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Manipulating strong coupling between exciton and quasibound states in the continuum resonance
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Strong coupling exhibits the unique ability to preserve quantum sates between light and matter, which is
essential for the development of quantum information technology. To explore the physical mechanism behind this
phenomenon, we employ the tight-binding method for expanding the temporal coupled-mode theory, with the
absorption spectrum formula of coupled system directly obtained in an analytical way. It reveals all the physical
meaning of parameters defined in our theory and shows how to tailor line shapes of the coupled systems. Here we
set an example to manipulate the strong coupling in a hybrid structure composed of excitons in monolayer WS2

and quasibound states in the continuum supported by the TiO2 nanodisk metasurfaces. The simulated results
show that a clear spectral splitting appeared in the absorption curve, which can be controlled by adjusting the
asymmetric parameter of the nanodisk metasurfaces and well fitted through our theoretical predictions. Our work
not only gives a more comprehensive understanding of such coupled systems but also offers a promising strategy
in controlling strong light–matter coupling to meet diversified application requests.
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I. INTRODUCTION

Enhancing light–matter interaction could offer a large
variety of applications in many areas, such as quantum elec-
trodynamics, nonlinear optics, photonics, and so on [1,2].
Strong coupling occurs when the coherent exchange rate be-
tween the two subsystems with the coincident frequencies
exceeds their individual decay rate and results in the formation
of a new hybrid light–matter state [3–7]. A key aspect of
achieving this lies in enhancing the coupling strength g, which
can be determined as g = μ · E ∝ 1

V in the dipole approxima-
tion [8]. Here μ and E are the transition dipole moment and
the local electric-field intensity, respectively. In order to fulfill
this requirement, monolayer transition-metal dichalcogenides
(TMDCs) emerge as a kind of promising materials due to
their large transition dipole moment and other extraordinary
electronic and optical properties, such as high binding energy
owing to the quantum confinement of the atomic and the direct
band gaps [9,10]. One of the feasible ways to enhance the
strong coupling is to integrate the monolayer TMDC to the
confined electromagnetic field. In this case, optical nanocav-
ities exhibit excellent light trapping and have been proven to
be an efficient way to realize strong field enhancement. The
conventional plasmonic nanostructures confine light within
subwavelength mode volume but suffer heavy ohmic loss in
the visible region, which limits their practical applications
[11,12]. In contrast, dielectric nanostructures do have low
intrinsic loss and allow the existence of the multiple interfer-
ence in resonant high-index dielectric nanostructures, offering
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novel opportunities for the controlling of the light–matter
interaction [13–15]. In particular, a recently emerged concept
of bound states in the continuum (BIC) enables a promising
way to achieve strong light–matter interaction, which benefits
from their better confinement of energy and robust existence
[16–18].

In recent years, many researchers have investigated strong
coupling between the TMDC and the plasmonic/dielectric
nanostructures [19–34] and developed a general approach to
employ the coupled harmonic oscillator model for such hybrid
systems. Although this method can be exploited to deal with
the interaction between the eigenmodes of the coupled system,
the subject is limited to the closed cavity-exciton system,
while the influence of external excitation is ignored. How-
ever, the coupled systems are open in nature, where different
resonant modes couple not only with each other via near
field (NF) but also with the external free space [35]; there-
fore, the existing theory cannot describe the optical response
of the actual coupled system, i.e., transmission/absorption
spectrum. As an early attempt, the existing temporal coupled-
mode theory (TCMT) can deal with the coupling between
propagation modes and background modes. Unfortunately,
it cannot resolve the problem that bound states coupled to
various ports, such as exciton modes in strongly coupled
systems. Therefore, an analytical theory that can consider
the NF and external free space in the same foot is in ur-
gent need. On this issue, the tight-binding method that can
divide the wave function into propagating state and bound
state becomes an ideal platform to solve such bound states.
Therefore, utilizing the tight-binding method for generalizing
TCMT is expected to be helpful to deal with the interac-
tion among each resonant modes and with the free space as
well.
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In the present work, we derive a formal theoretical work
based on the photonic tight-binding method and TCMT to
better handle the interaction between the coupled system
and the external free space. As a proof of demonstration,
we investigate a hybrid structure composed of monolayer
WS2 placed on top of TiO2 nanodisk metasurfaces supporting
magnetic dipole quasi-BIC resonance. In order to the fulfill
strong coupling condition, we keep the frequencies of the two
coupled modes consistent by adjusting the height and asym-
metric of the nanodisk metasurfaces, and the couple strength
g = 17.91 meV can be achieved through benchmark calcula-
tions. The typical anticrossing behavior of the Rabi splitting
29.33 meV in the absorption spectrum can be observed, which
agrees well with our proposed theory. Moreover, we applied
the approach to tailor the absorption spectrum in the various
regimes from weak coupling to strong coupling. Our work
provides a broad and deep insight into the properties of the
coupled systems, which is much closer to the actual situation,
and holds a great potential for controlling strong coupling
interaction.

II. GENERALIZED TCMT

We develop the theory on the basis of the tight-binding
method [36,37] to provide insight into the propagating state
and bound state of a coupled system that consisted of exciton
in monolayer TMDC and arbitrary resonator under certain
external illumination. The Hamiltonian of such open system
can be written as

Ĥ = Ĥb + V̂n + V̂e, (1)

where Ĥb is the Hamiltonian of the background; V̂n and V̂e

represent the potential contributed by the resonator and exci-
ton, respectively. Then, we need to solve the following eigen
equation of the whole system

Ĥ |�〉 = ω|�〉; (2)

here, |�〉 = |�in〉 + |�rs〉 is the total wave function with �in

and �rs describing the incident port and resonance mode,
respectively. For this open system with two resonance modes,
�in and �rs can be further written as

|�rs〉 = an|�n〉 + ae|�e〉, (3)

|�in〉 =
∑

q

s+
q |�q〉, (4)

where an and ae are the strength of the electric field excited by
the resonator and exciton, respectively, under external illumi-
nation described by s+

q denoting the excitation amplitudes at
different incoming ports. Due to unavoidable radiation in open
systems, we should not only consider NF but also include the
far-field (FF) propagating to the external continuum; |�n〉 and
|�e〉 can be expressed as

|�n〉 = ∣∣�NF
n

〉 + ∣∣�FF
n

〉
, (5)

|�e〉 = ∣∣�NF
e

〉 + ∣∣�FF
e

〉
, (6)

with |�NF
n 〉 and |�FF

n 〉 representing the NF part and FF of
the resonator wave function, respectively; |�NF

e 〉 and |�FF
e 〉

describe the NF part and FF of the exciton wave function,
respectively. It is noted that the exciton mode in high refractive
dielectric is a kind of bound state; hence the FF of its wave
function can be defined as |�FF

e 〉 = 0.
In order to apply the tight-binding method to manipulate

strong coupling, we need to construct a coupling matrix D
between the resonant modes and the ports. In the proposed
hybrid system, only the resonator exhibits loss rate γ , and
one incident port means q = 1 in Eq. (4), so the coupling
matrix can be expressed by the form D = (

√
γ 0√
γ 0). The cou-

pling among eigenmodes and the loss of the system can be
expressed as

� = �1 + �2 =
(

ωn 0
0 ωe

)
+

(
0 g
g 0

)
, (7)

� = �rad + �abs = D†D

2
+ �abs

=
(

γ 0
0 0

)
+

(
0 0
0 δ

)
, (8)

where � is a 2 × 2 matrix determined by the interaction of
the eigenmodes; ωn and ωe represent the resonance frequency
of the resonator and exciton, respectively; δ is the absorption
loss of exciton and g gives the coupling strength between
resonance mode and exciton. � describes the loss of the hybrid
system related by the radiation and absorption loss rates.

Based on the above derivations, we can generalize the
TCMT [38] to describe the light–matter interaction in the
coupled system,

d

dt

(
an

ae

)
= i

(
ωn + iγ g

g ωe + iδ

)(
an

ae

)

+
(√

γ
√

γ

0 0

)(
s+

1
0

)
, (9)

|s−〉 = C|s+〉 + D|a〉. (10)

Here |s+〉 and |s−〉 are the amplitude of plane wave in the
input and output, respectively; |a〉 is the resonance amplitude
of the mode with a general time dependence of ∝ eiωt ; the
dynamic equations for resonance amplitudes can be written in
the following form:

i|a〉 = [(Îω − �) − i�]−1DT |s+〉, (11)

〈a|i = −〈s+|(DT )†[(Îω − �) + i�]−1. (12)

According to the energy conservation, we have the relation for
resonance amplitude and time,

d|a|2
dt

= d〈a | a〉
dt

= +(〈a|∂†
t )|a〉 + 〈a|∂t |a〉

= 2〈a|�|a〉, (13)

and the absorption of the coupled systems at the frequency can
be finally obtained,
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A = 〈s+|(DT )†[(Îω − �) + i�]−1�abs[(Îω − �) − i�]DT |s+〉
〈s+|s+〉

= 2δγ g2

[(ω − ωn)(ω − ωe ) − δγ − g2]2 + [δ(ω − ωn) + γ (ω − ωe )]2
. (14)

In such a formula, the absorption spectrum can be directly
predicted and will exhibit an asymmetric Fano line shape with
two peaks and one dip when satisfying the condition g2 >
γ 2+δ2

2 > δγ . Following this, strong coupling can be realized
by the control of the radiation loss and absorption loss.

III. STRUCTURE DESIGN AND NUMERICAL MODEL

In order to identify the reliability of the generalized TCMT,
we consider an absorption system composed of a monolayer
WS2 laid flat on the array of TiO2 nanodisk with the SiO2

substrate, as the sketches show in Fig. 1(a). Each unit cell is
characterized by a square lattice with a period of P = 410 nm,
thickness H = 85 nm, radius R = 140 nm, and a nanohole
with a variable radius introduced at a fixed distance d = 70
nm away from the center of the nanodisk. The perturbation
with an asymmetric parameter α = πr2

πR2 is thus introduced
into an in-plane inverse symmetric of the structure, which
can build a radiation channel and transform the symmetric-
protected BIC into the quasi-BIC [18,39,40].

For the material modeling, TiO2 can be a good candidate
because of its high refractive index nTiO2 = 2.6 and negligible
extinction coefficient in the range of the visible wavelengths,
which can constitute optically induced electric and magnetic
Mie resonators and strongly confine electromagnetic energy
within the structured metasurfaces [41–43]. The index of SiO2

is utilized as the substrate and assumed with a real constant
refractive index nSiO2 = 1.45. For WS2, a Lorentz oscillator
model with a thickness of 0.618 nm is adopted from the
experimental parameters by Li et al. [44,45],

ε(ω) = ε∞ + f ω2
ex

ω2
ex − ω2 − i�2

exω
, (15)

where ε∞ = 16 is the background dielectric constant, f =
0.457 represents the reduced oscillator strength, and h̄ω0 =

FIG. 1. (a) Schematic of the proposed coupled system composed
of a monolayer WS2 deposited on the nanodisk metasurfaces. (b) The
dielectric constant of the monolayer WS2, blue line, and red line
represent real and imaginary parts, respectively.

2.013 eV and h̄�ex = 22 meV are the exciton resonance ener-
gies and the exciton full linewidth, respectively. As depicted
in Fig. 1(b), the most interesting finding is that the imaginary
part appears as a sharp peak (red line) around the transition
energy of the exciton 2.01 eV. Therefore, WS2 is a favorable
option to realize the strong light–matter coupling.

The full-wave numerical simulations are performed with
the finite element method via commercially available software
COMSOL Multiphysics. In the following simulation calcula-
tions, the y-polarized plane wave is normally incident along
the z direction, where the periodic boundary conditions are
adopted in both the x and the y directions, and the perfectly
matched layers are employed in the z direction.

IV. RESULTS AND DISCUSSIONS

In theory, symmetry-protected BIC with an infinite Q fac-
tor cannot be excited by a normally incident plane wave with
any linear polarization [46,47] {see Figs. S1(a) and S1(b) in
the Supplemental Material [48]}while for practical use, one
can transform the BIC to a quasi-BIC by breaking the in-plane
inversion symmetry of the system where both the lifetime and
the linewidth become finite {see Figs. S2(a) and S2(b) in the
Supplemental Material [48]}. Based on this, we introduce an
off-centered hole in the nanodisk to open a radiation channel
for obtaining an energy exchange with the external modes.

To engineer the radiation loss in the proposed nanodisk
metasurfaces, we first analyze the resonant mode governed
by the BIC mode without the presence of WS2. Figure 2(a)
presents the simulated transmission spectrum (blue line) at a
radius of the off-centered hole r = 50 nm. We can find that

FIG. 2. (a) The simulated and theoretical transmission spectra
of nanodisk metasurfaces and the inset shows the corresponding
electric-field distribution of |Exy| at the resonance, overlaid with
arrows indicating the direction of the displacement current. (b) The
scattered power of the multipole moments under the Cartesian cordi-
nates, including the electric dipole (ED), the magnetic dipole (MD),
the toroidal dipole (TD), the electric quadrupole (EQ), and the mag-
netic quadrupole (MQ).
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FIG. 3. (a) The simulated and theoretical absorption spectra of
the coupled system with asymmetric α = 0.127 and H = 85 nm.
(b) The absorption spectra of the new hybrid state with different
heights H and the asymmetric parameter α = 0.127. The red line
and white line depict the individual exciton and quasi-BIC mode;
blue dashed lines are the UB and lower LB, respectively.

it shows an asymmetric line-shape Fano resonance with a dip
around 616 nm, and the simulation result is well fitted (red
line) by the Fano formula [18,38,49,50],

T (ω) =
∣∣∣∣a1 + ja2 + b

ω − ω0 + jγ

∣∣∣∣
2

, (16)

where a1, a2, and b are the constant real numbers; ω0 is the
resonant frequency; and γ is the radiation loss of the quasi-
BIC, which suggests that the quasi-BIC obtains an energy
exchange with the continuum free-space radiation modes. The
NF distribution is plotted in the inset of Fig. 2(a), where
the bare metasurfaces hold stronger excitation of the electric
field at the center of the off-centered hole, and the distinct
circular displacement current in the x-y plane of the nanodisk
suggests that the energy is strongly localized by the mag-
netic dipole moment oscillation along the z direction [51].
In order to further identify the magnetic dipole quasi-BIC
resonance, the electromagnetic multipoles are decomposed
under the Cartesian coordinates in Fig. 2(b), and it is
obvious that radiation contribution of the magnetic dipole ul-
timately dominates [52–54] (more details can be found in the
Supplemental Material [48]).

Next, we turn to the case where a monolayer WS2 with
a dissipate loss rate δ is spread on the nanodisk metasurfaces.
As shown in Fig. 3(a), a clear spectral splitting with two peaks
(P1 and P2) and one dip (D) is observed in the visible range
from 600 to 630 nm. The simulated absorption curve can be
well fitted (red line) by Eq. (14) via the generalized TCMT.
The coupling strength and Rabi splitting are found as 17.91
and 29.33 meV, respectively. The absorption loss δ = 11 meV
was obtained from data by Li et al. [44], and the radiation rate
γ = 7.44 meV can be extracted from Fig. 2(a). Significantly,

g >
|δ−γ |

2 and g >

√
δ2+γ 2

2 , which indicate that the strong cou-
pling between the magnetic dipole quasi-BIC resonance and
exciton is realized. It is noted that these results dramatically
differ from individual exciton or quasi-BIC mode, since the
original energy levels are hybridized and formed two new
energy levels once the strong light–matter coupling condition
is satisfied.

FIG. 4. (a) The simulated transmission spectra with different
asymmetric parameters α. (b) The evolution of the absorption line
shape with the asymmetric parameter under the energy detuning
ωn − ωe = 0.

Figure 3(b) presents the simulated optical behavior of the
coupled system with different heights of the nanodisk. A
typical anticrossing behavior can be captured in the two-
dimensional (2D) color diagram, which further confirms that
strong coupling between the magnetic dipole quasi-BIC and
the exciton is reached, and significant upper branch (UB)
and lower branch (LB) states in the hybrid system are finally
formed. At zero detuning ωn − ωe = 0, where the ωn and
the ωe are resonance frequency of the quasi-BIC resonator
and exciton, respectively, the Rabi splitting 29.33 meV can
be extracted by the numerical simulation results shown in
Fig. 3(b), which is matched well with the theoretical values
predicted by our theoretical frame work.

In our work, the WS2 is laid on the TiO2 nanodisk
metasurfaces. Hence the light–matter coupling strength g is
proportional to the electric field at the surface of the metasur-
faces. However, the higher factor Q usually is accompanied
by the lower radiation energy. As shown in Figs. 4(a) and
4(b), the simulated transmission and absorption curves for
different asymmetric parameter α resonant wavelength all
around 616 nm by tuning the thickness. When the asymmetric
parameter α = 0.005, Q = 4.6 × 104, the spectral linewidth
is very narrow (only 0.96 meV), which is far less than
the exciton linewidth, preventing the strong coupling phe-
nomenon (the Rabi splitting is invisible). In contrast, for
α = 0.127, Q = 133, the quasi-BIC possesses a 14.88 meV
linewidth, approaching exciton linewidth (22 meV), result-
ing a remarkable spectral splitting. Finally, for α = 0.215,
Q = 52.2, the linewidth of quasi-BIC is about 38.56 meV,
which is more than the exciton linewidth and the eletric
field enhancement is very small at the interface, as a re-
sult of the absorption curve becomes a Lorentz-line shape.
The reason for this unsuspected behavior is the simulta-
neous affection by the spectral linewidth and electric field
enhancement. Despite that the local electric field is stronger
for smaller α, the spectral linewidth of the quasi-BIC reso-
nance mode is narrower when it is far less than the exciton
linewidth of 22 meV; the number of photons that can partic-
ipate in the coupling effect is much smaller which degrades
the Rabi splitting. Hence Rabi splitting significantly increases
with the number of photons that can participate in the cou-
pling, and the balance between the linewidth and the local
electric-field enhancement of quasi-BIC mode needs to be
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carefully considered when designing the strong coupling
system.

To further explore the physical mechanism behind the
above phenomenon, we deduce Eq. (14) under the detuning
condition ωn − ωe = 0 and the absorption of the hybrid sys-
tem can be further expressed as

A = 2δγ g2

[δγ + g2]2
. (17)

It can be seen from the formula that there are only two
factors that affect the absorption spectrum, the radiation loss
and coupling strength, since the absorption loss of exciton is
constant in the design. It is known that the coupling strength
g is proportional to the electric-field intensity of the interface
between the 2D materials and the metasurfaces [30]. As men-
tioned earlier, the magnetic dipole moment oscillation along
the z direction, and the material is tiled on the surface of
the metasurfaces in our proposed model, so the electric-field
strength of the contact surface should be related to the local
field strength and radiation loss of the quasi-BIC resonance. It
suggests that the strong coupling system can be manipulated
by simply controlling the radiation loss. For example, when
radiation loss is very small, Rabi splitting gradually disap-
pears and the coupled system enters the weak coupling region,
in which the Purcell effect can be enhanced for the study of
emitters [8]. As the radiation loss increases to supply enough
photons, the spectrum splits into two peaks and achieves
strong coupling, which can be used for quantum electrody-
namics, nonlinear enhancement, and so on [55,56]. However,
when the radiation loss satisfies the critical condition g2 = δγ ,
the split spectrum evolves into Lorentz lines which can be
used to enhance the absorption of 2D materials [40,49,57,58].

V. CONCLUSIONS

In conclusion, we have generalized the TCMT to study
the strong light–matter coupling in which all involved pa-
rameters can be directly computed by our fitting procedures.
In an exemplary system composed of the monolayer WS2

on the TiO2 nanodisk metasurfaces, the strong coupling be-
tween the magnetic dipole quasi-BIC resonance and exciton
is realized with the coupling strength up to 29.33 meV. Fur-
thermore, it is important to balance the linewidth of the
quasi-BIC mode and local electric-field enhancement since
both affect the strong coupling. Beyond this example, our
proposed analytical model has clear physical meaning, high
fitting accuracy, and can be widely applied to various cou-
pled systems composed of different resonant nanostructures
and exciton in TMDCs throughout the spectrum, which has
potential in developing future compact quantum information
devices.
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