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In recent years, the formation of exciton-polaritons in semiconductor materials has attracted major interest
because of their exotic optical properties, allowing the study of many interesting physical phenomena, such
as superfluids and Bose-Einstein condensation. Here, we demonstrate a double strong coupling regime in a
perovskite and tungsten disulfide (WS2) monolayer using single and dual quasibound states in the continuum
(QBIC). Except for supporting exciton resonance, bi(phenethylammonium)tetraiodoplumbate perovskite thin
film is patterned as a grating to act as a single symmetry-protected bound state in the continuum (BIC) or dual
BICs by harnessing its high index. A WS2 monolayer is sandwiched inside the perovskite nanowire so that a
single BIC can be strongly coupled to both exciton resonances of perovskite and WS2 monolayers with a Rabi
splitting of 380 and 42.2 meV. We found that the Q factor and thickness of perovskite film play a central role
in governing the coupling strength. In addition, we demonstrate that double strong coupling can be satisfied
by using dual QBICs, where each QBIC is individually coupled to the exciton of either a perovskite or a WS2

monolayer. The design approach achieves a Rabi splitting as high as 353.6 and 31.80 meV in the perovskite
and the WS2 monolayer, respectively. This is a demonstration of a double strong coupling regime using a
single structure based on perovskite and WS2 monolayers. The realization of double strong coupling paves the
way for the emergence of polaritonic devices with advanced functionalities, such as dual wavelength polariton
nanolasers.

DOI: 10.1103/PhysRevB.108.045420

I. INTRODUCTION

The strong coupling between excitons and a photonic mi-
crocavity has been extensively studied in recent years [1–7].
When the excitons of semiconductor materials are strongly
coupled to a photonic cavity, a new mixed state called an
exciton-polariton is formed. Typically, the strong coupling is
featured by an avoided crossing in the dispersion relationship.
A system falls within the strong coupling regime and forms
exciton-polaritons when the energy exchange rates between
light and matter exceed their decoherence rates. The newly
developed mixed states preserve their quantum states and
combine the advantages of both photons and excitons, lead-
ing to the emergence of many applications and technologies
such as ultralow threshold polariton lasing, ultrafast all-optical
switching, and quantum information processing and trans-
fer technologies [8]. Motivated by its unique properties and
great potential in nanophotonic applications, many efforts
have been devoted to the realization of the strong coupling
regime within various semiconductor materials, including gal-
lium arsenide, zinc oxide, organic materials, quantum dots,
perovskites, and transition metal dichalcogenide (TMDC)
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monolayers [7,9–12]. However, authors of most of the pre-
vious studies reported the observation of strong coupling
in a single semiconductor material. It might be appealing
to achieve strong coupling simultaneously in two different
semiconductors at room temperature, as it may expand the
functionalities of the exciton-polariton system.

Several groups have reported double strong coupling
regimes in semiconductors in the last two decades. Agra-
novich et al. [13] theoretically demonstrated strong coupling
in a cavity composed of organic material and an inorganic
semiconductor, resulting in the formation of new hybrid
states, including the lower polariton (LP), middle polariton,
and upper polariton (UP) branches. Later, authors of sev-
eral experimental studies reported the realization of double
strong coupling in several semiconductor materials such as
GaAs quantum wells [14], molecular dyes [15,16], dye zinc
tetraphenyl-porphrin (ZnTPP) and perovskites [17], and ZnO-
perovskite [18] sandwiched in optical microcavities made
from two mirrors [19,20]. However, these microcavities suffer
from several drawbacks, such as complex fabrication pro-
cesses, bulky integration, and inflexible mode engineering.
Following that, plasmonic nanostructures were proposed in
several reports to demonstrate double strong coupling due
to their ability to provide small mode volume [21–27]. For
example, the double strong coupling was demonstrated ex-
perimentally in a J-aggregate-doped polyvinyl alcohol (PVA)
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layer sandwiched between a silver grating and a thick silver
film [21]. Surface plasmon polaritons (SPPs) with strongly
dispersive photonic features and the Fabry-Perot (FP) mode
with nearly nondispersive photonic features are both sup-
ported by this nanostructure design. Three hybrid polariton
bands emerged by tuning the energies of FP and SPPs around
the exciton via tuning the thickness of the doped PVA layer
and the incident angle, confirming the entry of the system
into the double strong regime. However, the lossy nature of
plasmonic nanostructures may limit the application of such a
system. It is also worth mentioning that most of the previous
studies on double strong coupling were carried out at low
temperatures. It is highly desirable to realize double strong
coupling at room temperature, which is essential for develop-
ing practical applications.

Furthermore, it should be noted that most early research
used either two exciton modes and one photonic mode or two
photonic modes and one exciton mode to achieve the double
strong coupling regime. However, the double strong coupling
regime between two exciton resonances and two photonics
modes is yet to be proposed. In real applications, it is desirable
to achieve simultaneously strong coupling in two different
materials in one platform, other than building two separate
designs. With this approach, we can realize simultaneous
strong coupling in two materials based on the same device,
which is advantageous over building two separate designs.
Furthermore, it has been shown in several investigations that
condensation, which is required to produce a polariton laser,
occurs in the LP mode in the strong coupling regime [28–30].
Considering this, demonstrating double strong coupling em-
ploying two excitons and two photonics modes in a single
device will give rise to two LPs, which might be a more prac-
tical method of producing dual-wavelength polariton lasers.

Lead halide perovskites and TMDC monolayers are emerg-
ing materials with many interesting physical and chemical
properties. Both materials have a direct band gap, thus
enabling high luminescence quantum yield, making them at-
tractive candidates for next-generation photonic devices. On
the other hand, they have large exciton binding energy at
room temperature, rendering them ideal platforms for real-
izing exciton-polaritons at room temperature [27,31–48]. As
both perovskite and TMDC monolayer exciton resonances
are within the visible wavelength range, it is possible to de-
velop strong coupling simultaneously in both perovskites and
TMDC monolayers if they are integrated into a photonic cav-
ity whose resonant wavelength passes through their exciton
resonance wavelengths. In addition, lead halide perovskite
has a relatively high refractive index 2.0–2.4 around the ex-
citon resonance. It has been well established that high-index
semiconductors support multipolar electric and magnetic Mie
resonance [49]. In recent years, an interesting concept called
bound states in the continuum (BICs) has triggered intensive
interest in the photonic communities because it enables strong
field confinement in nanostructures [50–54]. A BIC corre-
sponds to a trapping mode despite being located within the
continuum. It is a leaky mode with zero radiative decay rate
or an infinitely large Q factor. In real applications, BICs must
be transitioned into quasi-BICs (QBICs) to be accessed by
external excitation like a plane wave or vector beam. Thanks
to their large field enhancement, QBICs have been widely

used to enhance light-matter interaction, such as lasing, en-
hanced nonlinear harmonic generation, and strong coupling
[51,55–61].

In this paper, we demonstrate a room-temperature double
strong coupling between excitons and high-Q mode based on
QBICs in a hybrid perovskite-WS2 monolayer system. By
taking advantage of the high refractive index of a perovskite,
perovskite thin film is patterned as a grating structure to
support either a single symmetry-protected, broken, or double
BICs. By placing a WS2 monolayer inside the perovskite and
grating, the double strong coupling is achieved between a sin-
gle QBIC and exciton resonances of the perovskite and WS2

monolayers. Further study indicates that coupling strengths
become saturated at a certain Q factor of the QBIC mode,
while they show the opposite trend with increasing thick-
ness. Also, the double strong coupling is realized with dual
QBIC modes, while each QBIC is separately coupled to the
exciton of different materials. Our design paves the way for
the emergence of polaritonic devices such as dual-wavelength
polariton nanolasers.

II. RESULTS AND DISCUSSION

A. Geometry structure and numerical model

We start by considering a one-dimensional
bi(phenethylammonium)tetraiodoplumbate (PEPI) perovskite
grating on top of a glass substrate. The refractive index of
glass is 1.46, while the permittivity of PEPI perovskite is
expressed as follows:

ε(E ) = εB + f

E2
exciton − E2 − i�E

, (1)

where εB is the background dielectric constant, f is the oscil-
lator strength, Eexciton is the exciton energy, and � is the width
of the exciton, which are set to εB = 5.76, f = 0.85 eV2,
Eexciton = 2.394 eV, and � = 0.03 eV, respectively [62,63].

According to previous studies [41,61,64,65], a dielectric
grating supports a series of leaky modes characterized by
complex eigenfrequencies. To calculate the complex eigen-
frequencies of these leaky modes, we used the finite element
method provided by the COMSOL software. First, we con-
structed a model of the one-dimensional PEPI perovskite
grating on top of the glass substrate, considering the refractive
index of both materials. The refractive index of the perovskite
is set as n = 2.4 for the sake of simplicity. Then we defined
the polarization of the electromagnetic waves as transverse
electric (TE) with the electric field parallel to the grating axis.
By solving Maxwell’s equations for the model, we can obtain
complex frequencies of leaky modes, which are expressed as
ω = ω0−iγ , where ω0 and γ represent the resonant frequency
and radiative decay rates of leaky modes, respectively. Finally,
by analyzing the electric field distribution and correspond-
ing resonant frequencies, we found that some of these leaky
modes, such as TE21 and TE22, are symmetry-protected BICs.

The reflection and transmission properties of the proposed
nanostructure were determined using the rigorous coupled
wave analysis method, which is a well-known numerical tech-
nique of investigating the behavior of electromagnetic waves
in periodic structures. The nanostructure, consisting of air,
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FIG. 1. Design of single quasibound state in the continuum (QBIC) resonance. (a) Two-dimensional (2D) schematic illustration of a unit
cell of the nanostructure that supports symmetry-protected QBICs. (b) Electric field distribution of the symmetry-protected QBIC based on
the TE21 mode. (c) Q factor as a function of the angle of incidence of the symmetry-protected QBIC mode showing ideal bound state in the
continuum (BIC) with an infinitely large Q factor at normal incidence. (d) The mapping data of the reflection spectrum of the nanostructure
supports the symmetry-protected QBIC resonance as a function of the angle of incidence. Here, the reflection spectra were obtained by
considering both perovskite and glass as lossless materials with refractive indices set to 2.4 and 1.46, respectively. (e) 2D schematic illustration
of a unit cell of the nanostructure that supports symmetry-broken QBICs with off-centered silt. (f) Electric field distribution of the symmetry-
broken QBIC based on the TE21 mode. (g) Q factor as a function of the angle of incidence of the symmetry-broken QBIC mode showing a
finite Q factor at normal incidence. (h) The mapping data of the reflection spectrum of the nanostructure support the symmetry-broken QBIC
resonance as a function of the angle of incidence. Here, the reflection spectra were obtained by considering both perovskite and glass as lossless
materials with refractive indices set to 2.4 and 1.46, respectively.

glass, and perovskite grating layers, was analyzed by solving
Maxwell’s equations for each layer and then combining the
solutions using a matrix formalism to obtain an overall solu-
tion for the entire structure. By comparing the amplitude of the
reflected and transmitted waves to that of the incident wave,
the reflection and transmission coefficients could be calcu-
lated accurately and rigorously. Finally, the absorption of the
nanostructure can be calculated by subtracting the reflection
and transmission coefficients from unity.

B. Single BIC property of lossless perovskite gratings

A two-dimensional (2D) schematic representation of the
proposed nanostructure unit cell based on PEPI nanowires
(NWs) is shown in Fig. 1(a). Figure 1(b) shows the electric

field distribution of the TE21 mode of the symmetry-protected
BIC. From the perspective of practical applications, BICs
should be transitioned to QBICs with finite Q factors to be
excited with external sources like a plane wave or vector
beam. Introducing oblique incidence is one way to convert
an ideal BIC to a QBIC. The period (P), thickness (T) and
width (W) of the NWs are set as 240, 140, and 190 nm,
respectively. The Q factor as a function of the incident angle
is presented in Fig. 1(c). The Q factor of the BIC mode is
calculated as Q = ω0/2γ . As shown in the figure, the Q factor
approaches infinity at normal incidence. As the angle of inci-
dence deviates from normal, the Q factor gradually reduces to
a finite Q factor, and thus a BIC is evolved into a QBIC mode.
Such an evolution is verified by the reflection spectra mapping
as functions of incident angle and incident wavelength, as
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FIG. 2. Double strong coupling realization in a PEPI and WS2

monolayer based on single bound-state-in-the-continuum (BIC)
mode. (a) Three-dimensional (3D) schematic drawing of the
symmetry-protected nanostructure where the WS2 monolayer is
sandwiched between the two parts of the PEPI nanowires (NWs).
(b) Mapping data of the absorption spectrum as a function of the
angle of incidence on the symmetry-protected nanostructure. Here,
the absorption spectra were obtained by considering perovskite as
a lossy material with a permittivity calculated using Eq. (1) and
glass as a lossless material with refractive index set to 1.46. (c)
The dispersion of the upper polariton (UP) and lower polariton (LP)
branches (solid red and blue lines, respectively) as a function of the
angle of incidence of the strong coupling between the symmetry-
protected quasibound state in the continuum (QBIC; dashed green
line) and the PEPI exciton (dashed black line). (d) The dispersion of
the UP and LP branches (solid red and blue lines, respectively) as a
function of the angle of incidence of the strong coupling between
the symmetry-protected QBIC (dashed green line) and the WS2

monolayer exciton (dashed black line). (e) 3D schematic drawing of
the symmetry-broken nanostructure with an off-centered slit. Here,
the WS2 monolayer is sandwiched between the two parts of the PEPI
NWs. (f) Mapping data of the absorption spectrum as a function of
the period of the structure of the symmetry-broken nanostructure.
Here, the absorption spectra were obtained by considering perovskite
as a lossy material with a permittivity calculated using Eq. (1) and

shown in Fig. 1(d). The resonant linewidth indeed disappears
at normal incidence, confirming the presence of the ideal BIC
mode with an infinite Q factor. Since we want to realize double
strong coupling in both perovskite and WS2 monolayers, the
structure parameters are finetuned to ensure that the QBIC
mode intersects with the exciton resonances of the perovskite
and WS2 monolayers when the incident angle varies.

Another way to excite the QBIC mode is to break the
symmetry of the unit cell. Here, we introduce an off-centered
slit in the perovskite NW to convert the ideal BIC into a
QBIC, as shown in the 2D schematic drawing in Fig. 1(e).
The period (P), thickness (T), width (W), gap width (G), and
the distance between the center of the gap and the center of
the unit cell (C) of the NWs are set to be 255, 140, 195,
50, and 10 nm, respectively. Figure 1(f) shows the electric
field distribution of the symmetry-broken QBIC based on the
TE21 mode. Also, we calculated the Q factor of the symmetry-
broken-induced QBIC while sweeping the angle of incidence
from −60 ° to 60 °, as shown in Fig. 1(g). However, in con-
trast to the symmetry-protected QBIC, the Q factor of the
symmetry-broken QBIC is finite even at normal incidence.
This is also confirmed by the reflection spectrum mapping,
where the resonant peak is always observed at all studied
angles, as shown in Fig. 1(h).

C. Optical response and physics of strong coupling system

After confirming a QBIC could cross both exciton res-
onances of perovskite and WS2 monolayers, we move to
demonstrate double strong coupling in both materials. Here,
we use the permittivity of PEPI perovskite in Eq. (1), while the
permittivity of monolayer WS2 is taken from Refs. [48,66,67]
(see Fig. S1 in the Supplemental Material [68]). To maximize
coupling strength between a WS2 monolayer and a photonic
cavity, we sandwiched the WS2 monolayer at the maximum
electric field, which is slightly below the center of the per-
ovskite NWs due to the presence of substrate, as schematically
shown in Fig. 2(a). Here, P, T, and W are set to be 240, 140,
and 190 nm, respectively. Figure 2(b) shows the mapping data
of the absorption spectrum as a function of the incident angle
while the QBIC is strongly coupled to both excitons of the
PEPI perovskite and the WS2 monolayer. Two anticrossings
are clearly observed, indicating double strong coupling in both
materials as the incident angle is swept from 0 ° to 60 °. It is
observed that the anticrossing of the PEPI perovskite happens
at ∼11◦, whereas for the WS2 monolayer, it occurs at ∼38◦.

The coupling strength of the system is quantified by calcu-
lating the Rabi splitting using a double oscillator model that

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
glass as a lossless material with refractive index set to 1.46. (g) The
dispersion of the UP and LP branches (solid red and blue lines,
respectively) as a function of the period of the structure, for the
strong coupling between the symmetry-broken QBIC (dashed green
line) and the PEPI exciton (dashed black line). (h) The dispersion
of the UP and LP branches (sold red and blue lines, respectively)
as a function of the period of the structure for the strong coupling
between the symmetry-broken QBIC (dashed green line) and the
WS2 monolayer exciton (dashed black line).
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accounts for the PEPI perovskite and TMDC excitons:(
EQBIC − iγQBIC g

g Eexciton − iγexciton

)(
α

β

)
= E±

(
α

β

)
, (2)

where EQBIC and 2γQBIC are referred to as the uncoupled
QBIC mode resonance energy and full width of half maxi-
mum (FWHM), respectively. Here, Eexciton and 2γexciton are the
energy and FWHM of either the TMDC monolayer or PEPI
excitons, respectively. Also, E+ and E− are the energies of the
UPs and LPs, which can be calculated as

E± = (EQBIC + Eexciton ) − i(γQBIC + γexciton )

2

±
√

g2 − [EQBIC − Eexciton + i(γQBIC − γexciton )]2

4
.

(3)

The Rabi splitting value (�) is extracted from the reflec-
tion mapping data at the anticrossing point where EQBIC −
Eexciton = 0. The coupling strength (g) of the coupled system
is then calculated as

g =
√

�2 + (γQBIC − γexciton )2

2
. (4)

After obtaining the coupling strength, the dispersion re-
lations of the UPs and LPs are obtained. Figure 2(c) shows
the UP and LP branches of the strong coupling regime be-
tween the symmetry-protected QBIC and the PEPI exciton.
The exciton resonance and QBIC are also plotted in dashed
lines as references. The fitted data of the UPs and LPs match
well with the mapping data of the absorption spectrum in
Fig. 2(b). The anticrossing behavior happens at ∼11◦, yielding
a Rabi splitting and coupling strength of ∼354.89 meV and
∼177.48 meV, respectively. Similarly, we calculate the UP
and LP energies of the strong coupling between the QBIC
and the exciton of the WS2 monolayer. The fitted data are
presented in Fig. 2(d). The exciton resonance and QBIC are
also plotted in dashed lines as references showing anticrossing
behavior happens at ∼38◦. The Rabi splitting and coupling
strength are calculated to be ∼38.38 meV and ∼19.48 meV,
respectively.

We also retrieve the eigenvectors α and β, representing the
weighting coefficients of the exciton and QBICs in the two
polariton bands to better understand the coupling process. The
exciton and photon fractions in the UP and LP are given by the
squared amplitude of the coefficients of the eigenvectors (|α|2
and |β|2). The calculated fractions for the UP and LP bands
of the PEPI and WS2 monolayer are shown in Fig. 3. One can
also notice that the condition |α|2 + |β|2 = 1 is satisfied in all
cases. The formation of the strongly coupled exciton-polariton
is further confirmed by checking the following conditions:

g >
|γQBIC − γexciton|

2
, and g >

√
(γQBIC)2 + (γexciton )2

4
.

(5)

Following a similar strategy, we also demonstrate the
strong coupling of both PEPI perovskite and WS2 mono-
layer excitons for the case of a symmetry-broken QBIC at a

FIG. 3. Fraction of the polariton branches of the double strong
coupling based on symmetry-protected quasibound state in the con-
tinuum (QBIC). (a) Fractions of the upper polariton (UP) branch
of the strong coupling between symmetry-protected QBIC in solid
black and PEPI-exciton in solid red as a function of the angle of
incidence. (b) Fractions of the lower polariton (LP) branch of the
strong coupling between symmetry-protected QBIC in solid black
and PEPI-exciton in solid red as a function of the angle of inci-
dence. (c) Fractions of the UP branch of the strong coupling between
symmetry-protected QBIC in solid black and WS2 monolayer exci-
ton in solid red as a function of the angle of incidence. (d) Fractions
of the LP branch of the strong coupling between symmetry-protected
QBIC in solid black and WS2 monolayer exciton in solid red as a
function of the angle of incidence.

normal incidence. Figure 2(e) shows the schematic drawing
of the symmetry-broken-induced QBIC structures with the
WS2 monolayer placed slightly below the center of the PEPI
perovskite NW. Here, we set T, W, G, and C to be 140, 210, 50,
and 10 nm, respectively. The mapping data of the absorption
spectrum as a function of the period of the structure at a nor-
mal incidence is shown in Fig. 2(f). The period of the structure
is swept from 220 to 300 nm. The anticrossing behavior of the
symmetry-broken QBIC and PEPI exciton occurs at a period
of ∼256 nm.

In comparison, the anticrossing of the symmetry-broken
QBIC and WS2 exciton occurs at a period of ∼316 nm.
We also fitted the UP and LP branches of strong coupling
between the symmetry-broken-induced QBIC and PEPI per-
ovskite and the WS2 monolayer excitons using the double
oscillator model presented in Figs. 2(g) and 2(h), respectively.
The Rabi splitting and the PEPI perovskite exciton-polariton
coupling strength are calculated to be ∼360.20 meV and
∼180.10 meV, respectively. The Rabi splitting and the cou-
pling strength of the WS2 monolayer exciton-polariton are
calculated to be ∼37.20 meV and ∼18.60 meV, respectively.
We also retrieve the eigenvectors α and β of the strong
coupling between the symmetry-broken-induced QBIC and
both semiconductor materials. The fractions of the UP and
LP of both strong couplings are presented in Fig. S2 in the
Supplemental Material [68].
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FIG. 4. Rabi splitting dependence of Q factor and the thickness
of the nanostructure. (a) Rabi splitting of the strong coupling between
the perovskite and the symmetry-broken quasibound state in the
continuum (QBIC) as a function of the Q factor. Here, sweeping
C swept the Q factor, while all other parameters were fixed. (b)
Rabi splitting of the strong coupling between the WS2 monolayer
and the symmetry-broken QBIC as a function of the Q factor. Here,
sweeping C swept the Q factor, while all other parameters were
fixed. (c) Rabi splitting of the strong coupling between the perovskite
and the symmetry-broken QBIC as a function of the thickness of
the nanostructure. (d) Rabi splitting of the strong coupling between
the WS2 monolayer and the symmetry-broken QBIC as a function
of the thickness of the nanostructure.

In addition, the operation of double strong coupling in
TM-polarization was investigated. As shown in Fig. S3 in the
Supplemental Material [68], in the TM polarization, strong
coupling occurs only in the perovskite, while WS2 monolayer
remains in the weak coupling. This is because, as previ-
ously demonstrated [69], TM-polarized modes are far from
resonance with the WS2 exciton. However, due to the large
thickness of the perovskite, the TM-polarized modes can still
resonate with its exciton, resulting in the observation of the
strong coupling [70].

To understand the strong coupling regime in both materials,
we investigate the effect of the Q factor and the thickness of
perovskite thin film on the Rabi splitting. As has been demon-
strated before, the Q factor of the QBIC can be easily tuned by
tuning the structure parameters. Therefore, we calculate the
Rabi-splitting values at different Q factor of the symmetry-
broken-induced QBIC mode by changing the perovskite NW
parameters such as the period of the structure, the center of the
slit, and the width of the NW. It is worth mentioning that the Q
factor calculated here is the radiative Q factor of the lossless
perovskite metasurface. Figure 4(a) shows the Rabi splitting
of the strong coupling between the symmetry-broken QBIC
and the PEPI perovskite as a function of the Q factor. The
results show that the Rabi splitting increases as the Q factor
increases until it saturates at ∼1000 meV with a maximum
Rabi splitting of 380 meV.

In the same way, we investigated the Rabi splitting of the
strong coupling between the symmetry-broken-induced QBIC
and the WS2 monolayer. The results are presented in Fig. 4(b).

The saturation of the Rabi splitting was also observed at
Q ≈ 1000, reaching its maximum value of ∼42.2 meV.

Meanwhile, we investigate the effect of varying the NW
thickness on the strong coupling of both materials. Figure 4(c)
shows the Rabi splitting of the strong coupling regime be-
tween the symmetry-broken QBIC and the perovskite exciton
as a function of the perovskite NW thickness. It is observed
that a higher Rabi splitting of the strong coupling between
the PEPI perovskite exciton and the symmetry-broken QBIC
is obtained by increasing the thickness of the NWs until it
saturates at ∼210 nm. This is understandable because the
electric field is more confined inside the NWs as the thickness
of NWs increases. This leads to a larger interaction volume,
increasing the coupling strength. On the other hand, the Rabi
splitting of the strong coupling between the exciton of the
WS2 monolayer and the symmetry-broken-induced QBIC de-
creases when the thickness of the NWs increases, as shown in
Fig. 4(d). For the case of the WS2 monolayer, the increased
thickness makes the confined electric field distribute over a
larger area, reducing the electric field intensity around the
WS2 monolayer and thus weakening the coupling strength.
Thus, one must balance thickness so that the coupling strength
in both materials can be optimized.

D. Dual BIC property of lossless perovskite
compound gratings

As discussed earlier, such a grating can excite different
leaky modes. Therefore, designing multiple BIC modes simul-
taneously in a single structure is possible. Here, we choose
TE21 and TE31 modes to excite two QBIC modes in one
structure as an example. Figure 5(a) shows the 2D schematic
drawing of the nanostructure supporting double QBIC reso-
nances. The structure consists of a continuous PEPI perovskite
film with a height (H) of 60 nm underneath a PEPI perovskite
NW array with an off-centered slit. Here, we set T, W, G,
and C to be 110, 240, 70, and 5 nm, respectively. Figure 5(b)
shows the electric field distribution of both symmetry-broken
QBIC modes based on the TE21 and TE31 modes, respectively.
It is evident that eigenfields of both modes are well confined
inside the structure, greatly boosting the light-matter interac-
tion. The Q factors of both symmetry-broken QBIC modes as
a function of the period are shown in Fig. 5(c). It is interesting
to note that the Q factors of the TE21 and TE31 modes show
opposite trends with respect to the period of the structure. In
other words, by increasing the structure period, the Q factor
of TE21 decreases, while the Q factor of TE31 increases. This
was also confirmed from the reflection mapping data of both
symmetry-broken QBIC resonances, as shown in Fig. 5(d).
By carefully tuning the structure parameters, the positions of
both QBIC resonances can be adjusted to intersect the exciton
resonances of the PEPI perovskite and the WS2 monolayer.

Alternatively, the strong coupling of both QBIC modes
could also be realized by fixing the structure parameters and
sweeping the angle of incidence. Toward this end, we demon-
strate the double strong coupling regime between two QBIC
resonances and both excitons of the PEPI perovskite and the
WS2 monolayer by sweeping the angle of incidence. The
structure parameters such as P, T, W, G, and C are set to
270, 110, 240, 70, and 5 nm, respectively. Figure 5(e) shows
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FIG. 5. Double strong coupling based on dual bound-state-in-
the-continuum (BIC) mode. (a) Two-dimensional (2D) schematic
drawing of the symmetry-broken nanostructure supporting dou-
ble quasibound-state-in-the-continuum (QBIC) resonances based on
PEPI nanowires and a continuous film underneath. (b) The electric
field distribution of the TE21 and TE31 modes that supports QBICs.
(c) The Q factor as a function of the period of the symmetry-broken
nanostructure supporting dual BIC modes. (d) The mapping data of
the reflection spectrum as a function of the period of the structure
of the symmetry-broken nanostructure supporting double QBIC res-
onances. Here, the reflection spectra were obtained by considering
both perovskite and glass as lossless materials with refractive indices
set to 2.4 and 1.46, respectively. (e) The Q factor as a function of the
angle of incidence on the symmetry-broken nanostructure supporting
dual BIC modes. (f) The mapping data of the reflection spectrum as a
function of the angle of incidence of the symmetry-broken nanostruc-
ture supporting double QBIC resonances. Here, the reflection spectra
were obtained by considering both perovskite and glass as lossless
materials with refractive indices set to 2.4 and 1.46, respectively.

the calculated Q factor of the symmetry-broken double QBIC
resonances as a function of the angle of incidence while fixing
the structure parameters. The Q-factor calculations show that
both resonances have finite Q factors due to the introduced
off-center silt.

Furthermore, the reflection spectrum of both symmetry-
broken-induced QBIC modes based on TE21 and TE31 modes
is also simulated as a function of incident angle. The mapping
data of the reflection spectrum are presented in Fig. 5(f). It
is also worth mentioning that the structural parameters were
carefully tuned so that each QBIC resonance intersects with
one of the exciton resonances. Therefore, here, the QBIC-
based TE31 modes are designed to be coupled to the PEPI

perovskite exciton, while the QBIC-based TE21 mode is in-
tended to be coupled to the WS2 monolayer exciton.

E. Double strong coupling induced by dual BIC mode

Lastly, after incorporating the WS2 monolayer in the struc-
ture by placing it inside the continuous film of the PEPI
perovskite and considering the real and imaginary parts of the
refractive indices of both materials, as shown in the schematic
drawing in Fig. 6(a), we achieve the strong coupling regime in
both materials simultaneously. The WS2 monolayer is placed
at the maxima of the TE21 electric field distribution, which
is 5 nm below the perovskite NWs, as shown in Fig. 6(b).
Here, the electric field is along the Y axis, and the structure
parameters such as H, T, W, G, and C are set to 60, 110,
240, 70, and 5 nm, respectively. Figure 6(b) shows the map-
ping data of the absorption spectra mapping as a function of
the period of the structure. The anticrossing behavior of the
TE31 symmetry-broken QBIC and PEPI perovskite exciton
is observed at a period of ∼281 nm. At the same time, the
anticrossing behavior of the TE21 symmetry-broken QBIC
and WS2 monolayer exciton occurs at a period of ∼284 nm.
We also fitted the dispersion relationship of the formed po-
laritons of both strong couplings using Eq. (3). The dispersion
relationship of the UPs and LPs of both strong couplings as a
function of the period of the structure is shown in Fig. 6(c).
The fitting data match well with the mapping data of the
absorption spectrum of both strong coupling regimes. A Rabi
splitting of ∼348.75 meV was calculated between the UP and
LP of the strong coupling between the TE31-based QBIC and
perovskite exciton, while a Rabi splitting of ∼37.86 meV was
obtained between UP and LP of the strong coupling between
the TE21-based QBIC and WS2 monolayer exciton. The cou-
pling strength between the QBIC modes and both excitons of
perovskite and WS2 monolayers are calculated using Eq. (4)
and found to be 174.38 and 18.93 meV, respectively. The frac-
tions of both strong coupling regimes are presented in Fig. 7.

Furthermore, the double strong coupling regime based on
the dual QBIC resonances was also achieved by sweeping the
angle of incidence and fixing the structural parameters such
as P, H, T, W, G, and C to 270, 60, 110, 240, 70, and 5 nm,
respectively. Figure 6(c) shows the mapping data of the ab-
sorption spectrum as a function of incident angle for the dual
QBIC resonance based on TE31 and TE21 modes coupled to
both excitons of the PEPI perovskite and the WS2 monolayer,
respectively. The absorption spectrum shows the UPs and LPs
resulting from the strong coupling of the symmetry-broken
TE31-based QBIC and the PEPI perovskite excitons. The an-
ticrossing behavior happens at a 2 ° angle, resulting in a Rabi
splitting of ∼353.6 meV. Similarly, the emerging UPs and
LPs in the absorption spectrum confirm the strong coupling
between the symmetry-broken-induced QBIC based on TE21

mode and the exciton of the WS2 monolayer. The anticrossing
behavior of the WS2 monolayer happens at an angle of 13 °,
yielding a Rabi splitting of ∼31.80 meV. These results were
also confirmed by fitting the dispersion relation of the UPs and
LPs of both strong coupling regimes using Eq. (3). Figure 6(e)
shows the dispersion relationship of the formed polaritons
from the double strong coupling regimes as a function of
incidence angle. The coupling strength between the QBIC
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FIG. 6. Observation of double strong coupling regime based
on dual bound-state-in-the-continuum (BIC) mode. (a) Three-
dimensional (3D) schematic drawing of the symmetry broken
nanostructure supporting double QBIC resonances with the WS2

monolayer placed inside the continuous film of PEPI perovskite.
(b) Mapping data of the absorption spectrum as a function of the
period of the structure. Here, the absorption spectra were obtained
by considering perovskite as a lossy material with a permittivity cal-
culated using Eq. (1) and glass as a lossless material with a refractive
index set to 1.46. (c) The fitting data of the polariton dispersion
relationship [upper polariton (UP) in solid red and lower polariton
(LP) in solid blue] as a function of the period of the structure of
the strong coupling between TE31-based QBIC (dashed green) and
PEPI-exciton (dashed black), and the fitting data of the polariton
dispersion relationship (UP in solid brown and LP in solid olive)
as a function of the period of the structure of the strong coupling
between TE21-based QBIC (dashed orange) and WS2 monolayer
exciton (dashed gray). The inset shows a magnified cross-section
of the anticrossing behavior between the WS2 monolayer and TE21-
based QBIC mode as a function of the period of the structure. (d)
Mapping data of the absorption spectrum as a function of the angle of
incidence. Here, the absorption spectra were obtained by considering
perovskite as a lossy material with a permittivity calculated using
Eq. (1) and glass as a lossless material with a refractive index set
to 1.46. (e) The fitting data of the polariton dispersion relationship
(UP in solid red and LP in solid blue) as a function of the angle of

FIG. 7. The fraction of the upper polariton (UP) and lower po-
lariton (LP) branches of the double strong coupling based on double
quasibound states in the continuum (QBICs) as a function of the
period of the structure (a) Fractions of the UP branch of the strong
coupling between TE31-based QBIC in solid black and PEPI-exciton
in solid red as a function of the period of the structure. (b) Fractions
of the LP branch of the strong coupling between TE31-based QBIC in
solid black and PEPI-exciton in solid red as a function of the period
of the structure. (c) Fractions of the UP branch of the strong cou-
pling between TE21-based QBIC in solid black and WS2 monolayer
exciton in solid red as a function of the period of the structure. (d)
Fractions of the LP branch of the strong coupling between TE21-
based QBIC in solid black and WS2 monolayer exciton in solid red
as a function of the period of the structure.

modes and both excitons of perovskite and WS2 monolayers
are calculated using Eq. (4) and found to be 176.84 and
16.30 meV, respectively. The fractions of both strong coupling
regimes are presented in Fig. S4 in the Supplemental Mate-
rial [68]. Finally, it is worth mentioning that such a design
enables the observation of double strong coupling regimes
by only sweeping the incident angle, greatly simplifying the
requirements of the experiment of such a system where only
one structure is needed.

III. CONCLUSIONS

We have demonstrated room-temperature double exciton-
polaritons by strongly coupling excitons in perovskite and
WS2 monolayers to either single QBIC or double QBICs.
A one-dimensional all-perovskite dielectric grating was used
to design symmetry-protected and symmetry-broken QBIC

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
incidence of the strong coupling between TE31-based QBIC (dashed
green) and PEPI-exciton (dashed black), and the fitting data of the
polariton dispersion relationship (UP in solid brown and LP in solid
olive) as a function of the angle of incidence of the strong coupling
between TE21-based QBIC (dashed orange) and WS2 monolayer ex-
citon (dashed gray). The inset shows a magnified cross-section of the
anticrossing behavior between the WS2 monolayer and TE21-based
QBIC mode as a function of the angle of incidence.
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based on the TE21 modes. Using this design technique, we
have achieved a Rabi splitting as high as 380 and 42.2 meV
in the perovskite and WS2 monolayers, respectively. Further-
more, the effect of varying the Q factor and the thickness
of the nanostructure on the Rabi splitting were investigated.
We also found that the Rabi splitting could be tuned to its
maximum value by tuning the Q factor and thickness of the
nanostructure. Both strong couplings in the perovskite and
WS2 monolayers have increased the Rabi splitting by increas-
ing the Q factor until it saturates at a particular value.

On the other hand, coupling strength in the WS2 monolayer
and perovskite has shown an opposite trend with the thickness

of the nanostructure. Finally, a dual QBIC mode was designed
based on the TE21 and TE31 modes and strongly coupled
to the perovskite and WS2 monolayer excitons. This design
approach achieved a Rabi splitting as high as ∼353.6 meV and
∼31.80 meV] in the perovskite and WS2 monolayers, respec-
tively. Our results open the way for developing polaritonic
applications such as dual-wavelength polariton nanolasers.
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