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The multi-wavelength optical switch based on an all-dielectric metastructure consisting of four asymmetric 
semi-circular rings was designed and analyzed in this paper. Four Fano resonance modes, which can be explained by 
bound states in the continuum (BIC) theory, are excited in our structure with a maximum Q-factor of about 2 450 and a 
modulation depth close to 100%. By changing the polarization direction of the incident light, the transmission 
amplitude of Fano resonances can get effectively modulated. Based on this tuning property, the metastructure can 
achieve a multi-wavelength optical switch in the near-infrared region (900—980 nm) and the maximum extinction 
ratio can reach 38.3 dB. In addition, the results indicate that the Fano resonances are sensitive to the changes in the 
refractive index. The sensitivity (S) and the figure of merit (FOM) are 197 nm/RIU and 492 RIU-1. The proposed 
metastructure has promising potential in applications such as optical switches, sensors, modulators and lasers. 
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The optical switch is a device that can operate at one or 
multiple wavelengths for the physical switch or logical 
operation of optical signals in optoelectronic integrated 
circuits. Different types of optical switches can be im-
plemented on the basis of various physical mechanisms, 
such as electro-optical effect[1], thermo-optical effect[2], 
all-optical response[3], and so on, characterized by the 
response time, compactness and low energy consump-
tion. However, it is rare for these optical switches to 
achieve at multiple wavelengths simultaneously. Multi-
ple Fano resonances can be exploited to achieve 
multi-wavelength optical switches as the transmission 
amplitude of Fano resonances can get effectively modu-
lated by the polarization direction of the incident light[4], 
which provides a promising approach to achieving 
multi-wavelength optical switches. 

Fano resonance is an asymmetric spectral lineshape 
phenomenon caused by the destruction of interference 

between continuous and discrete local states, which can 
be excited in metastructures[5,6]. An efficient approach to 
achieving high Q-factor Fano resonance is on the basis of 
bound states in the continuum (BIC) in all-dielectric me-
tastructures[7,8]. However, the ideal BIC is a mathemati-
cal model, which is not applicable to optical devices due 
to the characteristics of an exceptionally thin linewidth 
and an infinitely high Q-factor[9,10]. By breaking the 
symmetry of metastructures, the radiation channel with 
the outside can be established, which allows the ideal 
BIC is disturbed and converted to a quasi-BIC mode, 
leading to limited linewidth and Q-factor[11,12]. The high 
Q-factor Fano resonance makes the optical switch pos-
sess precise control of a single wavelength, which is 
necessary for optical switch or detection. Therefore, it is 
meaningful to design a metastructure that excites multi-
ple Fano resonances with excellent properties, such as 
high Q-factor and high modulation depth. 
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The optical switches based on an all-dielectric metas-
tructure can be achieved by altering the polarization di-
rection of the incident light[13-15]. For example, LI et al[16] 
presented a single-wavelength optical switch based on an 
all-dielectric metastructure composed of two square air 
holes. WANG et al[17] presented a multi-wavelength op-
tical switch based on an all-dielectric metastructure con-
sisting of permittivity-asymmetric rectangular holes, but 
the extinction ratio was not sufficiently high. The optical 
switch is used as a critical device, the greater the number 
of switching wavelengths simultaneously, the stronger 
the ability of communication and processing[18]. How-
ever, the performance of the optical switch is hindered by 
operating at a single wavelength or having a low extinc-
tion ratio. Therefore, it is still a challenge to achieve 
high-performance multi-wavelength optical switches.  

In this paper, the multi-wavelength optical switch 
based on an all-dielectric metastructure was designed 
over the wavelength range of 900—980 nm. The metas-
tructure consists of four semi-circular rings periodically 
placed on a SiO2 substrate, which can excite multiple 
Fano resonances with excellent performance. By chang-
ing the geometric parameters of structure, the Fano 
resonances can be adjusted to make it more appropriate 
for prospective applications. The results show that the 
structure can be applied as a multi-wavelength optical 
switch and a multi-channel refractive index sensor. In 
particular, the optical switch can simultaneously achieve 
on and off states at four different wavelengths. There-
fore, the designed metastructure can be used as optical 
switches, sensors and modulators. 

Fig.1 shows the schematic diagram of the designed 
optical switch based on the metastructure laid on a SiO2 
substrate, which consists of four semi-circular rings. In 
Fig.1(b), the outer and inner radii of the semi-circular 
rings are R and r1 (r2), respectively. The asymmetry pa-
rameter Δr is defined as Δr=r1−r2. The depth of 
semi-circular ring is H and the center point of the struc-
ture is d from the center of semi-circular ring. The peri-
ods are respectively Px and Py in the x and y directions. 
The finite-difference time-domain (FDTD) method is 
adopted to simulate and analyze the optical properties of 
the designed structure. In x and y directions, the periodic 
boundary conditions are set as well as the perfectly 
matched layers (PML) boundary conditions are used in 
the z direction. In Fig.1(a), there exists the electric field 
of the plane wave is x-polarized (polarization angle 
θ=0°), while the wave vector is propagating in the z di-
rection. Here θ is the angle between the x-axis and the 
polarization direction of the electric field. In addition, the 
material characteristics of Si and SiO2 are obtained from 
the Palik handbook[19]. 

Fig.2 shows the calculated transmission spectra of the 
designed structure at different asymmetric parameters 
when Px=Py=730 nm, H=150 nm, d=150 nm, R=150 nm. 
When Δr=0 nm (r1=r2=80 nm), one sharp Fano reso-
nance appears at λ=959.7 nm (P1'). If Δr=30 nm 

(r1=80 nm, r2=50 nm), the symmetry of the structure is 
disrupted due to the difference between r1 and r2, estab-
lishing a radiation channel between the free space con-
tinuum and the non-radiative bound state. Three new 
Fano resonances appear at λ=911.1 nm (P1), λ=930.2 nm 
(P2) and λ=973.3 nm (P4), respectively. However, com-
paring with Δr=0 nm, the P1' peak shifts to 962.0 nm 
(P3) and the linewidth of P1' peak becomes wider, which 
shows the break in structural symmetry causes a wider 
radiation channel at the P1' peak, leading to the leakage 
of radiative energy and a corresponding reduction in the 
Q-factor.   

 
 

 
Fig.1 Schematic diagram of the designed optical 
switch based on the metastructure: (a) The metas-
tructure of a single unit cell laid on a SiO2 substrate 
and consisting of four semi-circular rings; (b) The 
geometrical parameters are defined as Δr=r1−r2, 
Px=Py=730 nm, H=150 nm, R=150 nm, and d=150 nm  
 

 
Fig.2 Transmission spectra of the designed structure 
at different asymmetry parameters 
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The performance of the Fano resonance can be evalu-
ated by Q-factor and modulation depth. The modulation 
depth ΔT is denoted as[20]  

ΔT=Tpeak−Tdip,                              (1) 

which represents the difference between the transmission 
amplitudes of the Fano resonance at the peak and dip. 
The modulation depth at the P1 and P4 resonances can 
approach 100%, as well as 97.5% and 98.5% at P2 and 
P3 resonances, respectively. In addition, the Fano reso-
nance waveform in the transmission spectra is usually 
represented by the following function[21]  

,
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in which a1, a2 and b are defined as real constants, γ and 
ω0 respectively are the overall damping loss and the 
resonant frequency. Fig.3(a) shows the fitting transmis-
sion spectra of the P1'. It is obvious that the fitting curve 
agrees with the simulation curve. Furthermore, the 
Q-factor of the Fano resonance is calculated by[22] 

Q=ω0/2γ.                                  (3) 
The Q-factors of P1, P2, P3, and P4 resonances are re-
spectively around 512, 788, 1 205, and 2 450, when 
Δr=30 nm. Fig.3(b) presents the dependent relationship 
between the Q-factors of four Fano resonances and the 
asymmetry parameter Δr. It can be found that the 
Q-factors become smaller as asymmetry parameter Δr 
increases. This is because that the radiation channel be-
comes wider as the asymmetry parameter Δr becomes 
larger, resulting in more energy being radiated into the 
free space and a decrease in Q-factor. Therefore, multi-
ple Fano resonances can be excited in the designed me-
tastructure and these Fano resonances show the great 
characteristics of high modulation depth and high 
Q-factor. 

To investigate the physical mechanism of each Fano 
resonance, the electromagnetic field distributions at re-
spective resonances for Δr=30 nm are simulated in Fig.4. 
At the P1 resonance mode, two reversed magnetic field 
arrows are formed along the y direction in the y-z plane. 
In the x-y plane, the magnetic field forms four magnetic 
loop currents, which results in a magnetic quadrupole 
(MQ) resonance mode. For the resonance mode at P2, a 
current circle is generated in the x-y plane, and an arrow 
along the z direction is formed in the y-z plane, indicating 
a magnetic dipole (MD) resonance mode oscillating 
along the z direction. For P3 resonance mode, two loops 
with opposite directions are generated in the x-y plane. 
Meanwhile, the magnetic field creates two reversed ar-
rows in the y-z plane to form a clockwise loop, indicating 
a toroidal dipole (TD) resonance mode along the 
x-negative direction. According to the current distribu-
tions in the x-y plane and two opposite loops formed in 
the y-z plane, which indicate an electric quadrupole (EQ) 
resonance mode at P4 resonance. 
 

 

 

Fig.3 (a) The fitting result of P1'; (b) The dependent 
relationship between the Q-factors of four Fano 
resonances and the asymmetry parameter Δr  

Further, the transmission spectra with different geo-
metric parameters for the asymmetric parameter 
Δr=30 nm are shown in Fig.5. It can be seen that four 
resonance peaks generate a significant red shift as the 
structure period increases from 715 nm to 745 nm. In 
Fig.5(b), it is clear that four resonance peaks have a red 
shift as the thickness of four semi-circular rings changes 
from 230 nm to 250 nm. This is attributed to the increase 
in effective refractive index of the metastructure with the 
increase of thickness. As illustrated in Fig.5(c), the P1  

 
(a)
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(b) 

Fig.4 When Δr=30 nm, electromagnetic field distribu-
tions at the corresponding resonance peaks: (a) The 
color maps at P2, P3 and P4 (P1) resonance modes 
denote Ez (Hz) distributions (Small black arrows rep-
resent the distributions of electric (magnetic) field 
vectors at P2, P3 and P4 (P1) resonant modes and 
white arrows denote the electric field directions); (b) 
The color maps denote respective magnetic field am-
plitudes |H/H0| and black arrows indicate the magnetic 
field directions 
 
and P2 resonances generate a distinct red shift as the 
outer radius R increases from 145 nm to 155 nm, while 
P3 and P4 resonances have a slight red shift compared to 
P1 and P2 resonances. In Fig.5(d), four resonance peaks 
have an obvious red shift as the asymmetry parameter Δr 
increases from 20 nm to 40 nm. Meanwhile, the 
linewidth of four resonance peaks becomes wider with 
increasing asymmetry parameter Δr, leading to a signifi-
cant decrease in the Q-factor of resonances. As a result, 
multiple Fano resonances have good tunability by ad-
justing the geometric parameters.  

In addition, the transmission spectra of the structure 
placed in an environment with different refractive in-
dexes are analyzed in Fig.6. In Fig.6(a)—(c), the four 
resonance peaks have a clear red shift when the structure 
is laid in an environment as the refractive index changes 
from 1.0 to 1.05. Fig.6(d) shows the corresponding linear 
fitting of the relationship between the resonant wave-
length offset and the various refractive indexes of P1, P2, 
P3 and P4 resonance peaks. The fitting degrees are 
0.999 55, 0.999 21, 0.998 5, and 0.998 0, respectively, 
exhibiting good linear responses. In addition, the sensi-
tivity is defined as[12] 

,
n

S




                                 (4) 

where Δλ and Δn represent the resonant wavelength off-
set and refractive index difference, respectively. The 
figure of merit (FOM) can be obtained using[12]  

  ,
FWHM

SFOM                           (5) 

 

 

 

 

Fig.5 Transmission spectra of the designed structure 
with different geometric parameters: (a) Period P; (b) 
Thickness H; (c) Outer radius R; (d) Asymmetry pa-
rameters Δr 
 
which is the ratio between sensitivity (S) and the full 
width at half maximum (FWHM). The S of P1, P2, P3 
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and P4 resonance peaks can reach 114 nm/RIU, 
104 nm/RIU, 176 nm/RIU and 197 nm/RIU, and the re-
spective FOMs are about 64 RIU-1, 88 RIU-1, 220 RIU-1 
and 492 RIU-1, respectively. These results show that 
Fano resonances are sensible to changes in the refractive 
index of the environment, which can be applied to 
achieve a sensor with high performance. 

The proposed metastructure can be used as a 
multi-wavelength optical switch. The transmission spec-
tra at different polarization directions when the asymme-
try parameter Δr=30 nm are shown in Fig.7. To analyze 
the switching characteristics of the metastructure, the 
extinction ratio (EXT) and the value of transmission am-
plitude difference ΔT1 are defined as[23]  

EXT=10log10(Ton/Toff)                       (6) 

ΔT1=Ton−Toff,                              (7) 

 

 

 

 

 

Fig.6 Transmission spectra of the structure placed in 
an environment with different refractive indexes for 
(a) P1, (b) P2 and (c) P3 and P4; (d) Linear fitting of the 
relationship between the resonant wavelength offset 
and the various refractive indexes of P1, P2, P3 and 
P4 resonance peaks 
 
where Ton and Toff represent the maximum and minimum 
transmission amplitudes, respectively. In Fig.7(a)—(c), 
as the polarization angle θ increases, the P1, P2, P3, and 
P4 resonance peaks gradually disappear, while two new 
resonances appear, called P5 and P6 here. The results 
indicate that Fano resonance peaks are polariza-
tion-dependent and can be excited at the specific polari-
zation direction of the incident light.  

The variation of transmission amplitudes as the po-
larization angle changes from 0° to 90° at each resonance 
peak are shown in Fig.7(d). It is obvious that the trans-
mission amplitudes of P1, P2, P3 and P4 resonance peaks 
gradually increase, while the transmission amplitudes of 
P5 and P6 resonance peaks show a decreasing trend. The 
values of transmission amplitude difference of P1—P6 
resonance peaks are 98.92%, 99.17%, 98.01%, 96.73%, 
73.13%, and 51.59%, respectively. Particularly, the 
transmission amplitudes of P1, P2, P3, P4 can be modu-
lated from 0 to roughly 100% without obvious wave-
length shifts, indicating a complete switching effect. The 
extinction ratio of P1, P2, P3, P4, P5, and P6 resonances 
can reach about 31.1 dB, 26.9 dB, 25.1 dB, 38.3 dB, 
6.1 dB, and 4.6 dB, respectively. Considering the optical 
switch need to meet a certain transmission amplitude 
difference and extinction ratio in practical applications, 
this structure can achieve an optical switch with excel-
lent performance at four different wavelengths. In addi-
tion, the proposed multi-wavelength optical switch based 
on an all-dielectric metastructure shows better perform-
ance comparing with the plasmonic metastructure optical 
switches[24,25]. 

The number and transmission amplitude difference 
ΔT1 calculated in this paper are compared with the pre-
pared works in the references. As shown in Tab.1, it can 
be observed that the proposed structure achieves a high 
performance for the multi-wavelength optical switch.
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Fig.7 (a) Transmission spectra at different polarization 
directions; (b) Transmission spectra of P1 and P5 
resonance peaks at different polarization directions; 
(c) Transmission spectra of P3 and P6 resonance 
peaks at different polarization directions; (d) The 
variations of transmission amplitudes as the polari-
zation angle changes from 0° to 90° at each reso-
nance peak 

Tab.1 Comparison of performance 

Optical switch type Number ΔT1 

Rhombus all-dielectric 
metasurface [5] 

4 

98% 
50% 
93% 
80% 

Asymmetric cross me-
tasurface [15] 

2 
95% 
85% 

Permittivity-asymmetric 
dielectric metasurface [17] 

3 
85% 
85% 
80% 

A rectangular like 
tetramer structure [23] 

2 
84.39% 
84.23% 

This work 4 

98.92% 
99.17% 
98.01% 
96.73% 

 
In summary, the multi-wavelength optical switch 

based on an all-dielectric metastructure that consists of 
semi-circular rings was proposed. By breaking the sym-
metry of the structure, four sharp Fano resonances are 
excited, where the maximal Q-factor can reach 2 450 and 
relative resonance modes are MQ, MD, TD and EQ, re-
spectively. The optical switch is obtained by varying the 
polarization direction of the incident light. Particularly, 
the transmission amplitudes at four Fano resonances can 
be modulated from 0 to roughly 100% and the maximum 
extinction ratio can reach 38.3 dB. In addition, the S and 
FOM reach about 197 nm/RIU and 492 RIU-1, which 
indicate the structure can be used as a sensor due to its 
sensitivity to the refractive index in the environment. The 
proposed metastructure has extensive applications in 
optical switches, sensors and modulators due to the Fano 
resonances with high Q-factor and high modulation 
depth. 
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