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Abstract. The study of strong light-matter interaction in van der Waals (vdW) materials is at the forefront of
current research in physics and chemistry, and it can be enhanced dramatically by employing optical
resonances. Here, we report on the first observation of quasi-bound states in the continuum (gBICs) realized
via polaritonic interfering resonances in isolated WS, nanodisks. We validate experimentally the existence of
polaritonic gBICs driven by the intrinsic coupling of Mie resonances and vdW excitons. We observe
exceptionally strong light-matter interaction with a measured Rabi splitting approaching 270 meV - the
largest reported value among all transition metal dichalcogenide self-hybridized systems to date. The
giant coupling strength stems from gBIC-induced in-plane field enhancement, which strongly interacts with
in-plane excitonic dipoles while suppressing radiative losses. Polarization-controlled measurements further
demonstrate selective excitation of gBIC through switching incident polarization to specific orthogonal
configurations. The observed polarization-dependent coupling provides an additional degree of freedom to
control the hybrid states’ spectral characteristics and spatial field distributions. Our demonstrations provide
a pathway for engineering high-quality light-matter hybrid states in compact nanostructures, with potential
applications in on-chip photonics, polaritonics, and quantum optics.
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1 Introduction stability (binding energies >200 meV). Their unique valley-
tronic properties, combined with tunability via strain, dielectric
environment, and electrostatic gating, position TMDCs as versa-
tile platforms for the study of strong light-matter interactions at
the nanoscale.” Critically, TMDCs maintain large excitonic os-
cillator strengths even in ultrathin configurations (10 to 100 nm),
enabling direct integration with planar photonic systems while
preserving quantum confinement effects.™

Realizing strong coupling necessitates concurrent optimization
of three parameters: (1) deep subwavelength light confinement
*Address all correspondence to Yuri Kivshar, yuri.kivshar@anu.edu.au; Andreas to enhance local field intensities, (2) spectral overlap between op-
Tittl, andreas.tittl @tuhh.de; Wei Wang, w.wang@scu.edu.cn tical resonances and excitonic transitions, and (3) spatial mode

The pursuit of strong light-matter interaction in nanophotonic
architectures lies at the heart of polariton physics, where hybrid-
ized photonic-electronic states unlock exciting phenomena rang-
ing from Bose-Einstein condensation to low-threshold polariton
lasers.! Central to this endeavor are transition metal dichalcoge-
nides (TMDCs), which are van der Waals materials hosting
tightly bound excitons with exceptional room-temperature
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matching to maximize coupling strengths. Although these condi-
tions have been met in TMDC monolayers coupled to plasmonic
nanostructures, photonic crystals, and microcavities, such hybrid
systems face intrinsic limitations. Plasmonic platforms suffer
from ohmic losses restricting Q-factors, whereas multilayer mi-
crocavities demand precise alignment and lack postfabrication
tunability.’

Recent advances leveraging photonic bound states in the
continuum (BICs) address these challenges by offering loss-
less dielectric confinement with ultrahigh Q-factors and geo-
metrically tunable resonances.”'® Current implementations of
TMDC-BIC coupling, however, rely on heterogeneous integra-
tion-mechanically transferring exfoliated TMDC layers onto
prefabricated all-dielectric metasurfaces (e.g., Si, TiO,). This
approach introduces interfacial defects, strain-induced exciton
shifts, and reduced coupling efficiency due to a limited overlap
between evanescent metasurface fields and TMDC excitons.
The insertion of protective buffer layers such as h-BN, while
mitigating environmental degradation, further diminishes field-
exciton interaction strength. These constraints highlight the
need for monolithic systems that intrinsically unite exciton
materials with photonic resonators.

Self-hybridized architectures, where the active material itself
forms the photonic cavity, present an elegant solution by elimi-
nating interfacial losses and enabling direct modal overlap.'”
Pioneering work demonstrated this concept in tungsten disulfide
(WS,) metasurfaces supporting symmetry-protected BICs,
achieving Rabi splittings of over 110 meV.”' Nevertheless, ex-
tending this paradigm to standalone subwavelength resonators -
a critical step toward scalable quantum emitters and on-chip po-
laritonic circuits - remains unexplored. Recent theoretical in-
sights suggest that individual dielectric nanoparticles can
support quasi-BIC (gBIC) modes through interference between
optical modes, combining subwavelength confinement with
ultra-high Q factors in lossless systems.”* Although such iso-
lated quasi-BIC resonators have shown enhanced light-matter
interactions®™’ and nonlinear processes,” ™ their potential for
strong light-matter interactions in self-hybridized configura-
tions has not yet been realized.

In this paper, we demonstrate polaritonic qBICs in isolated
WS, nanodisks via intrinsic coupling of Mie resonances and
excitons. Theoretical modeling reveals that interference between
two vectorial Mie modes generates photonic qBICs, which
hybridize with in-plane excitons to produce anti-crossing fea-
tures with an approximate 270 meV Rabi splitting—the largest
reported in self-hybridized TMDC systems. Experimentally,
azimuthally and TE-polarized excitations confirm the existence
of polaritonic qBICs. We further reveal that the observed giant
energy splitting originates from qBIC-induced in-plane field
enhancement, which strongly interacts with excitonic dipoles
while suppressing radiative losses. Polarization control enables
the selective activation of qBIC, allowing the modulation of hy-
brid states’ spectral properties. We believe that our findings pro-
vide a general strategy for engineering high-quality light-matter
hybrid states in compact nanostructures, paving the way for
advances in nanoscale light manipulation, energy transfer, and
sensing technologies.

2 Results and Discussion

The designed system, as shown in Fig. 1(a), consists of a WS,
nanodisk placed on a multilayered substrate. The substrate is
composed of a SiO, spacer (1, = 55 nm), a gold reflector with
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a thickness of #; = 100 nm, and a SiO, base layer. As a high-
refractive-index nanoresonator, the WS, nanodisk can support
two vectorial Mie modes when illuminated with an azimuthally
polarized beam at normal incidence. Interference between these
Mie modes leads to the formation of a Friedrich-Wintgen BIC
(FWBIC),” as illustrated in Fig. 1(b) (top panel). The excited
FWBIC mode further couples with the intrinsic A excitons of
the bulk WS, nanodisk, leading to the formation of polaritonic
BICs (middle panel). Compared with traditional exciton polari-
tons (EPs) formed by the coupling of optical modes in nanostruc-
tures with excitons in semiconductor materials (bottom panel),
the polaritonic BIC in this system emerges through the interfer-
ence of two vectorial Mie modes, forming a qBIC, which sub-
sequently couples with the intrinsic excitons. One key advantage
of this self-hybridized approach is that the gBIC mode is con-
fined within a highly compact isolated nanoresonator, exhibiting
extremely strong subwavelength field confinement. This enables
highly efficient coupling with the intrinsic exciton, significantly
enhancing the strength of light-matter interactions.

In our experiments, we fabricated a series of WS, nanodisks
with different radii using a combination of electron beam lithog-
raphy (EBL) and dry etching techniques (see the Appendix for
details). Scanning electron microscopy (SEM) images of the
nanodisk are shown in the bottom panel of Fig. 1(a) (see also
Sec. 1 of the Supplementary Material).

2.1 Formation of Photonic quasi-BIC

To investigate the optical properties of the WS, nanodisk sys-
tem, we performed full-wave simulations using commercial
simulation software (COMSOL Multiphysics). In our simula-
tion, we used the dielectric function of WS, obtained from
experimental ellipsometry measurements,” as shown in the
middle right panel of Fig. 1(a). The details of the real and imagi-
nary parts of the dielectric function are shown in Fig. S5 in the
Supplementary Material.

We first consider the nanodisk as a pure high-refractive-index
nanoresonator by disabling the A-exciton contribution. For this
purpose, we fitted the dielectric function by a sum of Lorentzian
oscillators and excluded the contribution of the A exciton.
The calculated background dielectric function is shown in
Fig. S5(b) (see Sec. 4 of the Supplementary Material for details).
Figure 2(a) presents the simulated scattering spectra as a func-
tion of the radius r of the nanodisk (100 to 200 nm), with a fixed
nanodisk height of 7 = 200 nm. An anti-crossing behavior is
clearly visible with the formation of two resonance branches
(white lines), which arise from the interference of two vectorial
Mie modes. Interestingly, the high-energy branch exhibits a nar-
row linewidth and a noticeable linewidth variation, whereas the
low-energy branch exhibits a negligible variation in linewidth
while varying the size of the nanodisks.

To quantitatively analyze the spectral feature of both
branches, we further conducted eigenmode calculations to
obtain their resonance energies E., and damping rates y,..
Subsequently, the Q factors are given in Fig. 2(b) by calculating
the well-established formula Q.. = Eye/(271es)->" It is evident
that the low-energy branch maintains a consistently low
Q-factor across all radii (gray line), which is defined as a
low-Q (LQ) mode. In contrast, the Q-factor of the high-energy
branch (blue line), marked as high-Q (HQ) mode, initially in-
creases with increasing disk radius and reaches a maximum
value of =400 at r = 140 nm (red dot), coinciding with a

Jul/Aug 2026 ¢ Vol. 8(4)


https://doi.org/10.1117/1.AP.8.4.046016.s01
https://doi.org/10.1117/1.AP.8.4.046016.s01
https://doi.org/10.1117/1.AP.8.4.046016.s01

Ding et al.: Polaritonic quasi-bound states in the continuum in individualva

der Waals nanoantennas

(a) (b)

(&

n|
k|

"\/\

>

Refractive index
o

0
510 590 670 750
Wavelength (nm)

® Photonic FWBICs

——— Detuning

—> Energy

® Polaritonic BICs

P~

|l
Detuning

\\.

— Energy

UpP
" ha 2
-1 c
K 2
Ewvie LP - Eex 8

—> Energy

Fig. 1 (a) Sketch of a WS, nanodisk placed on a substrate and illuminated by an azimuthally
polarized light. Top-view and tilt-view scanning electron microscope (SEM) micrographs of fab-
ricated WS, nanodisks are given in the bottom panel. Middle right panel shows the complex
refractive index of bulk WS, under study. (b) Concept of the formation of a photonic FWBIC
(top panel), a polaritonic BIC (middle panel), and an exciton polariton (bottom panel).

divergence in the Fano asymmetry parameter ¢ (see Fig. S3 in
the Supplementary Material). Notably, the thickness of the
Si0, spacer layer t, provides control over the reflection phase,™
further enhancing the destructive interference of the Mie modes
in the far field, thereby increasing the Q factor of HQ mode. In
this context, 7, was optimized to maximize the HQ mode per-
formance and the observation of coupling behavior. To quanti-
tatively study the linear optical response of the coupled system,
we then describe the system by an effective non-Hermitian
Hamiltonian in the form of a 2 x 2 matrix:*

_ o — iy g e 0 7.
GRS S

Here, w; and y; are the angular frequency and damping rate of
the ith mode. g represents the coherent coupling strength. Note
that an important cross-damping term y.. is included to consider
the influence of the coupling-induced incoherent interaction
process. It is crucial to emphasize that incoherent coupling can-
not be neglected in our case. We will show that the simulated
optical characteristics of the hybrid system can be well repro-
duced provided that the terms coherent (g) and incoherent (y,.)
are taken into account.
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By solving Eq. (1) with an optimized coupling energy of
fig =30 meV and a cross-damping term of Ay, =25 meV,
we successfully reproduce both the dispersion [dots in Fig. 2(c)]
and the spectral linewidths [dashed lines in Fig. 2(d)] of the two
branches obtained from the eigenvalue calculations. The calcu-
lated dispersion [white lines in Fig. 2(a) and gray lines in
Fig. 2(c)] is further overlaid on the simulated spectra in
Fig. 2(a), showing excellent agreement between theory and
calculated results, supporting the validity of our model.
Further details of the calculation are provided in Sec. 2 of the
Supplementary Material.

In this system, the coherent coupling strength g enables ef-
ficient energy exchange between the two Mie resonators.
Beyond this coherent interaction, the open nature of the system
requires the inclusion of a non-Hermitian cross-damping term
fy.. Microscopically, y. arises from radiation coupling, where
multiple Mie modes radiate into a shared far-field reservoir.
According to temporal coupled-mode theory (TCMT),* when
such modes coexist within the same environment, their radiation
fields interfere coherently rather than decaying independently.
This interference, governed by the relative phases of their radi-
ation patterns, gives rise to the off-diagonal elements of the
decay matrix. This vacuum-mediated coupling constitutes
the fundamental origin of the observed linewidth asymmetry.
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Fig. 2 (a) The calculated normalized scattering spectra as a function of r with background per-

mittivity. Dashed white lines are the calculated high
model. (b) The Q factor versus the radius of the nan

-Q and low-Q modes by the coupling oscillator
odisk of HQ/LQ modes obtained by eigenmode

analysis. (c) Calculated mode positions by eigenmodes analysis (dots) and non-Hermitian

Hamiltonian (solid lines). The dashed lines mark
(dashed lines) and calculated (solid lines) dampin

the two vectorial Mie modes. (d) Simulated
g energy of the two interfering optical modes.

(e) Three representative normalized scattering spectra extracted from (a). (f) The normalized elec-
tric and magnetic field distribution in the nanodisks with different radii at the resonance of the high-

Q modes.

When the two photonic Mie modes are tuned in resonance [ver-
tical arrow in Fig. 2(d)], destructive interference between their
radiation channels, controlled by y,, suppresses the total damp-
ing of one hybrid mode while enhancing that of the other. This
interference leads to the formation of short-lived (superradiant)
and long-lived (subradiant) hybrid states with markedly differ-
ent decay rates.>*® In particular, energy exchange mediated by
vacuum fluctuations induces a subradiant response in the
high-Q mode, ultimately resulting in the emergence of a qBIC
[red dot in Figs. 2(b) and 2(d)].**

2.2 Polaritonic quasi-BIC under Vectorial and Linear
Excitations

We now investigate the self-hybridized interaction between the
resonant modes and the excitons to explore the formation of po-
laritonic gBICs. In this case, we include the contribution of the
A exciton. Under illumination of an azimuthally polarized light
at normal incidence, as depicted in the first panel of Fig. 3(b),
the simulated scattering spectra, as shown in the left panel of
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Fig. 3(a), show four branches, which are labeled as UPI,
UP2, LP1, and LP2, respectively. Moreover, the calculated ab-
sorption and extinction spectra also clearly display four
branches (Sec. 3 of the Supplementary Material). This strongly
indicates that the LQ and HQ modes (dashed lines) couple indi-
vidually with the A excitons, rather than forming a three-mode
hybridization involving two vectorial Mie modes and the exci-
ton (which would result in three branches). To rigorously ex-
tract the intrinsic mode splitting and unequivocally reveal the
coherent energy exchange in our open system, we performed
direct three-dimensional complex eigenmode calculations.
By implementing an auxiliary differential equation (ADE)
method, we explicitly treated the dispersive nature of the
WS, excitons and directly solved for the quasinormal modes
(QNMs) of the strongly coupled system.”” Based on this eigen-
mode analysis, the intrinsic Rabi splitting for the HQ-exciton
coupling is determined to be 2Q; = 270 meV, corresponding
to a coherent coupling strength of #Ag; = 135.5 meV
[right panel of Fig. 3(a)]. For the LQ-exciton coupling, the in-
trinsic Rabi splitting 7L, is 268 meV (hg, = 134.5 meV).
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Fig. 3 (a) Simulated normalized scattering spectra (left) of the WS, nanodisks under azimuthal
incidence with mode positions obtained by eigenvalue calculations (dots) and Hamiltonian (solid
lines). (b) Sketches of nanodisks with vectorial and linear excitations. (c) Simulated normalized
scattering spectra of the WS, nanodisks with background (left) and complete permittivity (right)
under TE excitation with an angle of incidence of 64 deg. (d) Literature survey for Rabi splitting in
all-dielectric self-hybridized TMDC nanostructures. Panels (e) and (f) show the simulated normal-
ized scattering spectra under radial (e) and TM (f) excitation. In (a) and (c), dashed white lines
present the hybrid modes calculated by coupling the oscillator model and the cyan dots mark the
polaritonic gBIC. The white rectangle in (c) marks the additional optical modes supported by the
nanodisks due to its lower symmetry under TE polarization compared with azimuthal polarization.
Dashed lines in (e) are calculated eigenvalues of radial optical modes.

Notably, although phenomenological fitting of the far-field scat-
tering spectra yields a larger apparent splitting (more than
300 meV; see Sec. 3 of the Supplementary Material) due to
Fano interference phase distortions inherent to the gBIC mode,
our direct eigenmode calculations rigorously strip away these
radiative artifacts to isolate the true intrinsic coupling.
Although a comparable Rabi splitting of ~300 meV has been
achieved using external microcavities and metallic arrays,”
our all-dielectric platform demonstrates that a highly competi-
tive splitting (~270 meV) can be realized in a single, isolated
bulk WS, nanoresonator, significantly simplifying fabrication
and avoiding substrate- or cavity-dependent constraints.
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Furthermore, in this system, the damping rates of the HQ
mode and the LQ mode at zero detuning are 2.5 and 51 meV
[Fig. 2(d)], respectively. Meanwhile, the damping rate of the A
exciton of WS, is 26 meV, indicating that both coupled subsys-
tems reach the strong coupling regime.' We attribute the giant
energy splitting observed in the coupling of the HQ mode and
the exciton to the strong electromagnetic field confinement
within the nanoresonator. Figure 2(f) shows the near-field dis-
tributions at the HQ resonance for nanodisks of three represen-
tative sizes, whose scattering spectra are as shown in Fig. 2(e).
The electric field distribution exhibits typical qBIC characteris-
tics, as demonstrated in the middle panel. Significantly, this

Jul/Aug 2026 ¢ Vol. 8(4)
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gBIC mode arises from the interference between two in-plane
electric field-dominated Mie resonances (denoted in the top and
bottom panels), generating a remarkable ring-like in-plane elec-
tric field enhancement. The maximum electric field enhance-
ment factor is above 40, exceeding the localized field intensities
reported in most dielectric nanoantennas to date. Notably,
this magnetic octupole-dominated qBIC mode simultaneously
achieves an exceptional magnetic field enhancement factor
exceeding 100, as evidenced in the middle panel. The strong
in-plane electric field localization and its distinctive spatial dis-
tribution substantially improve the spatial mode matching with
in-plane excitons, thereby dramatically enhancing the light-
matter coupling efficiency. Due to the exceptional field confine-
ment capability of the qBIC, the HQ mode hybridized with the
exciton reaches the largest Rabi splitting observed in all-TMDC
self-hybridized systems [Fig. 3(d)]. For a comprehensive com-
parison, the near-field distribution of the broader LQ resonance
is provided in Fig. S6(f) in the Supplementary Material.
Although differing significantly in spatial profile and Q factor,
both modes exhibit subwavelength confinement within the WS,
nanodisk, explaining why both subsystems can achieve a com-
parable Rabi splitting (~270 meV).

In our simulations, whereas the presence of a multilayer sub-
strate serves to tune the phase difference between the vectorial
Mie modes, the simulated scattering spectra (see Fig. S7 in
the Supplementary Material) for WS, nanodisks without a sub-
strate show that the heterogeneous integration involving the
WS,-SiO, interface has minimal impact on Rabi splitting.
Furthermore, simulations for nanodisks with different substrate
thicknesses 7, confirm that the ¢, value also has a negligible
effect on the Rabi splitting between the Mie modes and the
excitons. This demonstrates that the primary optical character-
istics, governed by shape-dependent Mie resonances, remain
largely unaffected by the underlying substrate, thereby preserv-
ing the robustness of their emission properties.

Previous studies have demonstrated that FWBICs in a single
high-refractive-index dielectric nanoparticle can be excited by
both azimuthally polarized light at normal incidence and TE-
polarized light at oblique incidence.”* Accordingly, the polari-
tonic gBIC can also be excited in the present self-hybridized
WS, nanoresonator under TE-polarized light. To validate this,
we performed size-dependent scattering simulations of the
nanodisk with and without A excitons under TE-polarized light
at an incidence angle of 64 deg [the second panel of Fig. 3(b)].
Figure 3(c) presents the simulated spectra without A excitons
(left panel). The calculated LQ/HQ dispersion (white lines) from
Fig. 2(a) was then overlaid on this panel, confirming the suc-
cessful excitation of the LQ/HQ modes under TE-polarized light
illumination. We extracted the spectral width [see Fig. S6(c) in
the Supplementary Material], which agrees well with that for the
azimuthal case [Fig. 2(b)]. This confirms the existence of qBIC.
We now include the contribution of the A-exciton, and four clear
branches (white dashed lines) again appear in the simulated
scattering spectra [the right panel of Fig. 3(c)], demonstrating
the formation of the polaritonic gBIC (cyan dot).

Notably, the difference between the azimuthal and TE exci-
tation schemes lies in the symmetry of the system. Under TE-
polarized excitation, the system exhibits lower symmetry, lead-
ing to the presence of additional resonance modes [marked by
the white rectangle in Fig. 3(c)]. The presence of these extra
modes complicates the identification of characteristic modes
in coupled systems and hinders the observation and analysis
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of coupling behavior. It is important to note that the advantage
of the present single dielectric nanoparticle is highlighted by the
fact that polaritonic gBICs can be effectively excited under both
azimuthally polarized excitation at normal incidence and TE-
polarized light at oblique incidence. The ability to support both
excitation configurations provides distinct benefits: under azi-
muthally polarized excitation at normal incidence, the system
preserves ideal rotational symmetry, resulting in fewer un-
wanted modes, while TE-polarized light at oblique incidence
offers a more accessible configuration for optical spectral mea-
surement systems, facilitating setup design and practical imple-
mentations. This dual excitation capability thus combines the
advantages of symmetry and experimental practicality, making
the system more versatile and efficient.

Furthermore, under radially polarized and TM polarized exci-
tations, which are orthogonal to the two previously studied polari-
zation schemes, the optical modes supported by the nanodisk are
regular Mie modes without forming qBIC near the WS, exciton
resonance [see Figs. S6(d) and S6(e) in the Supplementary
Material]. To verify this symmetry-consistent analysis, we simu-
lated the scattering spectra under radially and TM polarized ex-
citation [the third and fourth panels of Fig. 3(b)], as shown in
Figs. 3(e) and 3(f). As expected, four EP branches (dashed lines)
are clearly visible for the case of radial excitation as a conse-
quence of intrinsic coupling between excitons (vertical dotted
line) and two Mie modes, respectively. Under TM excitation,
the expected EP branches do not show clearly in the scattering
spectrum. This is due to the fact that, under TM excitation, com-
plex Mie eigenmodes [see Fig. S6(d) in the Supplementary
Material] are simultaneously excited, leading to an overlap be-
tween the EPs formed by the coupling of these Mie modes with
intrinsic excitons, and making it difficult to resolve them clearly.

The distinct polarization selectivity can be quantitatively
understood through symmetry-based selection rules governed
by the C,,, point group. The excitation efficiency # of a specific
mode depends on the overlap integral between the incident
field E;,. and the induced modal current J,,oq. 177 | [ Eipe(r)-
Jmode(r)dV |2, For a nonzero overlap, the direct product of the
irreducible representations of the incident field and the mode
must contain the totally symmetric representation A;. Under a
high-NA objective, the tightly focused radially polarized beam
exhibits a strong longitudinal electric field component E, at the
focal center, which transforms as the A, representation. This
symmetry matches the out-of-plane electric dipole (p,) mode
(A1 ® A; = Ay), leading to its efficient excitation. In contrast,
for azimuthally polarized excitation (discussed previously),
the circulating field E, transforms as A,, which matches the
symmetry of magnetic multipoles (magnetic dipole/quadrupole/
octupole, MD/MQ/MO). To provide a quantitative modal pic-
ture, we performed a multipolar decomposition® of the scattering
spectra [see Figs. S6(g) and S6(h) in the Supplementary
Material]. The results confirm that under azimuthal excitation,
the response is dominated by the magnetic components, while
electric contributions are strongly suppressed. Consequently,
by simply switching between orthogonal excitation polariza-
tions, our platform allows for active routing between magnetic
polaritonic gBIC (via azimuthal excitation) and electric exciton
polaritons (via radial excitation). The ability to selectively ex-
cite polaritonic qBICs through polarization schemes enables a
more precise manipulation of the polaritonic states and enhan-
ces the ability to isolate and study specific coupling behaviors,
thus offering significant advantages in controlling and tailoring
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polaritonic responses of self-hybridized nanoresonators at the
single-particle level.

2.3 Experimental Observation of Polaritonic quasi-BIC

To validate the theoretical analysis, dark field spectroscopy was
utilized to characterize the optical response of the fabricated
WS, nanodisk samples. We used two types of microscopic setup
to excite samples with tightly focused vectorial polarized light
[top panel of Fig. 4(a)] by a dark-field objective with large
numerical aperture (NA = 0.9) and linearly polarized light at an
angle of incidence 6 = 64 deg [bottom panel of Fig. 4(a)].
Specifically, for vectorial excitation, an achromatic vortex re-
tarder (AVR) was placed in front of the objective to generate
azimuthally/radially polarized light, and the scattered light from
the sample was collected collinearly with the incident beam [see
Fig. S8(a) in the Supplementary Material]. For the linear polari-
zation case, an objective mask with a side slit was placed behind
the objective, and the dark-field setup was constructed for illu-
mination of a segment of the input outer ring of the dark-field
microscope objective [Fig. S8(b) in the Supplementary
Material]. In this case, the incident beam was guided to pass
through the side slit so that the sample was illuminated at
oblique incidence [Fig. S8(c) in the Supplementary Material].
The light was then scattered back by the nanodisk and collected
from the center of the objective [see the Appendix for details].

The measured scattering spectra of WS, nanodisks under azi-
muthally polarized and TE-polarized light excitation are given
in Figs. 4(b) and 4(d), respectively. The theoretical dispersion
relations (white lines) derived from the coupled oscillator model
were overlaid onto the measured scattering spectra, revealing a
quantitative agreement between measured spectral features and
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calculated eigenmode solutions [see Figs. S9(e) and S9(f) in the
Supplementary Material for details], thus confirming the exper-
imental observation of the four polaritonic branches. Polaritonic
gBICs, as marked by the cyan dots, were successfully identified
around 680 and 685 nm for azimuthal and TE excitation, respec-
tively, which agrees well with the theoretical prediction
[Figs. 3(a) and 3(c)]. Here, the slight difference in the resonance
positions of the polaritonic gBICs primarily arises from the dif-
ferent sizes of the nanodisks supporting the qBIC under azimu-
thal and TE excitation conditions, which consequently leads to a
shift in the gBIC resonance positions. Specifically, under azimu-
thal excitation, the qBIC is supported by a nanodisk with a ra-
dius of r =140 nm [as shown in Fig. 2(b)], whereas for
TE excitation, the qBIC is supported by a nanodisk with a
slightly larger radius of r = 145 nm [see Fig. S6(c) in the
Supplementary Material]. The variation in nanodisk size directly
affects the resonance frequency of the qBIC, as the resonance
position is highly sensitive to the dimensions of the nanostruc-
tures. Thus, the size-dependent variation in the nanodisk leads to
different resonance positions of the polaritonic BIC in the two
excitation scenarios.

The measurements were also conducted using radially polar-
ized and TM polarized excitation, with the resulting scattering
spectra presented in Figs. 4(c) and 4(e), respectively. The results
in these figures do not exhibit the characteristics of a polaritonic
gBIC, which is consistent with the simulated results in Figs. 3(e)
and 3(f). In addition, under excitation with vectorial and linearly
polarized light, significant differences in the spectra are ob-
served between the two orthogonal polarizations. Consequently,
on the basis of the experimental data, we can clearly distinguish
whether a polaritonic gBIC is excited.
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Fig. 4 (a) Schematic of the experimental configuration for scattering measurement under vectorial
(top) and linear (bottom) excitation. (b)-(e) Measured normalized scattering spectra of WS, nano-
disk for (b) azimuthal, (c) radial, (d) TE, and (e) TM excitation. (f) Measured (solid blue) and si-
mulated (dashed gray) scattering spectra for the WS, nanodisk with r = 125 nm under azimuthal
(top) and TE (bottom) excitation using the experimental permittivity. The dashed lines and cyan
dots in (b) and (d) denote the calculated dispersion and the polaritonic gBIC, respectively.
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Therefore, both the theoretical and experimental results con-
firm the excitation of polaritonic qBICs under azimuthally po-
larized and TE-polarized light. The hybridization between
excitons and gBICs can be observed more clearly under azimu-
thal polarization. Furthermore, our findings demonstrate the
feasibility of observing self-hybridization behavior under TE-
polarized excitation, providing a more convenient approach
for the experimental investigations of polaritonic BICs.

Although the dispersion trends of the simulated and exper-
imental results are in good agreement, noticeable discrepancies
appear in the scattering spectra at high photon energies, particu-
larly in the region highlighted by the white rectangle in
Fig. 3(c). These differences are further illustrated by a direct
comparison of the scattering spectra for nanodisks with a radius
of r =125 nm, as shown in Figs. S9(a) and S9(b) in the
Supplementary Material. These discrepancies originate from
the fact that the Rabi splitting is sufficiently large that the in-
fluence of the B and C excitons of WS, on the coupling behav-
ior can no longer be neglected. To account for this effect, we
simulated the scattering spectra of the nanodisks using the ex-
perimentally measured refractive index [middle right panel in
Fig. 1(a)], and the corresponding results are presented in Figs.
S9(c) and S9(d) in the Supplementary Material. These simula-
tions confirm that the high-energy polaritonic branches are dif-
ficult to observe due to the influence of the B and C excitons.
Specifically, these higher-energy exciton backgrounds intro-
duce substantial nonradiative damping and non-Hermitian col-
lective mode repulsion into the system. This directly leads to
the dynamic linewidth broadening and the consequent blurring
of the upper polariton (UP) branches observed in the experi-
ment. A comprehensive quantitative eigenmode analysis detail-
ing this multiexciton influence and confirming the robustness
of the extracted A-exciton coupling strength is provided in Sec.
8 of the Supplementary Material.

To further elucidate the spectral response of the polaritonic
gBICs, we compared the simulated scattering spectra (dashed
gray curves) with the experimentally measured spectra (solid
blue curves) for a nanodisk with a radius of 125 nm, as shown
in Fig. 4(f). The results demonstrate good agreement between
experiment and theory under both azimuthal and transverse elec-
tric (TE) excitation conditions, including the resonance positions
of the polaritonic branches and the resonant modes at the critical
points, as indicated by the vertical dashed lines. Nevertheless,
some discrepancies remain in the spectral responses. These de-
viations may arise from uncertainties in material parameters
(such as refractive index and thickness) as well as fabrication
imperfections, which can lead to unintended spectral broadening
and slight resonance shifts.

Moreover, it is noteworthy that, in the gray-shaded spectral
region [top panel of Fig. 4(f)], a more pronounced discrepancy
between the experimental and theoretical spectra is presented
under azimuthal excitation. This discrepancy is not observed
under TE excitation [bottom panel of Fig. 4(f)]. Such a differ-
ence may be attributed to misalignment between the beam
center and the geometric center of the nanodisk during azimu-
thal excitation measurements, which can reduce the overall sym-
metry of the system and lead to the emergence of unexpected
optical modes in the scattering spectra. In contrast, this issue
does not affect the TE excitation case, as the symmetry remains
preserved.

Figure 5(a) illustrates the illumination configurations for azi-
muthal and TE excitations. It is evident that under TE excitation,
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the system comprising the nanodisk and the electric field of in-
cident light maintains C, symmetry. A deviation between the
center of the beam and the geometric center of the nanodisk does
not break this C, symmetry. In contrast, under azimuthal exci-
tation, the system possesses rotational symmetry. Any misalign-
ment between the beam center and the nanodisk’s geometric
center in this case breaks the rotational symmetry, consequently
altering the measured spectral response of the nanodisk. In op-
tical measurements, the misalignment of the incident beam with
respect to the geometric center of the nanodisks cannot be com-
pletely eliminated. An offset on the order of several hundred
nanometers is reasonable in our dark-field microscopic setup.

To quantitatively investigate the influence of this misalign-
ment on the spectral response, we simulated the scattering spec-
tra of the nanodisk at various offset distances. As shown in
Fig. 5(b), the scattering spectra exhibit significant differences
as the offset increases from 0 to 500 nm, characterized by a
slight shift in the polaritonic branches, accompanied by changes
in resonance peak amplitudes and the emergence of additional
resonance modes. Note that the newly appearing resonance
peaks correspond precisely to those observed within the gray
region of the experimental spectra in Fig. 4(f). This strongly in-
dicates that the discrepancy between the experimental and simu-
lated scattering spectra in the gray region originates from an
inevitable misalignment during the optical measurement of indi-
vidual nanoparticles. To verify this, we simulated the scattering
spectra of nanodisks with both background and experimental
permittivity [left and right panels in Fig. 5(c)] by introducing
a certain amount of offset between the center of beam and
the nanodisk.

Figure 5(c) shows the simulated scattering spectra of nano-
disks with both background and experimental permittivity under
azimuthal illumination with an offset of 200 nm. To evaluate
the influence of offset on the spectral response of the nanodisks,
we further plot the simulated spectra (dashed gray curve) for the
nanodisk with » = 125 nm [marked as dashed black line in the
right panel of Fig. 5(c)] together with the experimental spectrum
(solid blue curve), as shown in Fig. 5(d). The simulated scatter-
ing spectra were found to have improved agreement with the
experimental spectra [Fig. 4(f)]. This is due to the fact that
the presence of the offset has a negligible impact on the reso-
nance energy of the polaritonic branches and the formation of
the polaritonic qBIC although the amplitudes of the polaritonic
branches are altered with varying offsets [vertical dashed lines
in Fig. 5(b)]. Furthermore, the Mie modes, which were absent in
the simulated spectra at shorter and longer wavelengths with-
out offset [gray regions in Fig. 4(f)], now appear and align well
with the experimental data. Beyond the tolerance to optical
alignment, we also performed a comprehensive quantitative
tolerance analysis regarding standard nanofabrication imperfec-
tions. As detailed in Sec. 9 of the Supplementary Material, the
core polaritonic features, particularly the Rabi splitting, exhibit
remarkable robustness against typical experimental uncertain-
ties, including dimensional fluctuations, spacer thickness varia-
tions, and crystallographic etching deformations (such as
hexagonal faceting). These combined analyses firmly establish
the practical reproducibility of the strong coupling regime in our
WS, nanoresonators.

3 Conclusion

We have presented the first theoretical analysis and related ex-
perimental realization of polaritonic qBICs in isolated WS,
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Fig. 5 (a) The polarization diagram of TE and azimuthal excitation. The gray arrows indicate the
polarization direction of the electric field and the light red areas are the light spots. (b) Simulated
scattering spectrum of a WS, nanodisk with a radius of 125 nm, its center offset from the center of
the polarization vortex. The offset ranges from 0 to 500 nm in steps of 50 nm, increasing from
bottom to top. (c) Simulated scattering spectra of nanodisks with both background and experimen-
tal permittivity (left and right panels, respectively), when illuminated by an azimuthally polarized
beam whose center is offset by 200 nm from the nanodisk center. (d) Comparison between si-
mulated (dashed line) and experimental (solid line) scattering spectra of a 125 nm radius WS,

nanodisk with a 200 nm spatial offset.

nanodisks through intrinsic coupling between Mie-type pho-
tonic resonances and in-plane exciton transitions. By imple-
menting azimuthally polarized and TE-polarized excitation
configurations, we have characterized such hybrid states using
polarization-controlled scattering spectroscopy, thereby unam-
biguously confirming the existence of polaritonic qBIC. We
have observed an extraordinary Rabi energy splitting approach-
ing 270 meV, representing a great enhancement compared to the
previous demonstrations in other TMDC systems. This record-
breaking coupling strength originates from the unique hybridi-
zation of qBIC-induced electromagnetic field confinement and
exciton oscillator strength—specifically, the in-plane electric
field distribution spatially overlaps with excitonic dipoles, while
the nonradiative nature of gBIC modes suppresses photon leak-
age. Polarization-controlled measurements reveal that switching
between orthogonal polarizations enables selective excitation of
polaritonic gBIC. Such polarization-selective control provides
unprecedented spatial and spectral manipulation of polaritonic
dispersion without structural modifications. Our findings open
avenues for developing room-temperature polariton lasers, non-
linear optical switches, and quantum emitters with enhanced
light-matter interactions at the single-particle level.
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4 Appendix: Materials and Methods

4.1 Sample Fabrication

Single-crystalline WS, flakes were mechanically exfoliated
from bulk crystals (HQ graphene) and transferred onto sub-
strates comprising a 100 nm-thick gold layer and a 55 nm thick
SiO, layer. Then a negative resist layer (ma-N 2403, micro
resist) was spin-coated and soft-baked prior to patterning.
Electron-beam lithography was performed at 20 kV with a dose
of 120 pC/cm? to define the desired structures. The samples
were subsequently subjected to reactive-ion etching to remove
the unprotected WS,. Finally, the remaining residue was dis-
solved using a commercial remover, followed by a thorough
rinse in water. A sketch of the fabrication process flow is given
in Fig. S1 in the Supplementary Material.

4.2 Numerical Simulation

The numerical simulations were conducted in the frequency do-
main using COMSOL Multiphysics software. All computations
were performed for a single nanoresonator of fixed size (200 nm
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in height) positioned on a multilayered substrate and enclosed
by a perfectly matched layer to simulate an infinite surrounding
medium. The material properties, including losses, were ob-
tained from tabulated data for Au in the visible to near-infrared
range’® and from experimental ellipsometry measurements for
bulk WS,. Discrepancies between the simulated and measured
resonant peak positions are likely due to fabrication imperfec-
tions, such as the inclination of the disk walls, which were not
incorporated into the simulation model.

4.3 Optical Characterization

To perform optical measurements, we designed two experimen-
tal setups: vectorial excitation and linear excitation. For vecto-
rial excitation, a liquid crystal polymer-based achromatic vortex
retarder (Lbtek) was used to generate a vectorial pump beam
from a linearly polarized Gaussian white light source (Olympus
TH4-200, Shinjuku-ku, Tokyo, Japan). The pump beam was
visualized using a camera (Hikrobot MV-CS050-10UC) in com-
bination with an achromatic lens. The sample was mounted on a
three-dimensional translation stage, and the pump beam was fo-
cused onto it from the front side using an Olympus objective
lens (MPlanFL. N, 100x, 0.90 NA, BD) installed on an
Olympus dark field microscope system (BX53M) to achieve
a tightly focused beam waist. In the working spectral range,
the gold layer acted as a reflective mirror. The reflected signal
was collected in the backward direction by the same objective
lens (0.90 NA), passed through a nonpolarizing beamsplitter,
and was subsequently detected using a CCD (Andor iVac
316) connected to the spectrometer (Zolix Omni-A5028i). To
obtain the backward scattering spectra, we divided the power
spectrum of the reflection from a single nanoparticle (dark-field
signal) by the power spectrum of the reflection from the bare
substrate (bright-field signal). The resulting spectra were then
normalized.

For linear excitation, a linearly polarized Gaussian beam il-
luminated a segment of the outer ring of the dark-field micro-
scope objective (MPlanFL N, 100x, 0.90 NA, BD). Figure
S8(c) in the Supplementary Material shows a simplified sche-
matic of the illumination. An incident linear polarization with
the electric field oriented toward/away from the lens center thus
resulted in the oblique TM-polarized excitation. The electric
field oriented perpendicular to the direction of the lens center
resulted in TE-polarized excitation. The scattered signal was
collected with the central part of the same objective lens.
Signal was detected with a spectrometer Ocean Optics
QEPro and a camera Trius-SX694 Starlight Xpress camera
paired with an infinity-corrected f = 150 mm visible achro-
matic doublet lens.
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