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Multiple Photonic Bound States in the Continuum in
an Electromagnetically Induced

Transparency Metasurface
Yaolin Hu , Suxia Xie , Chongjun Bai , Weiwei Shen , and Jingcheng Yang

Abstract—Bound state in the continuum (BIC), as a novel eigen-
mode with infinitely high-quality factor, has received great atten-
tion in modern optical science. Mode coupling in dielectric meta-
surfaces opens possibilities in searching for robust BICs. Here, we
discover multiple BICs in periodic dielectric resonators composed
of a silicon rectangular bar and a silicon ring in one lattice. For the
symmetry-protected BIC at-Γ point, a sharp electromagnetically
induced transparency window can be formed by either tilting
incident angle to induce the ‘bright-bright’ mode coupling, or by
displacing the ring to generate the ‘bright-dark’ mode coupling.
Besides, the coupling between two resonators leads to a new energy
band in the dielectric metasurface. As a result, two off-Γ BICs
are formed owing to avoided crossings with two energy bands, and
another one belongs to the single-resonance parametric BIC. Thus,
our coupled resonators possess superior abilities to judiciously
engineer BICs via versatile physical mechanisms. Taking advantage
exclusively of coupled resonators in dielectric metasurfaces pro-
vides fresh insights into the creation of both symmetry-protected
and accidental BICs, which enables profound advancements in
designing novel photonic devices.

Index Terms—Bound states in the continuum,
electromagnetically induced transparency, metasurface, Q-factor.

I. INTRODUCTION

A S ONE of the nonradiating electromagnetic states, bound
state in the continuum (BICs) has received great attention

for light trapping since the leakage rate is significantly reduced
to zero when photons are perfectly trapped [1], [2]. Such a
strongly confined state, originally proposed by J. von Neumann
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and E. Wigner in the context of quantum mechanics [3], [4], is
typically formed through destructive interference between two
or more leaky modes. By tuning the structure symmetry [5]
or the coupling strength between different resonance channels
[6], [7], quasi-BICs are generated with a ultranarrow linewidth.
Such associated high-Q resonances around a BIC point have
earned considerable attention to construct ultra-sharp transmis-
sion/reflection spectra, leading to a giant near-field enhancement
and various promising applications, such as BIC-based chirality
[8]–[11], lasing [12]–[14] beam shifting [15], [16], decreas-
ing radiative losses [17], nonlinearity [18]–[22], modulation
[23], [24] and sensing [25]. In photonic systems, one case is
symmetry-protected BICs located at the center of Brillouin zone
(Γ point), which is relevant to the complete incompatibility
between resonant mode and radiative channels due to symmetry
mismatch [5], [26]. Another type of BICs emerging at accidental
in-plane wavevectors (off-Γ points) are known as accidental or
resonance-trapped BICs [27], [28]. Accidental BICs are usually
excited by destructive interferences between isolated resonances
[29], [30]. Over the last decade, much research has examined
the transformation from ideal BIC into leaky quasi-BICs by
fine-breaking structural symmetry or varying angle of incidence
[31]–[35].

Compared with the metallic counterparts, dielectric metasur-
faces have ignited interest in the exploration of BICs because
dielectric material can largely avoid the intrinsic Ohmic loss for
extremely high Q generation [36], [37]. In a manner analogous
to electronic band structures, it is also a driving force behind
recent advances that the dispersion and spectral features of
dielectric metasurfaces can be engineered to support BICs [38].
In addition to the geometric symmetry design, the guided modes
supported by a dielectric metasurface can form multiple isolated
bands, which provides another degree of freedom to create off-Γ
BICs [39]–[41]. Various structures in dielectric metasurfaces
have been proposed and studied for countless applications in
radiation modulation [42], biosensing [43]–[45], refractometric
sensing [46], and polarization tailoring [47]–[49]. By intro-
ducing external perturbations in dielectric metasurfaces, the
quasi-BICs leak as Fano resonances exhibiting narrow far-field
lineshapes, offering a new avenue for strong localization of
near-field electromagnetic energy. To realize an ideal BIC, the
coupling between different modes is always adopted as a feasi-
ble route. Consequently, several structures have been proposed
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and verified either experimentally or numerically [50]–[57]. As
a special case of resonance resulted from dual modes inter-
actions, electromagnetically induced transparency (EIT) takes
place when the frequencies of strongly and weakly damped
oscillators exactly match [58]. This effect has also shown great
promise in developing novel devices, such as slow light photonic
devices [59], on-chip buffers [60], sensitive sensors [61], and
electromagnetically induced modulators [62]. More recently,
few works have realized the EIT effect by transforming the
BIC point into quasi-BIC state, thus indicating some intrinsic
connections between the BIC and EIT phenomena [63]–[65].
Notably, by employing the interaction between dark and bright
modes based on silicon rectangular bars and rings, EIT-resonant
metasurfaces with high quality factors Q > 400 have been
demonstrated experimentally [66]. A highly efficient visible
third harmonic generation and all-optical nonlinear modula-
tion have then been verified in this EIT system [67]. These
experimental data have revealed great application value of the
coupled dielectric resonators in nanophotonics. Unfortunately,
the underlining physical origin has been simply regarded as the
analogy of 3-level Fano-resonant system, understanding on the
BIC nature of such type in-plane coupled dielectric resonators is
still relatively scarce. Novel insights into the ultra-high-quality-
factor resonances in this system are highly desired due to both
curiosities in fundamental physics and demands in technological
applications.

In this work, multiple BICs are discovered in an array of
periodic nano resonators combined a silicon rectangle bar and
a silicon ring in one lattice. A comprehensive analysis reveals
the existence of both symmetry-protected BICs and accidental
BICs due to the coupling effect between two resonators. For
the symmetry-protected BIC at-Γ point, the dipole moment of
rectangular bars plays the role of continuum as a broadband
resonance dip. A leakage channel in the form of a sharp radiating
EIT window is invoked by two mechanisms. One is the ‘bright-
bright’ mode coupling via the incident angle tilting, and another
is the ‘bright-dark’ mode coupling through the in-plane mirror
symmetry breaking. Owing to a new energy band formed by
the two resonators’ coupling, three off-Γ BICs are created in
this system when the incident angles are 17.6°, 36.1° or 47.9°,
respectively. Two of them are ascribed to the avoided crossings
with two energy bands and another one belongs to the single-
resonance parametric BIC. Moreover, the radiative Q-factors
of all quasi-BICs can reach up to 105 and tend to infinity at
discrete points. They also obey an inverse square dependence on
the structural asymmetry or the in-plane wave vector deviation.
The observations not only directly manifest the inner connection
between EIT effect and quasi-BIC state in the proposed dielectric
resonators, but also offers unique possibilities in searching for
multiple BICs.

II. RESULTS AND DISCUSSION

To reveal the role of coupling for the excitation of BICs in di-
electric metasurface, we propose coupled resonators consisting
of a rectangular bar and a ring within one unit-cell. By consid-
ering the dispersionless feature in the spectral region of interest,

Fig. 1. (a) Overall diagram of the metasurface. The geometrical structure is
composed of all-dielectric silicon resonators and silica substrate. (b) Schematic
of one unit-cell consisting of two coupled resonators. The geometrical param-
eters of the structure are: Px = 920 nm, Py = 960 nm, a1 = 250 nm, b1 =
920 nm, r = 120 nm, R = 260 nm, and the thickness of the silicon is 121 nm.
Calculated transmission spectra of (c) periodic rectangular bars and (d) periodic
rings in the wavelength ranging from 1.40 µm to 1.76 µm and the incident angle
ranging from 0 ° to 70 °.

the structure is made of silicon whose refractive index is 3.7, and
quartz is selected as the substrate with refractive index 1.48 ac-
cording to the experimental work in [66]. The working principle
is illustrated in Fig. 1(a). To investigate the symmetry-protected
BIC, a plane wave polarized along y-direction is adopted as the
normal incidence that propagates along z-direction. As for acci-
dental BICs at off-Γ points, the plane wave is obliquely incident
on the metasurface with an incident angle θ. Specifically, the sil-
icon building blocks is graphically demonstrated in Fig. 1(b). In
the picture of electromagnetically induced transparency (EIT),
the rectangular bar and ring resonators serve as ‘bright’ and
‘dark’ modes, respectively [66]. The ring cannot be excited
without the near-field coupling from the rectangular bar. In
order to obtain a EIT transparent window centered at the dipole
resonance frequency, the geometrical parameters are optimized
as follows: the length and width of the bar are b1 = 920 nm
and a1 = 250 nm, respectively. The outer and inner radius of
the ring are R = 260 nm and r = 120 nm, respectively.
The thickness of the silicon is fixed as 121 nm. To ensure
an enough coupling strength, the periods are Px = 920 nm,
Py = 960 nm, so that the spacing between two resonators
is 75 nm. With the help of the CST Microwave Studio, we
can systematically calculate transmission spectra, Q-factors,
and near-field distributions by varying parameters such as the
incident light angle (θ) and the spacing (g1).

Before a comprehensive interpretation of the coupling-
induced BICs, we here intuitively investigate the spectral re-
sponses of the bar and the ring separately by sweeping the angle
of incidence, as shown in Fig. 1(c) and 1(d). At normal incidence
of θ = 0◦ , a resonant dip with a relative low Q-factor is observed
around 1.46 μm. This phenomenon is ascribed to the collective
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Fig. 2. (a) Calculated transmission spectra of the collective dark and bright
modes in the wavelength ranging from 1.43 µm to 1.72 µm and in the incident
angle ranging from -4° to 4°. (b) Calculated transmission spectra of the collective
dark and bright modes in the wavelength ranging from 1.5 µm to 1.6 µm when
the selected incident angles are: 0°, 0.2°, 2° and 4°. (c) Variation of Q factor of the
collective dark and bright modes with varying incident angle. (d)-(f) Near-filed
distributions at the function of incident angle at the x-y cross section at z = 60.5
nm when the corresponding wavelength is 1.55 µm.

oscillation of the bar resonator because the ‘bright’ mode can
efficiently couple with the incoming wave. As the excitation
light incident angle increases, the working frequencies of the
modes in the rectangular bar all undergo an obvious redshift
[40], [68]. Such an angle dependent dispersion would play an
important role in realizing off-Γ BICs. When only one ring is
considered, no resonant feature is obtained at normal incidence
because the ‘dark’ magnetic dipole cannot be excited directly.
However, one sharp resonant dip occurs with the increment of
incident angle, indicating the so-called ‘dark’ mode is an at-Γ
BIC point. The disappearance of linewidths at θ = 37◦ and 65◦

represents single-resonance parametric BICs which have been
widely studied in dielectric metasurfaces [69]–[72]. Therefore,
both individual resonators possess eigenmodes and specific
angle-dependent dispersions in the spectral range of interest,
laying a solid foundation for the investigation of BICs when two
resonators are coupled with each other. In the following sections,
we will conduct deeper investigations for the coupling-induced
at-Γ BIC and off-Γ BICs, respectively.

A. Symmetry-Protected BICs at Γ Points

To gain further insight into the influence of the coupling, we
first inspect the symmetry-protected BIC at-Γ point. As shown in
Fig. 1(b), the system exhibits a typical in-plane mirror symmetry
σx when g1 = 75nm. The transmission spectrum of θ = 0◦ can
be seen in Fig. 2(a) and 2(b) with no appreciable change when
compared with the case of only one rectangular bar shown in
Fig. 1(c). This means that the magnetic dipole mode in the ring
is not excited and only the bright mode bar resonator couple to
the far-field with a high radiative loss. The near electrical field
distribution in Fig. 2(c) can be utilized to validate this phys-
ical mechanism where the near-field enhancement is observed
merely around the rectangular bar gap. Since the periodicity is in
the x and y directions, the resonance mode is no longer protected

by in-plane σx when the photonic state is away from the Γ point.
Here, the ‘σx’ means an object has a mirror symmetry with a
mirror plane that is perpendicular to the x-axis. By closely study-
ing the incident angle-resolved transmission map, it is visible in
Fig. 2(a) that a sharp transmission peak takes place. Such a sharp
transparent window existing at the dip of resonance can also be
considered as EIT effect. The result indicates that an ideal BIC
can be obtained at 0° incident angle and the EIT effect is the at-Γ
quasi-BIC. Please note the out-of-plane magnetic dipole mode
in the ring opens a leakage channel to the far field when the
incidence is not in the normal direction, as shown in Fig. 1(d).
As a result, the destructive interference between magnetic dipole
and electric dipole leads to a transparent window approaching
to unity. The eigenmode analysis of the proposed structure is
carried out by the software of COMSOL Multiphysics. In this
way, the specific lineshape need not to be considered and the Q
factor is Q = Re(feig)/2Im(feig) . The extracted Q-factors of
the quasi-BIC are shown in Fig. 2(c). The ultra-high Q-factor
can be more than 106 and decays quadratically (Q ∝ 1/k2// ∝
1/|ksin(θ)|2) with respect to the in-plane wavevectors. Q-factor
tends to infinity at Γ point also indicates an ideal BIC at the
electric dipole resonance dip. BIC is a new approach to trap
waves with theoretically infinite long radiative lifetime, thus
leading to a strong field localization. We here calculate the near
E-field distributions in xy plane at z = 60.5 nm. In Fig. 2(e), it
is obvious that a giant near electric field enhancement over 200
times when a small tilting angle θ = 0.2◦ is introduced. With the
increase of incident angle, field localization decreases gradually
corresponding to a lower Q-factor, as shown in Fig. 2(f).

To move further ahead in the comprehension of the at-Γ BIC,
breaking the structural symmetry of the resonator itself is an effi-
cient pathway to couple the bound state to the normal incidence.
Thus, the spacing between the resonators (g1) is increased by
moving the ring with the distance of Δx to break the in-plane
mirror symmetry. Fig. 3(a) and 3(b) show that the EIT window
would become more conspicuous if the displacement of the
ring increases. The displacement mainly influences the coupling
strength between the ring and its two nearest neighbour bars.
When Δx = 0, the bright mode cannot induce the dark-mode
resonance due to symmetry incompatibility. As Δx increases,
for instance, the coupling strength with the right bar is higher
than that with the left bar, leading to the breaking of symmetry
protection. The magnetic dipole with high-Q-factor resonance is
excited by the coupling from rectangular bars, and then couples
with the electric dipole moment destructively. As a result, a
typical EIT can be obtained. To further unveil the BIC nature of
such EIT effect, the radiative Q-factor as a function of in-plane
symmetry breaking is demonstrated in Fig. 3(c). It is interesting
to note that, the Q-factor has the α−2 dependence (α is the
asymmetry parameter defined as Δx/g1), directly manifesting
the validation of α−2 law [5]. To move further ahead in the
distinguishment of physical mechanisms between tilting angle
and displacement induced EIT/quasi-BIC, the E-field distribu-
tions at various Δx are displayed in Fig. 3(d)–3(f). This ob-
servation unequivocally shows that the near-field enhancement
is more obvious when the displacement is smaller. However,
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Fig. 3. (a) Calculated transmission spectra of the collective dark and bright
modes in the wavelength ranging from 1.43 µm to 1.72 µm and in the offset
(Δx) ranging from -30 nm to 30 nm. A positive number moves to the right of the
ring, while a negative number moves the opposite. (b) Calculated transmission
spectra of the collective dark and bright modes in the wavelength ranging from
1.5 µm to 1.6 µm when the selected displacements (Δx) are 0 nm, 2 nm, 10
nm and 30 nm, respectively. (c) Variation of Q-factor of the collective dark and
bright modes with varying incident offset (Δx). (d)-(f) Near-filed distributions
at the function of offset (Δx) at the x-y cross section at z = 60.5 nm when the
corresponding wavelength is 1.55 µm.

starkly contrasting with that of the tilting angle case, the E-field
intensity distributes unevenly in the ring. Such phenomenon is
clearly visible in Fig. 2(f) and 3(f), which is indicative of dras-
tically different physical mechanisms behind. Indeed, incident
angle tilting can directly ‘lighten’ the ‘dark’ mode by incoming
wave, but the displacement causes the indirectly excitation from
‘bright’ mode. The indirection excitation would be influenced
by the coupling coefficients, and different coupling strengths
from left and right can naturally result in unsymmetric E-field
distribution. Indeed, the tilting of incident wave can excite the
magnetic resonance of the silicon ring with an extremely narrow
linewidth, as shown in Fig. 1(d). When the rectangular bar
with an obvious electric dipole resonance is introduced, two
eigenmodes would unavoidably interact with each other and
thus EIT is generated. Such a physical picture is not appliable
to the case when the displacement of rectangular bar is carried
out and the structure is illuminated by the normal incidence. In
this case, the silicon ring holds a totally ‘dark’ mode and can
only be excited by the near-field coupling from the rectangular
bar. Such an indirection excitation would be influenced by the
coupling coefficients, and different coupling strengths from left
and right can naturally result in unsymmetric E-field distribution
as shown in Fig. 3(f). As a result, if we define |1 >and |2 >as
the eigenmodes of the rectangular bar and ring, respectively, the
physical pictures for both cases can be depicted as follows. The
EIT from tilting angle is a destructive interaction between |1 >
and |2 >, while the EIT from ring displacement is a destructive
interference between |1 > and|1 >→ |2 >→ |3 >.

The variation of loss in the silicon material can be considered
as a good way to investigate the Q-damping effect. Here, the
loss in the silicon is introduced by adding the imaginary part of
refractive index during the simulations. As two representative
examples, the spectra ofΔx = 5nm andΔx = 15nm are used
to represent the high-Q and low-Q quasi-BIC states, respectively.

Fig. 4. The quasi-BIC spectra evolution as a function of the loss of silicon
material. (a) The spectra response by varying the imaginary part of silicon in the
case with Δx = 5 nm. (b) The spectra response by varying the imaginary part
of silicon in the case with Δx = 15 nm. (c) The quasi-BIC spectral evolution as
a function of the size of the metasurface array. (d) Resonant modes calculated by
the eigenmode analysis. The purple circles and blue curve represent the resonant
eigenfrequencies and fitted quadratic function, respectively.

Please note the disappearance of the EIT window here denotes
the suppression of quasi-BIC. It is clearly seen from Fig. 4(a)
and 4(b) that the high-Q based quasi-BIC is much more sensitive
to the losses when compared with the low-Q one. It can thus be
safely concluded that it is more challengeable to realize a quasi-
BIC state with a higher Q factor in experiments. Furthermore,
the spectra would unavoidably be influenced by the array size.
It is clearly observed that the EIT window (quasi-BIC state)
can be more obvious when the array size increases, as shown in
Fig. 4(c). According to this tendency, the sharp resonance would
be more conspicuous when the array size further increases. The
resonance strength of quasi-BIC would increase when the size
tends to infinity. The quasi-BIC resonance would disappear
when the size is too small. Thus, we must fabricate a large
area of the proposed metasurface to make sure a very high-Q
resonance. Notably, the simulated tendency is very similar to
the experimental observation in the [66]. Another factor to
influence the Q-factor of quasi-BICs is the source dispersion
effect since Gaussian beam with a characteristic spread in wave
vector of k will excite a characteristic spread of frequencies
Δω = bΔk2 . We thus calculate the eigenfrequencies as shown
in Fig. 4(d). According to the Taylor expansion around the Γ
point ωres (k) = ω0 + bk2, we can then fit the dispersion of
energy band to obtain the coefficient b as 0.0002 ω0. As a
result, the Q value is constrained by Q ≤ ω0/bΔk2. Based on
the results in the [73], the maximal Q-factor is moderately high
Q ≈ 5× 103 when a Gaussian beam with a waist radius of 7μm
excite the metasurface.

Such a silicon-based metasurfaces can be fabricated through
mature techniques [66]. First, the silicon layer can be simply
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Fig. 5. (a) Calculated transmission spectra of the coupled resonators in the
wavelength ranging from 1.43 µm to 1.52 µm and in the incident angle ranging
from 0° to 70°. (b)-(d) The detailed spectral mappings of three off-Γ BICs
marked as BIC-Ⅱ, the BIC-Ⅲand the BIC-Ⅳ, respectively.

deposited on a quartz wafer by means of chemical vapor depo-
sition. Then, the technique of electron beam lithography (EBL)
can be used to define the metasurface pattern on the silicon layer.
Final, the metasurfaces can be created by the lift-off process and
reactive ion beam etching (RIE). Since the planar structure is
used in our work, the fabrication can be carried out without
much difficulty. However, there also exists some fabrication
constraints when it comes into realizing high-Q EIT resonances
by geometry symmetry breaking. Because the tiny displacement
of the rectangular bar plays an important role in the success
of high-Q EIT resonance, the fabrication process should be
accurate enough.

B. Accidental BICs at Off-Γ Points

Besides the symmetry-protected BIC, accidental BICs re-
sulted from an avoidable crossing of different eigenstates via
geometric or angle detuning are ubiquitous in photonics slabs.
The vanishing of one of the crossing modes is characterized by
the Fredrich–Wintegen (FW) scenario [4]. These off-Γ BIC in
our proposed system can also be obtained by monitoring the
mode hybridization at the wave vector. The existence of off-Γ
BIC is the signature of strong coupling, whose requirement can
be obtained by using coupled mode theory in two modes and
two ports. The Hamiltonian is:

H =

[
ωa κ
κ ωb

]
− i

[
γa

√
γaγbeiφ√

γaγbeiφ γb

]
(1)

where ωa and ωb are the eigenfrequencies of two modes, respec-
tively. γ is the radiative loss. κ is the coupling strength between
two modes. φ = 0 due to the in-plane coupling studied here. If
one of the coupled eigenmodes become purely real without any
loss, the following condition is satisfied:

(ωa − ωb) =
√
γaγb (γa − γb) (2)

As shown in Fig. 5(a), several off-Γ BICs, marked as BIC-Ⅱ,
BIC-Ⅲ and BIC-Ⅳ, are found in the incident angle range

Fig. 6. (a)-(c) Calculated transmission spectra of the BIC-Ⅱ, BIC-Ⅲ and BIC-
Ⅳ respectively with various incident angles close to the BIC points. (d)-(f)
Variation of Q-factor of the BIC-Ⅱ, BIC-Ⅲ and BIC-Ⅳ respectively.

varying from 0° to 70°. Compared with the results shown in
Fig. 1(c), a new energy band that blueshifts monotonously
with the incident angle increasing is formed when the two
resonators are coupled. This band would cross with other bands
at different incident angles, indicating the hybridizations of two
modes. In Fig. 5(b)–(d), it is obvious that transmission resonance
linewidths disappear when the incident angle reaches 17.6°,
36.1°, and 47.9°, respectively. In these BICs, the anti-crossing
phenomenon in BIC-Ⅱ and BIC-Ⅳ is conspicuous, in which the
blueshift band collides with the redshift ones. As a result, BIC-Ⅱ
and Ⅳ are FW BICs. However, BIC-Ⅲ possesses a faint trans-
mission resonance line without the coupling from two modes
but a single resonance evolves into a non-radiative mode. The
concept of single-resonance parametric BIC was first proposed
in the [38]. Unlike the symmetry-incompatibility and interaction
between two resonances, the single-resonance parametric BIC
can only occur at the off-Γ point when one resonance exists. The
physical picture behind it can be depicted as follows: The field
profile inside the dielectric metasurface could be considered as a
superposition of waves with different propagation constants. At
the interfaces, the wave partly reflects back into the metasurface,
and partly becomes an outgoing plane wave. At appropriate off-Γ
points, the formation of a BIC point is resulted from interference
of the transmitted waves with different propagation constants.
Please note that these ‘accidental’ crossings at off-Γ points
are distinct from symmetry-protected BIC-Ⅰ in which leakage
channel is forbidden owing to the ‘dark’ nature of the ring.

Regarding the resonance lifetime near these off-Γ BICs,
spectral features and Q-factor evolutions about the sharp res-
onance features are shown in Fig. 6. The spectral profiles show
transmission dips with a typical asymmetric Fano feature. For
BIC-Ⅱ, Fig. 6(a) shows that the linewidth at incident angle 17.6°
disappears, indicating no leakage of energy. When the incident
angle deviates 17.6°, we can see that there is an obvious width
broadening of these transmission dips, namely, the occurrence
of quasi-BIC. For BIC-Ⅲ, Fig. 6(b) shows BIC occurs at the
incident angle of 36.1° and quasi-BICs occur with Fano-shape
dips by slightly tuning the incident angle. For BIC-Ⅳ, Fig. 6(c)
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TABLE I
PHYSICAL PARAMETER

clearly demonstrates that the BIC occurs at the 47.9° incident
angle, and at other incident angles, such as 45.3°, 46.3° and
50.3°, quasi-BIC occurs. Moreover, the corresponding Q-factors
as a function incident angle are shown in Fig. 6(d)–(e) and 6(f)
respectively. The Q-factors near these three BICs can reach up
to more than 105. The theoretical curves are all fitted by the
formula |α|κ sin θ − κ sin θBIC|−2 , where θBIC is the incident
angle that BIC occurs [37]. The calculated data manifests that
the numerical results are in good agreement with the theoretical
curves. Thus, such infinite high-Q points can be identified as
off-Γ BICs. Besides, we try to fit the transmission amplitude
of the quasi-BICs of Ⅱ and Ⅳ according the formula derived
from [74]. The detailed deviation process is provided in the
supplemental information. The fitted key parameters are shown
in Table I, in which the coupling of two resonances is solidly
observed and the quasi-BIC states possess an extremely low
radiative loss.

To further unveil the underneath mechanisms of these BICs,
the near E-field distributions pertaining to the off-Γ BICs are
investigated in the xy-plane at z = 60.5 nm as well. Fig. 7(a)–(c)
display the E-field distributions at the incident angles near BIC-Ⅱ
and the frequency of each Fano dip. Fig. 7(d)–(f) are correspond
to the BIC-Ⅲ case and Fig. 7(h)–(j) correspond to the BIC-Ⅲ
case. It is easy to discern that the E-fields in Fig. 7(a)–(d) and
7(h) are relatively low when compared with the quasi-BIC cases.
This is mainly attributed to the decoupling between the incoming
wave and the eigenmode owing to the destructive interference
between two modes. It is intriguing that the local field enhance-
ment of BIC-Ⅱ occurs mainly in the electric dipole gap, which is
6 times higher than the incident field. The reason behind can be
seen in Fig. 5(a) and 5(b), in which the BIC-Ⅱ point locates near
the band from the resonance of the rectangular bar. As a result,
the resonance of the ring is highly suppressed by leaving the elec-
tric dipole with high radiative loss alive. However, such balance
is broken with little incident angle variation when the mode of the

Fig. 7. (a)-(j) Near E-field distributions at the Fano dips with different incident
light angles. The sections are all fixed in the xy plane at z = 60.5 nm within one
unit-cell.

ring starts to radiate with ultralong lifetime, as shown in Fig. 7(b)
and 7(c). As for the quasi-BICs shown in Fig. 7(e) and 7(f), the
near-fields exhibit an almost the same profile no matter whether
how extent the angle deviates the critical angle. This result
is inevitably relevant to the configuration of single-resonance
parametric BIC since BIC-Ⅲ exists in the band where only one
resonant mode evolutes. For the quasi-BICs close to BIC-Ⅳ,
the situation is a little different. As abovementioned, BIC-Ⅳ
is formed due to the avoided crossing between two energy
bands in the photonic crystal slab. In Fig. 4(d), we can see
that the anti-crossing behaviour takes place at the left of the
BIC point. Thus, the quasi-BIC states at the incident angle less
than 47.9° would be influenced from the redshift band strongly,
while the states at the incident angle higher than 47.9° would
maintain the resonant state of the blueshift band. The idea can
be evident from the E-field distributions in Fig. 7(h) and 7(i).
Consistent with the generation mechanism outlined above when
the incident angle is 45.3°, the E-field enhancement primarily
originates from the rectangular bar, which possesses the resonant
feature of the redshift band. Nevertheless, the E-field at 50.3°
exhibits a similar distribution when compared with the cases
shown in Fig. 7(e) and 7(f). Therefore, it is gratifying to see that
the near-field coupling from two individual resonator is a very
effective approach to construct multiple BICs by energy band
anti-crossing effects.

III. CONCLUSION

In summary, we have systematically investigated the BIC
nature in a coupled mode photon cavity comprising a rectangular
bar and a ring within one unit-cell. Our results manifest the
existence of multiple BICs which are formed by the coupling
effect between the two resonators. According to the physical
mechanism, they are classified as a symmetry-protected at-Γ



HU et al.: MULTIPLE PHOTONIC BOUND STATES IN THE CONTINUUM 4641308

BIC and three off-Γ BICs. For the at-Γ BIC, we have found that
it holds an intrinsic connection with the well-studied EIT effect
which is generated when the at-Γ BIC evolves into quasi-BIC
state. Intriguingly, the EIT window formed by a slight angle
tilting is due to the ‘bright-bright’ mode coupling, while the EIT
window induced by displacement of resonator is owing to the
‘bright-dark’ mode coupling. For off-Γ BICs, they are created
when the incident angles are 17.6°, 36.1° or 47.9°, respectively.
Two of them are ascribed to the avoided crossings with two
energy bands and another one belongs to the single-resonance
parametric BIC. Besides, the Q-factors of all quasi-BICs are
extremely high and can reach up to 105. The Q-factor evolution
of each individual BIC accords well with the theoretical α-2 law.
Therefore, the coupled resonators in photonic slabs not only
provide a unique degree of freedom to manipulate abundant BIC-
based resonances, but also bear a high potential for various pho-
tonics applications, such as ultranarrow-band filters, slow-light
devices, ultrasensitive sensors, and ultraefficient modulators.
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