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We investigate the strong coupling between excitons and quasibound states in the continuum (BICs) resonance
in a bulk WS, metasurface. Here, we employ bulk WS, to construct an ultrathin nanodisk metasurface, support-
ing the symmetry-protected magnetic dipole quasi-BIC resonance, which can self-hybridize with the excitons
and lead to a strong light-matter interaction enhancement within the structure without the necessity for an
external cavity. This strong coupling can be characterized by the considerable Rabi splitting of 159 meV and the
clearly anticrossing behavior appearing in the absorption spectrum. Furthermore, we analyze such light-matter
coupling by constructing a Hamiltonian model including the surplus excitons and tune the interaction from
weak- to strong-coupling regimes via the tunability radiation loss of the quasi-BIC resonance. Our results have
great potential for manipulating the exciton-polaritons at room temperature and provide a promising prospect for
photonic devices that exploit strong coupling in applications.
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I. INTRODUCTION

Strong coupling, allowing energy to exist between light
and matter in a coherent and reversible manner, has emerged
as a growing range of applications such as Bose-Einstein
condensation, superfluidity, spin switch, and lasing [1-5].
It has been demonstrated that strong coupling can be eas-
ily achieved at room temperature by integrating excitons in
monolayer transition metal dichalcogenides (TMDCs) into
plasmonic/dielectric cavities [6—13]. However, plasmonic
materials suffer from low damage thresholds, making them
bottlenecked in further practical applications [14—16]. High-
refractive dielectric resonators support the Mie resonance
without ohmic loss but confine the electric field to the inter-
nal part of the structure, resulting in a small Rabi splitting
[17-19]. Quasibound states in the continuum (BICs) possess
the characteristics of high Q and the ability to exchange
energy with other modes, which enables BICs suitable for var-
ious applications in enhancing the interaction between light
and matter [20-23], which show a prospect for overcoming
this barrier. Nevertheless, the spatial overlap between excitons
and quasi-BICs remains not enough to realize a large Rabi
spitting [24-31].

Bulk TMDC:s are featured by the strong exciton absorption
peak and high refractive index, making the spatial overlap
between excitons and the optical resonance mode in the same
structure possible, which provide promising candidates for
boosting strong coupling [32,33]. According to the litera-
ture, very large values of Rabi splitting have been observed
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in some bulk TMDC cavities, including Fabry-Perot micro-
cavities, anapole states in a nanodisk, and quasi-BICs in a
one-dimensional grating [32,34,35]. However, there are few
reports on the strong exciton—-BIC coupling in a bulk TMDC
metasurface, and particularly the surplus excitons in the cou-
pling region and their line-width influence on the light-matter
absorption spectrum need to be explored.

In this paper, we study the strong exciton—BIC interaction
in a bulk TMDC measurface. We design a self-hybridized
exciton-polariton nanodisk metasurface by employing bulk
WS,, in which the spatial overlap between the symmetry-
protected magnetic dipole (MD) quasi-BIC resonance and
the exciton mode can be realized, resulting in a large Rabi
splitting of 159 meV. This strong coupling could be further
demonstrated by the anticrossing behavior in the absorption
spectrum. Furthermore, we construct a Hamiltonian model
involving the surplus excitons to interpret the coupling condi-
tion, which makes it possible to tune the absorption spectrum
by adjusting the asymmetry parameter.

II. GEOMETRIC STRUCTURE AND NUMERICAL MODEL

The proposed model is schematically shown in Fig. 1(a). A
nanodisk metasurface made out of bulk WS; is deposited onto
a SiO, substrate, illuminated by a normally incident plane
wave. The periodicity of each unit cell is P = 370 nm. Every
disk has a radius R = 110 nm and a height H = 35 nm. A hole

with variable radius r at a fixed distance D = R/2 away from
the center of the disk and the asymmetry parameter o = 7’:—1’:2
is characterized by the ratio of the hole area to the nanodisk
area. This in-plane perturbation of the structure will open a
radiation channel, enabling an energy change with the external

mode by transforming the ideal BIC into a quasi-BIC.
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FIG. 1. (a) Sketch of the system: Nanodisk metasurfaces of bulk
WS, are illuminated by a normally incident plane wave. (b) The
dielectric functions of bulk WS,; blue and red lines represent real
and imaginary parts, respectively.

The full-wave electromagnetic response simulation is car-
ried out using the COMSOL MULTIPHYSICS based on the finite
element method. In the simulation domain, the y-polarized
plane wave is normally incident, and the perfectly matched
layers are utilized to absorb the outgoing radiated wave in the
z direction, with periodic boundary conditions in the x and y
directions due to the periodicity of nanodisk metasurfaces. For
the material modeling, we choose bulk WS, as the constituent
due to its high permittivity, as depicted in Fig. 1(b). The
artificial permittivity approxmation of bulk WS, in Fig. 1(b)
can be described by [32,34,36]

foEg
Eezx - E2 -

ey

Can = 0¥ ToE’
where ¢, = 20 represents the background permittivity, fy =
0.2 is the oscillator strength, Ex = 2 eV and ['¢x = 50 meV
are transition energy and full linewidth of the exciton, respec-
tively. For background index-only material, fj is set to be O.
For an exciton-only material, ¢, is set to be 1, while the other
parameters remain unchanged.

III. RESULTS AND DISCUSSION

To confirm the existence of the BIC in our proposed bulk
WS, nanodisk metasurface, we setting the oscillator strength
fo = 0 and then perform an eigenmode analysis without the
substrate. In Fig. 2(a), a band diagram along X -I"-X’ for trans-
verse electric (TE)-like mode ~665 nm in the first Brillouin
zone is shown. In the following analysis of the eigenmode
at the I" point in Fig. 2(b), we can see that the Q factor is
>10'0. According to the symmetry of the modes referring to
the C;, group, when the normally incident plane wave is TE
polarized, electric fields show an odd symmetry with respect
to the z axis. Therefore, H; is an even mode decoupling from
the radiation mode because the plane wave is an odd mode
under a normal incident around the z axis, which is called
the symmetric-protected BIC. Furthermore, we show the sim-
ulated transmission spectra of the nanodisk metasurface as a
function of the asymmetry parameters in the following two
case. For the freestanding nanodisk metasurface, Fig. 2(c)
exhibits an ideal BIC with vanished linewidth ~665 nm. For
the realistic case where the substrate is considered in Fig. 2(d),
we find the ideal BIC appearing at 680 nm slightly redshifted
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FIG. 2. (a) Band diagrams of the bulk WS, nanodisk meta-
surfaces without substrate. Here, P = 370 nm, R = 110 nm, and
H = 35 nm. The symmetry-protected bound state in the continuum
(BIC) is marked with a red circle. (b) The corresponding Q fac-
tors for the transverse electric (TE)-like ~665 nm, and the inset
shows the corresponding magnetic distribution of H, at the point
~665 nm overlaid with the in-plane electric field direction vector
E,y.(c)The transmission spectra of bulk WS, nanodisk metasurfaces
as a function of the asymmetric parameter without substrate, where
an ideal BIC is marked by a red circle. (d) The transmission spectra
of bulk WS, nanodisk metasurfaces as a function of the asymmetric
parameter with SiO, substrate, where an ideal BIC is marked by a
red circle and the D point around the exciton position of 620 nm. (e)
The simulated and theoretical transmission spectra of the D point. (f)
The scattered power of the multipole moments under the Cartesian
coordinates.

compared with the freestanding case. To further show that the
substrate only shifts the resonance of the quasi-BIC but not
its modal properties, we perform a transmission spectrum of
o = 0.17 [the D point of Fig. 2(d)], as displayed in Fig. 2(e).
The sharp resonance can be well fitted by the Fano formula,
which shows that the ideal BIC is transformed into a quasi-
BIC by breaking the in-plane symmetry of the unit cell with
the exchange of energy. To identify the electromagnetic mode
origin of the observed quasi-BIC resonance, we calculate the
multipolar decomposition of the optical response under the
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FIG. 3. The effect of structural parameters on the exciton mode (¢, = 1) and the quasibound state in the continuum (BIC) mode (f, = 0).
(a) and (d) show the absorption spectrum of the exciton mode and the transmission spectrum of the quasi-BIC mode for different asymmetry
parameters, where P = 370 nm and H = 35 nm. (b) and (e) show the absorption spectra of the exciton mode and the transmission spectra of
the quasi-BIC mode for different heights, where P = 370 nm and o = 0.17. (c) and (f) show the absorption spectra of the exciton mode and
the transmission spectra of the quasi-BIC mode for different periods, where « = 0.17 and H = 35 nm.

Cartesian coordinates in Fig. 2(f), and it is clear that the dom-
inant contribution at resonance is provided by the MD, which
is consistent with the analysis of the previously mentioned H,
results.

To facilitate the design of the self-hybridized exciton-
polaritons in the bulk WS, nanodisk metasurface, we study
the optical response of the exciton mode (e, = 1) and the
quasi-BIC mode (fy = 0) with different structure parameters.
In Figs. 3(a)-3(c), we plot the absorption spectrum of the
exciton mode for different structure parameters. From these
results, it can be found that the absorption of the exciton
mode will increase with the height, which shows the opposite
trend with the increase of the asymmetry parameter and period
due to the decrease of the filling ratio. It is worth noticing
that the position of the exciton mode still locates ~620 nm.
In Figs. 3(d) and 3(f), the linewidth of the MD quasi-BIC
mode is sensitive to the increase of the asymmetry parameter.
The position of the MD quasi-BIC resonance shows a clear
redshift in the transmission spectra with the increase of the
period and height, which shows the opposite trend with the
increase of the asymmetry parameter. These make it possi-
ble to manipulate the linewidth by adjusting the asymmetry
parameter and the resonance position through changing the
period. The implementation of strong coupling in a bulk WS,
metasurface needs the linewidth and the resonance position
of the MD quasi-BIC to be close to that of the exciton mode.
The linewidth coincidence can be achieved by adjusting the

asymmetry parameter, and the resonance position coincidence
can be obtained by adjusting the period. The thicker the nan-
odisk is, the higher the absorption peak of excitons can be
observed in Fig. 3(b), which leads to an extra absorption peak
between the upper branch (UB) and lower branch (LB) formed
by surplus excitons. For simplification, the height is assumed
as 35 nm. The influences caused by incidence angle and
the substrate thickness on the quasi-BIC resonance are also
performed. (See Figs. S1(a) and S1(b) in the Supplemental
Material [37].)

To realize strong coupling, we consider not only the back-
ground refractive index but also the exciton refractive index in
the following calculation. As displayed in Fig. 4(a), we per-
form a rich collection of hybrid-mode absorption spectra with
the asymmetry parameters o = 0.17 and H = 35 nm. There
are two peaks marked with UB and LB in each absorption
spectrum, showing evidence of strong coupling via changing
the period of the nanodisk unit cell. Meanwhile, these peaks
exhibit a slight redshift owing to the increase of the effective
refractive index. It is worth noting that there is another smaller
peak between these two peaks in the absorption spectrum,
which represents the exciton not coupled to the MD quasi-BIC
mode. These results can also be observed in the anticrossings
of the two-dimensional color map, as depicted in Fig. 4(b).

Since the numerical simulations can be explained by the
semi-analytical model [38—41], we construct a Hamiltonian
model based on the temporal coupled-mode theory to describe
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FIG. 4. (a) Absorption spectrum of the bulk WS, metasurface
for different periods P at « = 0.17 and H = 35 nm. (b) Simulated
absorption contour map with different periods P at « = 0.17 and H
= 35 nm, where the green line and black line (dots) represent the
individual exciton and magnetic dipole (MD) quasibound state in the
continuum (BIC) mode; blue dashed dots (lines) and red dashed dots
(lines) are the simulated (fitted) results of the upper branch (UB) and
lower branch (LB), respectively.

the above simulation results [42]. This model consists of
three modes: a MD quasi-BIC mode of the lossless cavity, a
coupling-involved exciton, and a surplus exciton. Thus, this
system response can be written as a complex amplitude |a) =
(Aquasi-BIC > Gexciton asumlus)T, and the dynamic equation can be
given in the following step:

d ~ L
% = Hla) + D" |s), 2
ls_) = Clsy4) + Dla), A3)

where |s;) = [s14,50+]7 and |s_) = [s;_,5,_]7 describe am-
plitudes of incoming and outgoing waves. Here, C is the
direct scattering matrix. The radiated coupling matrix D =

(%B 8 8), and H is the Hamiltonian of the coupled sys-
tem?
wp + iy 8 0
H=i g wg + iy 0 @
0 0 Osurplus T 1Vsurplus

where wp and yp are the frequency and half-widths of the
quasi-BIC mode, respectively. Here, wg (@wsurpius) and ye
(Vsurplus) TEpresent the frequencies and half-widths of the ex-
citons involved in coupling (surplus excitons), respectively.
Also, g is the coupling strength. By calculating A|a) = w|a),
the three energies of the UB, LB, and surplus exciton can be
described as

Qup = 3(iyp +ive + o + oF)
— VA& tlwp —wp +ilys + o), ()

Que = 1(iyp +ive + wp + wr)
+V42 + [wp — wp + i(ys + ye)2, (6)

qurplus = iVsurplus + wE. @)

With the condition fiwp = liwsups = hwp= 2 €V, these ex-
pressions can be further described as

Qup = 5(ivs + ive + 20 — \/482 — Vi +2vvE — Vi),

(3)

Qus = 3 (iys + ive + 20w
42 -t e — D). ©)
Qsurplus = Vsurplus + @E - (10)

The Rabi splitting can be given by

hQ = FZQUB — hQLB = \/4g2 — (]/B — )/E)2 (11)

Taking the red line in Fig. 4(a) as an example, the UB
is ~595 nm, and the LB is ~644 nm, and the Rabi split-
ting Q2 = hQug — hQrg ~ 159 meV, which is larger than
the conventional Rabi splitting formed in monolayer TMDCs
integrated on dielectric resonators [28,31]. The exciton mode
involved in coupling can be defined as the difference between
the total excitons Yo and the surplus excitons Yeurplus- BY
calculating the half value of the full width at half maximum,
we can obtain 7y = 38.1 meV and Aygpius = 22.4 meV;
thus, fiye = Aol — AVsuplus = 15.7 meV. Because hyp =
14.3 meV can be extracted by fitting the numerical simulation
transmission spectrum 7" with the Fano model shown in Fig. 2
(e), we can obtain the coupling strength /ig = 66.16 meV by
fitting the simulated results through Egs. (5)and (6), which
satisfies the condition of strong coupling g > %52,

In addition, we can tune the interaction between excitons
and quasi-BICs from weak to strong coupling by adjusting the
asymmetry parameters in the following discussion. Consider-
ing an extreme example that y as a linewidth is vanishingly
small, which represents the coupling strength ig = 0, the ab-
sorption will exhibit a pure exciton mode because the ideal
BIC is a dark mode that does not couple with any exci-
ton mode. This can also be achieved from Egs. (8)—(10);
when /iy = 0 meV and ig = 0 meV, these equations can be
deduced: Qg = wg, Qu = iy + o, qurplus = iysurplus +
owg. This means the UB and LB degenerate into ideal BIC
and exciton modes, respectively, resulting in a pure exciton
mode without the splitting peaks in the absorption spectrum.
When we set a smaller asymmetry parameter for the BIC, it
will couple to the exciton mode, enabling the system to first
enter the weak-coupling region. This can be captured by the
blue area with « = 0.03 in Fig. 5. It is worth noticing that
the absorption of the UB and LB is close to zero, which
means the number of photons is much less than excitons,
leading to surplus excitons playing a dominant role in the
absorption spectrum. As yp becomes larger, we can obtain
three solutions from Egs. (8) and (9), which means the system
enters the strong-coupling region with the appearance of the
spectral splitting. This can be proved by the other cases with
o = 0.07, 0.17, and 0.21 in Fig. 5. We can see that, with the
increase of the asymmetry parameter, the absorption of the UB
and LB increases synchronously, while the absorption of the
surplus exciton mode decreases significantly. This is because
the number of photons that can participate in the coupling
become larger but are still less than the total excitons, resulting
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FIG. 5. Absorption spectra of the bulk WS, measurface for dif-
ferent asymmetry parameters under the energy detuning of zero.

in a peak of the surplus exciton mode always existing in the
absorption spectrum.

IV. CONCLUSIONS

In conclusion, we realize the strong coupling between
MD quasi-BIC and excitons occurs within the proposed bulk
WS, metasurface with the Rabi splitting up to 159 meV.
Further, we describe the coupling scene by constructing a

Hamiltonian model containing the surplus excitons based
on the temporal coupled mode theory, enabling a discus-
sion of the coupling state evolution through considering
surplus excitons. Our work could deepen understanding of
the surplus exciton mode and the absorption manipula-
tion in the strong light-matter interaction, which provides
a theoretical contribution to designable exciton-polariton
devices.
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