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Interplay of bound states in the continuum empowers spectral-lineshape manipulation
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The bound states in the continuum (BICs) in optical metasurfaces have latterly received prominent attention
for their ultrahigh quality factors and the promise that they hold for realizing lowthreshold nanolasers, high-
harmonic generation, and slow-light devices. In this scenario, the flexible tuning of the BIC is at the heart of
multifunctional and tunable metadevices underpinning the central role in the modulation of optical spectral
responses. Most BIC-inspired works are limited to single types of BICs modes only affected by the structural
perturbation without tunable functionality, while different types of BIC modes have received little attention in
manipulating the spectral line shapes in optical metasurface. Here, we show that the simultaneous generation
and tailored interplay of two types of BIC modes can empower the realization of tailorable spectral lineshape
manipulation in all-dielectric metasurfaces. In particular, the magnetic symmetry-protected BICs and accidental
BIC result from the preserved reflection symmetry and geometrical parameter perturbation, respectively. The
varied asymmetric parameters and the polarization angle of the incident light are responsible for the generation
and interplay of the symmetry-protected and accidental quasi-BIC modes. Additionally, the interplaying quasi-
BICs enable the implementation of the dual-wavelength passive optical switches throughout the related telecom
bands, and can exhibit the tunable spectral features of different types of Fano resonances and EIT analog-based
slow-light effect. These results could offer exploration potential for the development of multifunction and high-
performance metadevices.

DOI: 10.1103/PhysRevB.107.205422

I. INTRODUCTION

Metasurfaces, as ultrathin artificial subwavelength nanos-
tructures made up of arrays of nanoresonators, have received
a lot of attention in the past decade due to their unique
capability to manipulate the degree of freedoms of the electro-
magnetic waves, including phase, amplitude, polarization, and
frequency [1–6]. Likewise, metasurfaces are easy to fabricate
with modern techniques, compact, and can also be cascaded
with additional optical system functionality. Compared to
the plasmonic metasurfaces that suffer from intrinsic loss,
the all-dielectric metasurfaces consisting of high refractive
index and low-loss materials offer excellent advantages for
metadevices [7,8]. It is important to point out that the all-
dielectric metasurfaces not only support higher quality factors
(Q factors), but also enable the excitation of electromagnetic
multipole resonances [9], which has exhibited powerful ca-
pabilities in designing spectral lineshapes in the near-infrared
and terahertz regimes [8,10]. Among them, the sharp asym-
metric Fano resonance [11,12] and electromagnetic-induced
transparency (EIT) [13], which unfold a narrow transparent
window along with unusual lineshapes and steep dispersion,
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yield avenues for biosensing [14,15], low-threshold lasers
[16,17], nonlinear optics [18,19], and so on.

The bound states in the continuum (BICs) that reside in a
radiative continuum but do not suffer damping, proposed by
Neumann and Wigner in the context of quantum mechanics
[20], figure quite general wave phenomena with infinite Q
factors in physics, in general, and optics, in particular. The
physical mechanisms that result in the formation of a BIC,
in principle, can be classified as the symmetry-protected BIC
and accidental BIC [7,21]. The symmetry-protected BICs,
existing at high-symmetry points of the momentum space,
remain localized within the radiative continuum spectrum
only if the related symmetry (e.g., the reflection or rotational
symmetry) in the system is preserved, whereas accidental
BICs can be tailored in reciprocal space via structural pa-
rameter perturbation, despite the symmetry of the system
being unchanged. In practice, the implementation of BICs
are often restricted to quasi-BICs that represent supercav-
ity modes with ultrahigh Q factors near the BIC conditions,
such that the quasi-BICs are commonly regarded as BICs.
Recently, BICs have been shown to offer exciting prospects
for strong light confinement and high Q-factor applications in
all-dielectric metasurfaces [22–24], such as light manipulation
[16,25,26], high-harmonic generation [27–30], and slow-light
devices [31–33]. It has been demonstrated that the Q factor
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of an isolated BIC is distinctly influenced by inevitable fab-
rication imperfections (such as inhomogeneity, finite sample
size, and surface roughness of the metasurface) [7], thereby
leading to the BIC mode coupling with the nearby radiative
states, which restricts its practical applications. Moreover,
most previous reported works that predominantly concentrate
on the implementation of individual BIC or multiple isolated
BICs are affected only by the structural perturbation with-
out tunable functionality. Thus, these BICs are insufficient
for the flexible manipulation of spectral lineshapes designing
functional optical devices, while the tailored interplay of dif-
ferent types of BIC modes can be adapted to manipulate the
spectral lineshapes and further adjust the Q factor of nearby
radiative states, which also provides stability to fabrication
imperfections. To effectively exploit the potential of the BICs
in all-dielectric metasurfaces, the flexible tuning of the BIC
promotes the exploitation of the multifunctional and tunable
metadevices, which has not been well understood and requires
further study.

In this paper, we show that the simultaneous generation of
symmetry-protected BICs and accidental BIC as well as the
customized interplay of these two types of BIC modes can em-
power the spectral lineshape manipulation for optical switches
and tunable slow light effect in all-dielectric metasurfaces,
which consists of periodic silicon square including circular-
aperture (CA) and circular-hole (CH) unit cells. In particular,
the symmetry-protected BICs and accidental BIC, dominated
by magnetic multipoles and toroidal dipole (TD) responses,
result from the preserved reflection symmetry and geometrical
parameters perturbation, respectively. The varied asymmetric
parameters and the polarization angle of the incident light are
responsible for the generation and interplay of the symmetry-
protected and accidental quasi-BIC modes while maintaining
the accidental BIC. The interplaying quasi-BICs can be envi-
sioned to facilitate the realization of dual-wavelength passive
optical switches throughout the second and third telecom
windows, and can exhibit the tunable spectral features of
degenerate Fano resonance, double Fano resonances, and EIT
analog-based slow-light effect by tuning polarization angle of
the incident light. These results unveil the interplay of the
BICs and show promise for the development of multifunction
and high-performance metadevices such as tunable bandpass
filters and multichannel sensing.

II. STRUCTURE AND MODEL

Herein, we consider an all-dielectric BIC-based silicon
metasurface that consists of a periodic silicon square includ-
ing a CA and CH unit cell, as shown in Fig. 1(a), deposited
on a quartz substrate. The linear polarized incident light
field that propagates along the positive Z direction is normal
to the metasurface. The geometric parameters of the single
unit cell are presented in Fig. 1(b). R1 = R2 = 150 nm de-
pict the radii of CA and CH, respectively, with W = 390 nm
being the distance of the circle centers. H = 120 nm and
L = 750 nm denote the height and side length of the sili-
con square, respectively. Px = Py = 900 nm are the periodic
lengths of the unit cell in X and Y directions, respectively.
It has been demonstrated that metasurfaces with broken re-
flection symmetry structure (the breaking of the in-plane
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FIG. 1. (a) Schematic illustration of a BIC-based silicon meta-
surface consisting of circular-aperture (CA) and circular-hole (CH)
unit cell deposited on a quartz substrate. The incident light acts
vertically, along the positive Z direction, on the metasurface. (b) Side
view of a unit cell with geometric parameters: R1 and R2 are the radii
of CA and CH; W represents the distance of the circle centers; H and
L denote the height and side length of the silicon square; Px and Py are
the periodic length of the unit cell in X and Y directions, respectively.
(c) Definition of the asymmetry parameter α = �S/S for the silicon
metasurface.

inversion symmetry of a unit cell) can give rise to the presence
of the SP-BIC [34]. As shown in Fig. 1(c), by varying the
radius (R1) of the CA, the asymmetric parameter α = �S/S
can be derived and exploited for the realization of SP-QBIC,
where the distance of the circle centers W is fixed. Moreover,
the numerical simulation of the BIC-based silicon metasur-
faces can be achieved by harnessing the three-dimensional
finite-difference time-domain (3D-FDTD) method [35,36],
where the dielectric constants of silicon and quartz are from
Refs. [37,38] (where the extinction coefficient κ of sili-
con at 1300 nm–1500 nm is reducing from 2.7 × 10−10 to
1 × 10−13). Therein, the perfectly matched layers that can ren-
der a reflectionless absorbing medium, which absorbs without
any reflected electromagnetic waves at all frequencies and
angles of incidence, are set as the boundary conditions on
the front and back sides of the Z direction, whereas the X
and Y directions of the BIC-based silicon metasurface are
considered as the periodic boundary conditions that ensure the
continuous distribution of media on the boundary.

III. MAGNETIC SYMMETRY-PROTECTED BICS
AND QUASI-BICS

It is known that a system that exhibits a reflection or
rotational symmetry can enable the presence of the symmetry-
protected BICs [39,40]. By slightly breaking one of the
symmetries of the structure, the symmetry-protected BICs can
be converted into symmetry-protected quasi-BICs resonance
modes with an ultrahigh Q factor [41,42]. When the inci-
dent light is polarized along the Y direction, the reflection
symmetry of the metasurfaces can be broken by varying the
radius R1 of the CA structure. As shown in Fig. 2(a), for the
radius R1 = 170 nm, there exist triple Fano resonances in the
transmittance spectrum (see the brown curve). As the radius
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FIG. 2. Magnetic symmetry-protected BICs and quasi-BICs of the silicon metasurfaces. (a) Transmittance spectra with different radii R1 of
the CA structure. The red circle and blue triangle are marked as the symmetry-protected BIC1 (SP-BIC1) and BIC2 (SP-BIC2), respectively.
(b) The Q factor of the two symmetry-protected quasi-BICs (SP-QBICs) with respect to different asymmetry parameters α, which agree
well with Q ∝ α−2. (c) The Cartesian multipole expansion of the scattering cross section of SP-QBIC1 and (d) the related intensity of the
near-field magnetic field Hz in the X-Y plane on the metasurface for the radius R1 = 130 nm (black arrows are displacement currents). (e) The
Cartesian multipole expansion of the scattering cross section of SP-QBIC2 and (f) the related intensity of the near-field magnetic field Hz of
the metasurface in the X-Y plane.

R1 decreases from 170 nm to 100 nm, the center wavelengths
of the triple Fano resonances are redshifted due to the in-
crease of the effective refractive index of each unit cell, while
the linewidth first decrease and then increase. For the radius
R1 = 150 nm (that is, reflection symmetry in the Y direction),
two of the triple resonance modes vanish, which indicates
that the external radiation channels of the bound state are
closed, viz., no leaky energy to the free space. This process
confirms the existence of the two symmetry-protected BICs
(see the red circle and blue triangle for the SP-BIC1 and the
SP-BIC2, respectively), which can also be verified from the
band structures and Q factor of these two nonradiative modes
(see more details in Fig. 7 of the Appendix). Moreover, the
breaking of the reflection symmetry results in the presence of
symmetry-protected quasi-BIC1 (SP-QBIC1) and quasi-BIC2
(SP-QBIC2), namely, dubbed supercavity modes. Therein,
both the Q factor and resonance linewidth become finite. To
evaluate the effect of the symmetry breaking on SP-QBIC1
and SP-QBIC2, the asymmetry parameters (α) are introduced
to analyze the scaling behavior of the quality factor (Q factor).
The Q factor is defined as λ0/�λ, with λ0 being the resonant
wavelength and �λ being the full width at half maximal
of the resonance. It is found that the Q factor of both the
SP-QBIC1 and SP-QBIC2 modes are obviously proportional
to Q ∝ α−2, as shown in Fig. 2(b), which, in turn, validates

the existence of the symmetry-protected BICs and quasi-BICs
mentioned above. It should be noted that the silicon absorption
loss can be ignored in the calculation of the Q factors of
the two SP-QBIC modes, thus fitting well with the α−2 and
exhibiting an ideal SP-BIC with infinite value of the Q factors.
In Fig. 2(c), the Cartesian multipole expansion of the far-field
scattering cross section of the SP-QBIC1 is dominated by the
magnetic quadrupole (MQ) with the magnetic dipole (MD)
being secondary contributions, which can also be verified by
the magnetic field distribution in Fig. 2(d). Nevertheless, as
shown in Fig. 2(e), the Cartesian multipole expansion of the
far-field scattering cross section of the SP-QBIC2 is gov-
erned by the MD with the MQ being secondary contributions,
which can also be verified by the magnetic field distribution
in Fig. 2(f). The results reveal that the symmetry-protected
BICs and quasi-BICs are mainly attributed to the magnetic
responses, while the electric responses are nearly suppressed,
which also make them attractive for biosensors of superior
sensitivity and detectability [43,44].

IV. TOROIDAL-DIPOLE-BASED ACCIDENTAL
BIC AND QUASI-BIC

In the previous subsection, the magnetic symmetry-
protected BICs and quasi-BICs were realized by considering
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FIG. 3. Toroidal-dipole-based accidental BIC and quasi-BIC as the incident light polarized along the X direction. (a) The transmittance
spectra as a function of R1 and the wavelength. The toroidal-dipole-based accidental-BIC (A-BIC) is marked with an orange pentagram.
(b) Dependence of the Q factor and resonance wavelength of the accidental quasi-BIC (A-QBIC) on different R1. (c) The transmittance
spectrum of the metasurface at R1 = 130 nm [see the vertical white dashed line in (a)], exhibits an asymmetric Fano lineshape. (d) The
Cartesian multipole expansion of the scattering cross section of A-QBIC in (c). (e) The electromagnetic near-field distribution in the Y-Z plane
with X direction corresponding to the near half length of the circle centers (λ = 1310 nm). The contour plot represents the near-field electric
distribution Ex, while the white arrow and its length indicate the direction and magnitude of the magnetic field, respectively.

the reflection symmetry and asymmetry of the metasurface,
respectively, when the incident light was polarized along the
Y direction. By fixing the polarized direction of the incident
light at the X direction, albeit with varied radius R1, the re-
flection symmetry is always preserved. As shown in Fig. 3(a),
the transmittance spectra accidentally vanish by changing the
radius R1, which demonstrate that the existence of the acci-
dental BIC (A-BIC), marked with an orange pentagram, can
be evolved from accidental quasi-BIC (A-QBIC) [45], while
the band structures and Q factors of the eigenmode near the
first Brillouin zone also confirm the existence of A-BIC (See
more details in Fig. 7 of the Appendix). As shown in Fig. 3(b),
the resonance wavelengths are blueshifted continuously by
increasing the radius R1 (see the blue-circle curve), owing to
the diminishing of the effective refractive index of the meta-
surface. The Q factor first exponentially increases and then
exponentially decreases along with a maximal point that de-
lineates the A-BIC by increasing the radius R1 (see the orange
pentagram curve)—herein, as mentioned in Fig. 2(b), the ideal
A-BIC with infinite Q factor. The transmittance spectrum of
the metasurface at R1 = 130 nm [see the vertical white dashed
line in Fig. 3(a)], exhibits an asymmetric Fano lineshape in
Fig. 3(c), indicating that the radiating source weakly interacts
with the free space, and then significantly reduces the radia-
tive loss in the metasurface. As illustrated in Fig. 3(d), the
Cartesian multipole expansion of the far-field scattering cross

section of the A-QBIC shows that the TD plays the key role
in all of the multipole modes [46], where the MQ and electric
quadrupole (EQ) are successive contributions. Such behaviors
can also be verified by the electromagnetic field distribution in
Fig. 3(e). Therein, a TD is dominated by either a counterclock-
wise toroidal magnetic field (which ranges from A-QBIC to
A-BIC, i.e., the radius is less than 78 nm) or a neighboring
clockwise toroidal magnetic field (which ranges from A-BIC
to A-QBIC, to wit, the radius is more than 78 nm) formed in
the Y-Z plane. As a consequence, the TD-based A-BIC and
A-QBIC can be fulfilled by varying the radius R1 of the CA of
the metasurface.

V. MANIPULATING THE INTERPLAY OF TWO
TYPES OF BIC MODES

The previously specified SP-BIC and A-BIC modes that
suffer from different polarized incident light have many po-
tential applications in low-threshold room-temperature lasing
[17,47], biosensors [48,49], and so on, due to their ability
to enhance light-matter interactions, which is fundamental
to increase the efficiency and improve the performance of
the nanophotonic devices. As shown in Fig. 4(a), by fixing
R1 = 130 nm, the SP-QBIC1 and A-QBIC present at 1340 nm
and 1310 nm, respectively, when the polarization angle of
the incident light changes from 0◦ to 90◦. The SP-QBIC1
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FIG. 4. The polarization-selective excitation and interplay of the SP-QBIC1 and the A-QBIC. (a) Transmittance spectra with different
wavelengths and polarization angles. (b) Spectral contrast ratios of the SP-QBIC1 and the A-QBIC with different polarization angles.
(c) Transmittance spectra as a function of the wavelength and radius R1, with the polarization angle being fixed at 45◦. (d) The resonance
wavelengths of the SP-QBIC1 and the A-QBIC with different radius R1 in (c). (e)–(g) The transmittance spectra and MICMT fitting with fixed
radius R1, which corresponds to the red, green, and orange vertical dashed lines in (c), respectively.

and A-QBIC modes vanish as the polarization angles near 0◦
and 90◦, respectively. This behavior can be ascribed to the
polarization-selective modulation of supercavity resonances
using subwavelength aperture arrays. It has already been
demonstrated that the Poincaré sphere can visually illustrate
the polarization state of the incident light, and is a general way
to exhibit the degree of polarization of the linearly and circu-
larly polarized light [50–52]. In our scheme, only one of the
longest axes (the equatorial axis) of the Poincaré sphere can
be used to illustrate the degree of polarization of the linearly
polarized light (only S1 and S2 axes exist to form a circular
plane), which is similar to the in-plane polar plots. The spec-
tral contrasts ratios of the SP-QBIC1 and A-QBIC modes in
Fig. 4(b), defined as [(Tpeak − Tdip )]/[(Tpeak + Tdip )] × 100%
with Tpeak and Tdip being the maximum and minimum of the
transmittance spectra [53], can be used to quantify the degree
of polarization-selective excitation. Therein, for the A-QBIC
(SP-QBIC1), the maximum (minimum) excitation appears at
both 0◦ and 180◦ with the contrast ratios being close to 100%
(0), while the minimum (maximum) excitation occurs at 90◦
and 270◦ with the contrast ratios being close to 0 (100%). It
is of great interest to notice that, for the polarization angle
being 45◦ (135◦, 225◦, and 315◦), the SP-QBIC1 and A-QBIC
modes are identically excited at this moment, resulting from
the equivalent electric field components of the incident light
in the X and Y directions. Subsequently, by fixing the po-
larization angle at 45◦, the interplay of the SP-QBIC1 and

the A-QBIC can be realized by regulating the radius R1 in
Fig. 4(c), which can also be verified from the change of the
resonance wavelengths in Fig. 4(d).

Furthermore, the underlying physical mechanisms of the
interplay of two types of BIC modes can be validated by using
the multimode interference coupled mode theory (MICMT),
which has been extensively conducted to explain the physical
origin of the Fano resonance and multiple Fano resonances
[54,55]. With respect to the coupled multiple resonant modes,
the coupling phases of different resonant modes have a
profound impact on their transmittance spectra. From the
single-mode coupled-mode-theory, the basic equations of the
MICMT with coupling phases can be given as

S+
n,1 = γn1eiϕn1 S+

1 , S+
n,2 = γn2eiϕn2 S+

2 , (1)

S−
1 = −S+

1 +
∑

n

κ∗
n1an, κn1 =

√
2

τn1
eiθn1 , (2)

S−
2 = −S+

2 +
∑

n

κ∗
n2an, κn2 =

√
2

τn2
ei(θn1−φn ), (3)

dan

dt
=

(
−iωn −

2∑
k=0

1

τnk

)
an + κn1S+

1 + κn2S+
2 , (4)

where S±
k (k = 1, 2) are the field amplitudes for the outgo-

ing (−) and incoming (+) ports of 1 and 2, respectively.
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γn1e jϕn1 and γn2e jϕn2 denote the normalized coefficients (γn1 =
γn2 ≈ 1 in this paper). ϕn represents the phase difference be-
tween outgoing and incoming ports of the nth resonant mode.
θnk and κnk (k = 1, 2) depict the phases and coupling coeffi-
cients of the nth resonant mode, respectively, with κ∗

nk (k =
1, 2) being the related complex conjugate terms of the cou-
pling coefficients. φn indicates the phase difference between
the outgoing and incoming ports of the nth resonant mode.
an and ωn are the field amplitude and resonant frequency
of the resonant mode, respectively. τn0 is the decay time of
internal loss of the nth resonant mode in resonator. τn1 and
τn2 are the decay time of the coupling between the resonator
and environment, respectively. For the single-incoming case,
by setting S+

2 =0, the transmittance of the metasurface can be
written as

T =
∣∣∣∣S−

2

S+
1

∣∣∣∣
2

=
∣∣∣∣∣t0 +

N∑
n=1

2τn0eiϕn

−i(ω − ωn)τnτn0 + 2τn0 + τn

∣∣∣∣∣
2

,

(5)

where ϕn denotes the total coupling phase difference for
the SP-QBIC1, A-QBIC, and a Fano-type resonant (peak at
λ = 1490 nm) mode. t0 delineates a constant that compen-
sates the other resonances in the uninterested frequency range
as a flat continuous background. In Figs. 4(e) and 4(f), the
MICMT agrees well with the numerical results. For the radius
R1 = 50 nm [see the red curve in Fig. 4(e)] and R1 = 110 nm
[see the orange curve in Fig. 4(f)], the interplay of the SP-
QBIC1 (that is the supperradiant mode with low Q factor) and
A-QBIC (that is the subradiant mode with high Q factor) can
be realized by adjusting the radius R1. It should be noted that,
for the radius R1 = 78 nm [see the green curve in Fig. 4(f)],
the SP-QBIC1 is preserved, while the A-QBIC is transformed
to A-BIC. The fitting parameters of the interplay of two types
of BIC modes are given as follows: (e) N = 3, t0 = 0.8,
ω1 = 2.1077 × 1014 rad/s, ω2 = 2.1307 × 1014 rad/s, ω3 =
2.0120 × 1014 rad/s, τ10 = 69920 fs, τ20 = 1702 fs, τ30 =
2721 fs, τ1 = 911002.1 fs, τ2 = 3080.7 fs, τ3 = 8104.6 fs,
ϕ1 = −2.25, ϕ2 = 0.41, and ϕ3 = −2.4. (f) N = 3, t0 =
0.795, ω1 = 2.1845 × 1014 rad/s, ω2 = 2.1599 × 1014 rad/s,
ω3 = 2.0202 × 1014 rad/s, τ10 = 1730000 fs, τ20 = 2410 fs,
τ30 = 1520 fs, τ1 = ∞, τ2 = 3976.6 fs, τ3 = 4304.6 fs,
ϕ1 = −2.25, ϕ2 = 0.41, and ϕ3 = −2.5. (g) N = 3,
t0 = 0.795, ω1 = 2.2367 × 1014 rad/s, ω2 = 2.2060 × 1014

rad/s, ω3 = 2.0534 × 1014 rad/s, τ10 = 39920 fs, τ20 =
5300 fs, τ30 = 1525 fs, τ1 = 91000.3 fs, τ2 = 7976.5 fs, τ3 =
4304.6 fs, ϕ1 =−2.5, ϕ2 = 0.45, and ϕ3 = −2.45. These
results elucidate that, by modulating the radius R1 of the
CA of the metasurface, the polarization-sensitive SP-QBIC1
and A-QBIC are capable of interplay with each other while
simultaneously sustaining the A-BIC.

VI. QUASI-BIC-BASED PASSIVE DUAL-WAVELENGTH
OPTICAL SWITCHES

It is typically found that metasurface-based optical
switches have great potential for applications in optical
logic circuits and optical communication systems [56–58].
Among them, integration of passive optical switching devices
with optical fibers benefit the implementation of practical

applications in long-distance optical data transmission, optical
remote sensing, and all-optical networks [59,60]. In view of
the fact that the all-dielectric metasurface is very favorable
for improving the performance of optical switches due to its
resonant internal field localization and low energy dissipa-
tion, in this respect we explore the passive dual-wavelength
optical switches in the all-dielectric BIC-based silicon meta-
surface. As shown in Fig. 5(a), for the central wavelengths of
1482 nm and 1487 nm [which pertains to the telecom S-band
(1460−1530 nm)], their transmittance spectra can be adjusted
by varying the orientation of the incident polarization, where
the maximal and minimal of the transmittances can be in-
stalled as the ON and OFF states of the optical switches,
respectively. Hence, the ON/OFF ratio η can be defined
as [60]

η = 10 log10

(
TON

TOFF

)
, (6)

where TON and TOFF depict the ON and OFF states at the
related wavelengths, respectively. As indicated by Fig. 5(b),
with regard to the center wavelength at 1483 nm, the ON state
of the optical switch, induced by the SP-QBIC1 mode, can be
acquired with the transmittance being TON = 0.921701, when
the incident polarized along the Y-direction (i.e., the polariza-
tion angle is 90◦). Simultaneously, the OFF state of the optical
switch, triggered by the A-BIC mode, can be achieved with
the transmittance being TOFF = 0.0000133, when the incident
polarized along the X direction (i.e., the polarization angle
is 0◦). Then, the ON/OFF ratio η of the center wavelength
(1483 nm) can be attained as 48.4 dB. For the case of the
center wavelength at 1487 nm, the ON state of the optical
switch, triggered by the peak of the A-BIC mode, can be
achieved with the transmittance being TON = 0.471216, when
the incident is polarized along the X direction (0◦). While the
OFF state of the optical switch, induced by the dip of the SP-
QBIC1 mode, can be obtained with the transmittance being
TOFF = 0.00004366, when the incident is polarized along the
Y direction (0◦). Thus, the ON/OFF ratio η of the peak-dip-
type optical switch at 1487 nm can be attained as 40.3 dB. Of
particular interest is that the dual-wavelength optical switches,
as illustrated in Fig. 5(c), can be ranged throughout the sec-
ond and third telecom windows by changing the side length
(L) of the silicon square, with the ON/OFF ratio η ranging
from 34 dB to 48.4 dB, respectively. These results illustrate
that the quasi-BICs based dual-wavelength passive optical
switches can be accomplished in the telecom S-band with
high ON/OFF ratios, and can be extended throughout the
second and third telecom windows. Such dual-wavelength op-
tical switches, which are compact and passive devices without
adding additional active pump light field, is promising to en-
rich the applications in optical communication and all-optical
computing devices [57,61].

VII. TUNABLE SLOW LIGHT INDUCED
BY THE INTERPLAY OF THE QUASI-BICS

It has been recently demonstrated that the high Q-factor
quasi-BIC mode that is accompanied by a steep phase dis-
persion in an all-dielectric metasurface shows promising
potential for practical applications in sensors [22], modulators

205422-6



INTERPLAY OF BOUND STATES IN THE CONTINUUM … PHYSICAL REVIEW B 107, 205422 (2023)

FIG. 5. Polarization-dependent passive dual-wavelength optical switches induced by SP-QBIC1 and A-QBIC. (a) The 3D surface-color
map with projection of the dual-wavelength optical switches versus different wavelength and polarization angles of the incident light, where the
resonance wavelengths are 1483 nm and 1487 nm with R1 = 34 nm and R2 = 115 nm, respectively. (b) The dual-wavelength optical switches
operate at the telecom S-band (1460 − 1530 nm) with the ON/OFF ratio (η) being 48.4 dB and 40.3 dB, respectively. (c) The dual-wavelength
optical switches can be ranged throughout the second and third telecom windows by changing the side length (L) of the silicon square.

[62], and slow-light devices [31,63]. The tunable slow-light
effect in all-dielectric metasurfaces in the near-infrared region
is particularly crucial to the various functional integrated pho-
tonic devices, e.g., all-optical buffers and all-optical switches
[64,65]. Below we study the tunable slow-light effect in-
duced by the interplay of the SP-QBIC1 and the A-QBIC.
As shown in Fig. 6(a), by reducing the radius R2 of CH to
115 nm [compared with the results shown in Fig. 4(c) with
the radius R2 being 150 nm], both the SP-BIC1 and A-BIC
can be achieved near 1030 nm by varying the radius R1 of
CA, with the polarization angle of the incident light being
fixing at 45◦. In particular, for the radius R1 being 36 nm
and 58 nm, the transmittance spectra are characterized by EIT
analogs [see the light blue curve in Fig. 6(b) and red curve
in Fig. 6(d)], respectively, which are induced by the coherent
interaction of the SP-QBIC1 and the A-QBIC. For the radius
R1 being 90 nm, the transmittance spectrum are portrayed as
double Fano resonances [see the brown curve in Fig. 6(e)],
resulting from the dipolar coupling of the SP-QBIC1 and the
A-QBIC. Interestingly, it can be seen that, concerning the
radius R1 being 46 nm, the transmittance spectrum obviously
features the single Fano resonance [see the orange curve in
Fig. 6(c)], which originates from the degenerate dipolar cou-
pling of the SP-QBIC1 and the A-QBIC and can be termed as
degenerate Fano resonance [66]. With respect to the EIT-like
transmittance (the radius R1 is 58 nm), we further show that
the transmittance spectra evolve from polarization-selective
Fano resonance to EIT analogs, and then to the orthogonal
Fano resonance by altering the polarization angle of the in-
cident light in Fig. 6(f). For the sake of studying the tunable

slow-light effects govern by the EIT analogs, we explore the
polarization angle on the group index (Ng) of the incident light
in Fig. 6(g), which can be given as [65]

Ng = c

vg
= c

D
× τg = − c

D
× dϕ(ω)

dω
, (7)

where c represents the speed of light in vacuum, D is the
propagation distance of light in the metasurface, τg denotes the
optical delay time, ω depicts the angular frequency, with ϕ(ω)
being the phase shift of the transmittance. Thus, the positive
group index, namely, inheriting the reduced group velocity,
renders the appearance of the slow light. As illustrated in
Fig. 6(g), it is obvious that the maximal group index 1911
(852) appears nearly at 1442 nm (1447 nm) with the polariza-
tion angle being 0◦ (90◦). Also, the slow-light effect incurred
by the EIT analog can be extended to the telecom bands by
varying the side length (L) of the silicon square. Therefore, the
interplay of the SP-QBIC1 and the A-QBIC can give insight
into the realization of tunable slow-light effect with the high
group index.

VIII. DISCUSSIONS AND CONCLUSIONS

As for the feasibility of the experimental setup, plasma-
enhanced chemical vapor deposition [67], which has been
widely used for the deposition of inorganic dielectric layers
(such as nitride, silicide) due to the advantages of lower
working temperature, faster deposition rate, and denser film
layer, are conducted to deposit amorphous silicon films on
quartz substrates. In doing so, not only the thickness of the
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FIG. 6. Tunable slow-light induced by the interplay of the SP-QBIC1 and the A-QBIC. (a) The transmittance spectra of the coupled
SP-QBIC1 and A-QBIC as a function of the wavelength and the radius R1, with the polarization angle of the incident light being 45◦ and the
radius R1 = 115 nm. (b)–(e) The coupled quasi-BICs [zoomed view of the given range in the white-dashed circle in (a)] can be constructed
as EIT analogs (R1 = 36 nm and 58 nm), degenerate Fano resonance (R1 = 46 nm), and double Fano resonances (R1 = 90 nm), respectively.
(f) Transmittance spectra as a function of the wavelength and polarization angle with the radius R1 = 58 nm. (g) Tunable slow light with the
group index induced by the polarization angle.

amorphous silicon film can be obtained by using the ellipsom-
etry but the silicon square with CA and CH patterns can be
carried out by electron-beam-lithography [68,69]. Thereafter,
the related patterns can be transferred to the silicon film by
reactive ion etching inductively coupled plasma with CHF3,
SF6, Ar, and O2 gases [70], thus leading to the realization
of the BIC-based silicon metasurface. With regarding to the
feasibility of the experimental measurement, a home-built
optical system are used. After two fiber collimators are used
to guide the optical path, the picosecond pulsed incident light
is normal to the fabricated sample, and then the transmitted
light can be collected by using a charge-coupled device de-
tector in a time domain spectroscopy system. Meanwhile, the
polarization direction of the incident light can be modulated
by utilizing the polarization controller, resulting in the optical
switch, and group delay of the incident light can be controlled
by modulating the polarized direction of the incident light. As

a consequence, the proposed all-dielectric BIC-based meta-
surface can be fabricated and the optical switch and slow-light
effects are feasible to be observed in the experiment.

In summary, we have revealed that the generation and
interplay of two types of BICs are capable of empower-
ing spectral lineshape manipulation in all-dielectric silicon
metasurfaces. It is shown that the symmetry-protected BICs
and quasi-BICs stem from the MD and MQ responses, re-
spectively, while the accidental BIC and quasi-BIC arise
from the TD responses. Furthermore, the interplay of the
symmetry-protected quasi-BIC and accidental quasi-BIC can
be achieved while maintaining the accidental BIC, which
is in good agreement with the MICMT. The interplaying
quasi-BICs cannot only be employed for establishing the dual-
wavelength passive optical switches in the telecom S-band
or even throughout the second and third telecom windows
but can be exploited for the realization of degenerate Fano
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resonance, double Fano resonances, and EIT analog-based
slow-light effects by tuning the polarization angle of the
incident light. Therefore, our findings are promising for appli-
cations in metasurface-based devices including lowthreshold
nanolasers, tunable bandpass filters, and biosensors.
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APPENDIX: THE Q FACTOR AND BAND STRUCTURE OF
THE SILICON METASURFACE

To further confirm the properties of the BIC modes, we
analyze the eigenmodes and Q factors of the silicon meta-
surface by using the eigenfrequency solver of COMSOL
Multiphysics, wherein the X and Y directions of the silicon
metasurface are set as the Floquet periodic boundary con-
ditions with the Z direction being considered as the perfect
matching layer. As shown in Figs. 7(a) and 7(b), the eigen-
frequencies of the A-BIC, SP-BIC1, and SP-BIC2 modes
present near the first Brillouin zone (
 point, along the M-
-X
direction), respectively. The Q factors of the A-BIC, SP-BIC1,
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FIG. 7. The eigenmodes and factor of three BIC modes (the
related solid orange, red, and blue lines). (a), (b) Simulated band
structures correspond to the A-BIC, SP-BIC1, and SP-BIC2 with the
eigenmodes of the metasurface near the 
-point, respectively. (c),
(d) Simulated Q factor of the eigenmodes correspond to the A-BIC,
SP-BIC1, and SP-BIC2 near the 
-point, respectively.

and SP-BIC2 modes, as shown in Figs. 7(c) and 7(d), diverge
to infinity at 
 point. These behaviors indicate the nature of
the BIC modes [39,45].
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