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Mid-infrared strong coupling between quasibound states in the continuum and epsilon-near-zero
modes in a thin polar dielectric film
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Epsilon-near-zero (ENZ) materials offer promising candidates for the study of strong light-matter interactions
due to their exotic optical properties. Quasibound states in the continuum (QBICs) supported by all-dielectric
metasurfaces possess the characteristics of high quality factors with flexible tunability, allowing for significant
field enhancement and more degrees of freedom for manipulating light-matter interaction at the nanoscale.
Here, we propose a two-dimensional all-dielectric metasurface combined with a thin polar dielectric film,
which supports the ENZ mode and the inherent transverse optical (TO) phonon mode. We demonstrate a
strong QBIC-ENZ coupling with giant and highly tunable coupling strengths. The proposed metasurface can
not only support QBIC modes, but can also excite the ENZ mode in polar dielectric film. With the help of
the strong field localization and flexible modulation properties of QBIC, we further realize a selective QBIC-
ENZ-TO three-mode strong coupling in the hybrid system, demonstrating a large Rabi splitting over 22.1 meV
(178 cm−1) at room temperature, which is four times higher than that of the QBIC-ENZ two-mode coupling.
We also demonstrate that the three-mode coupling strength can be easily tuned by varying the thickness of the
ENZ thin film, which provides an effective approach for the manipulation of the strong light-matter interaction.
The proposed all-dielectric platform exhibits strong coupling strength and flexible design tunability, which is
expected to provide a different route for the design of ultracompact optical devices at mid-infrared frequencies.
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I. INTRODUCTION

Epsilon-near-zero (ENZ) materials, featured by their van-
ishing or near-zero permittivity at a particular wavelength,
have attracted much attention as promising candidates for
the study of exotic light-matter interactions [1–3]. Near the
zero-epsilon wavelength, ENZ materials, such as transparent
conducting oxides [4,5], semiconductors [6,7], and phonon-
based materials [8,9], can exhibit strong field enhancement,
deep subwavelength confinement, large nonlinear optical re-
sponse, and outstanding electro-optical modulation [10–13].
In particular, thin ENZ films can support optical ENZ modes
with extremely strong field enhancements within low mode
volumes, which greatly facilitates light-matter interactions in
a strong coupling regime [14–17].

Recently the strong coupling of ENZ modes with various
optical excitations has been extensively studied, including
optical Fabry-Pérot (FP) cavity resonances [18] and plasmon
polaritons in plasmonic nanocavities or metasurfaces [19–25].
In such hybrid systems, realization of strong couplings takes
the advantage of strong field confinement offered by metallic
nanostructures. However, plasmon-based systems are limited
by the significant intrinsic ohmic loss of metals, which hinders
their practical applicability [26,27].

Dielectric nanostructures are emerging as alternative and
promising platforms for the study of strong light-matter
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interactions [28–31]. In contrast to their metallic counter-
parts, dielectric nanostructures offer not only lower ohmic
losses and less heat generation, but they also facilitate
integration into applications requiring complementary metal-
oxide-semiconductor (CMOS) compatibility [32,33].

By integrating ENZ thin films with polar dielectrics, strong
coupling between ENZ modes and phonon polaritons has
been realized in the infrared range by prism excitation for
momentum compensation [8]. Photonic gap antennas have
been proposed to realize ENZ-based strong light-matter in-
teractions [34]. It is composed of an ENZ film embedded
within a high-index dielectric, in which giant electric field
enhancements are achieved, resulting in the strong coupling
between the ENZ thin film and the photonic modes of
the dielectric antenna with large enhancements of the far-
field spontaneous emission rate and a unidirectional radiation
response.

Dielectric metasurfaces have also been applied to en-
able strong coupling of ENZ materials with Mie resonances
[35,36]. Periodic elements in dielectric metasurfaces not only
excite various types of Mie modes, but also offer necessary
momentum compensation for launching ENZ modes, which
greatly reduce the complexity of the structural design by
avoiding the use of bulk prism configuration. However, field
confinement around Mie resonance is relatively weak com-
pared to their plasmonic counterparts. Moreover, the electric
field is mainly concentrated within the dielectric material with
a relatively small modal overlap, which leads to a limited
coupling strength [36].
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The bound states in the continuum (BICs) based on all-
dielectric nanostructures have been shown to attract great
attention in recent years, owing to their strongly enhanced
near fields and large quality (Q) factor properties [37–40].
First proposed in quantum mechanics, BICs, whose energy
is located in off-domain states in the continuum, are leaky
modes with infinitely large lifetimes and vanishing reso-
nance widths [38]. By controlling the configuration of the
structure or introducing perturbations to break the symme-
try, the BICs could easily collapse into quasi-BICs (QBICs)
[41,42]. Compared to traditional Mie resonances, QBICs pos-
sess high Q factors with flexible tunabilities (shape, size,
and asymmetry variations). Moreover, the QBIC resonance
is generally associated with the simultaneous excitation of
optical modes such as electric, magnetic, and higher-order
electric quadrupoles, which provides extra degrees of freedom
in designing high-performance photonic devices [43]. Consid-
ering the unique characteristics of QBIC modes such as strong
field confinement, high Q factors, and flexible tunability, it is
expected to show great potential for the study of strong light-
matter coupling. Here, we present strong coupling between
the ENZ modes and QBIC modes supported by all-dielectric
nanostructures.

In this paper, we propose a two-dimensional (2D) all-
dielectric metasurface combined with a thin ENZ film to
demonstrate strong QBIC-ENZ coupling with giant and
highly tunable coupling strength. The ENZ thin film not only
supports the ENZ mode but also has its transverse optical (TO)
phonon mode inherent as a polar crystal. The proposed meta-
surface can not only support QBIC modes, but can also excite
the ENZ mode in polar dielectric film near the longitudinal
optical (LO) phonon frequency. Therefore, taking advantage
of the strong field localization and flexible modulation prop-
erties of QBIC, we further realize a selective QBIC-ENZ-TO
three-mode strong coupling in the hybrid system. A large
Rabi splitting up to 22.1 meV is achieved at room tempera-
ture, which is four times higher than that of the QBIC-ENZ
two-mode coupling. We also demonstrate a flexible control
of the coupling strength by varying the thickness of the ENZ
thin film, which offers an effective way to manipulate strong
light-matter interactions. The proposed all-dielectric platform
exhibits flexible design tunability, which is expected to be
favorable for the design of ultracompact optical devices at
mid-infrared frequencies.

II. RESULTS AND DISCUSSION

A. Strong coupling system

The proposed hybrid system, shown in Fig. 1(a), comprises
a 2D all-dielectric metasurface. The metasurface is made up
of a square array of Ge elliptical disks on top of a quartz thin
film, which is supported by a GaF2 substrate. Figure 1(b) gives
a schematic diagram of the cells of this system with detailed
specific structural parameters. We focused on two different
scenarios, i.e., the presence and absence of the embedded
quartz thin film. First, without the embedded quartz film, the
two Ge elliptical pairs in the 2D metasurface cell exhibit an
angle of θ relative to their major axes. At θ = 0◦, the major
axes of the two elliptic pairs are parallel and the structure

FIG. 1. (a) Three-dimensional schematic of the coupled system,
in which the thickness of embedded quartz film is 80 nm. (b) Para-
metric layout of a single periodic cell: ellipse minor axis B = 1.2 µm,
major axis A = 5.2 µm, and periods P1 = P2 = 5.6 µm; the S repre-
sents the scaling factor. The center spacing between two Ge disks
within one unit cell is 2.8 µm; the height h of Ge disks is 0.4 µm.
(c) Schematic diagram of the oscillator model of the coupled system.

is in a completely symmetric state, presenting an ideal BIC,
which is a leaky mode with infinite Q factor within the contin-
uous background spectrum [39]. When rotation is introduced
into the disk pair, i.e., θ �= 0◦, the in-plane symmetry of the
structure is broken. The ideal BIC transitions to a finite, but
still high Q-factor QBIC resonance, which allows for efficient
dynamic tuning of the Q-factor and resonance frequency.

In the presence of a quartz thin film embedded between
the 2D metasurface and the GaF2 substrate, as illustrated in
Fig. 1(a), the periodic Ge element can provide additional mo-
mentum to compensate for the momentum mismatch between
the incident photons and the LO phonon [17]. This results in
the excitation of a prominent ENZ mode near its LO phonon
frequency (ωLO = 1215 cm−1) [24], with a substantially en-
hanced electric field in the thin ENZ film between the two
dielectric interlayers. Depending on the vibration direction
with respect to the propagation direction, the quartz film also
supports a TO phonon mode (ωTO = 1072 cm−1), which is
absent for nonpolar crystals [24,44]. In this sense, three-mode
(QBIC, ENZ, and TO phonon) coupling is expected to occur.
To better understand the coupling process of the hybrid sys-
tem, a schematic diagram is given as shown in Fig. 1(c).

In the three-mode coupling system, each mode manifests
as the QBIC resonant energy h̄ωQ with decay rate h̄γQ, the
ENZ resonant energy h̄ωE with decay rate h̄γE, and the TO
phonon resonant energy h̄ωT with decay rate h̄γT, respec-
tively. The mutual coupling strengths of the QBIC-ENZ and
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FIG. 2. (a) Transmission color map as a function of titling angle θ and the black circle marks the ideal BIC mode. (b) Red curves and
dots represent the fitted and calculated Q factors as a function of θ , respectively. The fitted equation is defined as δ = sinθ . (c) Simulating
(solid black line) and fitting (dashed red line) the transmission spectra of QBIC mode at θ = 15◦. (d) Scattering power of different multipole
moments in the unit cell at θ = 15◦. ED, MD, TD, EQ, and MQ represent the electric dipole moment, the magnetic dipole moment, the toroidal
dipole moment, the electric quadrupole moment, and the magnetic quadrupole moment, respectively. (e) Electric field distribution of the unit
cell in the x-y plane at the resonance peak when θ = 15◦. (f) Electric field distribution of the unit cell in the x-z plane without and with the
quartz film.

the QBIC-TO phonon are denoted by gQE, gQT, respectively.
When the coupling between the three modes occurs, the initial
energy levels will be significantly changed, leading to the
formation of three hybrid states, known as the upper polariton
(UP), the middle polariton (MP), and the lower polariton (LP)
with a noticeable Rabi splitting in the spectrum. By modu-
lating the resonant wavelength distribution, the anticrossing
phenomenon of the eigenvalues can be observed spectrally,
exhibiting the typical characteristics of strong coupling.

To quantitatively evaluate the coupling property of the
hybrid system, we performed numerical simulations based
on the finite difference time domain (FDTD) method. In the
simulation process, a TM wave polarized along the x direction
is performed to illuminate the structure at normal incidence, as
shown in Fig. 1(a). In the x and y directions, periodic boundary
conditions are employed, while in the z direction perfectly
matched layers (PML) are applied to prevent nonphysical
reflections. The permittivity of quartz used in simulations was
taken from Refs. [24,45–47] and the refractive indices of GaF2

and Ge were set to nCaF2 = 1.38 and nGe = 4.01, respectively
[48].

B. BIC property in 2D Ge disk metasurface

In this section, we first simulated the optical property of
the bare 2D metasurface without the quartz film. Here, the

dimensions of the elliptical disk were carefully optimized
to generate QBIC resonances that can cross over the central
wavelength of the ENZ region. Figure 2(a) gives the simu-
lated transmission spectrum of the metasurface as a function
of the tilting angle θ . Prominent resonances are visible in
the spectra, which gradually shift to higher resonant energy
with a broadened linewidth as θ increases from 0◦ to 25◦.
This corresponds to a typical transition from ideal BIC (black
circle) to QBIC modes as a consequence of the in-plane sym-
metry breaking. From the simulated transmission spectra, we
further extracted the Q factors (denoted by red balls) as a
function of θ , as shown in Fig. 2(b). The fitted curve shows
an inverse square relationship between the Q factor and the
asymmetry parameter δ, which is in agreement with the nature
of symmetry-protected BICs [38].

Figure 2(c) gives the simulated transmission spectrum at
θ = 15◦ (solid black), which exhibits a sharp Fano line shape
that can be expressed by a fit to a Fano-type function T (ω) =
|t (ω)|2 with [49]

t (ω) = ab +
N∑

j=1

b jγ jeiφ j

ω − ω j + iγ j
. (1)

Here ab, φ j , and b j are the background amplitude, phase, and
amplitude of the transmission spectrum. The fitted spectrum
(dashed red) shows excellent agreement with the simulation
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result. Therefore, the resonance energy and damping rate of
the QBIC mode can be determined to be h̄ωQ = 149 meV and
h̄�Q = 2h̄γQ = 1.3 meV, respectively.

We further quantitatively characterized the multipole prop-
erties of the QBIC mode by means of the multipole expansion
method combined with near-field analysis [41]. As shown in
Fig. 2(d), the scattered power of the toroidal dipole (TD),
magnetic quadrupole (MQ), and electric dipole (ED) modes
are relatively weak compared to the other two modes, i.e., the
magnetic dipole (MD) and electric quadrupole (EQ) modes,
implying that the EQ and MD modes mainly contribute to
QBIC modes. In addition, unlike the Mie resonance where
the electric field is primarily localized within the dielectric
nanostructures, the simulated near-field results show that the
strong field confinement of the QBIC resonance occurs mainly
at the edges of Ge elements as shown in Fig. 2(e), with a
maximum field enhancement factor of up to 32. Note the part
of the electric field is also confined inside the Ge disks, but
with a much lower enhancement factor [top panel in Fig. 2(f)].
Such large electric field enhancement at the edges plays a key
role in realizing the strong coupling of the QBIC and ENZ
modes, as well as the three-mode strong coupling, which will
be discussed in later sections.

C. Coupled QBIC-ENZ modes

We now discuss the strong coupling between the QBIC
and ENZ modes by introducing a thin quartz film below the
2D metasurface, as shown in Fig. 1(a). For ENZ materials,
a general rule of thumb shows that the ENZ mode can ex-
ist when its thickness t satisfies the condition t � λENZ/50
(in our case, t � 166 nm) [14]. To excite an apparent ENZ
mode, here we apply the thickness of the quartz film down to
t = 80 nm, which lies in an ultrathin limit with d �
λENZ/100.

By increasing the tilting angle θ from 10◦ to 25◦, the
transmission spectrum (in color scale) of the hybrid nanos-
tructure as a function of θ is shown in Fig. 3(a). A prominent
anticrossing behavior is visible, indicating a strong coupling
between the QBIC and ENZ modes. To clarify the interaction
between these two modes, we extracted the transmission spec-
trum at zero detuning (	 = ωQBIC − ωENZ = 0), as shown in
Fig. 3(b). Obviously, the strong coupling of the QBIC and
ENZ modes leads to the splitting of the fundamental QBIC
resonance into two hybrid states, i.e., the lower polariton
(LP) branch and the upper polariton (UP) branch. A fitted
result (dashed red) to the simulated transmission spectrum by
using the Fano-type line shape function [Eq. (1)] is in good
agreement with the simulations. By a rough estimation of
the energy difference between the UP and LP positions, we
identify a considerably large normal mode splitting h̄
QE =
5.4 meV. Such a strong coupling strength actually takes ad-
vantage of the unique field distribution in the hybrid system.
As shown in Fig. 2(f) (bottom panel), the electric field of
the LP branch at zero detuning in the x-z plane is mainly
confined within the ENZ layer, which enables a sufficient
spatial overlap with the electric field of the BIC mode, thus
leading to a greatly enhanced coupling strength.

To quantitatively characterize the coherent coupling be-
tween the QBIC and ENZ modes in the hybrid system, we
introduce the widely used coupled oscillator model (COM) to

FIG. 3. (a) Transmission spectrum (in color scale) of the QBIC-
ENZ hybrid system with titling angle θ ranging from 10◦ to 25◦.
(b) Simulating (solid black line) and fitting (dashed red line) the
transmission spectra at zero detuning of θ = 15◦. (c) The dispersion
relationship of the QBIC-ENZ coupling system acquired by the cou-
pled oscillator model (solid lines) as well as by fitting the simulated
spectrum (spheres). The black and red dashed lines represent the
uncoupled QBIC and ENZ modes, respectively. (d) The QBIC and
ENZ fractions in the UP and LP states.

describe the interaction process as follows [50]:

h̄

(
ωQ − iγQ gQE

gQE ωE − iγE

)(
α

β

)
= h̄ω±

(
α

β

)
, (2)

where h̄ωQ and h̄ωE represent the resonance energies of the
uncoupled QBIC and ENZ modes, respectively. The coupling
strength is denoted by gQE. Additionally, the half widths at
half maximum (HWHM) of QBIC and ENZ modes are h̄�Q =
1.3 meV and h̄�E = 1.7 meV, respectively. α and β are the
components of the eigenvectors, which satisfy a relationship
of |α|2 + |β|2 = 1. By diagonalizing Eq. (2), the dispersion of
hybrid modes can be expressed as

E± = h̄ω± = h̄

2

[
(ωQ + ωE − iγE − iγQ)

±
√

4g2
QE + [ωQ − ωE − i(γE − γQ)]2

]
. (3)

At zero detuning, i.e., ωQ = ωE , the Rabi splitting can be
calculated as

gQE = 1
2

√

2

QE + (γE − γQ)2. (4)

The QBIC-ENZ coupling strength is calculated to be
gQE = 2.7 meV based on Eq. (4). By introducing this coupling
strength into Eq. (2), the dispersion relation of hybrid states
can be further obtained [solid blue line: UP; solid yellow line:
LP; see Fig. 3(c)], well consistent with fitted data (blue sphere:
UP; yellow sphere: LP), and the uncoupled QBIC and ENZ
resonances are represented by dashed lines as reference.
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FIG. 4. (a) Transmission spectrum (in color scale) of the QBIC-ENZ-TO hybrid system with scaling factor S. The dispersion relations
are obtained by fitting the simulated transmission spectra (spheres) and model (solid lines), respectively. The white dashed lines represent
the uncoupled QBIC, ENZ, and TO phonon modes. (b) The QBIC, ENZ, and TO fractions in UP, MP, and LP states with varying scaling
factor S. (c) Electromagnetic simulations of the UP-MP-LP mode evolution of the hybrid system. Top panel: transmission spectrum of the
QBIC-ENZ-TO hybrid system at scaling factor S of 1.0, 1.05, and 1.1, respectively. Bottom panel: simulated electric field distributions in
the x-z plane for UP (circle), MP (diamond), and LP (triangle) at S = 1.0, 1.05, and 1.1 (corresponding to the top panel). (d) Transmission
spectrum (in color scale) of the QBIC-ENZ-TO hybrid system as a function of the height h of Ge disks. (e) The QBIC, ENZ, and TO fractions
in UP, MP, and LP with varying the height h.

To ensure that the hybrid system is in the strongly cou-
pled state, the strong coupling condition should be satisfied,

i.e., gQE > |γE − γQ|/2 and gQE >
√

(γ 2
E + γ 2

Q)/2. The for-

mer guarantees the existence of Rabi splitting, while the latter
ensures that it can be verified experimentally. For the present
hybrid system, both conditions are satisfied.

D. Three-mode QBIC-ENZ-TO hybrid system

In the previous section, we have successfully demonstrated
the strong coupling between the QBIC mode of the 2D meta-
surface and the ENZ mode supported by the quartz thin film;
however, the coupling strength is relatively limited. Next, we
take advantage of the flexible tunability of the QBIC mode
so that its resonance can simultaneously cross the resonance
energies of the ENZ mode and TO phonon of the quartz thin
film, realizing a strong three-mode interaction and further
enhancement of the coupling strength.

To realize a three-mode coupling, it is necessary to excite
a QBIC mode with a broadband tuning range to cover both
the ENZ and the TO phonon resonances. However, the QBIC
mode in the previous discussion exhibits a limited tuning
range (144–152 meV) when varying the tilting angle θ , as
shown in Fig. 2(a). In this section, a different strategy is

employed to realize a large tuning of the QBIC mode over a
broad spectral range by varying the scaling factor S with fixed
θ = 15◦. Figure S1(a) in the Supplemental Material [51] gives
the transmission spectrum (in color scale) of the QBIC reso-
nance as a function of the scaling factor S. An over 36 meV
tuning range (164 to 128 meV) for the QBIC resonance is
achieved as the scaling factor S varies from 0.9 to 1.2, which
greatly facilitates a sufficient three-mode coupling.

With an embedded quartz film (thickness t = 80 nm), we
simulated the transmission spectra of the QBIC-ENZ-TO hy-
brid system as a function of the scaling factor with fixed
θ = 15◦, as shown in Fig. 4(a). It can be clearly seen that
their interaction leads to the formation of three hybrid states,
i.e., UP, MP, and LP. By fitting the simulated transmission
spectrum with Eq. (1), we plot the dispersion curves of the
three hybrid states in Fig. 4(a), which are represented by the
blue, orange, and red spheres for the UP, MP, and LP states,
respectively. We further employ the COM containing three
oscillators to obtain a quantitative description of the hybrid
system, which can be expressed as [52,53]

h̄

⎛
⎝ωQ − iγQ gQE gQT

gQE ωE − iγE 0
gQT 0 ωT − iγT

⎞
⎠

⎛
⎝V1

V2

V3

⎞
⎠ = h̄ωH

⎛
⎝V1

V2

V3

⎞
⎠.

(5)

205405-5



YUE, XIE, SHEN, DING, ZHANG, AND WANG PHYSICAL REVIEW B 109, 205405 (2024)

Here, based on Eq. (5), the coupling strengths of the QBIC-
ENZ and the QBIC-TO phonon subsystems are calculated to
be h̄gQE = 3.6 meV and h̄gQT = 6.9 meV, respectively. V1,
V2, and V3 are the eigenvector components; the corresponding
|V1|2, |V2|2, and |V3|2 describe the proportion of the QBIC,
ENZ, and TO phonon modes in the hybrid polariton states,
which satisfy |V1|2 + |V2|2 + |V3|2 = 1. Note that the coupling
between the ENZ mode and TO phonon mode is neglected
due to their strongly detuned resonances. Analogous to the
case of the two-coupled oscillator system, the energy dif-
ference between the UP and LP states in the three-coupled
oscillator system is defined as the Rabi splitting here. At zero
tuning with the scaling factor S = 1.05 [dashed black arrow
in Fig. 4(a)], the resonance energies of the LP and UP states
are about 151.5 meV and 129.4 meV, giving rise to the Rabi
splitting of h̄
H = 22.1 meV.

For a three-oscillator system, the criteria for determining
the strong coupling can be denoted as


H > WUP�UP + WMP�MP + WLP�LP, (6)

where WUP, WMP, and WLP represent the weighting coefficients
of UP, MP, and LP states in the hybrid system. �UP, �MP, and
�LP are the linewidths of the three hybrid states. Therefore,
the weight contributions corresponding to each of the three
states can be derived as

WUP = �UP/(�UP + �MP + �LP),

WMP = �MP/(�UP + �MP + �LP), (7)

WLP = �LP/(�UP + �MP + �LP).

Additionally, the linewidths of the UP, MP, and LP states
can be obtained by the fractions of the QBIC, ENZ, and TO
phonon modes in the hybrid states [as illustrated in Fig. 4(b)]

�UP = 29.7%�Q + 69.6%�E + 0.7%�T,

�MP = 50.2%�Q + 26.3%�E + 23.5%�T, (8)

�LP = 20.0%�Q + 4.2%�E + 75.8%�T.

By substituting Eqs. (7) and (8) into Eq. (6), we can deter-
mine the criterion for the strong coupling of QBIC-ENZ-TO
phonon modes as follows:


H > 32.7%�Q + 33.7%�E + 33.6%�T. (9)

In our case, we have h̄�Q = 1.0 meV, h̄�E = 1.7 meV,
and h̄�T = 1.6 meV. Apparently, the strong coupling criterion
is fully satisfied with h̄
H = 22.1 meV, which is four times
larger than that of the two-oscillator (QBIC-ENZ) hybrid sys-
tem (h̄
QE = 5.4 meV).

To better understand the coupling process of the three-
coupled oscillator system, we also calculate the mixing
fractions of the three hybrid states based on Eq. (5), as shown
in Fig. 4(b). The curves representing the contributions of
the QBIC, ENZ, and TO phonon modes are marked by the
black, red, and blue solid lines, respectively. Clearly, the UP
dominantly contributes to the coupling of QBIC and ENZ
modes, while the LP is more related to the coupling of the TO
phonon with QBIC modes. As the scaling factor S increases,
the UP leaves the QBIC mode and moves towards the ENZ
mode, accompanied with the decreased |V1|2 and increased

|V2|2, whereas the LP gradually proceeds from the TO phonon
mode to the QBIC mode, leading to a decrease of |V3|2 and
an increase of |V1|2. Compared to the UP and LP states, more
energy exchange channels are exhibited for the MP state and
the relative fractions of the three oscillators are |V1|2 = 0.5,
|V2|2 = 0.26, and |V3|2 = 0.24 at S = 1.05, reflecting the fact
that all three oscillators are strongly involved in the interac-
tions of the hybrid coupled system.

The modal hybridization effect in the coupling process can
be further manifested by investigating the evolution of the
near-field distribution of the hybrid system. Here, we extract
the transmission spectra with scaling factors S of 1.0, 1.05,
and 1.1 [top panel in Fig. 4(c)], where the positions of UP, MP,
and LP in each spectrum are marked, and the corresponding
electric field distributions (in the x-z plane) are presented
[Fig. 4(c), bottom panel]. It is noted that, when S = 1.0, the
electric field in UP is primarily localized inside the elliptical
disks. Due to the mutual coupling with the quartz thin film,
part of the electric field is also localized within the quartz
film and leaks into the substrate. With the increase of S, the
electric field in the quartz thin film gradually enhances and
then exhibits the strong field localization characteristics of the
ENZ mode, which is consistent with the trend of the UP state
moving from the QBIC mode to the ENZ mode. For the LP
state, within the S from 1.0 to 1.1, the electric field is mainly
localized in the interior and edges of the elliptical disks, which
is related to the fact that the LP state is mainly contributed
by the QBIC and TO phonon modes. The localization of the
electric field within disks gradually enhances with increasing
S, corresponding to the increasing proportion of QBIC modes.
In contrast, the electric field distribution of the MP state shifts
from the quartz film to the adjacent medium, exhibiting a
strong mixing characteristic of QBIC, ENZ, and TO phonon
modes at S = 1.05.

In addition to changing the scaling factor to achieve tuning
of the QBIC mode over a large spectral range, an alternative
way is varying the height h of the Ge disks. In this case, the
simulated transmission spectrum of QBIC resonances (with-
out quartz thin film) as a function of h from 300 to 850 nm
is shown in Fig. S1(b) in the Supplemental Material [51]
(fixed S = 1, θ = 15◦). Figure 4(d) demonstrates the sim-
ulated transmission spectrum (in color scale) of the hybrid
system (with quartz thin film) as a function of h, which shows
a distinctly strong coupling feature (anticrossing) similar to
that in Fig. 4(a). To quantitatively describe the coherent cou-
pling process, similarly, we performed a theoretical COM
analysis. A good agreement between the model (solid line)
and the fitted results (sphere) is obtained. In addition, when
h is 550 nm, the Rabi splitting is determined to be 22.0 meV
and the corresponding coupling strengths of gQE and gQT are
calculated to be 4.1 meV and 6.8 meV, respectively. Moreover,
the strong coupling criterion is satisfied in the current case
and the fractions in each of the hybrid states are depicted in
Fig. 4(e).

More importantly, the quartz thickness plays a crucial role
in determining the coupling property of the hybrid system,
which offers an effective approach for the manipulation of
the three-mode coupling strength. Under the condition that
the thickness of quartz film satisfies the existence of ENZ
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FIG. 5. Panels (a) and (c) are the transmission spectrum of the
coupled system at zero detuning as a function of the quartz film
thickness (40–160 nm) in the case of adjusting the scaling factor
S and the height h of the Ge elliptical disks, respectively. Panels
(b) and (d) are the trends of Rabi splitting (h̄
, black curve), UP-MP
difference (h̄
1, red curve), and LP-MP difference (h̄
2, blue curve)
as a function of quartz film thickness for modulating the scaling
factor S and varying the height h, respectively.

modes (i.e., t � 166 nm in our case), we first consider the
transmission spectrum of the bare quartz film without the 2D
metasurface as a function of thickness (see Fig. S2 in the Sup-
plemental Material [51]), which reveals that the enhanced TO
phonon mode brings higher transmission spectral peaks and
broadened linewidths, implying that more TO phonons are
supported with increasing thickness. Next, we further investi-
gate the effect of quartz thickness on the whole hybrid system
in two modulation cases (i.e., varying the scaling factor S or
the height h of Ge disks).

Figures 5(a) and 5(c) illustrate the simulated transmission
spectrum (in color scale) as a function of the quartz thickness
t . The variation trend of hybrid states with varying thickness
can be clearly observed. Specifically, the LP state exhibits a
significant redshift with increasing thickness t , while the UP
state is slightly blueshifted. Moreover, the position of the MP
state remains almost unchanged. The differences between UP

and LP (h̄
, i.e., Rabi splitting) and UP and MP (h̄
1), as
well as LP and MP (h̄
2) are calculated and represented by
black, red, and blue lines, respectively, as shown in Figs. 5(b)
and 5(d). It is noted that the Rabi splitting gradually increases
with increasing quartz thickness. When the quartz thickness
t is 160 nm, the Rabi splitting of the QBIC-ENZ-TO hybrid
system increases to 24.7 meV and 24.9 meV in two cases,
respectively. In addition, it is also observed that the trend of
h̄
2 is steeper than that of h̄
1, indicating that h̄
2 has a
greater influence on Rabi splitting with increasing thickness,
which may be tightly related to the fact that more TO phonons
are involved in the coupling process of the hybrid system,
leading to an increase in the coupling strength and a larger
Rabi splitting.

III. CONCLUSIONS

In summary, through numerical simulation and theoreti-
cal analysis, we systematically demonstrate the QBIC-ENZ
two-mode coupling and QBIC-ENZ-TO phonon three-mode
strong coupling of the hybrid system by constructing an all-
dielectric hybrid nanostructure composed of a highly tunable
QBIC resonance metasurface and a quartz thin film. This
enriches investigations of the light-matter interaction between
QBIC modes and polar dielectrics in the mid-infrared range.
Moreover, the coupling strength, energy exchange, and mode
evolution are revealed through the coupled harmonic oscilla-
tor model together with near-field analysis. Notably, taking
advantage of the strong field enhancement of QBIC and ENZ
modes, the Rabi splitting of the coupled system is as high as
24.9 meV for the three-mode coupling case, which is four
times that of the two-mode coupling. We also find that this
three-mode strong coupling could be observed regardless of
the regulation of the scaling factor or the height of the Ge
disks, which provides more degrees of freedom for manipulat-
ing the coupling strength. More importantly, we demonstrate
that the thickness of the ENZ film plays a critical role in
governing the coupling strength, with further enhancement
of the coupling achieved by increasing the quartz thick-
ness to 160 nm. Our findings provide a promising platform
for studying light-matter interactions based on all-dielectric
nanostructures and open up a different route for the design of
mid-infrared nanophotonic devices.
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