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Abstract: The use of bound states in the continuum (BICs) has emerged as an effective tool
to trap light at the nanoscale and has many potential applications in photonics. Breaking the
structural symmetry is regarded as an effective way to excite quasi-BICs (QBICs) and gener-
ate high-Q resonances. However, this approach may impact the resonance polarization sen-
sitivity, consequently limiting its practicality in multi-wavelength polarization-dependent
applications. Furthermore, the introduction of different types of structural perturbations
into the design to form BICs has yet to be explored in depth. In this study, we present an
optical sensor consisting of an L-shaped metasurface that supports three quasi-BIC modes
in the terahertz band, where specific displacements, collective perturbations, or both occur.
Furthermore, we analyze the field distributions in detail and combine them with multipo-
lar decomposition to reveal the underlying mechanisms of the different resonant modes.
Multiple asymmetric perturbations are found to affect the sensitivity of the metasurface
in refractive index sensing, thus allowing for a comparison of different resonant modes.
The quasi-BIC mode can attain a Q-factor of 1067.6, a sensitivity (S) of 300 GHz/RIU, and a
figure of merit (FOM) of 5367.8 RIU! for vertical light incidence. These three quasi-BIC
modes are polarization-independent, and their properties are maintained even for circularly
polarized light. The results reveal a novel design strategy for metasurface-based sensors
with promising application potential in biosensing, filtering, and lasers.

Keywords: terahertz; bound states in the continuum; all-dielectric metasurfaces; refractive
index sensor; polarization independent

1. Introduction

In recent years, bound states in the continuum (BICs) have shown significant potential
in applications such as the detection of trace substances in micro- and nanostructures.
By varying the structural parameters, the structures can be operated in the wavelength
range spanning from visible to microwave. Recent research has underscored the versatility
of metasurfaces across various wavelength bands and sensing applications. Wang et al.
have crafted a terahertz metasurface, featuring periodically arranged split-ring resonators
integrated with functional colloidal gold nanoparticles (AuNPs) [1]. In the mid-infrared
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region, a dual-band refractive index (RI) sensor has been ingeniously constructed by us-
ing an all-dielectric metasurface, comprising silicon elliptical and circular nanodisks on
a BaF; substrate [2]. Theoretical explorations have given rise to an innovative metallic
toroidal dipole (TD) metasurface, propelled by Friedrich-Wintgen bound states in the
continuum (FW-BICs), showcasing potential for advanced sensing mechanisms [3]. Hollow
gap nanocubes have been strategically designed for metasurface operations near 785 nm in
the visible light spectrum [4]. Algorri et al. have conducted a comprehensive theoretical
and experimental study on a metasurface that supports a silicon-slot quasi-bound state in
the continuum (QBIC) mode, resonating in the near-infrared spectrum. This metasurface
is meticulously engineered with circular slots etched in a silicon layer atop a sapphire
substrate [5]. Furthermore, the sensing capabilities of an all-dielectric metasurface con-
sisting of periodic amorphous silicon (a-5i) nanobar pairs on a glass substrate have been
both theoretically modeled and experimentally confirmed, reinforcing the practicality
of metasurfaces in sensing technologies [6]. These advancements collectively illustrate
the burgeoning potential of metasurfaces in optical engineering and sensor development.
The terahertz band (0.1 to 10 THz) between infrared and microwave is useful for sensing
applications due to low energy, small damage, and strong penetrability [7-9]. Biosensing
technology requires micro- and nanostructures with a large quality factor (Q-factor), high
absorbance (scattering rate), large specific surface area, and tailored optical properties and
biocompatibility.

Conventional optical nanostructures typically have insufficient transmission capacity
because of the single-resonant-mode response, which compromises the sensitivity. The in-
troduction of bound states in the continuum (BICs) with extremely narrow linewidths
and ultrahigh quality factors into periodically arranged three-dimensional structures with
special electromagnetic properties, known as optical metasurfaces, opens up new opportu-
nities for the development of high-performance sensors in the terahertz band. Previous
studies have investigated metasurfaces utilizing quasi-BICs to excite Fano resonances in
all-dielectric materials, including dual-nanorod metasurface structures in asymmetrical
silicon [10], semi-elliptical disks with asymmetrical radii [11], double-open resonance
rings [12], and optics with high field enhancement factors [13]. However, the formation
of quasi-bound states in most of these structures relies on a single excitation condition;
it is, therefore, particularly important to study in depth the conditions for quasi-bound
state formation (e.g., structural symmetry breaking, specific displacements, and collective
perturbations) while introducing two or more perturbations.

Generating quasi-BIC resonances usually requires that the structural symmetry is bro-
ken, and metasurface structures designed to support SP-BICs (symmetry-protected BICs)
can be easily converted into quasi-BICs, but they are usually polarization-sensitive, for
example, tilted silicon rod pairs [14], split rings [12,15], asymmetric nanorods [16], eccentric
cavities [17], and tetrameric cluster of nanodisks of varying height [18]. These structures
are only compatible with specific polarization states, thereby restricting flexibility and
versatility in practical applications. Hence, it is important to design metasurfaces that can
operate efficiently in a range of polarization states and excite multi-wavelength resonances.
Introducing collective perturbations and specific displacements into the BIC metasurface
can show unique optical properties and potential applications. It has been demonstrated
that the introduction of minor collective perturbations, encompassing alterations in arrange-
ment, size, and material properties of the constituent units, can effectively induce novel
resonance modes in metasurfaces comprising multiple identical or analogous structures.
This, in turn, exerts a profound influence on the optical properties, as evidenced in previous
studies [19-21]. Furthermore, precise control of the reflection, transmission and absorption
properties of light has been achieved by tuning specific displacements (spacing and angle)
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in nanobeams in metasurfaces composed of silicon nanobeams [22]. The combination of col-
lective perturbations and specific displacements is anticipated to enhance the precision of
tuning (resonance frequency, quality factor, etc.), facilitate the integration of multiple optical
functions (e.g., polarization, sensing, etc.), and strengthen the coupling between photons
and matter to form hybrid photon—polariton states [23-25]. A comprehensive investigation
of these two areas will facilitate the advancement of nanophotonics and optoelectronics
while also establishing the groundwork for future technological innovations.

In this work, we mainly focus on the influence of multiple perturbation methods
on the formation of quasi-BICs, with particular attention to the currently less studied
multiple resonance modes and their polarization-independent properties. For this reason,
we theoretically demonstrate an optical sensor composed of an L-shaped metasurface,
which is based on three quasi-BIC modes excited under normal incidence in the terahertz
band after specific displacement, collective perturbation, or both of the constituent parti-
cles. The proposed metasurface consists of silicon tetramer and quartz substrate, which
is characterized by a simple structure and easy fabrication. It is not confined to a single
function but rather capable of achieving multiple-frequency polarization independence and
sensing simultaneously. This metasurface demonstrates the ability to induce quasi-BICs at
0.781 THz, 0.828 THz, and 0.989 THz. The study of the Q-factor and light-field distribution
properties of these three modes reveals that each mode is predominantly excited by specific
displacements and collective perturbations to break the structural symmetry. The L-shaped
metasurface sensor exhibits three narrow resonances dominated by the toroidal dipole (TD),
electric quadrupole (EQ), and toroidal dipole (TD), respectively, with a high Q-factor of
1067.6. Potential applications to terahertz biosensing and polarization correlations are stud-
ied. The introduction of multiple asymmetric perturbations affects metasurface sensitivity
in refractive index sensing and allows for the comparison of the performance of different
resonant modes. The quasi-BIC mode shows a maximum sensitivity (S) of 300 GHz/RIU
and a figure of merit (FOM) of 5367.8 RIU~!, and it can realize accurate detection under
small changes, which is potentially valuable in biomedical and environmental monitor-
ing. The results reveal a general and simple structural design strategy for multi-band
polarization-independent quasi-BIC high-quality resonances for metasurface sensitivity
measurements and demonstrate promising applications in biosensing, filtering, and lasers.

2. Model and Method

The all-dielectric L-shaped metasurface with high sensitivity and polarization indepen-
dence based on specific displacements and collective perturbations is depicted in Figure 1.
The metasurface structure is formed by a periodic array of silicon (Si) L-type strips with a
thickness of H, = 30 um on a quartz substrate with a thickness of Hy = 133 pm. The period
of the unit cell P is 300 pm along the x- and y-directions. The lengths of the arms are
s =80 um, a =55 pm, and b = s — a = 25 um, and the separation between neighboring
L-type structures is G = 33 um. The refractive indexes, n, of Si and quartz are 3.45 and
1.45, respectively [26,27]. The semiconductor material silicon has moderate electrical con-
ductivity and excellent optical properties, and its low-loss characteristics make it excellent
in the optical frequency range [28,29]. The combination of silicon and quartz can form
a stable interface with efficient electromagnetic wave manipulation, which can achieve
polarization control, Q-factor enhancement, and excellent performance in sensing appli-
cations [30-32]. In the simulation, the wave optical module in COMSOL 6.1 Multiphysics
(COMSOL, Burlington, MA, USA) was used, and the electromagnetic frequency domain
(ewfd) interface was selected. The full three-dimensional finite element method (FEM) was
used to simulate the transmission mission spectrum at 0.7-1.1 THz and thus derive the
optical properties. The geometry was modeled by using an adaptive tetrahedral mesh with
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periodic boundary conditions applied along the x- and y-directions and perfectly matched
layer conditions along the z-direction [33]. After setting up the model and mesh, the solver
was run to obtain the number of degrees of freedom, which is affected by a number of
factors, such as the complexity of the geometry, meshing, the frequency range, and so on.
The terahertz (THz) wave impacts the metasurface along the negative direction of the z-axis,
with the polarization state controlled arbitrarily. Moreover, convergence tests were carried
out by optimizing the mesh size and PML thickness to produce more accurate results.
The metasurface can be produced by depositing a silicon film on the quartz substrate by
magnetron sputtering, followed by the patterning of the Si layer by laser etching [34].

Figure 1. (a) Metasurface. (b) Top view of a polymeric structural unit, where the lengths of the
arms are s, 4, and b = s — a and the spacing between L-shaped structures is G. (c) Side view of the
tetrameric structural unit, where Hy is the thickness of the substrate and Hj is the height of the L-type
tetramer. The black dotted line represents the location of the initial structure.

The radiation channel between quasi-BICs and THz waves, manifesting as a narrow
dip in the transmission spectrum, is established by the slight tuning of the structural
parameters [35]. In order to highlight the distinct advantages of photomodulation by the
metasurface structures, the formation of tri-band quasi-BICs on the metasurface (including
particular displacements, collective perturbations, and a combination of the above) is
investigated, as shown in Figure 2. The metasurface of the tetrameric cluster with the
Cy4y symmetry is first studied, followed by the step-by-step transformation of the SP-BICs
into tri-band quasi-BICs after particular displacements or collective perturbations. Finally,
the positive effect of the combination of these two approaches on the generation of multi-
wavelength quasi-BICs is explored. Special note: The thickness of the blue material in
Figure 2c,d is for illustrative purposes only and does not represent the actual variation in
material thickness.
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Figure 2. Tetrameric cluster structures: (a) Initial tetrameric cluster. (b) Particular displacement.
(c) Collective perturbation. (d) Combination of particular displacement and collective perturbation.
The black dashed cubes represent the position of the initial tetrameric cluster before operation, where
the spacing is Gy, the side length is s, and the spacing after a specific displacement becomes G.
The side length of the block cut by collective perturbation is a4, and a <s.

3. Results and Discussion

3.1. The Generation of Tri-Band Quasi-BICs
3.1.1. Characteristics of the Shift from BICs to Tri-Band Quasi-BICs Produced by Particular
Displacements

Figure 3a,b show the unit cells of metasurface structures; specifically, these structures
are periodic repeating basic units. The transmission mode in Figure 3c is achieved by peri-
odically repeating four structures. Figure 3a shows the symmetric metasurface consisting of
four Si cubes (with a side length of s = 80 um and a gap between cubes of G1 =70 um) on the
quartz substrate. This is the most common structure to excite BICs and serves as the starting
nanostructure. The specific displacements are moved as shown in Figure 3b, where four Si
cubes are moved toward the center along two diagonal lines. The spacing of neighboring
cubes after the move is defined as G. The black dashed cubes represent the position of the
initial tetrameric cluster before operation. Figure 3c shows that the metasurface has the
C4y symmetry with four silicon cubes located at the diagonal center (G1 = 70 um). At this
point, the linewidth at the BICs approaches infinity; therefore, the Q-factor also approaches
infinity, making it indistinguishable in the transmission spectrum. The results illustrate the
physical nature of BICs, which are waves that remain localized. Bound states that manifest
in the background of a continuous spectrum cannot be observed in the far field [36-38].
There are three resonance depressions in the frequency range of 0.75 THz-1 THz when G is
varied from 37 um to 28 pm, manifesting as quasi-BICs. In addition, the resonance peaks
show a slight redshift as G becomes smaller.
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Figure 3. Tetrameric cluster structures: (a) Initial tetrameric cluster. (b) Particular displacement.
(c) Transmission spectra for different spacings G. The black dashed cubes represent the position of
the initial tetrameric cluster before operation, where the spacing is Gq, the side length is s, and the
spacing after a specific displacement becomes G.

3.1.2. Characteristics of Transformation from BICs to Tri-Band Quasi-BICs Caused by
Collective Perturbation

The tri-band quasi-BICs generated by the collective perturbation of equidistant par-
ticles are studied. The perturbation is the formation of the L-shaped structure by cutting
off a small cubic notch at one corner of each cubic block in the initial tetrameric cluster
(Figure 4a,b). The edge length, a, of the small cubic notch is defined as the perturbation
quantity. Following collective perturbation, each cubic block undergoes the L-type trans-
formation that breaks its own symmetry, enabling a weak coupling between the incident
wave and the metasurface. In other words, the cubic block tetramer turns into an L-type
tetramer forming a channel radiating outward, and the initial bound state keeps leaking
energy outward to convert the original BICs into quasi-BICs.

The simulated transmission spectra for different perturbations are plotted in Figure 4c.
The transmission spectra are characterized by infinite linewidths and infinite Q-factors
when a = 0, which corresponds to the BIC. After introducing the perturbation (a = 40 pm),
three distinct resonances are observed from the spectrum. Model A exhibits the narrowest
linewidth, Model B has the widest linewidth, and Model C shows the transmission value
closest to 0. This implies that BICs are converted into triple-band quasi-BICs. The three
modes change as a increases, but in general, the modes are not effective enough, i.e., the
linewidths are wide and the depth of transmission is shallow.
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Figure 4. Tetrameric cluster structures: (a) Initial tetrameric cluster. (b) Collective perturbation.
(c) Transmission spectra for different lengths when G1 = 70 um. The black dashed cubes represent
the position of the initial tetrameric cluster before operation, where the spacing is Gy, the side length
is s, and the spacing after a specific displacement becomes G. The side length of the block cut by
collective perturbation is a, and a < s.

3.1.3. Tri-Band Quasi-BICs Generated by the Combination of Particular Displacement and
Collective Perturbation

In the previous sections, particular displacement and collective perturbation are
applied to the metasurface and discussed. Both of them can realize the transition from
BICs to tri-band quasi-BICs. Therefore, we attempt to combine particular displacement
and collective perturbation of the metasurface at the same time to explore the formation
mechanism of QBICs, as shown in Figure 5a,b. In order to control the variables while
maintaining favorable tri-band resonance, a = 55 pm, and the particles are shifted. When
a =55 um, the transmission spectra corresponding to different spacings G are shown in
Figure 5c. When G = 33 um, the transmission spectrum shows three resonance modes at
0.781 THz, 0.828 THz, and 0.989 THz. When G decreases or increases, there is no obvious
redshift or blueshift. However, at G = 33 um, the three mode transmission values reach
0 and have the narrowest linewidths, implying a high Q-factor and resonance capability.
The mechanism of the formation of triple resonances will be described in Section 3.2.

To further elucidate the impact of different structural evolutions on the final perfor-
mance, we compared and analyzed the transmission spectra obtained by the three methods
(Figures 3¢, 4c and 5c). Through comparison, we found that the commonality among
these three methods is that each method successfully excited quasi-BICs resonance in
three frequency bands. However, the difference lies in the fact that the excitation effect
of quasi-BICs can be significantly improved by combining specific displacement and col-
lective perturbation methods (as shown in Figure 5c). Specifically, as shown in Figure 5c,
compared with Figures 3c and 4c, the linewidths of these three resonances are narrower,
and the transmission values are closer to 0. This indicates that the combination of specific
displacement and collective perturbation can effectively excite better quasi-BICs, thereby
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significantly improving the performance of the sensor. In addition, after further careful
comparison, we also noticed that the three resonances in Figure 5c showed a significant
redshift compared with the resonances in Figures 3¢ and 4c.

Figure 5. Tetrameric cluster structures: (a) Initial tetrameric cluster. (b) Combination of particular
displacement and collective perturbation. (c) Transmission spectra for different spacings G when
a = 55 um. The black dashed cubes represent the position of the initial tetrameric cluster before
operation, where the spacing is Gy, the side length is s, and the spacing after a specific displacement
becomes G. The side length of the block cut by collective perturbationis a,a <s,andb=s — a.

3.2. Mechanisms: Near-Field Properties and Effects of Structural Parameters

To investigate the resonance characteristics of the three modes, the scattering powers
of different multipoles, including the electric dipole (ED), magnetic dipole (MD), toroidal
dipole (TD), electric quadrupole (EQ), and magnetic quadrupole (MQ), are derived, as
shown in Figure 6a,c,e [39-42]. In Model A, the contribution of the TD is dominant,
indicating that Model A is mainly influenced by the TD, as shown in Figure 6a. The MQ
also contributes, but it is smaller than the TD, and the ED and MD intersect at 0.781 THz.
In Model B, the EQ is predominant, with smaller contributions from the MD and MQ, as
shown in Figure 6¢. In Model C, the contribution from the TD is the largest, while the ED
provides minor contributions, as shown in Figure 6e. The linearity of Fano resonance is
formed by the coupling of a discrete Lorentz line shape (representing resonant states) with
a continuous background scattering state (representing non-resonant states), commonly
referred to as the interaction between “bright modes” and “dark modes”. Specifically,
Figure 6a,c,e employ the multipolar decomposition method to investigate in depth the
formation mechanism of three resonances and reveal the dominant mode of each Fano
resonance. The curves of Model A, Model B, and Model C when G = 33 um with the
classical Fano formula are fitted and presented in Figure 6b,d,f. Model A, Model B, and
Model C when G = 33 um can be evaluated with Q = wg /7t and derived from Qp = 158.9,
Qp =1067.6, and Q¢ = 145.1. The results show that the prediction of the Fano model for the
three modes agrees well with the simulation results around the resonance dips, indicating
the essence of Fano resonance.
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Figure 6. Multipolar decompositions of (a) Model A, (c) Model B, and (e) Model C. (b) Resonances
of QBIC A, (d) QBIC B, and (f) QBIC C when G = 33 um and the fitted results obtained by the Fano
model.

Metasurfaces with high-order multipoles have been extensively documented [43,44].
To examine the confined optical modes at the resonant frequency of BICs, field analysis
is conducted for the three modes. The arrows indicate the direction of the electric and
magnetic field vectors, and the color scale corresponds to the field strength. Figure 6a
shows that the contribution of the TD dominates the Model A resonance. To obtain a better
understanding of Model A, the displacement current distribution is shown in Figure 7a.
Four toroidal currents are generated at the metasurface, where each of the two toroids
reverses in the y-direction and generates four longitudinal magnetic moments oriented
along the z-axis. Figure 7b,c show the distributions of the magnetic field vectors in the
y—z section of Model A (corresponding to S1 and S2, respectively). The counterclockwise
and clockwise closed displacement current loops are obtained in the x-y cross-section,
respectively, indicating that the opposite phases of the magnetic dipole (MD) are produced
in the z-direction. The magnetic field vortices in opposite rotational directions between
neighboring L-structures indicate the presence of the TD. The directional arrows of the
magnetic field head-to-head form a loop and circulate clockwise between the y-directions,
which is a characteristic of the TD [45]. The field distribution of Model B is also plotted.
The charge distribution of Model B in Figure 7d shows that two pairs of positive and
negative charges are formed at every two L-type structures in the y-direction, which
suggests the presence of EQ modes. Combined with the opposite magnetic field vectors
along the z-axis in 53 and S4 in Figure 7ef, the existence of the MD mode is demonstrated.
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The near-field electromagnetic field distributions of Model A and Model B are consistent
with the multipolar decomposition results in Figure 6a,c, respectively.

Figure 7. (a) Electric field distribution of Model A on the x—y plane. (b,c) Magnetic field distribution on
the y—z plane corresponding to cross-sections S1 and S2, respectively. (d) Charge distribution of Model
B on the x-y plane. (e f) Magnetic field distribution on the x-z plane corresponding to cross-sections
S3 and S4, respectively. (g) Electric field distribution of Model C on the x—y plane. (h,i) Magnetic
field distribution on the y-z plane corresponding to cross-sections S1 and S2, respectively. Additional
information: S1 uses the y-z plane with x = 50 pm, S2 uses the y-z plane with x = —50 pum, S3 uses
the x-z plane with y = —50 um, and S4 uses the x-z plane with y = 50 um.

The primary radiation source is determined by calculating the electromagnetic field
distribution at the corresponding location in the near field of the metasurface [10]. Although
toroidal dipole (TD) resonances are highly localized with large quality (Q) factors, TD
resonances are weaker than electric or magnetic dipole resonances for most structures [46].
Coincidentally, Model C remains TD-dominant in the metasurface. The x—y cross-section in
Figure 7g shows two pairs of circular displacement currents in opposite directions, proving
the presence of TD. This has a similar electric field distribution as Model A, thus verifying
that the dominant mode is the TD (Figure 6e). Taking two y—z cross-sections (S1 and
52) to analyze the magnetic field distribution characteristics, multiple loop currents are
observed in Figure 7h,i, indicating that this mode is subject to the co-coupling effect of
multiple polaritons. This is consistent with the multipole results calculated by simulation
in Figure 6e.

Since different sizes of the metasurface structure affect the properties, the linewidths,
resonant frequencies, and transmission depths of the three modes can be varied individually
by adjusting geometrical parameters such as Hy, a4, s, Hy, and so on. In order to analyze the
dependence of the resonance properties on the geometrical parameters, the variation in the
transmission profile of the metasurface was derived when the thickness of the substrate H,
the side length a of the small cubic notch, the side length s of the initial cubic block, and the
thickness of the structure H, were varied. As shown in Figure 8, the resonant wavelength
redshifts all four cases. Specifically, Figure 8b—d show that the variations in a, s, and Hp
have a remarkable effect on Model B and impact the depth of the notch, while Model A and
Model C are not affected significantly. After comprehensive consideration, the parameters
of the final L-shaped metasurface are s = 80 um, Hy = 30 pm, Hy = 133 um, a = 55 pm, and
particle spacing G = 33 um.
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Figure 8. Effects of metasurface unit structural parameters on transmission spectra: (a) Thickness of
substrate Hy. (b) Length of the side of the small cubic notch a. (c) Length of the side of the initial
cubic block s. (d) Thickness of the structure Hj.

3.3. Application of L-Type Metasurface
3.3.1. Tri-Band Quasi-BICs in Terahertz Biosensing

In order to investigate the sensing properties of the metasurface and take into account
the refractive index of water (which is 1.33), we gradually increase the background refractive
index n from 1.3 to 1.4 [47,48], as shown in Figure 9a. As the refractive index increases,
Model A exhibits redshifting, and the corresponding frequency shift versus refractive index
n is presented in Figure 9b. Model A in water exhibited a significant redshift compared
with the case where the initial refractive index was set to 1.0, indicating that the presence
of water affects the resonance characteristics of the metasurface. The sensitivity of the
refractive index sensor can be described by S = AA/An, where AA is the wavelength shift of
the transmission drop caused by the refractive index change [49]. The value of S for the
resonance depression of Model A is 280 GHz/RIU, as determined by linear fitting.

The figure of merit (FOM), an important parameter for the sensing performance, is
defined as FOM = S/FWHM [50]. The FOM is 64.1 RIU! for Model A, and Model A
and Model B also have good sensing characteristics for the refractive index range from
1 to 1.25. As shown in Figure 9c, Model B has a larger redshift frequency and a narrower
FWHM than Model A. The S values are 164 GHz/RIU and 300 GHz/RIU, and the FOMs
are 30.1 RIU~! and 5367.8 RIU! for Model A and Model B, respectively, demonstrating
that the metasurface has promising applications in narrowband biosensing.

In recent years, a variety of terahertz metasurface sensors have been proposed, espe-
cially for biochemical sensing and environmental monitoring. The sensitivity and the FOM
of our designed sensors are compared as shown in Table 1.
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Figure 9. Simulation of metasurface biosensing characteristics: (a) Transmission spectrum of mode A
when the background refractive index n is changed from 1.3 to 1.4. (b) Effect of n on the resonance
depression position and linear fitting results. (c) Transmission spectrum of mode B when the
background refractive index n is changed from 1 to 1.25. (d) Effects of n on the resonance depression
position and linear fitting results.

Table 1. The list for the performance metrics of various terahertz metasensors, including the resonance
type, the sensitivity, and the FOM.

Resonance Type Sensitivity FOM Reference
EIT effect 96.2 GHz/RIU 7.8 [51]
Highly flexible, ultrathin metamaterial absorber 139.2 GHz/RIU / [52]
Non-bianisotropic metamaterial 182 GHz/RIU / [53]
Toroidal moment-based metamaterial 23.7 GHz/RIU / [54]
A cross-shaped aluminum resonator 247 GHz/RIU 3.927 [55]
An Archimedean spiral with a C-shaped resonator 78.7 GHz/RIU 14.4 [56]
Two concentric square rings and a cylinder 187.5 GHz/RIU 19.1 [57]
L-shaped structure 300 GHZ/RIU 5367.8 This work

3.3.2. Polarization Characteristics of Tri-Band Quasi-BICs

As the value of G changes from 28 to 37 um, the transmission spectra of the metasurface
under normal incidence of an x-polarized terahertz wave are presented in Figure 10a. There
are three quasi-BICs corresponding to three narrowband resonance dips in the transmittance
spectra: Model A = 0.781 THz, Model B = 0.828 THz, and Model C = 0.989 THz.

To demonstrate the polarization independence of the metasurface, the transmit-
tance spectra for five other polarization states (specifically, 30° polarization, 60° polar-
ization, y-polarization, and left-handed and right-handed circular polarization) are shown
in Figure 10b. Most previously reported metasurfaces with protected BICs are polarization-
correlated and require special polarization waves to excite sharp quasi-BICs [58—60].
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In other words, the optical response of polarization-correlated metasurfaces changes with
polarization. Since the tetrameric cluster always maintains C4v symmetry and mirror
symmetry throughout the operation processes, all the resultant quasi-BICs are polarization-
independent. Surprisingly, three resonance peaks consistently maintain a high magnitude
for different polarization directions, which clearly implies that the three transmittance spec-
tra are independent of polarization. Since the metasurface is insensitive to the polarization
state of the incident light, it has wide application prospects and important research signifi-
cance in the fields of imaging and sensing [61-63], communication and radar [64], security
detection and imaging [65,66], photonics devices [67], and material characterization and
detection [68].

Figure 10. (a) Transmission spectra of the metasurfaces with different asymmetry parameters.
(b) Transmission spectra for five polarization states (specifically, 30°polarization, 60° polarization, y
polarization, and left-handed and right-handed circular polarization) when G = 33 pm.

4. Conclusions

In summary, a new design scheme for polarization-independent quasi-BIC resonance
is achieved by applying a combination of specific displacement and collective disturbance
on a metasurface composed of four silicon L-shaped structures and a quartz substrate.
Through the analysis of far-field scattering and near-field electromagnetic distribution, it
was revealed that the polarization-independence of quasi-BICs is due to the C4, symmetry
maintained by the tetrameric cluster throughout the entire operation process. Moreover,
different combinations of asymmetry and structural parameters were studied, and the
results showed that this method can stably excite the three-band quasi-BICs. In addition,
we will demonstrate the potential applications of metasurfaces in terahertz biosensing
by measuring different refractive indices. Our findings provide a universal and simple
structural design strategy for designing polarization-independent devices with multi-band
polarization and quasi-BICs high-quality resonance and promote potential applications in
biosensing [69], filtering [70], and lasers [71].
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