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In this Letter, we propose a symmetric metasurface com-
posed of single-sized amorphous-silicon (a-Si) cuboids
tetramer clusters that support two resonances with opposite
symmetry, i.e., in-plane magnetic dipole (MD) resonance
and in-plane toroidal dipole (TD) resonance governed by
symmetry-protected bound states in the continuum (SP-
BIC) in the near-infrared region. Since the cuboids tetramer
of the metasurface retains C4, symmetry and mirror sym-
metry, both resonances are polarization independent.
Multipolar decomposition of scattering power and electro-
magnetic distribution are performed to clarify the physical
mechanism of dual quasi-BIC resonances. The effects of
geometric parameters on both high-quality (Q) resonances
are also studied. Additionally, the sensing performance
of the designed metasurface is evaluated. The effects of the
material’s loss on both resonances are also studied. Our work
provides a new route to designing dual mode polarization-
independent resonators without multi-sized complex
structures that may facilitate designing high-performance
sensing applications. ©2021 Optical Society of America

https://doi.org/10.1364/0L.432117

High-Q resonance in nanophotonics has attracted growing
attention over the past decade because of its promising use in
applications ranging from narrow-band filtering [1], slow-light
devices [2], nonlinear optics interaction enhancement [3] to
highly sensitive sensing [4]. High-Q resonance structures such
as photonic crystals [5], guided-mode gratings [6], Fabry—Perot
resonators [7], ring resonators [8], and whispering-gallery
resonators [9] are usually based on the total internal reflection
principle and work below the light line. Previous approaches to
high-Q resonance design imposed intrinsic drawbacks of high-
volume cavities or large-scale bending radii [10]. Recently, a
new route to designing high-Q resonances based on asymmetric
metasurfaces [11] that are related to the BIC phenomenon has
garnered much attention because its exotic optical properties
allow it to work above the light line.

Bound states in the continuum (BIC) was originally proposed
in quantum mechanics to describe the isolated eigenvalues of
single-particle Schrédinger equations embedded in the con-
tinuum of positive energy states [12]. Then it was extended to
classical wave physics including acoustics, electromagnetics,
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hydrodynamics, elastic waves, and optics [13]. BIC can be
regarded as a resonant state with zero linewidth and infinite
radiative Q factors. In optics, BIC is a phenomenon where light
can be perfectly localized even above the light line. Ideal BIC
cannot be observed from the electromagnetic spectrum because
of its nonradiative intrinsic features with vanishing resonance
linewidths.

By breaking the symmetry of structures, SP-BIC can be
perturbed and then transformed into quasi-BIC, which can
radiate to the external continuum and produce high-Q res-
onances when near-field distribution slightly deviates from
symmetric modes [14]. Resonances governed by the SP-BIC are
frequently polarization sensitive [15—17] because the in-plane
symmetry perturbation [18,19] and out-of-plane symmetry
perturbation [20,21] required for their excitation always breaks
the rotational symmetry, or mirror symmetry, of the structures.
To design polarization- insensitive resonances driven by SP-
BIC, metasurfaces consisting of a nanodisk multimer supercell
[22—-24], a radius asymmetric perforated holes array in a high-
refractive-index slab [25], and a reduced symmetry hexagonal
high-index-contrast grating [26] were employed. However, the
aforementioned symmetry perturbated structures are not easy
to design and fabricate when compared to single-sized regular
geometry. Recently, polarization-independent SP-BIC was
excited in metasurfaces made of equidistantly spaced perturbed
high-refractive-index dielectric disks array [27]. This sym-
metric perturbation method without losing Cy, features was
encouraging. However, only single-mode resonance may limit
itsapplication.

In this Letter, we demonstrate that polarization-independent
dual-mode resonances that are governed by SP-BIC can be
induced in single-sized cuboids tetramer metasurface with
Cyy features. More importantly, metasurfaces with dual BICs,
which can modify line shapes at two resonance wavelengths
simultaneously, are quite suitable for nonlinear optics and mul-
tiwavelength sensing [28]. We also noted that dual resonances
of the metasurface are with opposite symmetry, and such a
system with opposite symmetry may support degenerate critical
coupling phenomena [29].

As shown in Fig. 1(a), four square unit cells with the same
geometric parameters are arranged into a2 X 2 square supercell.
Geometric parameters include the period of the single-unit cell
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Fig. 1.  Schematic of the supercell consisting of four same square
unit cells when (a) g = p — w and (b) g is changed to ¢’. (c) Schematic
of the metasurface with thickness /- and x-polarized normal incidence

light.

2> the width of the a-Si cuboid w, and the gap distance between
neighboring cuboids in supercell g. The center of each cuboid
and the center of each unit cell is coincident in Oy, O,, Os,
and Oy, respectively, i.e., ¢ = p — w. In this state, the minimal
period of the whole structure is p, and each unit cell retains
its C4, symmetry and mirror symmetry. To cause a symmetry
perturbation of the whole structure without losing the Cy4,, sym-
metry and mirror symmetry, four cuboids are moved toward the
center of the supercell O simultaneously, as shown in Fig. 1(b),
i.e., p and w remain unchanged, whereas g varies to g’. After the
operation provided in Fig. 1(b), the minimal period of the whole
structure changes from p to A =2p.

As a demonstration, we set the metasurface depicted in
Fig. 1(c) with geometry parameters p = 500 nm, w = 300 nm,
¢ =200 nm, and » = 200 nm. The refractive index of the a-Si is
set as 3.42 [30]. The asymmetry parameter isoe = Ag /g, where
Ag =g — ¢’ represents the gap-distance difference between
the original state and the present state. A numerical calculation
was performed utilizing COMSOL with periodic conditions
applied in both x and y directions of the unit cell, and the per-
fectly matched layer condition was applied above and under
the unit cell. The calculated transmission spectra of varying
Ag ranging from 0 to 160 nm with a 40 nm step are plotted in
Fig. 2(a). Clearly, for Ag =0 nm (i.e., ¢ =200 nmand @ = 0),
no transmission dips can be observed, and the linewidth van-
ishes. As the Ag increases, the transmission spectra show two
distinct Fano line-shape resonances, and its linewidth increases.
Meanwhile, the two resonant wavelengths both shift toward
longer wavelengths as the Ag increases.

In Figs. 2(b) and 2(c), the relationship between the Q factor
and the asymmetry parameter, o, of both modes is investi-
gated. The dependence of the Q factor on & of both modes met
the inverse quadratic law, i.e., Q a2, which is consistent
with previous research [31]. This also demonstrates that both
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Fig.2. (a) Evolution of the transmission spectra versus Ag. Log-log
plot of Q as a function of the « of (b) Mode 1 and (c) Mode 2. Fano fit-
ting of (d) Mode 1 and (¢) Mode 2.
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Mode 1 and Mode 2 are governed by SP-BIC. Two asymmetric
resonances originated from the interference between discrete
states of tetramer metasurfaces and the continuum-free space.
In Figs. 2(d) and 2(e), we fit the curves of Mode 1 and Mode 2
when Ag =40 nm with the classical Fano formula

[ +2(w — wp) /7]

T =t A e —an/r

(1

where 7j is the transmission offset, Ay is the continuum-discrete
coupling constant, g represents the Breit—Wigner—Fano param-
eters, @ is the resonant wavelength, and 7 is the resonant
linewidth. The Q of Mode 1 and Mode 2 at Ag =40 nm can
be evaluated with Q = wy /7t and derived from Qyp = 551 and
Qrp = 1137.

To gain additional insight into the mechanism of the two
quasi-BIC mode resonances, the scattering powers of dif-
ferent multipoles including the electric dipole (ED), the
magnetic dipole (MD), the toroidal dipole (TD), the elec-
tric quadrupole (EQ), and the magnetic quadrupole (MQ)
in the Cartesian coordinate system were calculated [32] and
plotted in Figs. 3(a)-3(d). For Mode 1, it can be observed clearly
that the contribution of the MD (red solid line) is dominant,
which indicates that Mode 1 is mainly induced by the MD, as
shown in Fig. 3(a). By decomposing the x, y, and z components
of the MD scattering powers in Fig. 3(b), we find that the y
component of scatter power from the MD is predominant in the
MD scatter power and nearly equals to it in value. Whereas the
x and z components of scatter power from the MD approaches
zero when compared to the y component. This indicates that
the MD moment is along the y direction when the metasur-
face is illuminated by x-polarized light. For Mode 2, the TD is
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Fig.3. Scattered powers near Mode 1 from (a) multipoles and (b) x,
7, and z components of the MD. Scattered powers near Mode 2 from
(c) multipoles (d) x, y, and z components of the TD. Electromagnetic
field distribution of Mode 1 (¢),(f) and Mode 2 (g),(h).
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predominant and the TD moment is along the x direction, as
depicted in Figs. 3(c) and 3(d).

Electromagnetic field distributions of the metasurface at the
corresponding resonance mode are visualized in Figs. 3(e)-3(h).
The black cones represent the displacement current density, and
the white arrows represent the magnetic field vector. For Mode
1, displacement currents are circulated in a clockwise circulation
manner between the intra-cluster x direction neighboring
cuboids and counterclockwise in the inter-cluster x direction
neighboring cuboids, as shown in Fig. 3(e). Displacement
currents distribute in a head-to-tail manner, which is a charac-
terization of the MD resonance, and the direction of the MD
is along the y direction according to the right-hand screw rule,
which is consistent with the far-field analysis and the magnetic
vectors in the y — z plane plotted in Fig. 3(f). For Mode 2, as
shown in Fig. 3(g), circulation orientations of displacement
currents in the y direction of the Si neighboring cuboids are
opposite and the same in the x direction of the neighboring
cuboids, which indicates that the opposite phase magnetic
dipoles along the z direction are induced in the y direction
cuboids pair. Figure 3(h) depicts the magnetic field distribution
at the y — z plane. Opposite-phase magnetic dipoles form a
closed magnetic vortex in the y — z plane. Magnetic field vec-
tors are circulated in a counterclockwise circulation manner
between the intra-cluster y direction neighboring cuboids and
clockwise in the inter-cluster y direction neighboring cuboids.
Magnetic field vector distributes in a head-to-tail manner, which
is a characterization of the TD resonance, and the direction of
the TD is along the x direction according to the right-hand
screw rule. As we have mentioned before, such dual resonances
are with opposite symmetry (y direction in-plane MD and x
direction in-plane MD).

In fact, when g is set to a constant, the variation of A or w
can also cause symmetry perturbation. It should be noted that
A is related to the electromagnetic diffraction directly [33], and
w has a strong effect at the scattering property of each cuboid
resonator [34]. Thus the influence of p and w on the two modes
is very complex. Q no longer obeys the inverse-square depend-
ence rules on the asymmetric parameters when varying p or
w. It can be seen from Fig. 4(a) that both Mode 1 and Mode 2
resonance wavelengths red shift when A is increased from 1050
to 1250 nm. The linewidth of Mode 2 increases noticeably when
compared to Mode 1. On the contrary, when w decreases from
280 to 200 nm, both mode resonance wavelengths blue shift.
The linewidth of Mode 1 increases noticeably when compared
to Mode 2.

The thickness of the metasurface 4 does not affect the sym-
metry of the structure, and it can be used to tune the resonance
wavelength of both modes. As a demonstration, we chose base
case geometric parameters as ¢’ =160 nm, p = 1000 nm,
w = 300 nm, and / = 200 nm. As shown in Fig. 4(c), increas-
ing 4 from 180 to 220 nm resulted in the red shift of both
resonances in a linear manner, while their linewidths changed
little. Another way to tune the resonance wavelength without
changing the asymmetry parameter is to increase, or decrease,
the geometrical parameters by simultaneously multiplying them
(p,w, g, and /) with a scaling factor F (farad). It can be seen in
Fig. 4(d) that both resonances shift to the longer wavelengths
linearly when the scaling factor increases, while their linewidth
remain nearly unchanged.
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Fig. 4. Evolution of the transmission spectra versus (a) A, (b) w,

(c) hyand (d) E

Both resonant wavelengths of the metasurface are dependent
on the surrounding background medium, which is promising
for gas-sensing applications [35]. Based on this, we designed
a metasurface gas sensor composed of Si cuboids tetramer
clusters, a low refractive index dielectric substrate (MgF, with
the refractive index unit (RIU) set as 1.38), and an integrated
microfluidic channel, as shown in Fig. 5(a) [36,37]. This meta-
surface can be fabricated by depositing a-silicon film onto
the MgF, substrate by means of low-pressure chemical-vapor
deposition and subsequent patterning of the silicon layer via
standard electron-beam lithography (EBL) or reactive ion
etching (RIE) [38]. In the calculation, supposing that the
EBL system with the mediocre performance is chosen and the
geometric parameters of the metasurface gas sensor are set as
A =1000 nm, w =300nm, #=200nm, and g’ =190 nm
(i.e., Ag=10nm and a =0.05), the sensing performance
can be evaluated with sensitivity, S= AL/An, and figure of
merit, FOM = S/FWHM, where AA is the resonance peak
wavelength shift, and An is the refractive index change of the
analyte gas.

As shown in Fig. 5(b), increasing the refractive index of gas
from 1.01 to 1.09 can cause a red shift of the resonant wave-
length, Amp, from 1250.00 to 1292.10 nm, with the FWHM
being smaller than 0.07 nm and the step interval, AX, being
about 10.28 nm. The resonant wavelength, Arp, red shifts
from 1317.48 to 1342.41 nm, with the FWHM being smaller
than 0.09 nm and the step interval, AX, being about 6.23 nm.
The analyte index ranging from 1.3 to 1.4, which covers most
aqueous and alcohol solutions relevant for refractometry, is
considered in Fig. 5(c). Both resonant wavelengths show linear
dependence rule with a calculated Syp = 613 nm/RIU and
a Stp =535nm/RIU in this considered wavelength range,
and the FOM of the MD mode and the TD mode can achieve
34056 and 4534, respectively. When considering a broader
range of analyte index ranging from 1 to 1.4, the sensor’s lin-
earity deteriorates, as shown in Fig. 5(d). But with a narrower
range, such as 1-1.1, linear dependence still works well with
the slope of the linear fitting in this range, Syp = 526 nm/RIU
and Stp =312 nm/RIU. The FOM of the MD mode and
the TD mode can achieve 8092 and 3387, respectively, in this
range. We also considered the loss effect of a-Si cuboids on both
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Fig. 5. (a) Schematic of the metasurface with a MgF, substrate.
Transmission spectra versus the refractive index of gas (b) 1-1.1 and
(c) 1.3-1.4. (d) Transmission peak wavelengths as a function of the
gas’s refractive index. (e) Evolution of the transmission spectra versus

loss 4.

resonances. As shown in Fig. 5(e), with the refractive index of
sensing air set as 1.05, when the loss of cuboids 4 increases, espe-
cially when £ > 1073, the FWHM increases noticeably, and
both resonances wavelength remain nearly unchanged. Q can
be evaluated by Q = wy/FWHM. Thus larger # progressively
deteriorates the Q and the FOM. Transmission is also reduced,
especially at the resonance wavelength when increasing 4. In
reality, metasurfaces that consist of square unit cells are generally
fabricated in finite size and consists of /V x N unit cells. Q
can be boosted up by increasing V. Thus, to derive a high-Q
resonance, the metasurface should be fabricated with N > 15,
asillustrated by Liu ez a/.’s results [31].

In summary, symmetric metasurfaces composed of single-
sized cuboids tetramer clusters were proposed, and the
mechanisms of both the quasi-BIC modes were analyzed by
multipolar decomposition of scattering powers and near-field
distributions. The effects of the geometric parameters on the
resonances were also studied. The performance of the designed
metasurface sensor shows that its gas-sensing ability is very
promising.
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