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Abstract—Since the fingerprints of numerous crucial biologic
materials can be identified by terahertz (THz) spectroscopy, THz
sensing have become an important approach of biological and
medical detections. Particularly, benefit from the excellent capa-
bility of metasurface, strong interactions between the metasurface
and THz waves can be realized, thus the THz sensing with high
sensitivity becomes reality. However, the common configuration of
metasurface-based THz sensor is composed of metallic subwave-
length structure. Due to the inherent resistive loss of metal, it is still
a great challenge to further enhance the quality factor (Q-factor)
of resonance and sensitivity of THz sensor. In this work, we de-
signed an all-dielectric metasurface with high Q-factor for highly
sensitive THz sensors. The metasurface is a windmill-like structure
consisting of four cuboids, and every adjacent two cuboids are
arranged alternately vertically and horizontally. The transmission
spectrum of metasurface exhibits four polarization-independent
and strong resonance peaks with high Q-factor in 0.1-2.5 THz,
and all of them show high sensitivity related to ambient refractive
index. The transmitted structure and polarization-independent
resonances can relief the difficulty of measurement. We believe
these studies will lay the theoretical and technical foundation for
the design of high-sensitivity terahertz sensing.

Index Terms—Metasurface, terahertz sensor, high quality factor,
polarization independence, multiple resonances.

1. INTRODUCTION

O DATE, electromagnetic waves in the terahertz (THz)
frequency range (0.1-10 THz) are used in a wide range of
applications, from communications and imaging to gas sensing
and pharmaceutical industries, as well as various security and
biomedical testing applications, which requires highly sensitive
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and broadband THz related instruments [1]-[4]. THz waves
possess the characteristics of non-ionizing radiation and is very
sensitive to weak resonance [5], [6]. However, the relatively
large wavelength is longer than the size of the analyte, which
leads to insufficient interaction between them [7]-[9]. Then,
thanks to the emergency of the metasurface, it is possible to
realize high-sensitivity sensor, because the metasurface can
induce the intense resonance [10]. Moreover, the resonance is
particularly sensitive to the surrounding environment [11]. This
unique property enables metasurfaces to provide an excellent
platform for biosensing, from microwave to visible frequencies
[12]-[14]. Therefore, the research of THz metasurface biosensor
has been widely used in biological solution, microbial detection,
tumor cell screening and other biomedical directions [15]-[17].
In order to obtain better detection performance, a high-quality
factor and ultra-narrow band is particularly crucial for resonance
metasurface [18]-[19].

In 2007, Driscoll et al. proposed the first metasurface for
THz sensing, designing nanostructure (now widely referred to as
metasurfaces) consisting of classical gold-split resonance rings
(SRRs) [20]. In 2011, Jansen et al. proposed a horizontally
symmetric but vertically asymmetric D-split resonator [21].
Then, Ahmadivand et al designed sensitive metasensors based
on plasmonic metasurface by introducing toroidal resonances to
achieve the rapid and precise detection of biomarker [22], [23].
In 2021, Recently, M. Askari et al designed a plasmonic meta-
surface composed of two perpendicularly intersecting metallic
bars, whose quality factor and sensitivity can even reach values
as high as 3052.75 and 7000 nm/RIU [24]. Among these works,
the metal was employed to construct the plasmonic metasurface
to achieve metasensor for detecting biomolecules. However, the
metallic materials used in the metasurfaces inevitably produces
ohmic and radiation losses [25], limiting further improvements
in sensitivity. As one of the excellent alternatives of plasmonic
metasurface, all-dielectric metasurface can support Mie reso-
nance (electric dipole, magnetic dipole, and other multipole
resonances) with low dissipation and low thermal conductivity
[26]-[28]. In 2019, He et al. proposed the Si-ADMS structure,
utilizing the asymmetry of the structure to achieve a quality
factor exceeding 60 [29]. In 2021, Li et al. proposed an all-
dielectric columnar structure with asymmetry [30], which also
achieved Fano resonance with a very high Q-factor. Although
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Schematic diagram of THz metasurface and its simulated results. (a) The schematic diagram of the metasurface under the incidence of TE and TM

mode, and the metasurface is a transmitted structure. (b) Top view of the metasurface with geometric parameters. (c) Three-dimensional illustration. (d) Simulated

transmission spectra at normal incidence under TE and TM modes.

all-dielectric materials avoid the loss caused by metal materials,
asymmetric structure will cause polarization dependence (i.e.,
inconsistent spectral results in TE and TM directions) which
hinders the further improvement of sensitivity and increases
the difficulty of measurement. Moreover, most of the previous
metasurfaces can only generate one single resonance, leading
weak detection capability.

In this work, we designed an all-dielectric metasurface with
high O-factor for highly sensitive THz sensors. The metasurface
is designed by the principle of locally asymmetry but entirely
symmetry, and the metasurface is a windmill-like structure
consisting of four cuboids. The entirely symmetry structure
ensures the polarization independence in spectral responses.
Every adjacent two cuboids are arranged alternately vertically
and horizontally, and the unequal length and width introduces
the local asymmetry, which can excite the high-quality reso-
nances. The transmission spectra of metasurface exhibit four
polarization-independent and strong resonance peaks with high
Q-factor in 0.1-2.5 THz, and the Q-factors are 320, 93.4, 412,
and 117, respectively. These resonance peaks show high sensi-
tivity related to ambient refractive index, where the frequency
sensitivities of S2 (1.4946 THz) and S4 (1.7587 THz) are 273
and 105 GHz/RIU, respectively. Besides, the corresponding
sensitivity of these resonance can still reach 344.4GHz/RIU and
571.36% RIU! (defined by amplitude change) when capped
on a lossy analyte. The transmitted structure and polarization-
independent resonances can relief the difficulty of measure-
ment. We believe these studies will lay the theoretical and

technical foundation for the design of high-sensitivity THz
sensing.

II. DESIGN AND SIMULATIONS

We designed a transmitted and all-dielectric metasurface
based on the design principle of locally asymmetry but entirely
symmetry, which is illustrated in the Fig. 1(a). The overall
structure is symmetry, and thus, the spectral responses to TE and
TM polarized incidence are consistent. In addition, the designed
metasurface is transmitted structure, so we can easily measure
its transmission in practical. The top view of the metasurface
is shown in Fig. 1(b). The metasurface is a centrosymmetric
structure consisting of four identical cuboids, which can be
regarded as a cuboid rotated four times clockwise or coun-
terclockwise around an axis parallel to the z-direction passing
through the center of unit cell. The length and width of cuboids
are represented by / and w. The distance between the center
of each cuboid in the direction of the long edge and the line
passing through the center point o (the line is perpendicular to
the long edge of the cuboid) is g;. The distance between the
center of each cuboid in the direction of the short edge and the
line passing through the center point o (the line is perpendicular
to the short edge of the cuboid) is go. The metasurface is arranged
periodically with a period p. The three-dimensional view of the
metasurface is shown in Fig. 1(c). The upper layer is gallium
arsenide (GaAs), and the thickness is denoted by /. The substrate
is intrinsic silicon (Si), and the thickness is denoted by z.



ZHANG et al.: POLARIZATION-INDEPENDENT MULTI-RESONANCE WITH HIGH Q-FACTOR FOR HIGHLY SENSITIVE TERAHERTZ SENSORS

We used a commercial software package CST Microwave
Studio 2018 to model and analyze the metasurface with finite
element method. The relative permittivity of silicon is 11.9, and
its electric conductivity is 2.5x 10* S/m [31]. Under equilibrium
condition, the complex dielectric function of GaAs, £gaas can
be expressed by the Drude model as [32]:

w?

€GaAs = €00 — m (1)

Where, €, is 12.94 when frequency is infinite. The plasma
frequency of GaAs is 6.16x 10® Hz. The boundary conditions in
the x and y directions are set as unit cell, while the open boundary
condition is applied to the z direction. The background distances
along z direction (both the upper and lower z distance) are set as
1000 pm. To demonstrate the polarization independence of the
THz metasurface, the normally incident TE- and TM-polarized
plane waves are both applied in the simulations. The optimized
geometric parameters are as follows: p = 100 um, [ =42, w =
22 pm, g1 = 22 pum, go = 19 pum, h = 30 pum, and 7 = 25 pm.
Since the common thickness of silicon wafer is approximately
500-600 pm, we can use the silicon backside thinning technol-
ogy involving wet etching and chemical mechanical polishing
to realize such optimal thickness of the silicon substrate in the
simulation.

The transmission spectra of proposed metasurface under TE-
and TM-polarized waves are depicted in Fig. 1(d). To begin
with, the simulated transmission spectra in the TE mode (the
black line with rectangle symbol) and TM mode (the red line
with circle symbol) are consistent in the frequency range of 1-2
THz, indicating the polarization independency of the designed
metasurface. As shown in the figure, four resonance peaks with
high Q-factor are located at 1.1868 THz, 1.4946 THz, 1.5250
THz and 1.7587 THz, respectively. For simplicity of description,
these four resonances are denoted by S1, S2, S3, and S4. The
corresponding Q-factor is attained from Q = f,/FWMH, where
fo denotes the resonance frequency and FWHM represents the
full width at half maximum of transmission spectrum [31].
Accordingly, the calculated Q-factors of four resonances are
320,93.4,412, and 117, respectively. Because THz metasurfaces
are sensitive to the surrounding analyte, so they can act as
THz sensor by measuring their frequency shift or amplitude
change. In the field of sensing, the high Q-factor resonances with
extremely narrow resonant bandwidth is one of the most crucial
elements for highly sensitive sensors. Therefore, the high Q-
factors of the four resonances imply that the metasurface can be
functioned as a highly sensitive sensor in THz range. Moreover,
these multiple resonances can complement each other during
measurement, realizing the sensing detection of various materi-
als. The transmitted metasurface with polarization independency
and multiple high Q-quality resonances is designed based on the
principle of locally asymmetry but globally symmetry. Since
the THz metasurface possesses the large period (generally tens
to hundreds of microns), so the metasurface can be designed
with complex structure based on the large degrees of design
freedom. Relying on the advantage, four identical cuboids are
designed to be centrosymmetric, but in which each group of
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two adjacent cuboid is asymmetric for introducing the high
Q-quality resonance [33]. The entire structure is centrosym-
metric, accordingly, to avoid the asymmetric structure caused
by the inconsistent results TE and TM mode [34]. By using this
method, polarization insensitive and multi-resonant metasurface
can be obtained, which is beneficial to improve the sensitivity
of sensors.

III. RESULTS AND DISCUSSIONS

To explain the physical mechanism of these four resonances,
the instantaneous electric and magnetic field distributions of the
metasurface in the x-y plane at resonant frequencies (1.1868
THz, 1.4946 THz, 1.5250 THz and 1.7587 THz) under TE mode
are depicted in Fig. 2. Due to the polarization independency of
the spectral responses, we only illustrated the distribution of
electric field and magnetic field in TE mode. Fig. 2(a) shows
that at 1.1868 THz, the strong electric field is distributed in the
four corners of the cuboid in the lower left corner and the upper
right corner. Between the adjacent corners of these two cuboids,
the mutual influence of the electric field makes the electric field
intensity maximum. As shown in Fig. 2(b), the magnetic field
is confined inside the cuboids at the resonance frequency of
1.4946 THz. The charge distributions at the upper and lower
sides of parallel cuboids are opposite, which indicates that the
current induced by resonance flow along the two cuboids based
on Ampere’s law, as depicted in Fig. 2(c). Since the directions of
the induced current can be found from the directions of Ez near
the elliptical cylinders, induced currents in the cuboids are in
anti-phase at the Fano resonance mode as shown by red arrows.
These anti-phase oscillations result in decrease of the loss at
resonance, leading a high Q-factor. As shown in Fig. 2(d), the
magnetic field distribution constitutes the magnetic quadrupole
mode, which is marked in red dotted circle. At frequency of
1.5250 THz, the electric field at this frequency is concentrated
in the center of symmetry and close to the upper left and lower
right cuboids, which is shown in Fig. 2(e). In addition, there
are strong electric fields on the edge sides of the lower left and
upper right cuboids of the unit cell. Therefore, the magnetic
field at this resonance frequency are confined in the center of
these four cuboids, as depicted in Fig. 2(f). The electric field
distribution at the frequency of 1.7587 THz is shown in Fig. 2(g).
We find that there are strong electric fields around the cuboid at
the upper right and lower left in each unit cell, which indicates
that the current flow along the upper adjacent two cuboids is
opposite to that along the lower adjacent two cuboids. The
electric field distributions at this resonance frequency form the
electric quadrupole mode, which is marked by red dotted circle.
The anti-phase current induces a magnetic quadrupole mode in
the cuboids, as shown in Fig. 2(h). Similarly, the anti-phase
oscillations result in decrease of radiative loss at resonance,
exhibiting a high Q-factor. The coupling between these four
cuboids introduces multiple resonance, and the symmetry of
entire metasurface makes it polarization independent. These
characteristics have provided the possibility of designed meta-
surface to be regarded as highly sensitive THz sensor.
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Fig. 2. The electric and magnetic field distribution in the x-y plane at four resonance frequencies. Electric field distribution at frequency of 1.1868 THz (a),
1.4946 THz (c), 1.5250 THz (e), and 1.7587 THz (g). Magnetic field distribution at frequency of 1.1868 THz (b), 1.4946 THz (d), 1.5250 THz (f), and 1.7587 THz
(h).
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Fig. 3. The simulated transmission spectra of metasurface with geometric parameter sweep. (a) the top view of metasurface with geometric parameters, the
scanning parameters were highlighted in red. (b) the transmission spectra with different lengths / of bars. (c) the transmission spectra with different width w of
bars. (d) the transmission spectra with different gaps g1. (e) the transmission spectra with different gaps go.

By changing the geometric parameters, we analyze the effects  that are greatly affected when geometric parameters change.
of different parameters on the spectral responses and better Fig. 3(b) shows the simulation results of the change of length /,
interpret the inner physical mechanism. Fig. 3(a) shows the top  while the other geometric parameters are fixed to optimal values.
view of the metasurface with geometric parameters, where the It can be seen from the figure that as the value of / increases,
analyzed geometric parameters are highlighted inred. To clearly  all resonance peaks redshift and even resonance S1 cannot be
describe the influence of geometric parameters on spectral re- observed in the range of 1-2 THz. Moreover, when [ = 22 ym
sponses of the designed metasurface, we only show resonances  (representing that / = w and the local asymmetry disappears),
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The simulated sensing characteristic of the designed metasurface. (a) Schematic of the all-dielectric metasurface sensor with under-test analyte.

Transmission spectra of varied refractive index from 1.0 to 1.8 with analyte thickness of 30 pm. (a), (b) and (c) Illustrate the corresponding electromagnetic
response of S1 to S4, respectively. (d) The frequency shifts and their fitting curve of the resonance S1 to S4.

resonance S2 and S4 disappear, which is depicted in black line.
The simulation results indicate that the resonances S2 and S4 are
induced by local asymmetry of metasurface. As the increase of /,
the asymmetry is introduced in metasurface, thus the resonances
S2 and S4 appear in this frequency range. Besides, the bandwidth
of resonance peaks becomes wider, that is, the Q-factors of
resonances are decrease. Since the electromagnetic waves are
confined in the structure at quadrupole mode, an anti-parallel
current is generated in the parallel cuboids. The increase of
[ results in the cuboids becoming larger, so the Q-factors de-
creases. Fig. 3(c) shows the simulation results of the scanning
width w. Apparently, with the increase of w, the resonance S2
redshifts, and its bandwidth becomes wider. This is because the
increase of w leads to the gradual approach of the width and
length of the cuboid and the reduction in asymmetry degree,
so the Fano resonance becomes weaker and the Q-factor of
S2 increases. Fig. 3(d) and (e) show the simulation results of
the change of g; and g2, and these two parameters have same
influence on the resonance S2 and S4. With the increase of g1
and go, the resonances S2 and S4 redshift, and the bandwidth
of S2 becomes wider. The difference is that the effect of g
on the electromagnetic response is greater. The reason why
bandwidth of S2 becomes wider with the increase of g; and
go is that the increasing gap enlarges the distance between the
adjacent cuboids, reducing the confinement of electric field by
Fano resonance. However, the influence of variable gap on the
resonances S1 and S2 is slight. Because the resonances occur
insides the cuboids, and thus the increase of gap indeed affects
the resonances. The simulation results of geometric parameters
scanning analysis can further interpret the physical mechanism
of the multiple high Q-factor resonances. Besides, the influ-
ence of geometric parameters on electromagnetic responses is

helpful for metasurface design in another working frequency
range.

VI. CHARACTERISTICS OF SENSING

Regarding some metasurfaces, when illuminated by EM
waves on the under-test sample (an analyte capped on the
metasurface), the resonance frequency shift or amplitude change
occurs in the spectral response with respect to the empty struc-
ture. This is the key to realize the refractive index sensing of
metasurfaces. We simulated the characteristic of sensing by
covering the analytes with different refractive indexes (thickness
of 30 pum) capped on the metasurface. Fig. 4(a) shows the
schematic diagram of the metasurface as THz sensor covered
with under-test analyte. The simulation results of frequency
shift are shown in Fig. 4(b), (c) and (d). When the refractive
index n increases from 1.0 to 1.3 with the increment of 0.1,
all the resonances exhibit obvious red shift of frequency. To
characterize the performance of the designed metasurface, the
frequency sensitivity (FS) can be calculated by

A f(GHz)

Fs= An(RIU)

@)

Where An = n, —ng with n, is the refractive index of
analyte and ng= 1 represents without analyte. Af =f, — fo
with f, is the resonance frequency when the refractive index of
the analyte is n,, and fy is the resonance frequency of empty
metasurface. According to the equation, we can calculate that the
FS of S1 to S4 are 32,273, 31.8 and 105 GHz/RIU, respectively.
To accurately describe the sensitivity of the metasurface, we ex-
tracted the sampling points of the frequency shift and conducted
curve fitting, which is depicted in Fig. 4(e). Obviously, there is a
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Fig. 5.
frequency shift and its fitting curve in varied analyte thickness.

TABLE I
THE EQUATION AND FITTING DEGREE OF THE FITTING CURVE

Resonance Equation of fitting Fitting degree (R%)
curve
S1 y1=32x-32.2 0.9969
S2 y2=273.6x-272.3 0.9983
S3 y3=31.8x-31.92 0.9968
S4 y4=105x-105.2 0.9995

linear relationship between frequency shift and refractive index
change. These linear relationship of S1 to S4 are illustrated
in the Table I. The simulated results indicates that these four
resonances possess good sensing performance. Furthermore, the
figure of merit (FoM) is also considered to identify the actual
performance of the sensor defined as FoM = FS/FWHW, where
FS is the frequency sensitivity and FWHM is the full width at
half maximum [24]. For the resonance S2 and S4, the FS are
273 and 105 GHz/RIU, and the FWHM are 1.6 and 1.5 GHz.
Therefore, the FoM of S2 and S4 are calculated as 170.6 and 70,
respectively. The calculated results indicate that the proposed
metasurface has significant performance in THz sensing.
Moreover, the thickness of analyte plays an important role in
the resonance frequency shift, which is also investigated in the
simulations. The refractive index of different thickness is fixed
as n = 1.3. As shown in Fig. 5(a), with the analyte thickness
increases, the resonance frequency of S2 shifts red with the
total frequency shift of 80.1GHz when the thickness changes
from 5 to 35 um. The resonance frequency redshift is generally
attributed to the enhanced net capacitive of the structure that
results from the increased analyte thickness. Specifically, the
fringing fields at capacitive gaps, where the analyte is placed,
are mainly responsible for causing the redshift. In the same way,
the FS of analyte thickness can also be defined using (2), just
replace An with Ad. dis the thickness of analyte. Fig. 5(b) shows

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022
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(a) Transmission spectra of varied analyte thickness from 5 to 35 pm with the fixed refractive index n = 1.3. (b) The extracted sampling points of the

the extracted sampling points of the frequency shift and its fitting
curve. The relationship between the analyte thickness and fre-
quency shift can be described as y = 0.03352x>+1.134x-0.6917
with the fitting degree of R? = 0.9996. The simulation results
imply that the designed all-dielectric metasurface has feasible
capability for biological and chemical sensing in THz range.

Under the condition of only considering the refractive index,
we consider the difference between the actual analyte (liquid
sample) and the simulated analyte. The actual analyte generally
can absorb terahertz waves, which reduces the amplitude of
resonance peak. We covered the metasurface sensor with a layer
of analyte with the constant tangent loss of 0.1, whose simulated
results are shown in Fig. 6(a). Under this condition, we can still
clearly observe the resonance peak in the transmission spectrum.
Moreover, the frequency shift and amplitude change of the S2
and S4 are still obvious. Similarly, we extract the resonances
S2 and S4 to analyze the frequency shift and amplitude change,
respectively. The fitting curves are shown in Fig. 6(b). The two
straight lines still show a monotonous relationship. The cor-
responding function of the blue line representing the frequency
shift of S2 is y = 344.4x-342.6, so the characteristic peak still has
a sensitivity of 344.4GHz/RIU. Considering the sensitivity of
S4, we can use the transmission amplitude change to character-
ize. Replace Af with Arin the (2), where Ar = :—g x 100% with
the resonance amplitude 7, (i.e., the transmittance of resonance
S4) when the refractive index of the analyte is n,. rg is the
resonance amplitude without analyte. For the resonance S4, the
ro equals to 0.121 when the refractive index n = 1.0. r, are
0.185, 0.255, 0.325 when n, are 1.1, 1.2, and 1.3, respectively.
Therefore, the calculated Ar equals to 57.1%, and the and the
amplitude sensitivity can be calculated by

_Ar

AS =75

3)

Therefore, the corresponding function of the red line repre-
sents the amplitude change of S4 is y = 571x-572.59, so the
sensitivity is 571% RIU"!. The metasurface still maintain high
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Results produced by covering the metasurface with lossy analytes. (a) The simulated transmission of metasurface capped on the lossy analyte with different

refractive index. (b) Fitted curves of the corresponding frequency shifts and amplitude changes of the resonance at 1.4946 THz and 1.7587 THz.

sensitivity under lossy analyte. Based on the above sensitivity
analysis, multiple resonances can provide complementary and
mutually verifiable detection for various analytes.

IV. CONCLUSION

To sum up, we proposed an all-dielectric metasurface to
generate polarization-independent and multiple high Q-factor
resonances. The main part of the metasurface is a windmill-like
structure composed of four identical cuboids. Every two adjacent
cuboids form an asymmetric structure to induce Fano resonance.
The entire centrosymmetric structure ensures that the meta-
surface is polarization independent. The metasurface possesses
four polarization-independent resonances with high Q-factor,
where the frequency sensitivities of S2 (1.4946 THz) and S4
(1.7587 THz) are 273 and 105 GHz/RIU, respectively. Besides,
the corresponding sensitivity of these resonances can still reach
344.4GHz/RIU and 571% RIU™! (defined by amplitude change)
when capped on the lossy sample. Moreover, the transmitted
structure and polarization-independent resonance can relief the
difficulty of measurement. The all-dielectric configuration of
metasurface that is designed by the principle of locally asym-
metry but globally symmetry can be applied at microwave or
infrared band. We believed that this research could promote
the development of THz metasurface in biosensing and medical
detection.
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