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Optical metasurfaces with high Q-factors have attracted much attention due to their sharp spectral features and
significant field enhancement. The excitation of symmetry-protected bound states in the continuum (SP-BICs)
is an efficient way to achieve a high Q-factor resonator. The experimental Q-factors of resonant quasi-SP-BIC
metasurfaces are currently not high. In this work, we numerically demonstrate the stability of SP-BICs in silicon
metasurfaces. The two SP-BICs are transformed into quasi-SP-BICs by breaking the in-plane symmetry of the
structure, and their resonance properties are discussed by far-field radiation and near-field distribution. Moreover,
the effects of different periods, sizes, substrate refractive indices, and shape factors on the SP-BICs are explored, and
the Q-factors of quasi-SP-BICs always exhibit the same inverse quadratic dependence on asymmetry parameters,
which demonstrates the stability of the SP-BIC. Our results may provide theoretical support for the experimental
realization of ultrahigh Q-factor quasi-SP-BICs. © 2022 Optica Publishing Group

https://doi.org/10.1364/JOSAB.465997

1. INTRODUCTION

In recent years, the study of high Q-factor metasurfaces has
attracted much attention due to their ability to significantly
enhance the interaction between light and matter [1–6].
Bound states in the continuum (BICs) belong to ideal opti-
cal local modes embedded in the continuous background
spectrum [7–10]. In fact, BICs are a special class of resonant
leakage modes that have infinite Q-factors or zero radiation
loss. Normally, BICs must be converted into quasi-BICs with
ultrahigh Q-factors to be excited by external light sources
[11–25]. Accompanied by the excitation of quasi-BICs, the
electromagnetic field has an extremely strong local effect.
Therefore, quasi-BICs are widely used to enhance light–matter
interactions. Symmetry-protected BICs (SP-BICs), Friedrich–
Wintgen BICs, and Fabry–Perot BICs are three common BICs
[7]. Among them, SP-BICs are the easiest to realize experimen-
tally, and can be transformed into quasi-SP-BICs by breaking
the symmetry of their structures. In 2018, Koshelev et al. ana-
lyzed and summarized the high Q-factor properties of various
metal or dielectric metasurfaces with symmetry breaking [12].
They found that the strong Fano resonance originates from the
perturbation of SP-BICs, and proposed that the Q-factor can
be easily adjusted by the asymmetry parameter α. The Q-factor
satisfies the following equation: Q ∝ α−2. It is clear that the
smaller α is, the larger the Q-factor is. Currently, there are two
main ways to excite SP-BICs. One is to introduce the size dis-
cord by breaking the geometric symmetry of the structure, such

as split rings [26,27], asymmetric nanorods [28–30], notched
cubes [31,32], and notched disks [14,33,34]. Another is to
introduce position discord by changing the relative positions of
composite elements of metasurfaces [35,36].

Quasi-BIC metasurfaces with high Q-factors have three
important properties, namely, a sharp resonance spectrum,
significant local field enhancement, and large-area interactions
between light and matter. Therefore, they are widely used in
various nanophotonic devices with high performance, such
as ultralow-threshold lasers [37–39], chemical and biologi-
cal sensors [40,41], electro-optic modulators [42], nonlinear
optical devices [43–47], and so on. However, compared to
systems such as whispering gallery microcavities or photonic
crystal defect cavities, this resonant quasi-BIC metasurface has
relatively lower experimental Q-factors. The main reasons for
this are twofold: on one hand, the imperfection of the device is
introduced in the fabrication process; on the other hand, the
coupling efficiency is low due to the limitation of the detection
equipment [48]. In recent years, to improve the experimental
Q-factor, researchers have proposed various schemes. In theory,
the protection characteristics of topology are used to improve
the fabrication tolerance of quasi-BICs, and the cross polari-
zation method is used to improve detection efficiency [1,2].
Recently, Abujetas et al. verified this the robust response of
BICs at terahertz frequencies in gold-rod dimers by measuring
the reduction in linewidth and in increase in the lifetimes of
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quasi-BICs [49]. A more direct and complete demonstration
about the stability of SP-BICs is lacking.

In this work, by numerical simulation methods, we demon-
strate the stability of SP-BICs in dielectric metasurfaces. First,
two non-radiative SP-BICs are transformed into quasi-SP-BICs
by changing the size of the composite elements. Then, the
effects of the parameters of the period, radius, substrate refrac-
tive index, and shape factors on SP-BICs are investigated, which
verify that the Q-factor and asymmetry parameter α always
satisfy the fundamental criterion of SP-BICs: Q ∝ α−2. Thus,
the stability of SP-BICs and its large fabrication tolerance are
numerically confirmed, which provides theoretical support for
the experimental realization of quasi-SP-BICs with ultrahigh
Q-factors.

2. SYMMETRY-PROTECTED BICs IN SILICON
METASURFACE

An oligomer metasurface consisting of four semicircu-
lar Si nanodisks is designed. The period of the unit cell is
Px = Py = 1000 nm, where each disk has a radius R0 of 200 nm
and height of 220 nm, and the nanodisks are labeled D1, D2,
D3, and D4. A SiO2 substrate is placed under the nanodisk
array. We change the size of one nanodisk to break the symmetry
of structure along the y axis, and the SP-BIC is transformed into
a quasi-SP-BIC with a Fano profile. As shown in Fig. 1(a), taking
changing the radius of D4 as an example, the increased radius
is denoted as R , and then the radius change is 1R = R − R0.
Herein, the finite difference time domain method (FDTD
Solutions) is employed to analyze the optical properties of
metasurfaces. The incident light propagates along the z axis
and the electric field along the y axis. The periodic bound-
ary conditions in x and y directions are used, and the perfect
matching layer in the z direction is applied. The dielectric con-
stants of Si and SiO2 are extracted from Ref. [50]. Figure 1(b)
shows the transmission spectrum mapping when the radius
of nanodisk D4 is gradually increased. When R is larger than
zero, the two SP-BICs are excited as leaky mode quasi-SP-BICs
(QBICs), and the resonance spectra are gradually broadened as
R increases. The wavelengths of the two BICs labeled as BIC-1
and BIC-2 are about 1470 and 1550 nm, respectively. For an
intuitive comparison, the transmission spectra at R = 0 and
R = 30 nm are exhibited in Fig. 1(c). The two sharp resonances
are observed near wavelengths 1485 and 1575 nm, labeled as
QBIC-1 and QBIC-2, respectively. The results reveal that the
symmetry metasurfaces (1R = 0 nm) support two SP-BIC
modes, and two asymmetry Fano resonances are generated when
introducing the symmetry breaking of nanodisk oligomers. It
is worth noting that the spectrum of QBIC-2 is narrower than
QBIC-1 for the same1R . As shown in Fig. 1(d), we calculated
the Q-factors corresponding to QBIC-1 and QBIC-2 for dif-
ferent1R , and made a data fit with y = Ax−2. The Q-factors
of both QBICs satisfy the relation Q ∝1R−2, and the fitting
coefficient of QBIC-2 is larger than QBIC-1, so for the same
1R , the Q-factor of QBIC-2 is larger. Herein, the asymmetry
degree is defined as α =1R/R0, and R0 is the radius of the
original nanodisk; thus, Q ∝ α−2. As a result, it is confirmed
that the two BICs belong to SP-BICs.
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Fig. 1. (a) Top view of unit cell of the semicircular nanodisk
metasurface. R0 is the initial radius of the disk, and R is the radius
after the change of disk D4. (b) Transmission mapping versus wave-
length λ and parameter 1R . (c) Transmission spectra for 1R = 0
and 1R = 30 nm. (d) Log–log plot of Q-factors as a function of the
asymmetry parameter1R for QBIC-1 and QBIC-2.

The Fano profiles of QBICs arise from the coupling between
the discrete bound states supported by dielectric nanodisks and
the free space continuum, and their resonance curves can be
described by the Fano formula [51–53]

T(ω)= T0 + A0
[q + 2(ω−ω0)/τ ]

2

1+ [2(ω−ω0)/τ ]
2 , (1)

whereω0 is the resonant frequency, τ is the resonance linewidth,
T0 is the background scattering parameter, A0 is the coupling
coefficient between the continuous and discrete states, and q is
the Breit–Wigner–Fano parameter, which determines the asym-
metry of the resonance spectrum. The Q-factor is evaluated by
ω0
τ

. The fitted results for two QBICs are shown in Figs. 2(a) and
2(b), and the Q-factors of QBIC-1 and QBIC-2 are 1092 and
7531, respectively.

To further analyze the resonance properties of the two
QBICs, the multipole decomposition of the resonance modes
in Cartesian coordinates is performed [54–56]. The calculation
results of QBIC-1 are shown in Fig. 2(b). The far-field radiation
from the magnetic dipole is the main contribution at resonance
wavelength, and the toroidal dipole and electric quadrupole
account for the obvious contribution. It is worth pointing
out that the radiation power of these dipoles is comparable.
Therefore, for QBIC-1, the interference between multiple
dipoles will be more obvious. In Fig. 2(c), the displacement
current distribution is simulated for further confirmation.
It is clear that the displacement current vector does not have
a specific distribution, and is formed by the coupling of the
magnetic dipole, toroidal dipole, and electric quadrupole to
each other. For QBIC-2, as shown in Fig. 2(e), the multipole
decomposition exhibits that the far-field radiation contribu-
tion of the electric quadrupole dominates at the resonance
wavelength, and the other dipoles are strongly suppressed. The
corresponding displacement current distribution is indeed
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Fig. 2. (a), (d) Fano fitting of QBIC-1 and QBIC-2 for1R = 30 nm. (b), (e) Normalized scattered power of different multipoles. (c), (f ) Electric
field and the displacement current distributions of QBIC-1 and QBIC-2.

an electric quadrupole distribution, as shown in Fig. 2(f ). In
addition, the local field enhancement of QBIC-1 occurs mainly
at the edge of the four nanodiks, while the near-field enhance-
ment of QBIC-2 is mainly in the interior of D2 and D4, and its
maximum field enhancement is larger than that of QBIC-1. The
strong resonance of QBICs in metasurfaces is ascribed to the
array effect [13,31,57,58]. As the number of elements increases,
the edge loss in the transverse plane gradually decreases; the
Q-factor gradually increases, and it will reach saturation at a
certain number of elements. The near-field distribution and
far-field scattering intensity are mutually corroborated. These
results reveal that the two modes are distinctly different. It is
noted that the resonance spectra can be significantly modulated
when the incident angle θ is changed (details in Appendix A).

3. STABILITY OF SYMMETRY-PROTECTED BICs

We have demonstrated that the two BICs are governed by SP-
BICs. Next, we study the stability of SP-BICs by exploring the
effects of the period, nanodisk radius, substrate refractive index,
and shape on the relation Q ∝1R−2.

First, the influence of the period of a matesurface on the
two modes is analyzed. We fix the periods as P = 900 nm and
P = 1100 nm to compare with the previous results. The same
symmetry breaking in y direction is introduced by changing
the size of nanodisk D4, and the two same modes are excited
after introducing symmetry breaking. The Q-factors of the two
QBICs still satisfy Q ∝1R−2 as shown in Fig. 3(a). Therefore,
BIC-1 and BIC-2 still exist at different periods. When the
period is changed from 900 to 1100 nm, the Q-factor undergoes
a small increase due to the change in the coupling effect between
nanodisks. It is worth pointing out that for large perturbation
parameters, the complex interactions will change, inducing a
large detuning of the Q-factor with1R−2 [59]. As illustrated in
Fig. 3(b), the resonance wavelengths of QBIC-1 and QBIC-2
show different degrees of redshift as the period increases. The
period has less effect on the resonance wavelength of QBIC-2,
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Fig. 3. Variation of (a) Q-factor and (b) resonance wavelength with
1R for different periods.

while it has more obvious influence on that of QBIC-1. In
addition, 1R shows a smaller effect on the resonance wave-
length of QBIC-1, and a more significant influence on QBIC-2.
Therefore, as the period and1R increase, the resonance wave-
lengths of the two QBICs may overlap. For example, when
1R is about 55 nm, the resonance wavelength of QBIC-1 at
P = 1100 nm intersects that of QBIC-2 at P = 900 nm.

In the following, we analyze the effect of the radius of the
nanodisk on the two BICs, fixing the radii as R = 180 nm and
R = 220 nm, respectively. The simulation conditions are the
same as the previous settings, and the two modes are excited
when the size of D4 is changed. As shown in Fig. 4(a), it is
clear that the change of Q-factor is small when the radius R is
increased, and Q ∝1R−2, so the two BICs are stable. As exhib-
ited in Fig. 4(b), the change of radius leads to a different degree
of redshift in the resonance wavelengths of the two QBICs,
which is mainly due to the increase in effective refractive index
of the silicon metasurfaces with the increase in radius. It is worth
noting that when R = 220 nm, the resonance wavelengths of
QBIC-1 and QBIC-2 overlap at 1R of about 65 nm. At this
time, the two QBICs are significantly coupled.

Next, we discuss the effect of substrate refractive index on the
two BICs. The substrate refractive indices are fixed to n = 1.3
and n = 1.6, respectively, and we change the size of nanodisk
D4 in the same way, as shown in Fig. 5(a). The Q-factor and
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Fig. 4. Variation of (a) Q-factor and (b) resonance wavelength with
1R at different nanodisk radii.
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1R still show a relationship of −2nd power, so the BICs are
stable when the substrate refractive index is properly changed.
As n increases, the Q-factors of the two QBICs decrease due to
the leakage of the optical field to the substrate. The Q-factor
of QBIC-1 is more significantly affected by the n value, while
the effect of n on QBIC-2 is less. From Fig. 5(b), it is clear that
the increase in n also leads to a different degree of redshift in the
resonance wavelengths of QBIC-1 and QBIC-2. The resonance
wavelengths of QBIC-1 (n = 1.6) and BIC-2 (n = 1.3) overlap
when1R is about 80 nm.

Finally, we discuss the effect of device shape on BICs. The
nanostructure is changed into a rectangular nanodisk or isos-
celes trapezoidal nanodisk metasurface with the same volume.
The top view of the rectangular nanodisk is shown in Fig. 6(a),

where the period P of the unit cell is still 1000 nm, the initial
length L0 of each nanodisk is 355 nm, the width is L0/2, and
the height is 220 nm. We also mark the four nanosiks as D1, D2,
D3, and D4, and label the enlarged length of nanodisk D4 as L .
The changed length is denoted as 1L , where 1L = L − L0,
and the asymmetry degree is defined as α1 =1L/L0. The
symmetry of the structure along y axis is broken when the size
of D4 is enlarged, and the same resonance modes are excited.
Figure 6(d) shows the top view of the isosceles trapezoidal nan-
odisks, where the period P is still 1000 nm, the upper bottom
and waist length of each disk is noted as W0, and the size is
219 nm. The lower bottom length is 2W0, and the height is
220 nm. We mark the nanodisk in the same way; the enlarged
side length of D4 is noted as W , its change1W =W −W0, and
the asymmetry degree is defined asα2 =1W/W0. As illustrated
in Figs. 6(b) and 6(e), the Q-factors exhibit the same inverse
quadratic dependence on asymmetry parameters (1L ,1W), so
the two modes are still governed by SP-BICs. The results reveal
that SP-BICs are robust when the shape of the device is slightly
changed. As shown in Figs. 6(c) and 6(f ), the resonance wave-
lengths are redshifted as the asymmetry parameter increases. In
addition, the transmission spectra, multipole decomposition,
and near-field distribution of QBIC-2 for rectangular and
isosceles trapezoidal nanodisk metasurfaces are caculated in
Fig. 9. These resonance properties are consistent with those of
the previous semicircular nanodisks. If these device shapes are
changed to triangular nanodisks or other structures, the BICs
still exist. Therefore, SP-BICs exhibit strong stability for device
shape.

It is noted that the difference between R (L , W) and R0 (L0,
W0) perturbs the in-plane symmetry of the structure, degener-
ating the higher order group C4v to lower order group Cs , and
leads to the access of leaky quasi-BIC states from true BIC states.
Therefore, the QBIC excitation depends on the polarization of
the incident plane wave. In addition, The samples can be fab-
ricated on a Si on glass wafer. The fabrication processes mainly

x

y

20 200
1400

1500

1600

1700

(n
m

)

L (nm)

 QBIC-1
 QBIC-2

10 100
1400

1500

1600

1700

(n
m

)

W (nm)

 QBIC-1
 QBIC-2

20 200
101

103

105

107

 QBIC-2

Q
-f

ac
to

rs

L (nm)

 QBIC-1

10 100
101

103

105

107

 QBIC-1

Q
-f

ac
to

rs

W (nm)

 QBIC-2

)c()b()a(

)f()e()d(

x

y

D1

D2

D3

D4

D1

D2

D3

D4

Fig. 6. Top view of unit cell of the (a) rectangular and (d) isosceles trapezoidal nanodisk metasurfaces. (b), (e), (c) and (f ) Variation of Q-factors
and resonance wavelength with asymmetry parameters for both nanostructures.



2010 Vol. 39, No. 8 / August 2022 / Journal of the Optical Society of America B Research Article

include electron-beam lithography (EBL) and inductively
coupled plasma (ICP) etching techniques.

4. CONCLUSION

In summary, we investigated the stability of SP-BIC in dielectric
metasurfaces. The two individual BICs can be transformed into
QBICs by breaking the in-plane symmetry of the structure. The
resonance properties of these QBICs are discussed by perform-
ing far-field contributions and near-field analysis. Moreover, the
effects of different periods, sizes, substrate refractive indices, and
shape factors on BICs are studied, and the same inverse quad-
ratic dependence of Q-factors for QBICs excited by changing
the size of nanodisk D4 on the asymmetry parameters (1R ,
1L , 1W) is observed and explained in detail. These results
confirm the very strong stability of SP-BICs. In practice, the
deviations from the theoretical design are impossible to avoid,
and the robust SP-BICs may facilitate the realization of high
Q-factors in experiment.

APPENDIX A: EFFECT OF INCIDENT ANGLE θ

OF LIGHT ON QBICs

In Fig. 7, we calculate the transmission spectra and Q-factors of
different incident light angles θ for 1R = 100 nm. The reso-
nance spectrum is sensitive to the incident angle of light. When
θ is increased, there is only part of light coupling to the device
to participate in the interaction between light and material,
and the extinction ratio of the resonance spectra become low
gradually. The resonance linewidth is not affected by θ , and
their Q-factors remain constant. In a real situation, the coupling
efficiency of light and a metasurface is affected by the incident
light angles. If ultrahigh Q-factors are observed in experiment, a
vertical incident light needs to be ensured.
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APPENDIX B: EFFECT OF DIFFERENT
EXTINCTION COEFFICIENTS (k) IN SILICON ON
QBICs

In Figs. 8(a) and 8(b), the effects of different extinction coef-
ficients (k) in silicon on Q-factors of QBIC-1 and QBIC-2
are calculated. The Q-factor decreases dramatically with the
increase in k for small1R . When the value of1R is increased,
the Q-factor is low and the effect of k is small. In Figs. 8(c) and
8(d), the transmission spectra for different loss levels are shown
under 1R = 20 nm. For QBIC-2 with a high Q-factor, with
the increase in k, the transmission spectrum widens rapidly and
the extinction ratio decreases. For low Q-factor QBIC-1, k has
little effect on the resonance spectra [60,61].

APPENDIX C: RESONANCE PROPERTIES OF
QBIC-2 FOR RECTANGULAR NANODISK AND
ISOSCELES TRAPEZOIDAL NANODISK
METASURFACES

Since the symmetry of the device is unchanged, the resonance
properties of QBIC excited by rectangular nanodisk or isosceles
trapezoidal nanodisk metasurfaces are consistent with those of
the circular nanodisk metesurface. Here, we calculate the trans-
mission spectrum, multipole decomposition, and near-field
distribution of QBIC-2, and the results reveal that the leakage
mode QBIC-2 is still an electric quadrupole resonance.
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Fig. 9. (a), (d) Fano fitting of QBIC-1 and QBIC-2 for1L = 30 nm,1W = 60 nm. (b), (e) Normalized scattered power of different multipoles.
(c), (f ) Electric field and the displacement current distributions of QBIC-1 and QBIC-2.

Data availability. Data underlying the results presented in this paper are
not publicly available at this time but may be obtained from the authors upon
reasonable request.
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