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ABSTRACT: As optical resonances with high-quality (Q) factors, bound states in the continuum (BICs) supported in a
metamaterial with low optical loss have attracted great interest due to their potential applications in photonic devices with different
functionalities. However, most studies focus on the influence of the symmetry breaking in the constituent elements on the Q factors
of the quasi-BICs, and less attention is paid to the coupling between the constituent elements. Here, we investigate numerically and
experimentally the quasi-BICs revealed in metasurfaces composed of regularly arranged silicon (Si) nanoparticles with and without a
geometric symmetry. It is found that the quasi-BICs appear in the transmission spectra of the metasurfaces as Fano lineshapes with
different asymmetry parameters, depending strongly on the relative locations of the two optical modes involved in the interference.
Apart from symmetry-protected BICs dominated by optical modes that radiate only in the direction parallel to the metasurface,
accidental BICs at-Γ formed by the destructive interference of two optical modes are also revealed. The leakage of the quasi-BICs in
the direction of light incidence originates from the interference of such modes with other optical modes existing in the same spectral
range, which limits the maximum Q factors of the quasi-BICs. Consequently, quasi-BICs with high-Q factors (1010 to 1013) are also
observed in metasurfaces composed of Si nanoparticles with geometric symmetry (or without symmetry breaking). More
interestingly, the Q factors of the quasi-BICs in a metasurface composed of Si nanoparticles with symmetry breaking exhibit a strong
dependence on the period of the metasurface. An exponential decrease of the Q factor is observed when the period of the
metasurface deviates from the value at which the maximum Q factor is achieved, implying the crucial role of mode coupling in
determining the Q factor. As a result, the Q factor of a quasi-BIC may not decrease exponentially when the symmetry breaking of the
Si nanoparticle is increased. In comparison, the quasi-BICs in a metasurface composed of Si nanoparticles with geometric symmetry
are not sensitive to the period of the metasurface. By deliberately choosing the period, the maximum Q factors of the quasi-BICs
achieved in the metasurface with symmetry breaking are close to those realized in the metasurface without symmetry breaking. Our
findings are important for understanding the physical origin of the so-called symmetry-protected BICs supported by metasurfaces
and helpful for designing photonic devices based on quasi-BICs.
KEYWORDS: metasurface, bound state in the continuum, silicon nanoparticle, Mie resonance, mode coupling

■ INTRODUCTION
Optical resonances represent specific wavelengths at which the
interaction between optical materials and light is greatly
enhanced.1,2 They are usually manifested as peaks or dips in
the transmission/reflection spectrum of an optical material. In
the past decade, metamaterials and metasurfaces composed of
artificial atoms have attracted great interest because of their
abilities in controlling the amplitude, phase, and polarization of
light.3−8 In the visible to near-infrared spectral range, metallic
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nanoparticles with different shapes are usually used to
construct metamaterials/metasurfaces because they support
surface plasmon resonances. Owing to the Ohmic loss of
metals, however, optical resonances with high-quality (Q)
factors are not expected for such metamaterials/metasurfa-
ces.9−12 In recent years, metamaterials/metasurfaces con-
structed with high-index dielectric nanoparticles, such as
silicon (Si) nanoparticles, have become the focus of many
studies because such nanoparticles support Mie resonances in
which enhanced field localization and reduced Ohmic loss can
be simultaneously achieved.13 As compared with their metallic
counterparts, the most important advantage of dielectric
metamaterials is the achievement of optical resonances with
ultrahigh-Q factors.14 Therefore, strong light-matter interac-
tion, which is crucial for nonlinear optics and quantum
electrodynamics, can be realized by exploiting these high-Q
optical resonances formed in dielectric metamaterials.

Very recently, bound states in the continuum (BICs) have
received intensive studies because of their high-Q factors,
which imply potential applications in lasers,15,16 harmonic
generation,17−19 sensing20−22 and so forth. Physically, BICs
with infinitely large Q factors exist only in metamaterials with
infinite sizes at least in one dimension,23−25 such as a two-
dimensional metamaterial with infinite number of periods.

They are clarified into two types, which are referred to as
symmetry-protected BICs24−28 and accidental (or Friedrich−
Wintgen) BICs.23,29−36 The former BICs are decoupled with
the radiation continuum by the geometric symmetry of the
constituent elements (or dielectric nanoparticles) with respect
to the incident light by exploiting mainly the dark axis of an
electric dipole (ED) or a magnetic dipole (MD). Breaking of
symmetry can be realized by using an oblique incidence or by
introducing defects in dielectric nanoparticles.24,37−45 As a
result, quasi-BICs with reduced Q factors can be readily
revealed in transmission/reflection spectrum of a metasurface.
It is generally accepted that symmetry-protected BICs cannot
be excited unless the symmetry is broken.40,44,46 In addition, it
is found that the Q factor of a quasi-BIC decreases
exponentially with increasing asymmetry.37 However, a
dielectric nanoparticle with a finite size may simultaneously
support multiple modes which are not isolated from each
other. The interaction between them may modify more or less
their radiation properties, leading to the leakage of the optical
modes, which are expected to be decoupled with radiation
continuum.47 In a recent study,48 directional lasing was
successfully demonstrated by exploiting the symmetry-
protected BIC formed in a regular array of GaAs nano-
cylinders. It was revealed that the emission spectrum of the

Figure 1. (a) Schematic showing a dielectric metasurface composed of periodically arranged Si cuboids with symmetry breaking in the xy plane.
The periods in the x and y directions are px and py. The plane wave is incident along the −z direction, with electric and magnetic fields oscillating in
the y and x directions. (b) Geometrical structure of a single Si cuboid. (c) Transmission spectra calculated for the metasurfaces with different
scaling parameters s. (d) Transmission spectrum of the metasurface with s = 0.8 and its decomposition into Mie resonances in the wavelength range
of 1200−1500 nm. The transmission spectrum reconstructed by using the multipole decomposition method is also provided for comparison. (e)
Transmission spectrum of the quasi-BIC revealed in the metasurface with s = 0.8 and its decomposition into Mie resonances in the wavelength
range of 1329.8−1330.3 nm. The transmission spectrum reconstructed by using the multipole decomposition method is also provided for
comparison. (f) Transmission spectra calculated for the metasurfaces with scaling parameters of s = 0.8, 1.0, and 1.2.
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array can be modified by changing the period of the array,
governing the coupling between GaAs nanocylinders. How-
ever, the influences of the coupling between dielectric
nanoparticles on the Q factor of the quasi-BIC, especially in
the metasurfaces composed of dielectric nanoparticles with
defects, remain unexplored. Previously, it was found that
propagating modes can be excited in a one-dimensional chain
of dielectric nanoparticles via the activation of the MD of a
dielectric nanoparticle in the chain.49 It implies that the
coupling between the constituent elements plays a crucial role
in determining the radiation loss of the propagating modes in a
one- and two-dimensional metamaterial. Therefore, it becomes
quite important to understand the physical origin of the quasi-
BICs excited in dielectric metasurfaces in order to design
photonic devices for practical applications.

In this article, we investigated the quasi-BICs formed in
metasurfaces composed of Si-based elements with and without
symmetry breaking, including Si cuboids, cylinders, and
spheres. We focused mainly on the quasi-BICs revealed in
the transmission spectra of the metasurfaces, including
symmetry-protected BICs and accidental BICs at-Γ. We
examined the influences of the coupling between dielectric
nanoparticles on the Q factors of these quasi-BICs by varying
the periods of the metasurfaces. We found that high-Q quasi-
BICs are formed not only in metasurfaces without symmetry
breaking but also in those with symmetry breaking. We showed
that the mode coupling between the constituent elements,
which is governed by the periods of a metasurface, plays a
crucial role in determining the Q factors of quasi-BICs in
metasurfaces with symmetry breaking. We revealed that the
physical origin limiting the Q factors of the quasi-BICs in a
metasurface is mode interference.

■ RESULTS AND DISCUSSION
In this work, we investigated numerically and experimentally
the quasi-BICs supported by metasurfaces composed of Si
nanoparticles with and without symmetry breaking. In the
numerical simulations, we considered infinite metasurfaces
placed on the xy plane and suspended in air. In each case, the
plane wave is normally incident on the metasurface along the
−z direction, with electric and magnetic fields oscillating in the
y and x directions. We first examined a metasurface composed
of periodically arranged Si cuboids with defects (i.e., a
symmetry breaking is introduced with respect to the yz
plane), as schematically shown in Figure 1a. The periods of the
metasurface in the x and y directions are denoted as px and py.
The geometry of the Si cuboid is characterized by the
structural parameters w, h, a, and b, as shown in Figure 1b.
Here, w represents the length and width of the Si cuboid, while
h represents its height. The length and width of the defect are
denoted by a and b. Based on a previous study,45 such a
metasurface supports a quasi-BIC governed by an MD oriented
in the z direction (MDz). In the middle of Figure 1c, we show
the transmission spectrum (green curve) calculated for a
metasurface with px = py = 720 nm, w = 400 nm, h = 500 nm, a
= 160 nm, and b = 60 nm. In this case, it is noticed that the
quasi-BICs exhibit a symmetric Lorentz lineshape. By
introducing a scaling factor s, we can change the size of the
Si cuboid while keeping its geometry. In Figure 1c, we also
present the transmission spectra calculated for metasurfaces
composed of Si cuboids with reduced and enlarged sizes. The
periods of the metasurfaces remain unchanged, while the
geometry of the Si cuboid is characterized by h = 500 nm, w =

400 × s nm, a = 160 × s nm, and b = 60 × s nm, with s = 0.8,
0.9, 1.0, 1.1, and 1.2. It can be seen that the resonant
wavelength of the quasi-BIC can be easily tuned in a wide
spectral range by simply varying s. When s is changed from 0.8
to 1.2, the resonant wavelength of the quasi-BIC is shifted from
∼1100 to ∼1750 nm. In addition, it is noticed that the quasi-
BICs of the five metasurfaces appear as Fano lineshapes
characterized by asymmetry parameters q with different values
ranging from negative to positive value. The symmetric
Lorentz lineshape observed at s = 1.0 can be considered as a
Fano lineshape with q = ∞. It is well known that a Fano
resonance is generated through the interference of a broad
mode (superradiant mode) and a narrow mode (subradiant
mode). The lineshape of the Fano resonance is determined by
the phase difference between the two modes. This phenom-
enon indicates clearly that the quasi-BIC supported by a
metasurface originates from the interference of at least two
optical modes.

In order to find out the two modes involved in the
interference, we performed multipolar expansion analysis (see
the Supporting Information, Note 1) for the quasi-BIC formed
with s = 0.8, as shown in Figure 1d,e. In Figure 1d, we show
the transmission spectrum of the metasurface and the
corresponding multipolar expansion in the wavelength range
of 1200−1500 nm. In this case, the wavelength interval was
intentionally chosen to be 5.0 nm, which is much wider than
the linewidth of the quasi-BIC, in order to see the broad
modes. One can see two transmission dips located at ∼1260
and ∼1380 nm, which are dominated by ED oriented in the y
direction (i.e., EDy) and MD oriented in the x direction (i.e.,
MDx), respectively. In Figure 1e, we present the transmission
spectrum of the metasurface and the corresponding multipolar
expansion in a narrow wavelength range of 1329.8−1330.3 nm,
which is obtained by using a small wavelength interval of 0.01
nm. In general, the multipole decomposition method is used to
analyze the Mie resonances that contribute to the scattering of
a single dielectric nanoparticle. In this case, a perfectly matched
layer boundary condition is employed. For a metasurface
composed of a periodically arranged dielectric nanoparticles,
the interaction between the constituent nanoparticles can be
taken into account by using a periodic boundary condition. In
this way, one can reveal the Mie resonances involved in the
interference and the physical origins for the formation of quasi-
BICs based on multipolar expansion analysis. In addition, the
transmission and reflection spectra of the metasurface can be
reconstructed.46 Here, one can see an asymmetric Fano
lineshape located at ∼1330 nm, which is governed by MD in
the z direction (i.e., MDz). In this case, the intensities of the
broad modes (EDy and MDx) are 3 orders of magnitude
weaker than that of the narrow mode (MDz). Thus, they can
only be revealed in a logarithmic coordinate. Therefore, it is
revealed that the quasi-BIC with an asymmetric Fano lineshape
is generated by the interference of MDz with EDy and MDx. In
order to verify the validity of the multipolar expansion analysis,
we also reconstructed the transmission spectrum of the quasi-
BIC with a modified multipole decomposition method.46 As
shown in Figure 1e, the reconstructed transmission spectrum is
qualitatively in agreement with that obtained in the numerical
simulation. In order to see the influence of the scaling factor s
on the lineshape of the quasi-BIC, we show the transmission
spectra of the metasurfaces with different values of s in a
moderate wavelength range in Figure 1f. The wavelength
interval around the quasi-BIC was intentionally chosen to be
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narrow (0.01 nm). For s = 0.8, the wavelength of the narrow
mode is smaller than that of the broad one (i.e., the narrow
mode is located on the left side of the broad one). In this case,
the q value of the Fano lineshape is negative. When s is
increased to 1.0, the wavelength of the narrow mode coincides
with that of the broad one because its wavelength shift with
increasing s is larger than that of the broad mode. In this case, a
symmetric Lorentz lineshape with q = ∞ is achieved. A further
increase of s to 1.2 leads to an asymmetric Fano lineshape
again with a positive q value because the narrow mode is
moved to the right side of the broad one. We examined the
dependence of the Q factor of the quasi-BIC on the scale factor
s. It was found that the largest Q factor is not achieved in the
symmetric Lorentz lineshape (see the Supporting Information,
Note 2).

Now, we examine the high-Q optical resonances in a wide
spectral range (1200−1800 nm) supported by a metasurface
with px = 720 nm, py = 700 nm, w = 400 nm, h = 500 nm, a =
160 nm, and b = 20 nm, as shown in Figure 2a. One can
identify five optical modes with high-Q factors (i.e., quasi-
BICs), which are denoted as ①, ②, ③, ④, and ⑤. Apart from the
quasi-BIC located at ∼1600 nm, there are other four quasi-
BICs located in the short wavelengths (modes ①−④).
Different from the quasi-BIC at ∼1600 nm, which appears as
a Fano peak, the other four quasi-BICs appear as Fano dips in
the transmission spectrum. In order to understand the physical
origins of the five quasi-BICs revealed in the transmission
spectrum of the metasurface, we performed multipolar
expansion analyses for the scattering spectra of the Si cuboid
and examined the electric and magnetic field distributions in

the Si cuboid (see the Supporting Information, Note 3). We
also confirmed that the transmission spectra of the quais-BICs
can be reconstructed based on the multipole decomposition
method (see the Supporting Information, Note 4). In Figure
2b−f, we present the three-dimensional (3D) radiation
patterns of the Mie resonances involved in the mode
interference that leads to the formation of the five quasi-
BICs (i.e., modes ①−⑤). The physical origins for the quasi-
BICs can be easily understood from the far-field radiation
behaviors modified by the interference of Mie resonances.
Mode ① is formed by the interference between EDy and MQxz
(magnetic quadrupole in the xz plane), which leads to the
directional radiation in the x direction (or the cancelation of
radiation in the z direction). Mode ② is governed by MQxy
(magnetic quadrupole in the xy plane), which is manifested
clearly in the electric and magnetic field distributions. Its
radiation appears as four lobes in the xy plane with negligible
leakage in the z direction. Mode ③ is dominated by an ED
oriented in the z direction (i.e., EDz), giving rise to a donut-
shaped radiation pattern. Interestingly, mode ④ is governed by
MQzz, which is composed of two out-of-phase MDs oriented in
the z direction (i.e., MDz). A clockwise circular electric field
distribution is observed in the upper part of the Si cuboid,
while an anti-clockwise circular one is found in the lower part,
resulting in a diabolo-like radiation pattern. Mode ⑤ has been
widely studied in the literature.43−45,50−52 It is dominated by
MDz, with a donut-shaped radiation pattern and a dark axis in
the z direction. Based on the above analysis, it is revealed that
the quasi-BICs are governed by optical modes radiated in the
xy direction (e.g., modes ②−⑤) or created by the destructive

Figure 2. (a) Transmission spectrum calculated for the metasurface with structure parameters of px = 720 nm, py = 700 nm, w = 400 nm, h = 500
nm, a = 160 nm, and b = 20 nm in the wavelength range of 1180−1800 nm. The five high-Q resonances revealed in the transmission spectrum are
marked by ①, ②, ③, ④, and ⑤. The physical origins of the five quasi-BICs (mode ①−mode ⑤) illustrated by the 3D radiation patterns of the Mie
resonances involved in the interference are presented in (b−f).

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c01461
ACS Photonics 2023, 10, 206−216

209

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01461/suppl_file/ph2c01461_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01461/suppl_file/ph2c01461_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01461/suppl_file/ph2c01461_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01461?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01461?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01461?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01461?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interference of two optical modes (e.g., mode ①). In the
former case, the z axis is the dark axis of the dominated modes.
In the latter case, the interference of two optical modes leads
to the cancelation of the radiation in the z direction. In all
cases, the quasi-BICs are formed by the interference of the
dominant Mie resonances (subradiant) with the background
Mie resonances (superradiant), leading to Fano lineshapes.
Although the intensities of the latter are several orders of
magnitudes weaker than those of the former, the interaction
between them leads to the leakage of the dominant Mie
resonances and limits the Q factors of the quasi-BICs. For
example, the interference of MDz with EDy and MDx, which
are 3 orders of magnitude weaker than that of MDz, leads to
the leakage of MDz in the z direction and limits the Q factor of
this quasi-BIC (see Figure 2f). The wavelengths, Q factors, and
enhancement factors for electric and magnetic fields are
presented in Table S1 (see the Supporting Information, Note
5). In general, it was found that a quasi-BIC with a higher Q
factor will possess larger enhancement factors for electric and
magnetic fields (see the Supporting Information, Note 5).

So far, we have investigated the quasi-BICs formed in
metasurfaces composed of Si cuboids with defects. These
quasi-BICs usually have low Q factors, which can be readily
revealed in the transmission spectra of the metasurfaces. Now
we examine a metasurface composed of Si cuboids without
defects, as schematically shown in Figure 3a. The structural
parameters of the metasurface were chosen to be px = 720 nm,
py = 700 nm, w = 400 nm, and h = 500 nm, which are exactly
the same as those used for the metasurface with defect. In this
way, we can easily compare the quasi-BICs formed in the two
types of the metasurfaces. Surprisingly, the five quasi-BICs
found in the metasurface with defect are still observed in the
metasurface without defect, as manifested in the transmission
spectrum shown in Figure 3b. The multipolar expansion
analyses for these modes reveal the same physical origins as
those observed in the metasurface with defect (not shown).
The electric/magnetic field distributions calculated for these
modes further confirm that they are the same optical modes
observed in the metasurface with defect (see the Supporting
Information, Note 6). We also examined the resonant
wavelengths, Q factors, and enhancement factors for electric

Figure 3. (a) Schematic showing a metasurface composed of periodically arranged Si cuboids without symmetry breaking in the xy plane. The
periods in the x and y directions are px and py. The plane wave is incident along the −z direction with electric and magnetic fields oscillating in the y
and x directions. (b) Transmission spectrum calculated for the metasurface with structure parameters of px = 720 nm, py = 700 nm, w = 400 nm,
and h = 500 nm in the wavelength range of 1200−1900 nm. The five high-Q resonances revealed in the transmission spectrum are marked by ①, ②,
③, ④, and ⑤. (c) 3D radiation patterns of the Mie resonances involved in the interference showing the physical origin of mode ① formed in the
metasurface composed of Si cylinders. (d) 3D radiation patterns of the Mie resonances involved in the interference showing the physical origin of
mode ⑤ in the metasurface composed of Si cylinders. (e) 3D radiation patterns of the Mie resonances involved in the interference showing the
physical origin of mode ① formed in the metasurface composed of Si spheres. (f) 3D radiation patterns of the Mie resonances involved in the
interference showing the physical origin of mode ⑤ in the metasurface composed of Si spheres.
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and magnetic fields for the five quasi-BICs (see the Supporting
Information, Note 7). It was found that the resonant
wavelength of each quasi-BIC is red-shifted with respect to
that of the quasi-BIC observed in the metasurface with defect.
This is because the elimination of the defect is equivalent to
the increase in the volume of the Si cuboid. As expected, the
quasi-BICs supported by the metasurface without defect
possess higher Q factors and larger field enhancement factors
as compared with those supported by the metasurface with
defect. The introduction of defect breaks the geometric
symmetry of the Si cuboid, leading to more leakage of energy
into the z direction.

In order to confirm the existence of quasi-BICs in
metasurfaces without defect (i.e., without symmetry breaking
in the geometry of Si nanoparticle), we also studied the
metasurfaces composed of Si cylinders and Si spheres, as
schematically shown in Figure S4a,b (see the Supporting
Information, Note 8). In Figure 3c,d, we show the 3D
radiation patterns simulated for two quasi-BICs (modes ① and
⑤) revealed in the transmission spectra (see the Supporting
Information, Note 9) of a metasurface composed of Si
cylinders with a diameter of d = 440 nm and a height of h =
500 nm. The periods of the metasurface were set as px = py =
720 nm. The electric/magnetic field distributions in the Si
cylinder are also examined (see the Supporting Information,
Note 9). It is revealed that mode ① arises from the interference
of EDy and MQxz and exhibits an 8-shaped radiation pattern. It
has a Q factor of 3.0 × 105. In comparison, mode ⑤ governed
by MDz possesses a much higher Q factor of 2.09 × 108, which
is limited by the interference with EDy and MDx. In Figure 3e,f,
we present the 3D radiation pattern for the same two quasi-
BICs revealed (modes ① and ⑤) in the transmission spectra

(see the Supporting Information, Note 9) of a metasurface (px
= py = 720 nm) composed of Si spheres with a diameter of d =
500 nm. The physical origins for the formation of the quasi-
BICs can be easily understood. Based on the multipolar
expansion analyses, it is found that mode ① (Q = 183) is
created by the interference of EDy and MQxz, while mode ⑤
(Q = 2.68 × 108) is dominated by MDz.

Based on the results presented above, we can conclude that
the quasi-BIC dominated by MDz is commonly observed in
metasurfaces composed of elements of different shapes
(cuboid, cylinder, sphere, etc.) with or without defect. For
metasurfaces composed of elements without defect, this quasi-
BIC generally possesses a Q factor as high as ∼108 (or a
linewidth as small as 10−5 to 10−6 nm) together with an
enhancement factor as large as 104 to 105. For this reason, this
quasi-BIC is difficult to be resolved in the transmission spectra
measurements of the metasurfaces. Even in numerical
simulations, the wavelength interval should be set at the
same level of the linewidth in order to reveal this quasi-BIC.
Physically, the Q factor of this quasi-BICs is limited by the
existence of other Mie resonances (e.g., the broad modes EDy
and MDx) although their intensities are orders of magnitude
weaker than that of MDz. The leakage in the z direction
originates from the interference of these Mie resonances with
MDz. Relying on numerical simulation, we confirmed that the
quasi-BIC dominated by MDz can be excited by an ED source
oriented in the y direction (i.e., EDy) or an MD source
oriented in the x direction (i.e., MDx), which are placed at the
center of the Si cuboid (see the Supporting Information, Note
10). This behavior indicates that the existence of EDy and MDx
and their interaction with MDz provide a channel for coupling
the incident wave into MDz and the radiation of MDz into the

Figure 4. (a) Dependence of the Q factor of the quasi-BIC on the period in the y direction (py) obtained for metasurfaces with different symmetries
(b values). (b) Dependence of the Q factor of the quasi-BIC on the deviation from the optimum period (py − 740)/740 for the metasurface with b
= 20 nm plotted in a logarithmic coordinate. (c) Dependence of the Q factor of the quasi-BIC on the periods in the x and y directions (px and py)
for the metasurface with b = 50 nm. (d) Multipolar decompositions of the quasi-BICs formed in the metasurface with b = 50 nm, px = 720 nm and
different periods in the y direction (py). The radiation patterns in the xy planes calculated at different periods in the y direction (py = 600, 830, and
1100 nm) are shown as insets.
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continuum. The introduction of a defect in the constituent
element will distort to some extent the electric and magnetic
field distributions in the element, which increases the energy
loss and reduces the Q factor.

Apart from the introduction of defect, we reveal that the
coupling between the constituent elements, which is governed
by the period of a metasurface, also influences significantly the
Q factors of the quasi-BICs in a metasurface with defect. This
feature can be employed to manipulate the Q factors of quasi-
BICs. In Figure 4a, we present the dependence of the Q factor
of the quasi-BIC on the period (py) calculated for metasurfaces
composed of Si cuboids with different defects (characterized
by parameter b). Here, px was fixed at 720 nm. Interestingly, a
rapid increase of the Q factor is observed with increasing py in
each case. After reaching a maximum, the Q factor decreases
quickly with increasing py. The value of py at which the
maximum Q factor is achieved becomes larger with increasing
b. For py < 720 nm, one can see a decrease of the Q factor with
increasing b (i.e., increasing asymmetry). For py > 840 nm, the
Q factor may have larger value when b is increased. In each
case (for the same b), a red shift of the quasi-BIC was observed
with increasing py (see the Supporting Information, Note 11).
A similar phenomenon was also observed when we fixed py and
changed px (see the Supporting Information, Note 11). As an
example, we examined the dependence of the Q factor of the
quasi-BIC on the parameter b for a metasurface with px = 720
nm and py = 840 nm (see the Supporting Information, Note
12). It was found that the Q factor decreases initially with

increasing b, reaching a minimum value of ∼106 at b ∼ 30 nm.
After that, the Q factor increases exponentially to the
maximum value of ∼108 at b = 50 nm with increasing b and
decreases exponentially with a further increase of b. This is a
counterintuitive behavior, which implies the important role of
the mode coupling in determining the Q factor of a quasi-BIC.

For the metasurface with b = 20 nm, the maximum Q factor
is observed at py = 740 nm. In this case, the increased radiation
induced by the defect is compensated by mode coupling, and a
Q factor close to that observed in the metasurface without
defect is achieved. Therefore, the deviation of the period of a
metasurface from the optimum value, which is defined as (py −
740)/740, can be considered as an asymmetry introduced in
the metasurface. Based on previous studies,37 a slope of ∼−2.0
is expected if the dependence of the Q factor on the asymmetry
parameter is plotted in a logarithmic coordinate. In Figure 4b,
we plot the dependence of the Q factor on the deviation from
the optimum period [i.e., (py − 740)/740] in a logarithmic
coordinate. As expected, a linear relationship is observed,
implying that the Q factor of the quasi-BIC decreases
exponentially with increasing period (py) from the optimum
period. The slope extracted from the linear fitting in the range
of 0 < (py − 740)/740 < 0.10 was found to be ∼−1.93, which
is in good agreement with the value (−2.0) predicted from
theoretical analysis.37

In Figure 4c, we present the Q factor of the quasi-BIC as
functions of the periods in both the x and y directions (px and
py). It can be seen that for each py, there exists a corresponding

Figure 5. SEM images of the metasurfaces with (a) and without (b) defects. The dependences of the Q factor of the quasi-BIC on the periods in
the x and y directions (px and py) calculated and measured for the metasurface with defects (a = 120 nm and b = 100 nm) are shown in (c) and (d),
respectively. (e) Reflection spectra of the two metasurfaces without defects showing quasi-BICs; the fittings of the reflection spectra by using
Lorentz lineshapes are also provided. (f) Reflection spectra of the metasurfaces without (w = 370 nm, h = 500 nm, and px = py = 700 nm) and with
(w = 400 nm, h = 500 nm, a = 120 nm, b = 100 nm, px = 700 nm, and py = 800 nm) defects; the fittings of the reflection spectra by using Lorentz
lineshapes are also provided.
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px at which the maximum Q factor is achieved and vice versa.
Interestingly, it is remarkable that the paired periods (px, py)
for the maximum Q factor are located on a straight line. In
addition, it is found that the Q factors of the quasi-BICs are
larger when px is chosen to be 750−870 nm compared to when
py is chosen to be 850−970 nm. This behavior implies that
appropriate periods in both directions are important for
achieving large Q factors. For small periods, the energy is
concentrated at the gap region between neighboring cuboids,
leading to the leakage of the energy. For large periods, the
coupling between neighboring cuboids becomes weak, and
each cuboid behaves as an isolated one. In this case, a larger
energy loss is also expected.

In order to gain a deep insight into the influence of the
period on the Q factor of a quasi-BIC, we examined a
metasurface with b = 50 nm and px = 720 nm. The other
parameters remained unchanged. In Figure 4d, we present a
multipolar expansion analysis for the Mie resonances involved
in the interference at different periods (py). In this case, the
maximum Q factor is observed at py = 830 nm. It can be seen
that MDz increases exponentially when py approaches 830 nm.
In contrast, the other two modes (EDy and MDx) participating
in the interference are not sensitive to the variation of the
period. As a result, the leakage induced by the involvement of
EDy and MDx becomes more significant when the period
deviates from 830 nm. To further confirm this suspect, we
calculated the radiation patterns at three different values of py =
600, 830, and 1100 nm, as shown in the insets. It is noticed
that the top view of the radiation pattern at py = 600 nm
appears as an ellipse with its long axis in the x direction. For py
= 830 nm, the radiation pattern becomes a circle. It implies
that the radiation is completely dominated by MDz and the
influences of EDy and MDx are negligible. As py is further
increased to py = 1100 nm, an elliptical radiation pattern is
observed again, with its long axis in the y direction. Similar
phenomena are observed for metasurfaces with different
structural parameters (see the Supporting Information, Note
13). The enhancements of electric and magnetic fields are
important for enhancing light-matter interaction for various
practical applications. As expected, the enhancement factors
for electric and magnetic fields increase with increasing Q
factors of quasi-BICs (see the Supporting Information, Note
14).

As discussed above, the Q factors of quasi-BICs supported
by a metasurface with defect exhibit a strong dependence on
the periods of the metasurface. We also examined the quasi-
BICs in metasurfaces without defect. It is found that the Q
factors of the quasi-BICs supported in such a metasurface are
not sensitive to the periods of the metasurface (see the
Supporting Information, Note 15). A small fluctuation in the Q
factor, which exhibits a value in the range of 1010 to 1013, is
observed when the period is changed.

In order to verify the simulation results presented above, we
fabricated metasurfaces composed of Si cuboids with and
without defect by using the combination of electron beam
lithography and reactive ion etching (see Methods for the
details). In previous studies,45 the metasurfaces were usually
fabricated on a SiO2 substrate by using wafer bonding
technique. In this work, the metasurfaces used in the optical
characterization were fabricated directly by using an SOI wafer
(see Methods). It means that the metasurfaces were supported
by a SiO2/Si substrate, in which the thicknesses of the SiO2
and Si were ∼2.0 and ∼725 μm. In this case, the transmission

spectra could not be measured because of the weak transmitted
signals. For this reason, we employed the reflection spectra
measurements to reveal the quasi-BICs of the metasurfaces,
which have been used in previous studies.53 In each case, the
metasurface is composed of 100 × 100 elements. In Figure
5a,b, we show the scanning electron microscopy (SEM) images
of the metasurfaces with (w = 400 nm, h = 500 nm, a = 120
nm, b = 100 nm, and px = py = 700 nm) and without (w = 370
nm, h = 500 nm, and px = py = 700 nm) defect. In Figure 5c,
we present the dependence of the Q factor of the quasi-BIC
calculated and measured for the metasurface with defect on the
period in the x direction (px). The period in the y direction was
fixed at py = 800 nm. The Q factors of the quasi-BICs were
derived from the reflection spectra measured for the
metasurfaces by using cross-polarization white light source.
This method has been used in the characterization of the
quasi-BICs supported by metasurfaces.53 It is noticed that the
measured Q factors are 3 orders of magnitude smaller than the
simulated ones. There are several reasons that are responsible
for the discrepancies. First, we employed a periodic boundary
in the numerical simulations, which implies infinite sizes for
the metasurfaces. Therefore, the finite size of the fabricated
samples (100 × 100 elements) will lead to a reduction in the Q
factor of the quasi-BIC. Second, the thickness of the Si
substrate was set as 2.0 μm in the numerical simulations, which
is limited by the computation resources. However, the actual
thickness of the Si substrate is 725 μm. Although the
absorption of the Si at ∼1500 nm is quite small, the thick Si
substrate also results in a dramatic reduction in the Q factor.
Finally, the disorders and imperfections inevitably induced in
the fabrication process also cause smaller Q factors, especially
in the case of a high-Q factor. Despite the discrepancies in the
absolute values of the Q factors, the measured Q factor exhibits
a dependence on px similar to that of the simulated one, as
shown in Figure 5c. When px is increased from 550 to 700 nm,
the measured Q factor is increased from ∼244 to ∼3070, while
the simulated one is increased from 3.3 × 104 to 6.0 × 106. The
reflection spectrum measured for the metasurface with px =
700 nm is shown in the inset. The linewidth of the quasi-BIC,
which is located at ∼1535 nm, is extracted to be ∼0.50 nm
based on the fitting with a Lorentz lineshape. Thus, the Q
factor in this case is derived to be ∼3070. This behavior
indicates clearly the effect of the period on the Q factor of the
quasi-BIC. When px is further increased to 750 nm, the Q
factor is reduced to ∼1698. For metasurfaces with px >750 nm
(px = 800, 850, and 900 nm), the quasi-BICs of the
metasurfaces are beyond the detection limit of the InGaAs
photodetector (<1600 nm) because the resonant wavelength
of the quasi-BIC is shifted to longer wavelengths with
increasing period. We also examined the dependence of the
Q factor on the period in the y direction (py) when the period
in the x direction is fixed (px = 700 nm). The simulated and
measured results are compared in Figure 5d. Ignoring the
absolute values of the Q factors, similar dependences of the Q
factor on the period in the y direction (py) are observed in the
simulated and measured results. When py is increased from 650
to 950 nm, the simulated Q factor increases exponentially from
2.3 × 104 to 5.6 × 106 and then decreases exponentially to 1.5
× 105. Similarly, the measured Q factor increases from ∼2086
to ∼5023 and then decreases to ∼290. In the inset of Figure
5d, we show the reflection spectrum obtained for a metasurface
with py = 650 nm. The Q factor of the quasi-BIC extracted by
using Lorentz fitting is found to be ∼2086.
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Except the metasurfaces with defect, we also examined the
metasurfaces without defect. In Figure 5e, we show the
reflection spectra measured for two metasurfaces without
defect. They have exactly the same designed structural
parameters (w = 370 nm, h = 500 nm, and px = py = 700
nm). Due to the fabrication imperfections, it can be seen that
the resonant wavelengths of the two quasi-BICs are different
by ∼3.0 nm. However, the Q factors of the quasi-BICs
extracted from the Lorentz fitting are quite similar (∼5305 and
∼4039). In Figure 5f, we compared the reflection spectra of
two metasurfaces with and without defects. The structural
parameters of the metasurface with defect are optimized to
achieve a maximum Q factor (w = 400 nm, h = 500 nm, a =
120 nm, b = 100 nm, px = 700 nm, and py = 800 nm). In this
case, the Q factor of the quasi-BIC supported by the
metasurface with defect (∼5230) can be close to that of the
quasi-BIC supported by the metasurface without defect
(∼5305). It indicates undoubtedly that the Q factors of the
quasi-BICs supported by a metasurface with defect can be
modified by engineering the mode coupling between the
constituent elements.

■ CONCLUSIONS
In summary, we have investigated the quasi-BICs formed in
metasurfaces composed of elements with different geometries
with and without symmetry breaking. The new findings and
insights of this work include the following: (1) Symmetry-
protected BICs and accident BICs at-Γ exhibiting Fano
lineshapes can be simultaneously excited in Si-based
metasurfaces with and without symmetry breaking. The
leakage of a quasi-BIC arises from the inevitable interference
of Mie resonances that limits the Q factor of the quasi-BIC. (2)
The Q factors of the quasi-BICs supported in a metasurface
with symmetry breaking can be manipulated by changing the
period of the metasurface. The maximum Q factors achieved in
the metasurface with symmetry breaking may be close to those
observed in the metasurface without symmetry breaking. (3)
The deviation of the period from the optimum value can be
considered as an asymmetry induced in the metasurface. A
deviation of the period from this optimum value will lead to an
exponential reduction of the Q factor. (4) The Q factors of the
quasi-BICs supported in a metasurface with symmetry breaking
may increase with increasing defect size (asymmetry). As
shown in this work, the Q factor of a quasi-BIC formed in a
metasurface with symmetry breaking can be modified by more
than 4 orders of magnitude by simply varying the period of the
metasurface. Since the coupling between the constituent
elements in a metasurface is sensitive to the small variation
in the surrounding environment, it is expected that the
exponential dependence of the Q factor on the period (or
effective optical path) can be employed to realize optical
sensors with high sensitivities. Our findings are important for
understanding the physical origins for the quasi-BICs formed
in metasurfaces and helpful for designing photonic devices
with different functionalities.

■ METHODS
Sample Fabrication. The metasurfaces composed of Si

cuboids with and without symmetry breaking were fabricated
by using the combination of electron beam lithography and
reactive ion etching. The detailed procedure for fabricating the
metasurfaces is described in the Supporting Information (Note

16). The morphologies of the as-prepared metasurfaces were
examined by SEM observations (see the Supporting
Information, Note 17).

Optical Characterization. The reflection spectra of the
metasurfaces were measured by using a customized free space
setup. A supercontinuum source polarized in the y direction,
which was employed as a broadband white light source, was
focused on the targeted metasurface via a ×10 objective
(Olympus) with NA = 0.30. The reflected white light was
collected by using the same objective and directed to a
spectrometer for spectral analysis after passing an analyzer set
in the x direction. This method has been used in the
characterization of the quasi-BICs supported by metasurfa-
ces.53

Numerical Simulation. In this work, we studied
metasurfaces with infinite sizes. Thus, we employed a periodic
bound condition in the x and y directions and perfectly
matched layers in the z direction to absorb the outgoing waves
in the numerical simulations. In all cases, we used a plane wave
propagating in the −z direction to excite the metasurface. The
electric and magnetic fields of the plane wave were oriented in
the y and x directions, respectively. The Q factors of the quasi-
BICs supported by the metasurfaces were derived by using a
multiphysics software (COMSOL) from the solution of
eigenfrequency. The complex eigenfrequency can be expressed
as ω0 + iγ, where ω0 and γ denote the real and imaginary parts
of the complex eigen frequency. The Q factor was derived by Q
= ω0/2γ. The refractive index of Si was taken from the
literature,54 while that of SiO2 was chosen to be 1.45.
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