the finite-element method
are consistent with the theoretical calculations. The insights
gained from this research hold significant promise for the
advancement of integrated polaritonic devices. The chiral Q-
BIC scheme undoubtedly can serve as a universal recipe for
achieving photonic spin-controlled light-matter interactions in
bulk semiconductor materials such as TMDs and perovskites.
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