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A metasurface composed of four U-shaped nanopillars of silicon and quartz as the substrate boasting excellent
refractive index (RI) sensing and optical switching properties is designed and analyzed. By breaking the sym-
metry, the metasurface excites dual ultra-narrow quasi-bound states in the continuum (QBIC) resonance peaks
with the Fano shape. Both peaks are located in the near-infrared region, and multipole analysis shows that the
enhancement is caused by the toroidal dipole (TD) and electric quadrupole (EQ). Quality factors (Q-factors) of
41,898.34 and 20,563.17 and figure of merit (FOM) values of 2767 RIU! and 2314 RIU ! are achieved,

respectively. Additionally, the polarization characteristics of the metasurface are evaluated. The metasurface has
excellent properties and practicality, and the results provide insights into the development of high-performance
refractive index sensors and optical switches.

1. Introduction

The refractive index (RI), an inherent property of materials [1], is
often used in material identification, quality control, chemical analysis,
optical design, and environmental monitoring [2-6]. Metasurfaces are
discrete subwavelength structures composed of artificial metaatoms [7].
Researchers have theoretically verified and prepared a wide range of
metasurface devices, such as imaging polarimeters [8], image spectral
processing [9], resonators [10] and sensors [11-13], based on the
unique optical properties of metasurfaces. For instance, as RI sensors,
metasurfaces utilize resonant properties to detect minute variations in
the refractive index [14], thus offering enhanced precision in chemical
analysis and environmental monitoring [15,16].

In these applications, the quality factors (Q-factors) and figure of
merit (FOM) are critical parameters reflecting the efficiency of meta-
surfaces [17]. Metallic metasurfaces suffer from significant radiation
losses due to the oscillation of free electrons [18], resulting in lower Q
factors for resonant dips [19]. In contrast, all-dielectric metasurfaces
exhibit sharper resonance peaks [20] with larger FOM and Q-factors
[21]. Structures with bound states in the continuum (BIC) are natural
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high-Q resonators because the radiative Q is equal to infinity in the ideal
case [22]. It has been shown that the conversion of BIC into QBIC and
combination with Fano resonances typically produce large Q factors
[23]. Recent reports have demonstrated the correlation between high
Q-factor metasurfaces and BIC.

The BIC optical mode provides a destructive interference mechanism
to accomplish high Q-factor resonance and strong field localization [24].
Ideally, BIC is a dark mode with infinite Q-radiation, which can neither
be directly excited by incident light nor appear in the spectrum [25]. By
breaking the symmetry of the unit cell, the primordial symmetric mode
is broken, consequently allowing it to couple with the external contin-
uum spectrum and transform into a QBIC with a finite Q-factor and
non-zero linewidth [26,27]. In order to enhance QBIC mode excitation,
some methods have been proposed, for example, breaking the symmetry
of the all-dielectric metasurface by modifying certain parameters of the
metasurface as well as changing the shape [28] and orientation [29] of
the dielectric materials on the metasurface.

Song et al. [30] have proposed an all-dielectric hollow metasurface
with a better Q-factor and revealed an inverse relationship between the
radiative Q-factor and different asymmetries. However, the limited RI
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sensitivity restricts detection in different environments in practice. Xing
et al. [31] have designed a periodic structure by etching two semicircles
and a connecting gap in the silicon nanocube, which shows Q-factor and
FOM of 32,140 and 883 RIU ™}, respectively. Although this sensor has an
improved Q-factor, there is no prominent increase in the FOM. Ma et al.
[32] have reported an asymmetric all-dielectric metasurface with an
FOM value of 2400 RIU™! and shown that the multiple sharp Fano
resonances have potential applications in refractive index sensors.
However, despite recent advances, the design of a sensor with a high
Q-factor and FOM capable of RI sensing is still challenging.

Herein, an all-dielectric metasurface with four U-shape nanopillars is
designed to achieve high-sensitivity sensing based on QBICs in the near-
infrared region. Structural perturbation is introduced to break the
symmetry of the metasurface and convert the BIC into QBIC modes. By
combining with symmetry-protected bound states in the continuum (SP-
BIC), the QBICs fabricated by a series of multipole decompositions are
verified by measuring the transmission spectra. The main electromag-
netic sources of the two resonances are TD and EQ, respectively, leading
to high Q-factors of 41,898.34 and 20,563.17 as well as FOM of 2767
RIU! and 2314 RIU", respectively. The polarization dependence is
studied for optical switching applications. Our results reveal the prom-
ising potential of photonic devices based on QBICs with high-Q factors in
applications such as lasers, biosensors, and optical switching.

2. Metasurface design and theoretical analysis
2.1. Near-field properties

To support symmetry-protected BIC, a periodic asymmetric tetramer
all-dielectric metasurface with in-plane symmetry is designed. Fig. 1(a)
and (b) illustrate the conceptual 3-D views of metasurface. The period is
P = 1000 nm, the nanopillars are made of silicon (Si), and the substrate
is quartz. The unit cell is displayed in the top view on the xy-plane in
Fig. 1(c). The dimensions of the individual U-shape table are: semi-axis r
= 100 nm, table thickness h1 = 450 nm, and short rectangle length w =
140 nm. The distances between the U-shape table pairs are Ix = 560 nm
and ly = 500 nm, respectively, and the substrate thickness is H = 1000
nm. The refractive index of the Si and quartz substrate are set to n = 3.48
and n = 1.48 [33], respectively. Si and quartz used in this structure
exhibit excellent optical properties in the near-infrared region. Utilize a
plane wave as the structural light source, an X-polarized near infrared
beam propagates perpendicularly along the negative z-axis, with its
electric field vector oriented along the positive x-axis. The
Floquet-periodic boundary conditions are applied in the x and y-di-
rections, and the perfectly matched layer (PML) condition was applied
above and under the unit cell [34] to absorb the radiation propagating to

Fig. 1. (@) Schematic diagram of the asymmetric dimer metasurface, (b)
Structure of a single unit cell, and (c) Top view of the metamaterial unit.
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the boundary of the simulated area to avoid secondary effects on the
simulation results. Depending on the element order in the model, a finer
mesh is employed. The complete mesh consists of 28762 domain ele-
ments, 1286 boundary elements, and the PML contains 688 elements,
The minimum element quality is equal to 0.0705. Wang et al. proposed a
dual nanorods metasurface structure using semiconductor silicon [28].
The Si was deposited on a quartz substrate using magnetron sputtering,
followed by baking to improve photoresist adhesion. Patterns were then
created using electron-beam lithography (EBL), and the sample under-
went development, etching, and washing to finalize the metasurface
structure, which demonstrated high sensitivity and a high Q-factor.
Similar silicon-based metasurface structures can be fabricated by the
following steps: after cleaning the quartz substrate with ultrasonication
[28], the silicon film can be deposited on it using low-pressure physical
vapor deposition [35], followed by subsequent patterning of the silicon
layer using standard EBL or reactive ion etching (RIE) [34].

To excite Fano resonances, the asymmetric parameter N is intro-
duced. The scaling index of the graph in the upper left corner is defined
as N. Specifically, when N = 1, the dimensions of the U-shape column in
the upper left corner remain unchanged, resulting in congruent di-
mensions for all four nanopillars. N # 1 means implies a change in the
dimensions of the U-shape column in the upper left corner, while the
dimensions of the others remain unchanged. The increase and decrease
of N are defined as follows. When N < 1, the size of the U-shape column
decreases. Otherwise the size of the U-shape column increases. In order
to visually illustrate the symmetry-breaking mechanism, the top view of
the meta-unit is shown in Fig. 2(a). The optical response of the structure
is simulated for different N to obtain the transmission spectra, as shown
in Fig. 2(b).

By breaking the symmetry, this type of modification can be seam-
lessly combined with the BIC transformation in one unit. When N =1,
the transmission spectrum from 1350 nm to 1475 nm is nearly flat,
showing high transmittance. No transmission is visible. The trans-
mission FWHM is close to 0, and the Q-factors approach infinity. While
N changes, for example, N = 0.9, two obvious transmissions appear at

Fig. 2. (a) Destructive mechanics of the structural symmetry and (b) Trans-
mission spectra of the metasurface showing the impact of different N.
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A1 =1388.27 nm and A2 = 1419.82 nm, corresponding to TD-QBIC and
EQ-QBIC resonances, respectively. The two Fano resonances are termed
FR1 and FR2. It is noted that the center position of the nanopillar re-
mains unchanged regardless of the variation in N. In addition, the larger
N deviates from 1, the wider the FWHM of the transmission and the
lower the Q value.

To evaluate the physical mechanism of the generation of the two
Fano resonances, the near-field of the metasurface can be decomposed
into multipole expansion [34,36]. The electromagnetic field distribution
indicates that a hybrid of multipoles contributes to the quasi-BIC. In
order to quantify the contribution of multipoles to the resonance, we
normally consider only the five strongest electromagnetic sources:
electric dipole (ED), magnetic dipole (MD), toroidal dipole (TD), electric
quadrupole (EQ), and magnetic quadrupole (MQ). The formulas for the
pole moments are shown in the following [37,38]:
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where c is the vacuum light speed, and o is the angular frequency. The
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combined subscripts of @ and g can be x-y, y-z, and x-z, and separate a
and f represent x—z, respectively.

The Q-factor is a crucial parameter affecting the resonator. The Fano
resonance waveform is generally expressed by the following formula
[39]:

g +2(w — wo)/TT*

T(w) :T0+G 3
1+ [2(w— w)/T]

©

where wo = 27¢/2 is the resonance angular frequency, c is the speed of
light in vacuum, A is the resonance wavelength, I" is the resonance
linewidth, Ty is the background scattering parameter, G is the coupling
coefficient between the continuous and discrete states, q is the Breit-
Wigner-Fano parameter, which determines the asymmetry of the reso-
nance curve, o is the incident light angular frequency, and T(w) is the
transmittance [40]. In metasurface structures, the effective interaction
of bright and dark modes can excite Fano resonance, and the difference
in their resonance frequencies also influences the linearity of the Fano
response [41,42].

Fig. 3(a) shows the simulated curve aligns well with the fitted curve.
Fig. 3(b) presents the multipolar contributions (up to the quadrupole) of
FR1. As shown in the electric field diagram in Fig. 3(c), two sets of
current loops are established within the nanowires. In the cross-section
of the left nanopillar, the field arrows (head-to-tail) rotate clockwise
along the z-direction, whereas, in the right nanopillar, the field arrows
rotate in the opposite direction. It can be observed that the displacement
currents in the ellipsoidal nanopillars twist in opposite directions,
generating four longitudinal magnetic moments oriented along the y-
axis, as indicated by the white arrows in Fig. 3(d). This not only confirms
the presence of MQ [43], but also reveals that the direction arrows of the
magnetic fields form a loop and circulate clockwise in the y-direction,

Fig. 3. (a) Results of FR1 with the black line representing the simulated results and the red line showing the fitted results; (b) Multipolar decomposition of FR1; (c)
Electric field distributions of FR1 in the xz-plane; (d) Magnetic field distributions of FR1 in the yz-plane.
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which characterizes TD [44]. Previous researchers have found that the
TD resonance can be effectively excited by constructing elementary
surface structure of tetramer clusters [45] and our structural model also
confirms this conclusion.

Fig. 4(a) presents the Fano fitting result for FR2 when N = 0.9, and
Fig. 4(b) shows that the contribution of EQ dominates FR2 resonance.
Obviously, the EQ contribution dominates the response, followed by MD
and MQ. The electric field distributions of FR2 in the xz-plane are shown
in Fig. 4(c). The electric field is distributed around the external side and
between the gaps in the tetramer. The existence of EQ in the xy-plane is
proven by the vortex of the displacement current [white arrows in Fig. 4
(c)]. Fig. 4(d) shows the corresponding magnetic field distributions in
the xy-plane. The magnetic field is mainly located inside the structure,
and the magnetic vectors distinctly exhibit the salient features of MD.

2.2. Influence of size

To analyze the dependence of resonance on the geometric parame-
ters of the unit, the changes in the transmission curves of the metasur-
face are derived for different substrate thicknesses (H), substrate
thicknesses (h1), substrate dimensions (P), and rectangular widths (w).
The initial parameters are: P = 1000 nm, h1 = 450 nm, Ix = 280 nm, r =
100 nm, ly = 250 nm, w = 140 nm, H = 1000 nm, and N = 0.9.

The dependence of transmission spectra on changes in the substrate
dimensions (P) is assessed while other parameters are fixed. As shown in
Fig. 5, the resonance of FR1 and FR2 exhibits a significant redshift with
increasing P in 10 nm increments, which is attributed to the reduction of
the effective dielectric permittivity of the resonance response due to the
geometric scale effect [46]. Fig. 5 shows that the changes in P have a
negligible impact on the transmissivity. However, they affect the reso-
nant frequency, and adjusting P modulates the resonance frequency.

The impact of H on the transmission spectra is evaluated. The
wavelength range is between 1360 nm and 1460 nm, and the substrate
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Fig. 5. Transmission spectra of silicon nanorods with different substrate di-
mensions (P).

thickness is changed from 940 nm to 1060 nm, while the Fano resonance
profiles FR1 and FR2 redshift. Meanwhile, the transmittance is not lin-
early related to the H, as shown in Fig. 6(a). Firstly, the transmittance
increases as H increases when H is less than 1000 nm. However, when H
exceeds 1000 nm, the transmittance decreases as H increases. The
change in transmittance in Fig. 6(a) is not significant. Therefore, a
compromise of H = 1000 nm is selected. Fig. 6(b) displays the simulated
transmission spectra for different substrate thicknesses (h1). As the

Fig. 4. (a) Transmission spectra and fitted results based on the Fano formula for FR2; (b) Multipolar decomposition of FR2; (c) Electric field distributions of FR2 in

the xz-plane; (d) Magnetic field distributions of FR2 in the xy-plane.
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Fig. 6. (a) Transmission spectra of silicon nanorods with different substrate thickness (H), (b) Height of silicon nanorods h1, and (c) Rectangular width w; (d)

Dependence of line width on rectangle width w.

length h1 of the silicon nanorods increases from 350 nm to 550 nm, the
resonant wavelengths of the transmission peaks FR1 and FR2 redshift,
and the shift decreases successively. The reason for the redshift is that
increasing the length of h1 increases the medium oscillator volume V (x,
y, z) [47]. Adjusting H and h1 can also regulate the position of the
resonance wavelength and improve the modulation depth.

Fig. 6(c) displays the simulated transmission spectra for different
rectangular widths (w), which increase uniformly from 134 nm to 140
nm. The resonant wavelengths of FR1 and FR2 blueshift slightly with
decreasing rectangular width. Fig. 6(d) shows that the linewidth of the

transmission dip is directly proportional to the width of the rectangle. As
a result, w = 134 nm is chosen.

3. Applications
3.1. Sensors based on the QBIC
In RI sensing, a high Q-factor and strong field enhancement are

important, and hence, a high Q-factor of resonance FR1 and FR2 is
necessary. Here, common liquids used in biomedical and sensing

Fig. 7. Transmittance spectra of the mode I versus refractive index for (a) Different biological environments and (b) Different polarization angles (6).
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applications are chosen to assess the transmission of the metamaterial
for different refractive indexes. The refractive index range between
1.319 and 1.36 is selected based on the following: methanol (Npyethanot =
1.319), water (nyater = 1.33), plasma (np1asma = 1.341), ethanol (Meshanot
= 1.352), and diluted alcohol (ngimted aiconot = 1.36). The unified
nomenclature “n,” is used for the refractive index. Fig. 7(a) shows the
transmission spectra of resonances FR1 and FR2 with the gap and sur-
roundings filled with different liquids. When N = 0.9, the Q-factors for
FR1 and FR2 are 41,898.34 and 20,563.17, respectively.

The sensing properties of the all-dielectric metasurface are studied.
The Q-factor in the near-infrared region is defined as follows:

fo

Xrwrm

(7)

where fj is the resonance frequency, and XFWHM is the FWHM of the
transmission spectrum. The sensor sensitivity (S) is defined as follows.
A

=an (€))

S

XF WHM

FOM = ©)

where A4 is the wavelength shift caused by the refractive index change
An, and FWHM is the full-width at half-maximum of the resonance.

Fig. 7(a) shows that when significant redshifts occur in FR1 and FR2
and taking Mmethanot = 1.319 compared to ng = 1.0 as an example, the
redshift ranges for FR1 and FR2 are 67.82 nm and 120.75 nm, respec-
tively. When the proposed metasurface is applied to refractive index
sensing, the sensitivity reaches up to 386.83/707.31 GHz/RIU, with a
corresponding FOM of 2767.37/2314.23 RIU—1. The refractive index
linearity calculations for the FR1 are R, = 0.96993 [48].

3.2. Optical switching based on QBIC

To further study the influence of the symmetry on FR1 and FR2, the
transmission spectra for varying polarization angles # ranging from 0° to
90° are derived and displayed in Fig. 7(b). The transmission spectra
change with the polarization angles, indicating polarization correlation.
As 0 increases from 0° to 90°, the transmission amplitudes of resonances
FR1 and FR2 decrease, while those of FR3 and FR4 increase. Similar to
most symmetrical QBIC resonances, FR1 and FR2 are polarization-
selective. By rotating the polarization direction, the incident beam is
progressively changed from x polarized (@ = 0°) to y polarized (6 = 90°),
and the magnitude of FR1andFR2 gradually decreases until the reso-
nance disappears in the transmission spectrum, while new resonances
FR3 and FR4 appear. With regard to polarization dependence, the
resonance shows a bidirectional change from (0, 1, 0, 1) to (1, 0, 1, 0),
when 0 changes from 0° to 90°. It suggests that the metasurface has
potential in bidirectional optical switching. In Table 1, by comparing the
reported sensors in terms of Q factor, sensitivity, structural design, and
materials, it is demonstrated that the proposed all-dielectric metasurface
sensing structure exhibits a high Q factor, high sensitivity, and high FOM
characteristics, with theoretical comprehensive performance parame-
ters surpassing those of similar dielectric metasurface sensors.

4. Conclusion

A metasurface consisting of four silicon cylinders intersecting rect-
angular blocks and a quartz substrate is designed and analyzed. Two
sharp Fano resonances corresponding to TD-QBIC and EQ-QBIC in the
transmission spectra of the in-plane symmetry-broken metasurface in
the near-infrared region are observed. The resonant frequency and
linewidth can be altered by modifying the asymmetric parameters of the
nanorods. When the asymmetric parameter N is 0.9, the Q-factors are
41,898.34 and 20,563.17, and the FOM values are 2767 RIU ! and 2314

Optics Communications 574 (2025) 131162

Table 1
Comparison of different BIC-based metasurface sensors.
structure RI sensitivity FOM Q-factor References
(Max) (Max)
160 nm/RIU, 115 575RIU! 17,106 [30]
nm/RIU
265 nm/RIU, 265 883 RIU! 32,140 [31]
nm/RIU
240 nm/RIU, 260 675 RIU™! 47,000 [49]
nm/RIU,
135 nm/RIU
402 nm/RIU 2400 8422 [32]
RIU!
386 nm/RIU, 2767 41,898 This work
707nm/RIU RIUY,

RIU™Y, respectively. The feasibility of refractive index sensing and po-
larization angle sensing are investigated. The metasurface is demon-
strated to be an excellent refractive index sensor with high sensitivity
and bidirectional optical switching by controlling the polarization di-
rection of the incident light. The metasurface thus has promising pros-
pects in biosensing and optical switching.
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