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Polaritonic critical coupling in a hybrid quasibound states in the continuum
cavity–WS2 monolayer system
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We theoretically propose and numerically demonstrate that perfect feeding of a polaritonic system with
full electromagnetic energy under one-port beam incidence, referred to as polaritonic critical coupling, can
be achieved in a hybrid dielectric metasurface–WS2 monolayer structure. Polaritonic critical coupling, where
critical coupling and strong coupling are simultaneously attained, is determined by the relative damping rates
of the cavity resonance, γQ, provided by a symmetry-protected quasibound states in the continuum cavity, and
excitonic resonance of the WS2 monolayer, γX . We reveal that the population of the polariton states can be
tuned by the asymmetry parameter of the quasibound states in the continuum. Furthermore, polaritonic critical
coupling is achieved in the designed system while γQ = γX , and only strong coupling is achieved while γQ �= γX .
This work enriches the study of polaritonic physics with controlled absorbance and may guide the design and
application of efficient polariton-based light-emitting or lasing devices.
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I. INTRODUCTION

A photon emitter placed in an optical cavity interacts
with the cavity and experiences a change in the photonic
density of states. When the interaction rate is slower than
their average incoherent dissipation rates, the system op-
erates in the weak-coupling regime [1–4]. However, when
the coherent coupling rate dominates, half-light, half-matter
bosonic quasiparticles are formed, termed polaritons [5–9].
The system operates in the strong coupling or polaritonic
coupling regime. Whatever the regime, weak or strong cou-
pling, maximizing the absorbance is a fundamental property
of light-matter interaction and is critical to a wide range of
applications, such as photoluminescence enhancement [1,10],
nonlinear harmonic generation [11,12], lasing [13–15], and
quantum correlations [16,17]. The dissipation of all the elec-
tromagnetic energy fed into the system within the system
itself corresponds to perfect absorption which occurs when
critical coupling is achieved [18]. The underpinning physics
of critical coupling is impedance matching [19,20], or the
balance of the radiative rate (scattering) with the intrinsic loss
rate (dephasing or absorption) of the hybrid system [3,21,22],
which does not rely on the coupling strength of the cavity and
the emitter. Coherent perfect absorption can be achieved in
a single cavity owning coupled resonances [23–25] or in a
hybrid cavity-emitter system, supporting the resonant cavity
mode and emitter’s excitonic resonance [26,27].

To date, critical coupling has been realized and more doc-
umented in the weak-coupling regime with a view to tailoring
the absorbance bandwidth or magnitude [21,22,28]. How-
ever, within the strong-coupling regime, most reports focus
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on theoretical or experimental demonstration of the genera-
tion of exciton-polariton states [6,8,29–33], with only very
few reports exploring the absorbance magnitude of polariton
states [34–37]. Feeding or pumping the polariton system with
maximum electromagnetic energy is vital for the efficiency
of polariton-based devices [38]. Pioneering work in Ref. [34]
shows that critical coupling and strong coupling can be simul-
taneously achieved in one system with maximum absorbance
by manipulating the coherent rate and damping rate, termed
polaritonic critical coupling. Rather than trying to minimize
the damping rate to aim for a high-Q cavity, we explore ex-
ploiting and tuning the cavity damping rate to achieve critical
coupling in the strong-coupling regime.

A dielectric metasurface cavity and two-dimensional
monolayer of WS2 are used as the photonic and excitonic res-
onators, respectively. Generally, dielectric resonators display
an advantage over their plasmonic counterparts due to low
Ohmic losses [39,40]. More specifically, a dielectric resonant
cavity employing quasibound states in the continuum (QBICs)
is chosen as it can control the damping rate through the
structure’s asymmetry parameter [41–43]; therefore the QBIC
structure is ideal for probing the effect of the damping rate
in the light-matter interaction. The QBIC structure has dis-
played extraordinary spatiotemporal field confinement [44].
Moreover, the QBIC cavity has negligible absorbance loss,
and the multipolar modes’ radiative scattering is dominant.
Also in sharp contrast with plasmonic structures employing
mainly the electric dipole resonance, magnetic dipole and
higher-order quadrupole resonances also play a role, where
the coherent interplay of all multipolar modes offers pecu-
liar scattering patterns [45] and thus provides the possibility
for inspecting some particular modes for coupling. A WS2

monolayer is chosen as the two-level atomic emitter due to
its direct band gap, high in-plane transition dipole moments,
optical stability, and atomic thickness [28,46,47]. The paper is
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FIG. 1. (a1) Schematic of the coupled cavity-emitter system. A cavity with damping rate γQ and resonant frequency ωQ is coupled to an
emitter, with damping rate γX and resonant frequency ωX . � is the coupling constant between the emitter and cavity resonators. The hybrid
cavity-emitter system can be coupled with m ports, with the example of m = 2 shown in the schematic. S+ and S− represent the amplitudes
of the incoming and outgoing waves at each port. (a2) Schematic of the QBIC cavity-emitter system, which includes monolayer WS2 as an
exciton emitter and a metasurface QBIC gap cavity. The incident beam propagates along z and is polarized along x as Einc = E0eik0z−ωt x.
(a3) The unit cell of the QBIC gap cavity metasurface. ymin and ymax denote the position of the gap, which is symmetric while ymax = ymin;
otherwise symmetry breaking exists. r refers to the radius of the disk. The yellow shaded area indicates the reduced disk area σ1 relative to
σ0 due to symmetry breaking. σ0 and σ1 are illustrated as areas delineated by black dashed curves. The asymmetry parameter is calculated as
α = 1 − σ1/σ0. (b1) Simulated single-beam absorbance spectra of the WS2 monolayer in air and a Lorentzian fit of the spectrum, from which
the spectral width of the exciton resonance, corresponding to the damping rate, is extracted, 2h̄γX = 26.8 meV. (b2) Single-beam reflectance
R, transmittance T , and absorbance A spectra of the lossless QBIC metasurface in air, where period px = py = 550 nm, ymin = −20 nm,
ymax = 144 nm, radius r = 240 nm, and height h = 60 nm. A Fano fit of the transmittance spectrum yields a damping rate of 2h̄γQ = 26.8 meV.
(b3) The damping energy of the QBIC metasurface, γQ, vs asymmetry parameter α, compared with that of the WS2 monolayer, γX . The damping
rates are changed by tuning the asymmetry parameter of the gap cavity, while maintaining the radius of the disk, r = 240 nm; the height of the
disk, h = 60 nm; and ymin = −20 nm fixed.

organized as follows. Firstly, within the temporal coupled-
mode theory, the conditions for critical coupling, strong
coupling, and polaritonic critical coupling are explored. Sec-
ondly, a proof-of-concept demonstration that critical coupling
and polaritonic critical coupling can be separately achieved
in the hybrid QBIC cavity with monolayer WS2 system is
presented. The system is tuned between the different regimes
only by varying the damping rate of the QBIC cavity. The
contributions of the different multipolar modes within the
resonator are also revealed.

II. THEORY

In Fig. 1(a1), a hybrid cavity-emitter system is shown with
the example of two ports for incoming and outgoing electro-
magnetic waves. The system can be described by the temporal
coupled-mode theory [48]. The system is driven externally
with a coupling constant d. |Q| and |X | denote the amplitude
of the photonic mode and the excitonic mode, respectively.
The corresponding resonant frequency and damping rate are
ωQ (ωX ) and γQ (γX ), respectively, and they coherently ex-
change energy with coupling constant, �. The incoming wave
amplitudes |S+〉 = (S+

1 , S+
2 ) and the corresponding outgoing

wave amplitudes |S−
1 〉, |S−

2 〉 are then related by the following
equations:

dX

dt
= (iωX − γX )X + i�Q,

dQ

dt
= (iωQ − γQ)Q + i�X + dT|s+〉,

|S−〉 = C|S+〉 + dQ, (1)

where the incident and outgoing waves are connected as
|S−〉 = S(ω)|S+〉. d is the coupling constant arranged in vec-
tors. T denotes transposing the row vectors into column
vectors. |Q|2 and |X |2 represent the corresponding stored elec-
tromagnetic energy. The integration yields

S(ω) = C − i(ω − ωQ) + γX

(ω − ω+)(ω − ω−)
D, (2)

where C is the background scattering matrix and D =
|d〉(〈d|)∗. “*” means only complex conjugation. The expres-
sions for C and D can be gives the coupling constant between
resonance modes. The explicit expressions of C and D can be
found in Ref. [48].

By calculating Det S(ω) = 0, the upper and lower branches
of energy are

E± = h̄ω± = h̄

2
[ωX + ωQ + i(γQ + γX )]

± h̄

2

√
4�2 + [(ωX − ωQ) + i(γX − γQ)]2. (3)

The vacuum Rabi splitting, defined as the minimum
energy spacing between the two branches, is h̄�R =
Re(E+ − E−)min. When ωX = ωQ is met, it yields h̄�R =
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h̄
√

4�2 − (γQ − γX )2. To guarantee the coherent and re-
versible energy transfer, the energy anticrossing behavior can
only be resolved when the Rabi splitting is larger than the
total dissipation energy of the hybrid system, h̄�R > h̄(γQ +
γX ) [49–52]. Accordingly, the criteria of strong coupling or
polaritonic coupling are

h̄� >
h̄

2
|γQ − γX |, h̄� > h̄

√
1

2

(
γ 2

Q + γ 2
X

)
. (4)

A special case exists when ωQ = ωX and γX = γQ are simul-
taneously met. Equation (3) yields E± = h̄(ωX + iγX ± �)
or E± = h̄(ωQ + iγQ ± �), implying the cavity’s or emitter’s
resonance splitting. The derived Rabi splitting energy be-
comes h̄�R = 2h̄�. The criteria of strong coupling according
to Eq. (4) become h̄� > h̄γQ = h̄γX .

Next we consider the critical coupling for the case of a WS2

monolayer with a QBIC optical resonator. In the case with in-
put only from a single port the energy stored in the optical res-
onator has a Lorentzian profile with the form |a|2 = γ0/[(ω −
ω0)2 + γ 2

0 ], where a is the amplitude, ω0 is the resonant fre-
quency, and γ0 is the damping rate. γ0 has the contributions
of radiative damping (scattering) and nonradiative damping
(dephasing, dissipation, or absorption) rates. The bare QBIC
cavity has only the radiative scattering rate without dissipative
loss. The monolayer WS2 can be treated as only introducing
additional dissipative loss to the QBIC cavity without break-
ing the mirror symmetry of the cavity resonances due to the
ultrathin dimension of the monolayer [21]. The absorbance
of the symmetric hybrid system with light incident via one
port is A = [1 − |detS(ω)|2]/2 [34,53], which has a maximum
absorbance value of 0.5 and sets the criteria for critical cou-
pling. In this paper, the fulfillment of the conditions for strong
coupling on h̄�R and h̄� while also achieving a maximum
absorbance of 0.5 is referred to as polaritonic critical cou-
pling. The condition for maximum absorbance occurs when
the radiative damping rate of the system matches the total of
the nonradiative rates which can have a contribution due to
nonradiative cavity losses as well as the monolayer WS2 [34].

III. POLARITONIC CRITICAL COUPLING REALIZATION

Figure 1(a2) shows a schematic of the hybrid structure,
where the two-level monolayer WS2 is in contact with the
QBIC cavity. The complex dielectric permittivity of the mono-
layer WS2, as a function of the photon energy E is

ε(E ) = εB +
n∑

j=1

f j

E2
0 j − E2 − i� jE

, (5)

where εB denotes the dielectric permittivity of the back-
ground. E0 j , f j , and � j are the resonance energy, the oscillator
strength, and the damping rate of the oscillator with index
j, respectively. The fit parameters as well as the monolayer
thickness are taken from Refs. [47,54] with details listed in
Table I.

As seen in Fig. 1(b1), the damping rate of the A-exciton
resonance is determined from the calculated absorbance
spectrum, A = 1 − R − T , where a Lorentzian fit is per-
formed. R and T are obtained by Lumerical finite-difference
time-domain (FDTD) simulation, where periodic boundary

TABLE I. The fitting parameters for the permittivity of mono-
layer WS2.

εB = 8.76
j f j [(eV)2] E0 j (eV) � j (eV)

1 1.9 2.014 0.029
2 0.254 2.185 0.1
3 0.146 2.25 0.1
4 0.068 2.285 0.1
5 3.07 2.402 0.14
6 1.17 2.575 0.21
7 0.068 2.655 0.21
8 15.5 2.845 0.265
9 12.7 3.047 0.25

conditions are applied over x-y directions and a perfectly
matched layer boundary condition is applied over the z di-
rection. The extracted spectral linewidth is 2h̄γX = 26.8 meV.
Correspondingly, h̄γX = 13.4 meV results from the homo-
geneous broadening driven by the radiative and nonradiative
decay rates; the inhomogeneous broadening is negligible [55].

As seen in Fig. 1(a3), the designed cavity is a QBIC gap
cavity metasurface, where an asymmetric air gap is inserted
in the TiO2 disk resonators. The explored geometry including
the periodicity, the gap position, the disk radius, and the height
has been selected to guarantee tuning on and off the spectral
overlap of the resonance mode with the excitonic resonance
to enable energy detuning. The permittivity of TiO2 is taken
from the experimental data in Ref. [56]. More details of the
designed gap cavity as well as its QBIC nature can be seen in
Ref. [44]. As the WS2 monolayer excitonic resonance energy
EX is constant, the cavity resonance, EQ is varied by sweeping
only the height of the designed QBIC resonators to enable
energy detuning. It is necessary to note that sweeping only the
height while maintaining the asymmetry parameter fixed does
not affect the damping rate. Generally, the absorbed power
of a structure, here the cavity or the WS2 monolayer, can be
quantified by Pabs = 1

2

∫∫∫ |E|2Im(ε)dV [57], where |E| is the
amplitude of the electric field within the cavity or monolayer
WS2 and ε is the corresponding permittivity. The absorbance
is in principle the ratio of the total absorbed power within a
volume V to the incoming power through the exposed surface
area [57,58]. Since the QBIC gap cavity has an infinitesimal
imaginary part of the permittivity, the absorbance or dissi-
pation rate of the QBIC cavity is negligible. Therefore the
damping rate, γQ, of the QBIC cavity purely results from the
radiative scattering. The calculated absorbance in Fig. 1(b2)
also confirms negligible dissipation losses in the QBIC cavity.
The absorbance of the hybrid structure results only from the
dissipation losses due to the monolayer WS2, which is af-
fected by the coupling with the cavity’s resonant modes. To
explore the coupling between the QBIC cavity and monolayer
WS2, the damping rate of the QBIC cavity is extracted from
a Fano fit of the transmission spectrum; an example can be
seen in Fig. 1(b2). The Fano fit is performed by T (E ) =
T0 + A0

[q+2(E−E0 )/Ew]2

1+[2(E−E0 )/Ew]2 , where E0 is the resonant energy; Ew

is the energy linewidth, or full width at half maximum; T0 is
the transmission offset; A0 is the continuum-discrete coupling
parameter; and q is the Breit-Wigner-Fano parameter.
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FIG. 2. (a1)–(a3) Polariton dispersion for h̄γQ1 = 1.5 meV, ymax = 80 nm (a1); h̄γQ2 = 11.4 meV, ymax = 100 nm (a2); and h̄γQ3 =
13.4 meV, ymax = 144 nm (a3). The absorbance spectra are shown as a function of the height of the disk. The height of the disk (as labeled)
is swept to achieve varied QBIC resonances energies, EQ, and corresponding energy detuning, 	 = EQ − EX . The radius of the disk, r = 240
nm, and the gap bottom position, ymin = −20 nm, are kept constant. The simulated absorbance spectra shown on each dispersion map at the
top, middle, and bottom correspond to the cases EQ < EX , EQ = EX , and EQ > EX , respectively. The black dashed lines denote the absorbance
scale of 0.5. (b1)–(b3) Peak position as a function of energy detuning for h̄γQ1 = 1.5 meV (b1), h̄γQ2 = 5.7 meV (b2), and h̄γQ3 = 13.4 meV
(b3). The red dashed line represents the exciton energy EX , the dashed blue curve represents the tuned QBIC cavity resonance EQ, and the two
solid curves (CMTLP and CMTUP) are the fitted polariton dispersion of the lower polariton (LP) and upper polariton (UP) branches by using
coupled-mode theory (CMT) or Eq. (3). The normal mode splitting, shown by the black solid line, is h̄�R = 64.1 meV, h̄�R = 63.8 meV, and
h̄�R = 58.9 meV, respectively.

The calculated absorbance for three damping rates of the
QBIC cavity is shown in Figs. 2(a1)–2(a3). The damping
rate is determined by the asymmetry parameter, which for the
structure in air is shown in Fig. 1(b3). Tuning of the cavity res-
onance with respect to the exciton energy can be achieved by
varying the disk height. As mentioned earlier, varying h does
not affect the damping rate. Figures 2(a1)–2(a3) show color
maps of the absorbance as a function of energy with varying
disk height. Three spectra are shown in each case correspond-
ing to the cases EQ < EX , EQ = EX , and EQ > EX . Due to its
high refractive index, the monolayer WS2 causes an energy
redshifting of the QBIC mode [59]. To take account of this
effect, the energy of the QBIC mode is simulated by replacing
the monolayer WS2 with an ultrathin nanosheet, which has
the same thickness as monolayer WS2 but with an average
refractive index n = 4.5 estimated as in Refs. [32,47], which
also agrees with the experimental determination in Ref. [60].
The energy of the QBIC mode of the metasurface hybridized
with the layer with n = 4.5 (EQ) as well as excitonic energy
(EX ) can be seen in Figs. 2(b1)–2(b3). The anticrossing be-
havior is seen in Fig. 2(b1) for h̄γQ1 = 1.5 meV, in Fig. 2(b2)
for h̄γQ2 = 5.7 meV, and in Fig. 2(b3) for h̄γQ3 = 13.4 meV,
which is a signature of polaritonic state generation. The upper
polariton (UP) and lower polariton (LP) energy branches are
well reproduced by Eq. (3). The Rabi splitting energy, corre-
sponding to the minimum value of energy separation between
the two branches, indicated by the black solid line, is h̄�R =
64.1 meV [Fig. 2(b1)], h̄�R = 63.8 meV [Fig. 2(b2)], and
h̄�R = 58 meV [Fig. 2(b3)]. Comparing the values of h̄�R,
h̄γQ, and h̄γX , it yields h̄�R > h̄(γQ + γX ). Furthermore, the
extracted coupling constant according to Eq. (3) is h̄�1 =

32.5 meV [Fig. 2(b1)], h̄�2 = 32.1 meV [Fig. 2(b2)], and
h̄�3 = 29.5 meV [Fig. 2(b3)], which all clearly meet the cri-

teria [Eq. (4)] h̄� > h̄|γQ − γX |/2 and h̄� > h̄
√

1
2 (γ 2

Q + γ 2
X ).

Therefore polaritonic coupling has been achieved in the hy-
brid system.

Note that the excitonic absorbance peak EX = 2.012 eV
or 616 nm remains visible in the spectra in Figs. 2(a1)–2(a3)
due to the presence of nonhybridized excitons remaining in
the system [21,61]. For a closer inspection of the absorbance
value, the absorbance spectra of the bare and the hybrid struc-
ture composed of monolayer WS2 with the QBIC cavities for
the three damping rates of the QBIC cavity can be seen in
Fig. 3(a). It is clear that nonhybridized excitons are always
present and only some of the exciton population forms po-
laritons, in particular, for the damping rates of γQ1 and γQ2.
Furthermore, for the case γQ3 = γX , the absorbance value in-
creases dramatically compared with the bare WS2 monolayer,
which implies that the population of the excitonic states or the
absorbance at EX is enhanced due to the resonance of the cav-
ity. Particularly, as can be seen in Fig. 2(a3), the absorbance
value at the two polariton energies reaches 0.5, which is the
maximum possible value that can be obtained for a single
input beam, occurring when the condition for strong critical
coupling or polaritonic critical coupling is satisfied, namely,
when the radiation rate matches the dissipative nonradiative
rate in the coupled system. This observation indicates that
it should be possible to achieve coherent perfect absorption
using two input ports [34]. It is interesting to further inspect
the effect of the QBIC cavity’s linewidth on the polaritonic
coupling, with results shown in Fig. 3(b). It is clear that with
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FIG. 3. (a) The calculated absorbance spectra of a bare WS2

monolayer and the hybrid monolayer WS2–QBIC cavities for h̄γQ1 =
1.5 meV, h̄γQ2 = 5.7 meV, and h̄γQ3 = 13.4 meV, at resonance where
EX = EQ. The gray dashed line denotes the excitonic peak, EX .
(b) Stacked calculated absorbance spectra of the hybrid monolayer
WS2–QBIC cavities with the value of ymax and 2h̄γQ shown in the
inset. The gray dashed line indicates increasing ymax.

increasing damping rates by tuning ymax, as indicated by the
gray dashed line, the signature of the polaritonic coupling
appears and gradually displays a pronounced Rabi splitting.
This shows that a minimum required energy linewidth of the
cavity for polaritonic coupling with the excitons is at around
ymax = 40 nm and 2h̄γX = 0.118 meV.

IV. MULTIPOLAR DECOMPOSITION OF QBIC MODES

To get deeper physical insight into the multipolar modes
driving the absorbance enhancement and polaritonic critical
coupling, multipolar decomposition is performed following
Ref. [45], where the calculated electric field is integrated over
an area of one unit cell of the array and over the height of the
QBIC cavity in the z direction. The amplitude of decomposed
multipolar modes contributing to the reflectance or transmit-
tance coefficient of the array is shown in Figs. 4(a1), 4(a2),
and 4(a3) for h̄γQ1 = 1.5 meV, h̄γQ2 = 5.7 meV, and h̄γQ3 =
13.4 meV, respectively. The excitonic absorbance spectrum
of monolayer WS2 is also shown to illustrate the spectral
width or relative damping rates of the monolayer WS2 and

QBIC modes. It is clear that the total electric dipole, which
includes the contributions of the electric dipole P and the
toroidal dipole Te, together with the contribution from the
magnetic quadrupole M, dominates the radiative damping rate
of the cavity. The magnetic dipole m, magnetic toroidal dipole
Tm, and electric quadrupole Q are negligible. Moreover, the
gradual broadening of the dominant multipolar modes ex-
plains the increasing damping rate of QBIC modes [41].
The electric field distribution at the inspected wavelength,
which corresponds to the excitonic absorbance peak at EX =
2.012 eV or 616 nm, as well as the field vectors can be seen
in Figs. 4(b1)–4(b3). With increasing gap width, or ymax, the
electric field amplitude decreases, and the trend agrees with
the reducing Rabi splitting energy with increasing radiative
damping rate. Since the dominant electric dipole P, electric
toroidal dipole Te, and magnetic quadrupole M have an even
parity in the forward and backward scattering plane [45,62],
the proposed QBIC gap resonator has a geometric mirror
symmetry as well as radial scattering symmetry along the z di-
rection. The damping rate of the QBIC mode is purely driven
by the in-plane geometric symmetry breaking along the y
direction.

V. SUMMARY

Inspired by a fundamental question within the framework
of light-matter coupling regarding maximizing the absorbance
of electromagnetic energy for a polaritonic system, a metasur-
face QBIC cavity is proposed for polaritonic critical coupling,
where critical coupling and strong coupling are simultane-
ously realized. By considering a system composed of a TiO2

QBIC metasurface optical cavity resonator coupled with the
excitons of monolayer WS2 under single-beam excitation, we
have explored the conditions for achieving polaritonic criti-
cal coupling. The QBIC cavity enables the manipulation of
the damping rates, where the radiative scattering dominates.
Through manipulating the relative damping rate of the QBIC
cavity and WS2 monolayer, it is demonstrated that strong
coupling and polaritonic critical coupling with absorbance
enhancement can be realized for different radiative damp-
ing rates. The maximum possible absorbance of 0.5 in the
strong-coupling regime is observed when the conditions for
polaritonic critical coupling are met. The underlying driving
multipolar modes are also explored, revealing that the total
electric dipole and magnetic quadrupole dominate the cav-
ity’s radially symmetric damping rate. Our study of a WS2

monolayer interacting with a QBIC resonator with a view to
polariton physics may deepen understanding of absorbance
manipulation in the strong-coupling regime, spur studies of
coherent perfect absorption in a polariton system, and further
guide the realization of efficient polaritonic devices.
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FIG. 4. The amplitude of the decomposed multipolar contributions contributing to the QBIC modes for (a1) h̄γQ1 = 1.5 meV, (a2) h̄γQ2 =
5.7 meV, and (a3) h̄γQ3 = 13.4 meV, including the electric dipole P, electric toroidal dipole Te, magnetic dipole m, magnetic toroidal dipole
Tm, electric quadrupole Q, and magnetic quadrupole M. The absorbance spectra (arbitrary units) of monolayer WS2 are also shown as a
black dashed curve, which illustrates the relative spectral linewidth of the exciton and QBIC cavity’s contributing modes. (b1)–(b3) The
corresponding relative amplitude of the electric field |E/E0| in the x-y plane through the middle of the QBIC cavities. The arrows denote the
electric field vectors. The inspected wavelength is at the excitonic peak, EX = 2.012 eV or 616 nm. The black dashed lines indicate the position
of the air gap; ymin is kept as −20 nm; and ymax = 80 nm for h̄γQ1, ymax = 100 nm for h̄γQ2, and ymax = 144 nm for h̄γQ3.
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