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Ultra-High Quality Factor Resonances in a
Pinwheel-Shaped All-Dielectric Metasurface

Based on Bound States in the Continuum
Yan Shi, Shilin Yu, Hao Li, Jiaojiao Xing, and Tonggang Zhao

Abstract—Combining with the bound states in the continuum
(BICs) theory in all-dielectric metasurfaces has become an ex-
tensively used method to excite multiple high quality(Q) factor
Fano resonances, which remarkably enhance the performance of
structures to be applied to refractive index sensors. In this arti-
cle, a novel silicon pinwheel-shaped all-dielectric metasurface in
the near-infrared region is designed and numerically investigated.
Two Fano resonances are excited in the original structures. After
breaking the symmetry of the original structures in combination
with the BIC theory, four sharp Fano resonances are excited and
the maximum Q-factor exceeds 3.9× 105 whenδ= 10 nm. With the
asymmetric parameter δ= 80 nm, multiple Fano resonances could
be turned on and off by turning the polarization of the incident
light, which performs excellent characteristics in optical switches.
Both in the original structures and in the asymmetric state it offers
outstanding sensing characteristics. Furthermore, with δ = 80 nm
and the polarization angle 90 degrees, the sensitivity and the figure
of merit (FOM) could respectively reach up to 355 nm/RIU and
1375.97 RIU−1. The designed structures may provide a way to
enhance the performance of bio-chemical sensors, optical switches,
and nonlinear optics.

Index Terms—All-dielectric metasurface, bound states in the
continuum, high Q-factors, optical sensing, optical switches.

I. INTRODUCTION

FANO resonance is a resonance showing asymmetric spec-
tral lineshape. Its resonant linear pattern cannot be de-

scribed by the traditional Lorentz formula. The Fano resonance
spectrum was discovered in 1935 by H. Beutler et al. and
subsequently interpreted by U. Fano [1], [2], [3]. Q-factor is a
crucial parameter to assess the performance of Fano resonance.
At present, Fano resonance with a high Q-factor has been widely
used in the field of optics, such as nonlinear optics [4], [5],
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high performance sensor [6], [7], [8], and laser [9], [10]. But
the metal-based plasma nanostructures such as free electron
oscillation causes large ohmic loss, which leads to wide resonant
spectral lines. In contrast, dielectric micro-nano devices such as
germanium, gallium arsenide and silicon with high refractive
index can result in lower ohmic loss, and the light field is
mainly confined inside the device, which is favorable to enhance
the interaction between light and matter inside the material
[11], [12]. Thereupon Fano resonances could reach up to much
higher Q-factors in all-dielectric metasurfaces. Additionally,
different from metal-based nanostructures that only support
electric dipoles oscillation, all-dielectric metasurfaces import
magnetic responses so as to be able to create conditions for
tuning interference of electric dipoles, magnetic dipoles, and
other multipoles [13], [14], [15]. All-dielectric metasurfaces also
have lower manufacturing costs than metal-based nanostructures
and it is expected to achieve large-scale integrated production.
Based on the above characteristics, Fano resonance research
based on all-dielectric metasurfaces is of great significance.

The optical refractive index sensor is a typical utilization
of Fano resonance [16], [17]. A sensor is a detection device,
which converts the measured information into electrical signals
and other output forms in terms of particular regulations. The
past decades have seen the development by leaps and bounds of
optical sensors with high sensitivity and figure of merit (FOM)
[18], [19], [20]. Metasurfaces are very suitable for being applied
to sensors due to their tiny size and easy integration. In related
researches, super high Q-factor and outstanding sensing perfor-
mance have made all-dielectric metasurfaces receive consider-
able critical attention. As an illustration, in 2018, Zhang Yue-
bian’s group designed and numerically analyzed a high Q-factor,
high modulation depth, multiple Fano resonance device based on
periodic asymmetric clusters of Si nanorods in the near-infrared
regime [21]. Then the study by Wang Yulin et al. investigated ul-
tra high-Q factor toroidal multipole (TD) resonances at terahertz
frequencies in all-dielectric metasurface composed of an array
of high-index tetramer clusters in 2021, which propose a fresh
idea to develop ultrasensitive photonic sensor in the terahertz
regime [22]. Recently, Wang Juan’s team investigated silicon
metasurfaces composed of crescent shaped meta-atoms, which
can be exploited for sensing ultrathin layers of biomolecules
in air and buffer solutions [23]. Not only that, but also lower
fabrication costs and compatibility with CMOS processes make
all-dielectric metasurface sensors more attractive.
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In recent years, the bound states in the continuum (BICs)
have become a popular research method to stimulate high Q-
factor multiple Fano resonance. BIC is a localized wave that
lies in the continuum of radiation states, yet remains perfectly
localized [24], [25], [26]. This theory is applicable to a very
large deal of fluctuation phenomena, so it can be implemented
in many different fields of wave physics including acoustics,
microwaves, and nanophotonics [27]. In optical structures, true
BICs exist simply in ideal lossless infinite structures. Because
the resonance is not coupled with free space radiation, its
linewidth is zero so its Q-factor is infinite, which can achieve
perfect confinement of energy [28]. By breaking the symmetry
to construct radiation channels with the free space, such as
oblique incidence or the introduction of symmetric breakage
in the structures, the BIC mode can be converted into a quasi-
BIC mode [29], [30]. Furthermore, the resonant wavelengths,
Q-factors, linewidths, and so on can be modulated by tuning the
asymmetry degree. Up to the present, researchers have proposed
a variety of metamaterial structures to achieve quasi-BIC by
breaking the symmetry [31], [32], [33]. For instance, Shiyu Li’s
group investigated the symmetry-protected BIC supported by
metasurfaces composed of silicon nanodisks and demonstrated
the excitation of quasi-BIC by adding or removing parts of
the nanodisks from the edge in 2019 [34]. In 2022, our group
proposed a permittivity-asymmetric all-dielectric metasurface,
comprising high-index cuboid tetramer clusters with symmetric
structural parameters, which supported an uncommon route to
design dual-band polarization-insensitive TD quasi-BICs res-
onators and facilitates their applications in optic and photonic
[35]. Lately, Shuyuan Xiao et al. demonstrated the all-dielectric
metasurfaces composed of four silicon nanodisks, in which the
high Q-factor resonance with strongly enhanced local fields
lead to significant enhancement of the THG and fifth-harmonic
generation (FHG) signals through the symmetry breaking [36].
The BIC theory provides an excellent idea for realizing multiple
Fano and high Q-factors in all-dielectric metasurfaces.

In this article, a pinwheel-shaped all-dielectric metasurface
with multiple Fano resonances is proposed. It consists of a pair
of nanorods placed vertically in the center and four isosceles
trapezoids symmetrically placed around the nanorods. Its max-
imum Q-factor can reach up to 3.9 × 105, the sensor sensitivity
can reach 350 nm/RIU and the FOM value can reach 907.44
RIU−1. We adopted the finite difference theory of time domain
(FDTD) to derive the transmission spectra and electromagnetic
(EM) field distributions of the designed structures and then
decomposed the scattered field into the contributions of three
basic electromagnetic sources to investigate the Fano resonance
excitation at different positions more clearly. Changing the geo-
metric parameters of the structures can adjust the wavelength of
Fano resonances with the modulation depth maintaining nearly
100%. When the symmetry in the structures was broken by
tuning the baseline of one of the four isosceles trapezoids, it
converts the BIC mode to quasi-BIC mode and excites four high
Q-factor Fano resonances. By calculating the inverse square
law that the Q-factors and the degree of asymmetry satisfy,
the transition process from the BIC mode to the quasi-BIC
mode is verified. And the maximum Q-factor can reach up to

Fig. 1. (a) The designed Pinwheel-shaped all-dielectric metasurface consists
of a pair of identical nanorods placed vertically in the center and four isosceles
trapezoids symmetrically placed around the nanorods. The geometrical param-
eters are a = 60 nm, b = 240 nm, h = 180 nm, d = 30 nm, Px = Py = P = 700
nm, s = 50 nm, t = 150 nm. (b) The real and imaginary parts of the dielectric
constant of the silicon in the experimental wave band.

39126.1 when δ = 10 nm. In the original structures, tuning the
polarization direction of incident light makes the structure per-
form polarization-independent result from its central symmetry.
But in the same case, seven Fano resonances could be turned
on and off in the asymmetric structures, with the modulation
depth of every peak nearly 100%. The sensor sensitivity and the
FOM value can reach up to 355 nm/RIU and 1375.97 RIU−1

respectively, with the polarization angle is 90°. It provides an
exciting opportunity to advance biochemical sensors, optical
switches, and nonlinear optics.

II. STRUCTURES DESCRIPTION

The designed Pinwheel-shaped all-dielectric metasurface is
shown in Fig. 1(a). It consists of a pair of identical nanorods
placed vertically in the center and four isosceles trapezoids sym-
metrically placed around the nanorods. The structure is placed on
a silica substrate and immersed in a liquid with the background
refractive index n=1.33. The structures are centrally symmetric.
The silicon is amorphous. The dispersion properties of the mate-
rials refer to Palik’ s optical manual, and the real and imaginary
parts of the dielectric constant of the silicon in the experimental
wave band are shown in Fig. 1(b) [37]. The plane wave electric
field is incident perpendicular to the metasurface and polarized
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Fig. 2. (a) Transmission spectrum of the designed structures. (b) FDTD
Simulation Results and Fitting Graphs at λ = 1160.4 nm. The brown dashed
lines represent the result of the Fano formula fitting and the purple solid line
represents the result of the FDTD calculation.

along the x-axis (polarization angle θ= 0°). The nanorod has the
width a, which is equal to the topline of the isosceles trapezoid,
and the length 3a. Half of the baseline of the isosceles trapezoid
is b, and its height is h. The distance between nanorods and
trapezoids is d. The period of the unit structure Px = Py. The
thickness is t. And the distance from the baseline of the trapezoid
to the boundary of the unit structures is s. The FDTD module of
Ansys Lumerical Photonics Simulation & Design Software gets
used for deriving the transmission spectra and electromagnetic
(EM) field distributions of the proposed structures. Simulation
work utilizes periodic boundary conditions in both the x and
y directions, and in the z direction, a perfectly matched layer
(PML) is utilized.

III. STIMULATION AND MULTIPOLES EXPANSION

When Px = Py = 700 nm, x = y = 600 nm, t = 150 nm
and d = 300 nm, the transmission curves of the metasurfaces
are described in Fig. 2(a). Two sharp Fano profile curves appear
at λ = 1082.4 nm and λ = 1160.4 nm, respectively. Q-factor
is one of the significant parameters for measuring metasurface
performance thus, the transmission spectra can be qualitatively
analyzed using the Fano model. The formula is given by

TFano =

∣∣∣∣a1 + ia2 +
b

ω − ω0 + iγ

∣∣∣∣
2

(1)

where a1, a2 and b are constant real numbers, γ is the over-
all damping loss, and ω0 is the resonant central frequency
[38]. A = a1 + ia2 can denote the continuous states and B =
b/(ω − ω0 + iγ) can denote the discrete states. And the Q-factor
can be expressed as:

Qrad =
ω0

2γ
(2)

Fig. 2(b) shows the fitting results at λ = 1160.4 nm. The
fitting curve (brown dashed line) is definitely consistent with
the simulation results (the purple line). It is calculated that the
Q-factor reached 3117.99 at λ = 1160.4 nm. The scattered
field can be decomposed into the contributions of three basic
electromagnetic sources, namely electric multipoles, magnetic
multipoles, and toroidal multipoles (TD). Electric multipoles
include electric dipole (ED) and electric quadrupole (EQ), etc.

Fig. 3. (a) The radiating powers of various multipole moments in the original
structures. (b) Electronic field distribution in the x-y plane at λ = 1082.4
nm. Arrows denote the direction of the magnetic field line. (c) Magnetic field
distribution in the x-y plane at λ = 1160.4 nm. Arrows denote the direction of
the electric field line.

Likewise, magnetic dipole (MD) and magnetic quadrupole (MQ)
etc. are contained in magnetic multipoles. In the Cartesian
coordinate system, the electric dipole moment p can be defined
as:

p =
1

iω

∫
jd3r (3)

The magnetic dipole moment m can be defined as:

m =
1

2c

∫
(r × j) d3r (4)

The toroidal dipole moment T can be defined as:

T =
1

10c

∫ [
(r · j) r − 2r2j

]
d3r (5)

The electric quadrupole Q
(e)
αβ can be defined as:

Q
(e)
αβ =

1

i2ω

∫ [
rαjβ + rβjα − 2

3
(r · j) δα,β

]
d3r (6)

And the magnetic quadrupole Q
(m)
αβ can be defined as:

Q
(m)
αβ =

1

3c

∫ [
(r × j)αrβ + (r × j)βrα

]
d3r (7)

where c represents the speed of light in a vacuum,ω is the angular
frequency, r represents the spatial position vector, α, β = x, y,
z. j is the current density [31]. To explain this Fano resonance
of the designed all-dielectric metasurface more clearly, the con-
tributions of multipoles in forming the resonant responses are
evaluated in Fig. 3(a), and the electromagnetic (EM) fields at the
corresponding resonant wavelengths are described in Fig. 3(b)
and (c), respectively. Fig. 3(a) calculated the radiating powers
of various multipole moments. The strongest response should
be MD at λ = 1082.4 nm and TD at λ = 1160.4 nm. As
shown in Fig. 3(b) and (c) the electromagnetic field distribution
corresponds to the strongest dipole response. At λ = 1082.4
nm, two reversed loops in the x-y plane formed by the magnetic
field and a vortex flowing anticlockwise in the x-z plane formed
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Fig. 4. Transmission spectra contrast of the original structures and the asym-
metric structures. The brown dashed line depicts the spectrum at δ = 0 nm and
the purple solid line depicts the spectrum at δ = 80 nm.

by the electric field, demonstrating that the resonant mode at
this wavelength is MD along the y-negative direction. At λ =
1160.4 nm, the electric field forms two reversed loops in the x-y
plane and the magnetic field forms a loop clockwise in the y-z
plane, indicating that this is a TD resonance pattern along the
x-negative direction.

To realize multiple Fano and high Q-factor all-dielectric
metasurfaces, the symmetry of the original structures is broken
to construct radiation channels with the free space. It converts
symmetry-protected BIC into quasi-BIC. The asymmetric pa-
rameter δ is equal to the variation of the parameter b of the
top trapezoid. As shown in Fig. 4, when δ = 80 nm, at λ =
1071.5 nm, and λ = 1152 nm, the transmission spectrum has a
blue shift because of the breaking symmetry, respectively. At the
same time, two new Fano profile curves arise at λ = 1103.8 nm
and λ = 1184.9 nm. The contributions of multipoles in forming
the resonant responses are evaluated in Fig. 5(a), and the EM
fields at the corresponding resonant wavelengths are drawn in
Fig. 5(b) and (c). In Fig. 5(a), the strongest response should be
MD at λ = 1152 nm and EQ at λ = 1184.9 nm. As shown in
Fig. 5(b), at λ = 1152 nm, two reversed loops in the x-y plane
formed by the magnetic field and a vortex flowing anticlockwise
in the y-z plane formed by the electric field, demonstrating
that the resonant mode at this wavelength is MD along the
z-negative direction. Differently, in accordance with the electric
field vector distributions at 1184.9 nm in Fig. 5(c), indicating an
EQ resonance at this wavelength.

The Q-factors, resonant wavelengths, line widths and so on
can be modulated by tuning the asymmetry degree. As shown
in Fig. 6(a), when the structure is symmetrical, the resonance
mode is BIC and the Q-factor tends to be infinite. Whereas, as δ
increases, two new asymmetric resonance profiles emerge near
λ = 1125 nm and λ = 1190 nm, and the transmission spectrum
has a blue shift. Furthermore, the bigger the δ, the wider the
line widths and the smaller the Q-factors. It is because breaking

Fig. 5. (a) The radiating powers of various multipole moments in the asym-
metric structures. (b) Magnetic field distribution in the x-y plane at λ= 1152 nm.
(c) Magnetic field distribution in the x-y plane at λ= 1184.9 nm. Arrows denote
the direction of the electric field line.

Fig. 6. (a) Comparison of transmission spectra at different asymmetry degrees
δ. (b) The quantity relation between the Q-factor and asymmetry degree meets
Qrad�α-2 at λ = 1184.9 nm.

TABLE I
THE Q-FACTOR AND THE ASYMMETRY DEGREE α = ΔS/S OF δ = 10-80 NM

the symmetry constructs radiation channels with the free space.
The bigger the δ, the wider the radiation channel, which means
that more energy is lost by the radiation, and therefore, the less
the Q-factors. When δ = 10 nm, the Q-factor is 39126.1 at λ =
1184.9 nm. In addition, it can be seen that in the quasi-BICs, the
performance of the structures is very sensitive to the changes of
asymmetry degree. In Table I the Q-factors and the asymmetry
degree α=ΔS/S of δ = 10 – 80 nm are calculated, where ΔS is
the reduced area of the altered trapezium and S is the area of one
original trapezium. The asymmetry degree α and the Q-factors
satisfy following formula under the quasi-BIC resonance state:

Qrad =
A

2k0
|p0|−2

(
ΔS

S

)−2

(8)

where A represents the surface area of a meta-molecule, k0 is
the incident plane wave vector, and in our proposed structures,
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Fig. 7. Changes in the transmission spectra caused by adjusting different
geometric parameters. (a) Thickness t of the designed metasurface is from
140 nm to 160 nm. (b) Period p of the designed metasurface is from 680 nm to
720 nm. (c) Distance from the baseline of the trapezoid to the boundary of the
unit structures s is from 40 nm to 60 nm. (d) The transmission spectrum remains
the same when the polarization direction changes.

p0 is the ED moment in the bottom half of the nanocube [34].
Namely, the asymmetry degree α and the Q-factor satisfy the
following relationship Q∝α−2

rad . In Fig. 6(b), the quantity relation
between Q-factors and asymmetry degree meets Q∝α−2

rad at λ =
1184.9 nm is illuminated by calculating. It also proves that two
new Fano resonances are excited by breaking the symmetry and
achieving quasi-BIC.

IV. PARAMETERS ADJUSTMENT AND POLARIZATION ANALYSIS

To investigate the effect of the geometric independence of the
structures on the characteristics of the designed metasurfaces,
the thickness t, the period of the structures p, and the distance
between nanorods and trapezoids s are adjusted, respectively.
The other parameters remain the same as the structures in
Fig. 2. The results are obtained through simulation. As shown in
Fig. 7(a) and (b), increasing both the period p and the thickness
t occurred significant redshifts in the transmission spectra at all
two resonant wavelengths. Conversely, as shown in Fig. 7(c),
when distance s gradually increases, the resonant wavelengths
have a blue shift and its line width increases, accordingly the cor-
responding Q-factor decreases. Therefore, the resonant wave-
lengths of the proposed structure can be adjusted by optimizing
the geometric parameters of the structure.

In order to study the application potential of the structures
in optical switching, the effects of changing the polarization
direction of the light source of the designed metasurfaces are
discussed. As shown in Fig. 7(d), it is notable that when the
angle θ increases from 0° to 90° and the other parameters are
the same as the structures in Fig. 2, the transmission spectra
remain the same. More specifically, the metasurfaces perform
polarization-independent. This occurs as a result of the central
symmetry of the structures in the x-y plane. After breaking the
symmetry, the metasurfaces achieve quasi-BIC mode and are
no longer centrally symmetrical. The structures exhibit a highly

Fig. 8. Seven Fano resonances can be turned on and off by turning the
polarization angle θ of incident light when δ = 80 nm.

Fig. 9. (a) Transmission spectra contrast of the asymmetric structures with
the polarization angle θ of incident light is 0° and 90°, respectively. The brown
dashed line depicts the spectrum with θ = 0° and the green solid line depicts
the spectrum with θ = 90°. (b) The variation of modulation depths with the
polarization angle from 0° to 90° at every Fano resonant wavelength.

TABLE II
THE MODULATION DEPTH OF EACH FANO PROFILE WHEN THE POLARIZATION

ANGLE OF INCIDENT LIGHT INCREASES FROM 0° TO 90°

sensitive to changing the polarization angle of incident light.
As shown in Fig. 8, with the asymmetric parameter δ = 80 nm,
seven Fano resonances at λ= 1071.6 nm, 1074.4 nm, 1088.4 nm,
1104.1 nm, 1152 nm, 1156.1 nm, and 1184.9 nm can be turned
on and off by tuning the polarization angle of the incident light.
These Fano profiles are numbered FR1-FR7. Fig. 9(a) shows
the transmission spectra when θ = 0° and θ = 90°, respectively.
Table II calculated the modulation depth of each Fano profile
when the polarization angle of the incident light increased from
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Fig. 10. The radiating powers of various multipole moments in the asymmetric
structures with the polarization angle is 90°.

Fig. 11. (a) The transmission spectral shift at λ= 1152 nm as the environmen-
tal refractive index increases from 1.31 to 1.35. (b) The transmission spectral
shift at λ= 1184.9 nm as the environmental refractive index increases from 1.31
to 1.35.

0° to 90°. It is intuitively that with the polarization angle from
0° to 90°, the modulation depths of FR1, FR4, FR5, FR6, and
FR7 gradually rise, meanwhile the modulation depths of FR2
and FR3 are on downward trends. Moreover, the modulation
depths of the transmission spectral line of FR2, FR4, FR5,
FR6, and FR7 are close to 100%. The proposed all-dielectric
metasurfaces can be widely applied to high performance optical
switches. Consistent with the previous, As can be seen in Fig. 10,
the radiating powers of various multipole moments are also
calculated. The strongest response should be MQ at λ = 1088.4
nm and TD at λ = 1156.1 nm.

V. SENSING APPLICATION

To investigate the application potential of designed metasur-
faces in terms of sensors, the impact of changes in the surround-
ing environment on the metasurfaces is discussed. Fig. 11(a) and
(b) respectively demonstrate the transmission spectral shifts at
λ = 1152 nm and λ = 1184.9 nm in the asymmetric structures.
As the environmental refractive index increases from 1.31 to
1.35, the transmission spectra manifest redshifts significantly,

Fig. 12. (a) The resonant wavelength with different refractive indexes in
original structures at λ= 1082.2 nm and 1160.5 nm. (b) The resonant wavelength
with different refractive indexes in asymmetric structures at λ = 1152 nm and
1184.9 nm. (c) The resonant wavelength with different refractive indexes in
asymmetric structures with θ = 90° at λ = 1088.4 nm and 1156.1 nm.

TABLE III
SENSITIVITY S AND THE FIGURE OF MERIT IN DIFFERENT STRUCTURES

while the Q-factor had little alteration. Sensitivity S is calculated
from the ratio of the variation of resonant wavelength to the
variation of refractive index. Fig. 12(a)–(c) respectively yield the
resonant wavelength with different refractive indexes in different
structures. The FOM value is a measure of sensor performance
and the formula is as follows:

FOM =
S (nm/RIU)

Δλ (nm)
(9)

where Δλ is the line width of Fano resonance [12]. Table III
shows the fitting result sensitivity S from Fig. 12(a)–(c) and the
figure of merit (FOM). The sensitivity and FOM values of the
proposed metasurfaces can reach up to 355 nm/RIU and 1375.97
RIU−1, respectively. The designed all-dielectric metasurfaces
can be widely applied to high-performance bio-chemical sen-
sors.

VI. CONCLUSION

In conclusion, we proposed and numerically investigated
novel all-dielectric metasurfaces and realize multiple Fano res-
onances with high Q-factors. The Q-factor can reach up to
39126.1 when asymmetry parameter δ = 10 nm. The structures
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exhibit polarization-independence because of their central sym-
metry. After breaking the symmetry, it can achieve at least seven
Fano resonances, which can be turned on and off by tuning the
polarization angle of the incident light and has an ultra-high
modulation depth. The maximum sensitivity can reach up to
355 nm/RIU and the maximum FOM value can reach 1375.97
RIU−1. The designed structures are expected to achieve poten-
tial applications in the fields of biochemical sensors, optical
switches, and nonlinear optics because of their multi-Fano, high
Q-factors, high FOM values, and high modulation depths.
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