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Abstract: Symmetry-protected bound states in the contin-

uum (SP-BICs) are one of the most intensively studied BICs.

Typically, SP-BICsmust be converted into quasi-BICs (QBICs)

by breaking the unit cell’s symmetry so that they can be

accessed by the external excitation. The symmetry-broken

usually results in a varied resonance wavelength of QBICs

which are also highly sensitive to the asymmetry parame-

ters. In this work, we demonstrate that QBICs with a stable

resonance wavelength can be realized by breaking transla-

tional symmetry in an all-dielectric metasurface. The unit

cell of metasurface is made of a silicon nanodisk dimer.

The Q-factor of QBICs is precisely tuned by changing the
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interspacing of two nanodisks while their resonance wave-

length is quite stable against the interspacing. We also find

that such BICs show weak dependence on the shape of

the nanodisk. Multiple decompositions indicate that the

toroidal dipole dominates this type of QBIC. The resonance

wavelengths of QBICs can be tuned only by changing either

the lattice constants or the radius of nanodisk. Finally, we

present experimental demonstrations on such a QBIC with

a stable resonance wavelength. The highest measured Q-

factor of QBICs is >3000. Our results may find promising

applications in enhancing light–matter interaction.

Keywords: all-dielectric metasurfaces; bound states in the

continuum; stable resonance wavelengths.

1 Introduction

All-dielectric metasurfaces have received tremendous

attention in the past decades due to their extraordinary

optical properties [1, 2]. Similar to metallic nanostructures

supporting plasmonic resonances, they provide multipolar

electric andmagnetic resonances known asMie resonances.

On the other hand, they have lower intrinsic losses than

their counterparts of noble metals. These two unique

properties render them become ideal platforms for

enhancing light–matter interactions and developing

high-performance photonic devices. For example, they have

been used to realize metalens with high efficiency [3–5],

lasing [6–8], sensing [9–11], and enhanced generations

[12–15]. At the early stage, much attention has been

paid to the low-order Mie resonances with relatively

low-quality factors (Q-factors), such as electric and

magnetic dipole resonances. The moderate Q-factor of Mie

resonance is always accompanied by moderate electric

field confinement, which may limit light–matter coupling

strength.

Recently, all-dielectric metasurfaces have been demon-

strated to support optical bound states in the continuum

Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/nanoph-2023-0166
mailto:cbzhou@gzmu.edu.cn
https://orcid.org/0000-0001-5657-4941
mailto:andrey.miroshnichenko@unsw.edu.au
mailto:andrey.miroshnichenko@unsw.edu.au
https://orcid.org/0000-0001-9607-6621
mailto:ljhuang@phy.ecnu.edu.cn


2052 — S. You et al.: Quasi-BICs with stable resonance wavelength in dielectric metasurfaces

(BICs) with infinite Q-factors [16–24]. BICs are the eigen-

states with forbidden radiation, which are perfectly decou-

pled from the exterior environment though they are local-

ized within the continuum [25–42]. Typically, they must

be first converted into quasi-BICs (QBICs) with finite but

still high Q-factors so that they can be excited by external

sources, such as plane wave incidence. Among a diverse

family of BICs, symmetry-protected BICs are the most inten-

sively studied because they can be easily found in the dielec-

tric metasurface whose unit cell follows certain symmetry.

Usually, QBICs are induced by introducing in-plane symme-

try broken, such as removing or adding parts of nanodisk

[9, 14, 16, 27, 43–51]. The Q-factors of QBICs are deliberately

tailored by the asymmetry parameters. Nevertheless, their

resonance wavelengths are also tuned with the increasing

asymmetry parameters. In some applications, creating a

QBIC with a tunable Q-factor but a stable resonance wave-

length is desirable.

In this work, we demonstrate that a dimer-based

dielectric metasurface supports toroidal dipole (TD) dom-

inated BICs. QBICs are realized by changing the inter-

spacing between nanodisk dimers instead of removing

or adding parts of the nanodisk to create the reflec-

tion symmetry-broken. Comparedwith previous symmetry-

broken induced QBICs, such BICs have almost constant reso-

nance wavelength, while their Q-factors are tuned carefully

by controlling the interspacing between dimers without

resorting to breaking symmetry. Also, we found that such

BICs are independent on the shape of nanodisk. This may

relax the fabrication tolerance. The resonance wavelengths

of BICs or QBICs are engineered by either changing the

lattice constants of the metasurface or changing the radius

of the nanodisk for the dimer system. Finally, we experi-

mentally demonstrated such QBICs by fabricating a series

of silicon-dimer metasurfaces and measuring their trans-

mission spectra. The vanished linewidth of Fano resonance

verifies the emergence of BICs, and QBICs are characterized

by high-Q Fano resonances. The retrieved Q-factors are as

high as 3142. Our results may find promising applications

in designing high-performance photonic devices based on

QBICs with high-Q factors, such as lasers, biosensors, filters,

etc.

2 Results and discussion

To obtain a QBIC with a stable resonance wavelength, we

first perform a design of moving the relative position of the

meta-atom to disturb the translational-symmetry-protected

BIC mode. The silicon dimer nanodisks are placed on the

SiO2 substrate with a rectangular lattice (Lx = 2Ly = 2L0).

The interspacing between two nanodisks is noted as L. BIC

happens only at L= L0, the QBIC is inducedwhen L deviates

from L0 due to the broken translational symmetry of the

unit cell, which is L > L0 or L < L0, as shown in Figure 1(a).

Two circular displacement current distributions in opposite

directions confirm that the toroidal dipole (TD) dominates

such a QBIC. Compared to the single nanodisk array, the

dimer, without disturbance, makes a band folding because

of the reduced first Brillouin zone, inducing the emergence

of BIC at Γ-point due to flipping guided modes at the band
edge below the light cone [52]. Figure 1(b) and (c) show the

transversemagnetic (TM) band structure of themetasurface

whose unit cell is 1 × 1 and 2 × 1, it is clear that many new

modes appear at Γ-point due to band folding from band

edge X to Γ point. Herein, we set Lx = Ly = L0 = 500 nm

for 1 × 1 unit cell and Lx = 2Ly = 2L0 = 1000 nm for 2 × 1

super unit cell. The refractive index of Si and SiO2

are nSi = 3.48 and nSiO2 = 1.46, respectively. This work

mainly focuses on the mode of normalized eigenfrequency

𝜔a/2πc= 0.341, as shown by the red circle in Figure 1(b) and

(c). The bandgap calculation is based on the open sources

of Massachusetts Institute of Technology Photonic-Bands

(MPB) [53]. We employ the commercial software COMSOL

Multiphysics based on the finite element method to calcu-

late the Q-factors of eigenmode. As illustrated in Figure 1(d),

when the center distance L of the nanodisks deviates from

L0, the BIC is converted to QBIC, and its Q ≈ 7.59𝛼−2, here

the disturbance parameter 𝛼 = |ΔL|
L0

= |L−L0|
L0

. Therefore, the

smaller the 𝛼, the larger the Q-factor. The schematic dia-

gram of the disturbance of the device is shown in the inset

of Figure 1(d). It is noted that the resonance wavelength

of QBIC is almost fixed around 1464 nm with the change

of 𝛼. To confirm the existence of such a BIC, we calcu-

late the transmission spectrummapping of the metasurface

versus offset distance (ΔL) and incident wavelength under
y-polarized light, as shown in Figure 1(e). Indeed, it can

be seen that the resonance peak in transmission spectra

shows the vanished linewidth at ΔL = 0 nm as BIC mode

is perfectly decoupled to the plane wave incidence. As |ΔL|
gradually increases, the resonance peak of the QBIC widens

gradually, which corresponds to the decrease of Q-factor, as

shown in Figure 1(d). These results demonstrate the exis-

tence of energy band folding BICs, which are also called

artificial BICs.

Note that this BIC exhibits weak dependence on the

shape of the nanodisk as long as the area of nanodisk

in xoy plane is the same. For example, such a BIC mode

always exists when the nanostructure is changed into a

hexagonal cube, circular or square hollow nanodisks with

nearly identical volume. Figure 2(a)–(c) show the schematic
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Figure 1: The excitation of quasi translational-symmetry-protected BICs. (a) The schematic of the unit cell of the proposed metasurface. The TD

quasi-BIC can be excited by moving the relative position of dimer nanodisks, which is shape-independent. The circular nanodisks can be replaced by

the hexagonal disks, circular or square hollow disks. Here, the color corresponds to the electric field intensity, the arrows describe the directions of

displacement current. (b) and (c) The calculated bandgap structure for nanodisk arrays whose unit cell is 1 × 1 and 2 × 1. Here, a= L0. (d) Log–log plot

of radiative Q-factor and resonance wavelength as a function of the perturbation parameter 𝛼. The inset shows a schematic diagram of the position

perturbation of the dimer nanodisks with a period L0 = 500 nm in the y-direction and 2L0 = 1000 nm in the x-direction. L represents the distance

between the centers of the two nanodisks. (e) The transmission mapping versus both the offset distance (ΔL) and resonance wavelength (𝜆).

drawing of three types of nanodisk dimers with perturba-

tion. The transmission spectrummappings present the same

BIC characteristics disappeared resonance peaks at ΔL =
0. When |ΔL| is larger than zero, the BICs are converted

into QBICs with finite Q-factors, and the resonance spec-

tra are gradually broadened as |ΔL| increases, suggesting
reduced Q-factors. The calculated Q-factors of QBICs under

different perturbation parameters 𝛼 are exhibited in Figure

2(g)–(i), and the Q-factor are all proportional to 𝛼
−2 (Q =

C𝛼−2). Comparatively, the hexagonal cube metasurface has

a larger coefficient of C = 8.09, which means that it holds a

higher Q-factor for the same 𝛼 value. Notably, the resonance

wavelengths of QBICs of the three structures are also very

stable. The wavelength of the hexagonal cube is located

at 1463.5 nm, which is close to the result of the nanodisks

studied above. The resonance wavelengths of circular or

square hollow nanodisks are 1503 nm and 1498 nm, respec-

tively, and they are close to each other. It is noted that

the resonance wavelength of the QBIC without substrate is

still stable. In this study, we almost fix the device’s volume,

and the coupling difference between unit cells makes some

difference in the resonance wavelengths of solid and hol-

low nanodisk metasurfaces. Therefore, such a BIC mode is

robust against the device shape and exhibits large fabrica-

tion tolerances. In addition, the QBIC is excited by changing

the relative position of the nanodisks, and their Q-factors

only depend on the interspacing between nanodisks. In

the fabrication process, the specific position parameters

of the nanodisks are fixed, the samples are fabricated by

electron-beam lithography (EBL) and inductively coupled

plasma (ICP) etching techniques. The fabrication process

only changes the uniformity and roughness of the nano-

device, the position of the nanodisks does not move. There-

fore, the perturbation parameter of QBICs is accurately con-

trolled in the experiment, which provides a way to achieve

an ultrahigh Q-factor in metasurfaces.

Next, multiple decomposition is performed to reveal

the nature of such a QBIC (see Methods). Here, we study

the resonant properties of QBIC with ΔL = 36 nm as an

example. Figure 3(a)–(d) show the transmission spectra of

the four structures, and the asymmetric resonance peaks

with the Fano profile are observed,which originate from the
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Figure 2: The optical responses of metasurfaces of hexagonal cube, circular or square hollow nanodisks. (a)–(c) Schematic diagrams of position

perturbation, the hexagonal cube has a side length of 200 nm. The inner and outer radii of the circular hollow nanodisks are 55 nm and 190 nm. The

inner and outer lengths of the square hollow nanodisks are 110 nm and 340 nm, respectively. The thickness of these metasurfaces is still 220 nm, and

Lx = 2Ly = 2L0 = 1000 nm. (d)–(f) The transmission mappings versus both the offset distance (ΔL) and resonance wavelength. (g)–(i) The Q-factors
and resonance wavelengths as a function of the perturbation parameter 𝛼.

coupling betweendiscrete bound states supported by dielec-

tric nanodisks and continuum background. Figure 3(e)–(h)

show the scattered power of multipole components. It is

clear that the TD response dominates these modes. A subse-

quent contribution is a magnetic quadrupole (MQ), because

pair of counter-oriented magnetic dipoles induces TD and

MQ. The contributions of electric dipole (ED), magnetic

dipole (MD) and electric quadrupole (EQ) are negligible. The

electric and magnetic field distributions are exhibited in

Figure 3(i)–(p). They share a similar field intensity distri-

bution, thus verifying the same QBIC mode. It is clear that

two reversed electric field vector distributions are observed

in the region of the nanodisks at the x–y plane [see Figure

3(i)–(l)], which excite two magnetic dipoles with opposite

directions, combining with the incident light field, and thus

presenting a circularmagnetic dipole distribution in the x–z

plane [see Figure 3(m)–(p)], and finally excite a TD along the

y direction.

We demonstrated above that this TD QBIC mode pos-

sesses a stable resonance wavelength. This can be under-

stood because the resonance wavelength only depends on

the effective dielectric volume when the coupling between

super unit cells is fixed. Thus, there are two ways to adjust

the resonance wavelength, one is to change the diameter of

nanodisk, and the other is to change the lattice constants of

metasurfaces.

Figure 4(a) shows the tuning way of changed lattice

constants. Here Lx is fixed, and Ly is changed into L1, the

calculated resonance wavelengths of QBICs are presented

in Figure 4(b). As predicted, the wavelengths are still very

stable, and they are adjusted from 1508 nm to 1454 nmwhen

Ly is changed from 360 nm to 570 nm. The correspond-

ing radiation Q-factors are shown in Figure 4(c). The same

inverse quadratic dependence of Q-factors for QBICs excited

by moving the position of nanodisks on the perturbation

parameters 𝛼 is observed. It is noted that the larger the Ly,

the larger the slope coefficient, which indicates that a larger
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Figure 3: The demonstration of TD response of quasi-BIC. (a)–(d) The transmission spectra of the four structures atΔL= 36 nm. (e)–(h) The total

scattered power and contributions of dominant multipoles. (i)–(l) The electric field distributions in the x–y plane at the resonant wavelength. (m)–(p)

Corresponding magnetic field distributions in the x–z plane. The black lines denote the boundaries of the nanostructure region. Black and white

arrows refer to the electric field and magnetic field vector directions, respectively. The color scale corresponds to the field intensity.
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Figure 4: Two strategies for the tuning of stable resonance wavelength. (a) Schematic diagram of changing the size of the period in the y-direction,

fixing Lx = 2L0, and changing Ly to L1. (d) Simultaneously changing the radius of the dimer nanodisks from R0 to R. (b), (e), (c), and (f) The resonance

wavelengths and the Q-factors of QBICs versus perturbation parameters 𝛼 for different L1 or R values.

Ly has a higher Q-factor for the same perturbation parame-

ter. Another strategy is to simultaneously change the dimer

nanodisk’s size simultaneously, as shown in Figure 4(d). One

can find that a significant modulation of the resonance

wavelength from 1485 nm to 1557 nm is observed when the

nanodisk’s radius is changed from 185 nm to 200 nm. It is
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noted that the effect of the disk’s size on the Q-factor is

smaller, especially for large values 𝛼. Therefore, we can

design the structure parameters according to the target

wavelength.

Finally, we present the experimental demonstrations

on such QBICs with a stable resonance wavelength. The

samples are fabricated based on the 220 nm silicon-on-

insulator (SOI) platform through EBL and ICP etching tech-

niques (see Methods). Fifteen samples are fabricated with

offset distanceΔL varying from−74 nm to 74 nm. The scan-

ning electron microscopy (SEM) images of the fabricated

sample for the cases ΔL = 0, ΔL < 0 and ΔL > 0 are

shown in Figure 5(a). The measured transmission spectrum

for ΔL = −74 nm is exhibited in Figure 5(b), we fit the

resonance spectrum by the Fano formula [54, 55] T(𝜔) =
T0 + A0

[q+2(𝜔−𝜔0)∕Γ]2
1+[2(𝜔−𝜔0)∕Γ]2

. Where 𝜔0 is the resonance frequency,

Γdenotes the linewidth, T0 refers to the transmission off-

set, A0 means the continuum-discrete coupling constant,

and q is the Breit–Wigner–Fano parameter determining

asymmetry of the resonance profile. The Q-factor can be

calculated by
𝜔0

Γ , and the experimental Q-factors are listed

in Figure 5(c). As expected, the Q-factor increases as |ΔL|
decreases, and themaximumexperimentalQ-factor reaches

3142. We compare the simulated and experimental trans-

mission spectrum mappings, as shown in Figure 5(d) and

(e), and the results are in good agreement. At |ΔL| = 0,

the vanished resonance peak is indeed observed, further

confirming the existence of bandgap folding BIC.We extract

themeasured and simulated resonance wavelengths, which

are in very good agreement, as illustrated in Figure 5(f),

and measured resonance wavelengths are indeed very sta-

ble. The experimental Q-factor is lower than the theoretical

value, which may be contributed by the roughness, non-

uniformity of the nanodisks and some incidence angles,

which lead to strong scattering of light into free space.

Higher Q-factors may be achieved by optimizing fabrication

processes and characterization systems. In Table 1, we list

theQ-factors of toroidal dipole resonance. Except for the sta-

ble TD resonancewavelengths, the Q-factor is also relatively

high in this work. Thus, the BIC provides a new way for the

realization of high Q-factor TD resonance.
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Table 1: Comparison of Q-factors for toroidal dipole resonance.

Year Nanostructures Q-factors Wavelength/frequency References

2010 Metallic metamaterial 240 ∼15.4 GHz [56]

2016 Metallic metasurface 42.5 0.4 THz [57]

2017 Metallic metasurface 18 ∼200 GHz [58]

2018 Metallic metasurface 29.8 0.15 THz [59]

2018 Metallic metamaterial 12 4.16 GHz [60]

2020 Dielectric metasurfaces 728 1505 nm [61]

2020 Dielectric metasurfaces 160 ∼700 nm [61]

2019 Photonic crystal slabs 1373 1275 nm [62]

2021 Dielectric metasurfaces 584 1500 nm [63]

2021 Dielectric metasurfaces 206 756 nm [64]

2022 Dielectric metasurfaces 261 1498 nm [65]

2023 Dielectric metasurfaces 4990 1479 nm [24]

2023 Dielectric metasurfaces 3142 1480 nm In this work

3 Conclusions

In this work, we theoretically and experimentally demon-

strate the QBICs with stable resonance wavelengths. An

artificial BIC is observed in a silicon dimer nanodisk meta-

surface, arising from the band folding from the band edge

below the light cone to point in the first Brillouin zone.

The BIC is converted into a QBIC by breaking the transla-

tional symmetry of the unit cell. The resonance wavelength

of QBIC is very stable because of the fixed volume of the

metasurface and the stable coupling between the unit cells

during the perturbation process. Meanwhile, the multipole

decomposition and near-field distribution confirm that the

TD response dominates such a QBIC. Moreover, this BIC

is shape-independent no matter whether the nanodisk is

a circular cylinder, a hexagonal cube, circular or square

hollow disk. In addition, we confirm that the resonance

wavelength of QBIC canbe effectively regulated by changing

the period and size of the nanodisks, so the on-demand

resonance wavelength can be obtained bymanipulating the

structure parameters. Finally, we give experimental confir-

mation, and the maximum Q-factor can reach 3142 because

of theweak shape dependence and the precise control of the

disturbance parameters. Such a QBIC resonator with high

Q-factors and stable resonance wavelengths is beneficial to

the realization of high-quality nonlinear light source and

low threshold laser.

4 Methods

4.1 Sample fabrication

Themetasurfaces are fabricated on the silicon-on-insulator (SOI) wafer

with 220 nm silicon of the top layer. Firstly, the ZEP-520A photoresist

is spin-coated to the surface of a clear SOI wafer (1.5 cm × 1.5 cm).

Subsequently, themetasurface patterns are defined into the photoresist

by the electron-beam lithography (EBL) technique, and then developed

and fixed. The silicon metasurface is etched by the inductively coupled

plasma (ICP). Finally, the analytical solution removes the remaining

photoresist in an ultrasonic bath.

4.2 Transmission measurements

The samples are measured by a piece of home-built equipment. The

supercontinuum light source (YSLPhotonics SC-5-FC, 400 nm–2200 nm)

is applied, and the light is normally incident onto the fabricated meta-

surface, and then is collected by an optical spectrum analyzer (YOKO-

GAWA AQ-6370B, 600 nm–1700 nm).

4.3 Electromagnetic simulations

The Q-factors of eigenmode are calculated by the commercial soft-

ware COMSOL Multiphysics based on the finite element method. The

transmission spectra, field distributions, and multipole decomposition

of metasurfaces are calculated by the finite-difference time-domain

(FDTD) method. In the simulation, the periodical boundary conditions

are employed in the x- and y-directions and perfectly matched layers

(PML) are applied in the z-direction.

The multipole decomposition is employed to calculate the scat-

tered power ofmultipole components. According to the current density

( j⃗) distribution in a unit cell, the multipole moments under the Carte-

sian coordinate can be obtained by the following formulas [62, 66]:

electric dipole moment: P⃗ = 1

i𝜔 ∫ j⃗d3r, (1)

magnetic dipole moment: M⃗ = 1

2c ∫ ( r⃗ × j⃗)d3r, (2)

toroidal dipole moment: T⃗ = 1

10c ∫ [( r⃗ ⋅ j⃗) r⃗ − 2r2 j⃗]d3r, (3)

electric quadrupole moment:Q(e)

𝛼,𝛽
= 1

2i𝜔 ∫
[
r
𝛼
j
𝛽
+ r

𝛽
j
𝛼

− 2

3
( r⃗ ⋅ j⃗)𝛿

𝛼,𝛽

]
d3r, (4)
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magnetic quadrupole moment:Q(m)

𝛼,𝛽
= 1

3c ∫
[
( r⃗ × j⃗)

𝛼
r
𝛽

+ (( r⃗ × j⃗)
𝛽
r
𝛼
)
]
d3r, (5)

where c is the speed of light, 𝜔 is the frequency of light, and 𝛼, 𝛽 ,

𝛾 = x, y, z. And the far-field scattered power of thesemultipolemoments

canbe calculated by the following formulas IP = 2𝜔4

3c3
|P⃗|2, IM = 2𝜔4

3c3
|M⃗|2,

IT = 2𝜔6

3c5
|T⃗|2, IQ(e) = 𝜔

6

5c5

∑|Q(e)

𝛼,𝛽
|2, IQ(m) = 𝜔

6

40c5

∑|Q(m)

𝛼,𝛽
|2.

The total scattered power can be calculated from:

Itotal = IP + IM + 4𝜔5

3c4
(⃖⃗P ⋅ ⃖⃗T)+ IT + IQ(e) + IQ(m) + o

(
1

c5

)
, (6)

where
4𝜔5

3c4
(⃖⃗P ⋅ ⃖⃗T) is the interference term of the electric and toroidal

dipoles, and O(
1

c5
) has a small value.
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