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A B S T R A C T   

The introduction of distortions into the metasurfaces with in-plane symmetry offers a possibility to achieve 
resonances with high quality (Q) factors, but such distortions make the metasurfaces sensitive to the polarization 
state of the incident light. Here, we propose and numerically demonstrate a polarization-insensitive dual-band 
refractive index (RI) sensor. In this work, the proposed metasurface is imparted with fourfold symmetry by 
combining two pairs of asymmetric silicon elliptical nanodisks, allowing it to acquire polarization-insensitive 
properties to the incident light. Two narrow-band reflection peaks with full width at half maximum (FWHM) 
of 3.36 nm and 4.53 nm are excited and tailored for RI sensing. Their sensitivities are 2756.67 nm/RIU and 
2319.93 nm/RIU, with figure of merit (FOM) values of 820.44 RIU− 1 and 532.09 RIU− 1. This work provides a 
new approach to realize polarization-independent and high-performance RI sensor devices.   

Introduction 

Metasurfaces are artificial layered two-dimensional materials with 
thicknesses less than the wavelength, and are widely studied for their 
ability to effectively modulate electromagnetic wave properties through 
rationally designed microstructures [1–5]. There are many potential 
applications for them, including signal processing [6], imaging recog-
nition [7], laser mode-locking [8], augmented reality [9], structural 
colors [10], and biochemical sensors. Refractive index (RI) sensors 
realized utilizing metasurfaces can be applied in agriculture, biomedi-
cine, food detection, and chemical industry [11–14]. Initially, benefiting 
from the development of the surface plasmon theory, metal-based 
sensing techniques built on surface plasmon polariton or local surface 
plasmon resonance were widely explored and applied [15–17]. How-
ever, the oscillation of free electrons in metals leads to substantial 
radiative and ohmic losses, which will increase the resonance linewidth 
resulting in extremely low FOM and Q-factor. Liu et al. reported the RI 
sensor with a sensitivity of 588 nm/RIU obtained by etching the H-hole 
structure on an Au film [18], but the FOM is only 3.8. A dual-band 

plasma absorber for RI sensing was proposed by Cheng et al. [19] 
with a sensitivity of 1518 nm/RIU but a FOM of only 16.54. And local 
heating caused by ohmic losses may also change the composition of the 
measured substance [20]. In contrast, all-dielectric RI sensors as a pro-
spective substitute for those based on metallic metasurfaces generally 
tend to have sharper resonance curves and hence larger FOM and Q- 
factor due to the fact that they replace the conduction current leading to 
ohmic loss with low-loss displacement current [21,22]. In addition, the 
all-dielectric structure is capable of exciting Mie resonances including 
electric and magnetic dipoles [23]. These features offer new opportu-
nities for achieving high-performance refractive index sensors. 

In sensing applications, extremely narrow linewidths represent the 
ability to detect slight frequency shifts, so high-Q-factor resonance is 
desired [24]. The theory of bound state in the continuum (BIC) has 
recently been used to achieve resonances with high Q-factors. BICs are 
nonradiative states with completely confined radiation pathways in the 
continuous spectrum [25], which exist in lossless structures as an 
idealization of infinite Q-factor and zero linewidth [26–28]. In fact, BIC 
can be transformed into leaky resonance by introducing a defect that 
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destroys the structural symmetry [29], thereby obtaining a finite high Q- 
factor and an extremely narrow resonance linewidth. This mechanism of 
transforming BIC can effectively improve the quality factor of resonance 
and enhance the electromagnetic field [30], which will contribute to the 
sensing applications [31]. Some recently reported narrow linewidth 
resonances generated by various metasurfaces have been revealed to 
arise from distortion of the symmetry-protected bound state in the 
continuum [32]. For example, Zhang et al. proposed a sensor based on 
periodic silicon pairs of rods [33], which achieved a Q-factor of up to 105 

by manufacturing the width difference of the rods to break the sym-
metry. Wang et al. [24] broke the symmetry of the structure by reducing 
or increasing the distance between the cylinders in the cylindrical 
tetramer cluster, resulting in perturbations and thus obtaining high- 
quality resonance in the terahertz band. However, such defects and 
perturbations breaking the structural symmetries make the metasurface 
sensitive to the polarization of the incident light. It is challenging to 
develop high-performance RI sensors with polarization-insensitive 
characteristics by using QBIC resonance arising from all-dielectric 
metasurfaces. 

Here, we propose a high-performance dual-band polarization- 
insensitive RI sensor based on an all-dielectric metasurface where each 
unit cell comprises four silicon elliptical nanodisks on BaF2. By elabo-
rately arranging two pairs of asymmetric silicon elliptical nanodisks 
forming a fourfold symmetric cluster, the metasurface acquires the 
property of being insensitive to the polarization of the incident light. The 
physical mechanism of dual-band response of the proposed all-dielectric 
metasurface are revealed by analyzing the distributions of electromag-
netic field. In this design, two QBICs with low radiative loss are excited 
[32,34] and tailored for RI sensing in the mid-infrared region, including 
an electric dipole QBIC (ED-QBIC) and a magnetic dipole QBIC (MD- 
QBIC). Two sharp peaks with the full width at half-maximum (FWHM) of 
3.36 nm and 4.53 nm are generated in the reflection spectrum. This 
dual-band response can detect more information than single-band and 
thus improve the capability of sensing. Refractive index sensitivity tests 
show that the sensitivities can reach 2756.67 nm/RIU and 2319.93 nm/ 
RIU, the corresponding FOM values are 820.44 RIU− 1 and 532.09 
RIU− 1, and the Q-factors are 1916.80 and 1636.16, respectively. These 
results are quite competitive compared to the performance of the pre-
vious reported sensors. Our research provides a practical approach for 
developing polarization-insensitive high-performance RI sensors based 
on all-dielectric metasurfaces. 

Design and methods 

The schematic diagram of the tetrameric periodic array combining 
two pairs of asymmetric structures is given in Fig. 1(a). Each unit cell 
comprises four silicon elliptical nanodisks on a BaF2 (n = 1.43) 

substrate. Silicon was selected as the material for the elliptical nanodisks 
because of its wide range of applications and ease of integration into 
optoelectronic devices. The optical constant of silicon is taken from 
Ref. [35]. The geometric parameters of the unit cell are presented in 
Fig. 1(b). The lattice constants Px in the × direction and Py in the y di-
rection are both set to P = 4.5 μm. The values of the long axis a and short 
axis b of the elliptical nanodisks are set to a = 2.2 μm and b = 0.54 μm. 
The parameter t represents the height of the elliptical nanodisks and is 
set to t = 2 μm, and the parameter d represents the center distance be-
tween adjacent nanodisks and is set to d = 2 um. The configuration of 
each silicon elliptical nanodisk is characterized by a rotation angle β 
between the long axis and y-axis, with β set to 45◦, which allows for 
symmetry breaking within the group of two non-parallel elliptical 
nanodisks while imparting fourfold symmetry to the whole metasurface. 

We used Finite-difference time-domain (FDTD) method to simulate 
the electromagnetic properties and reflection spectral responses of this 
designed metasurface structure with periodic boundary conditions in 
the x and y directions and a perfectly matching layer in the z direction. 
The light source is an x-polarized plane wave incident on the metasur-
face along the negative z direction, as shown in Fig. 1(a). 

Results and discussion 

The dual-band reflection spectrum evaluated with the surrounding 
medium being water is shown in Fig. 2, where the insets show the larger 
versions of the resonances. As shown in Fig. 2, two narrow near-perfect 

Fig. 1. (a) schematic of the silicon tetrameric clusters array metasurface structure. (b) top view of the unit cell and the geometric parameters. The geometric pa-
rameters are Px = Py = P = 4.5 μm, β = 45◦, a = 2.2 μm, b = 0.54 μm, t = 2 μm. 

Fig. 2. The reflection spectrum of the proposed structure. The insets are the 
larger versions of the resonances. The surrounding medium is water (n 
= 1.333). 
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reflection peaks labeled P1 and P2 were achieved at the wavelengths of 
6.44046 μm and 7.41180 μm, corresponding to reflections of 97.89% 
and 96.46%, respectively. The FWHMs of peaks P1 and P2 are 3.36 nm 
and 4.53 nm, whose quality (Q) -factors are as high as 1916.80 and 
1636.16 respectively (The Q-factor is equal to the ratio of the resonant 
wavelength to the FWHM of the resonant peak). These properties enable 
the proposed all-dielectric metasurface structure to have good perfor-
mance in sensing. 

To gain further insight into the properties of supported quasi-BIC 
resonances, we investigated the distributions of electromagnetic field 
for TM mode at each resonance peak. Fig. 3(a) and (b) show the electric 
field distribution at P1 and the magnetic field distribution at P2 in the 
xOy plane, while Fig. 3(c) and (d) illustrate the distribution of the 

corresponding electric field vectors in the xOz plane. Electric field vec-
tors in the xOz plane in Fig. 3(c) are linearly along the x-axis, thus 
indicating the properties of electric dipole (ED) at P1. And the electric 
field vectors in the xOz plane in Fig. 3(d) form a loop which indicates the 
magnetic dipole (MD) nature at P2. The electric field intensity of the ED- 
QBIC resonance in Fig. 3(a) can be enhanced by a factor of approxi-
mately 519, and the magnetic field intensity of the MD-QBIC resonance 
in Fig. 3(b) can be enhanced by a factor of approximately 6840. In 
addition, the enhanced electromagnetic fields are mainly focused on the 
gap between the silicon elliptical nanodisks, so a higher proportion of 
the electromagnetic field will interact with the surrounding medium 
[36], which will lead to high sensitivity. 

Fig. 3. (a) Electric field distribution at P1 in the xOy plane. (b) Magnetic field distribution at P2 in the xOy plane. Electric field distribution (c) at P1 and (d) at P2 in 
the xOz plane. The white arrows in (a), (c), and (d) denote the electric field vectors. The white arrows in (b) denote the magnetic field vectors. 

Fig. 4. (a) The reflection spectra of the proposed structure under surrounding mediums with different RI. (b) Shifts of the resonance wavelengths as a function of RI. 
The FOM and Q-factor of (c) peak P1 and (d) peak P2 versus the RI. 
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Sensitivity analysis 

In general, narrower bandwidth indicates better sensing perfor-
mance, thus the proposed all-dielectric metasurface structure has 
promising applications in RI sensing. The capability of the proposed 
sensor was simulated by using six different liquids surrounding mediums 
whose refractive index ranged from 1.333 to 1.5012. The fluids selected 
for testing are of high use in biochemical sensing in the medical industry, 
including H2O, C2H6O, C5H12O, CCL4, C3H8O3, and C6H6. Fig. 4(a) 
shows the results obtained from simulation. Taking the reflection 
spectrum when n = 1.333 as a reference, both the reflection peaks P1 
and P2 are significantly redshifted as the refractive index of the sur-
rounding medium increases. Fig. 4(b) shows the relationship of the 
functions obtained from the linear fitting between the positions of the 
reflection peaks and refractive index, where the black square (red circle) 
line plot is linearly fitted based on the data extracted from peak P1 (P2) 
in Fig. 4(a). Two important metrics are introduced to describe and 
compare the performance of refractive index sensors: sensitivity (S) and 
figure of merit (FOM). Sensitivity is defined as the shift of the resonant 
peak per refractive index unit change: 

S =
Δλ
Δn

(1) 

The FOM value is the ratio of sensitivity to FWHM: 

FOM =
S

FWHM
(2) 

According to equation (1), the slopes of the linearly fitted curves in 
Fig. 4(b) are the sensitivities for the designed sensor. 

The sensitivity, FOM, and Q-factor were calculated to characterize 
the sensor’s performance further. It can be seen from Fig. 4(b) that the 
averaged sensitivities are 2756.67 nm/RIU and 2319.93 nm/RIU for 
peaks P1 and P2, respectively. Their FOM and Q-factor as the functions of 
the RI are shown in Fig. 4(c) and (d). The FOM and Q-factor of peak P1 
can reach up to 820.44 RIU− 1 and 1916.80, respectively. At the same 
time, FOM and Q-factor decrease first and then stabilize with the 

Fig. 5. Reflection spectra with different geometrical parameters: (a) long axes a, (b) short axes b, (c) thicknesses t, and (d) periods P.  

Fig. 6. (a) Reflection spectra for incident light of x-polarized (black solid 
curve), y-polarized (yellow squares), LCP (purple circles), and RCP (red tri-
angles). (b) Reflection spectra with vrious polarization angles. The enlarged 
views near the two central wavelengths are listed below. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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increase of RI, as shown in Fig. 4(c). In Fig. 4(d), the FOM and Q-factor 
for peak P2 show an approximately upward trend with the increase of 
the refractive index, whose maximum values are 532.09 RIU− 1 and 
1789.48, respectively. These results are quite competitive compared to 
the performance of the previous reported sensors. 

Structural parameters analysis 

Fig. 5 illustrates how the reflection spectrum is affected when the 
geometrical parameters of the structure are changed. The effect of the 
long axis a and the short axis b on the resonant peaks are exhibited in 
Fig. 5(a) and (b). With the increase of a and b, the electric field intensity 
at the peak P1 increases, which manifests as a significant increase in 
reflection intensity, while the change of its resonant wavelength position 
is almost negligible. But it is the resonant wavelength position rather 
than the reflection intensity that changes more clearly for the peak P2. 
As for the thickness t of the silicon elliptical nanodisks, during the in-
crease of t from 1.95 μm to 2.05 μm, the parallel electric field vectors in 
Fig. 3(c) and the electric field loops in Fig. 3(d) are expanded along the z- 
axis, so the peak P2 is redshifted while the change of the peak P1 is 
manifested as an increase of the reflection intensity, as shown in Fig. 5 
(c). The effect of the lattice constant on the reflection spectra is shown in 
Fig. 5(d), where both peaks of P1 and P2 are slightly redshifted as the 
lattice constant increases. These results provide a reference for the 
fabrication and application of the device. 

Polarization dependence 

The proposed structure is fourfold symmetric, so that its performance 
remains constant regardless of whether it is irradiated with x-polarized 
or y-polarized light. In addition, the reflection spectra also remain 
constant when the proposed structure is irradiated by circularly polar-
ized light. Fig. 6(a) shows the reflection spectra for the proposed sensor 
when the incident light polarization states are x-polarized (black solid 
curve), y-polarized (yellow squares), RCP (red triangles), and LCP 
(purple circles), respectively. It is obvious that the reflection spectra for 
the proposed sensor remain unaffected for these four polarization states 
of the incident light. Furthermore, the reflection spectra were simulated 
when the polarization angle changes continuously from 0 to 90◦, as 
shown in Fig. 6(b). We intercept a section near the two central wave-
lengths respectively for amplification because the bandwidths are too 
narrow. It is seen that the reflection spectra are almost unaffected by the 
change in polarization angle, which indicates that the proposed struc-
ture is insensitive to the polarization directions of incident linearly 

polarized light. These results demonstrate the unique polarization- 
insensitive characteristic of the proposed sensor. 

We compare the proposed sensors with the reported sensors in 
various aspects in Table 1. According to Ref. [18,37–39], it can be seen 
that for sensors based on metals such as Au and Ag, the ohmic loss makes 
the FOM usually low. In contrast, for some sensors based on dielectric 
materials such as Si and TiO2 [33,40–44], the FOM is improved while 
their sensitivity is less satisfactory. Besides, considering that these de-
signs have different resonant wavelength ranges, concentrating in the 
NIR and MIR, in order to better refer to the effect of the resonant 
wavelength, we introduc the ratio of the sensitivity to the maximum 
differential sensitivity at a given wavelength to characterize the sensor 
efficiency. The maximum differential sensitivity around an isolated 
spectrum is given by Smax = λ/n [45], based on which we approximated 
and compared the efficiency of each sensor. It can be seen that the ef-
ficiency of the two resonance peaks of our designed sensor reaches ~ 
57.06% and ~ 41.72%, which is an improvement compared to the 
previous MIR sensor with an efficiency of ~ 13.51%[43] but is lower 
than some NIR sensors[38,39,42,44], the highest of which reaches ~ 
97.95%. Consequently, the sensor we designed has a high sensitivity 
value, but there is still potential for improvement to approach the 
maximum differential sensitivity. In addition, most of the reported 
sensors are sensitive to incident light polarization, which will cause 
inconvenience to practical measurements. The structure we designed 
not only has the characteristic of being insensitive to incident light po-
larization, but also maintains high values of sensitivity and FOM, thus 
making it more suitable for sensors requiring high overall performance. 

Conclusion 

In conclusion, we have demonstrated a dual-band high-performance 
polarization-insensitive sensor based on an all-dielectric metasurface by 
elaborately arranging two pairs of asymmetric silicon elliptical nano-
disks forming a fourfold-symmetric cluster. The sensor has two reflec-
tion peaks with FWHMs of 3.36 nm and 4.53 nm originating from the 
QBIC resonances, corresponding to quality factors of 1916.80 and 
1789.48. The performance of the proposed sensor was numerically 
evaluated by immersing it in the surrounding mediums of six different 
refractive index liquids. By analyzing the reflection spectra, the 
maximum sensitivity and FOM were calculated to be 2756.67 nm/RIU 
and 820.44 RIU− 1. The slight shifts of the reflection spectra with respect 
to the structural parameters exhibit the tolerant property to fabrication 
errors for the proposed sensor, which provide a reference for the fabri-
cation and application of the device. The sensor efficiency was 

Table 1 
Comparison between the reported sensors and this sensor.  

Reference year Materials Structure Sensitivity (nm/RIU) Ratio (S/Smax) FOM (RIU− 1) Polarization 

[18] 2010 Au H-shaped aperture 588 (Experiment) 37.07% 3.8 (Experiment) Sensitive 
[37] 2017 Au Double metallic nanotriangles 628 

362 (Experiment) 
62.80%  
29.19% 

35 
13 (Experiment) 

Sensitive 

[38] 2018 Au Nano-bar array micro-cavity 831 
638 (Simulation) 

97.91% 
96.05% 

– Sensitive 

[39] 2019 Ag Rings dimer 470 
570 (Simulation) 

92.82% 
93.84% 

12 
21 (Simulation) 

Sensitive 

[33] 2018 Si Nanobar pairs 370 (Simulation) 37.08% 2846(Simulation) Sensitive 
[40] 2018 Si Split ring 452 (Simulation) 42.36% 56.5(Simulation) Sensitive 
[41] 2018 Si Glasses-shaped 433.05 (Simulation) 35.15% 116.7(Simulation) Sensitive 
[42] 2020 TiO2 Cylinder nanodisk 

Square nanodisk 
Ellipse nanodisk 

786.33(Simulation) 
798.5(Simulation) 
790(Simulation) 

96.16% 
97.78% 
95.82% 

732(Simulation) 
646(Simulation) 
540(Simulation) 

Insensitive 
Insensitive 
Sensitive 

[43] 2021 Si Lucky knot 986(Simulation) 13.51% 32.7(Simulation) Insensitive 
[44] 2021 Ag + SiO2 Nanoring array cavity 693.9 

985.6 
(Simulation) 

97.95% 
95.64% 

119.7 
119.0 
(Simulation) 

Insensitive 

This work Si Elliptical nanodisk tetramer 2756.67 
2319.93 
(Simulation) 

57.06% 
41.72% 

820.44 
532.09 
(Simulation) 

Insensitive  
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investigated by introducing the ratio of sensitivity to the maximum 
differential sensitivity at a given wavelength, and the efficiencies of the 
two resonance peaks are ~ 57.06% and ~ 41.72%. In addition, the 
proposed sensor maintains polarization-insensitive whether it is illu-
minated by linearly polarized light whose polarization angle varies 
continuously from 0 to π/2, or by LCP and RCP light. We theoretically 
demonstrate that this combination between asymmetric structures is 
capable of achieving polarization-insensitive properties, providing a 
new design strategy for polarization-independent devices. This meta-
surface structure can play a role in sensing applications in agriculture, 
biomedicine, food science, and the chemical industry. 
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