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Abstract: High-quality-factor (high-QO-factor) electromagnetic resonance plays an important role in
sensor applications. Previously proposed gas refractive index sensors are often limited by the large
cavity length or microscale fabrication process in practical applications. Recently, ultra-high O factor
resonance based on the bound state in the continuum (BIC) has provided a feasible approach to solve
these problems. In this paper, we propose a metasurface structure consisting of a single size tetramer
cylinder. It supports dual band toroidal dipole (TD) resonances driven by BIC. The physical
mechanism of double TD resonances is clarified by the multipole decomposition of the metasurface
band structure and far-field scattering power. The sensor structure based on this achieves a sensitivity
of 518.3 MHz/RIU, and the maximum line width does not exceed 680 kHz. The high-QO-factor
electromagnetic resonance has the advantages of polarization independence and simplicity to
manufacture. These findings will open up an avenue to develop the ultrasensitive sensor in the
gigahertz regime.
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. bound states in the continuum (BIC) phenomenon
1. Introduction : . .
has attracted wide attention. The high-Q resonance

As high-Q resonance has wide prospects in
many fields, including narrowband filtering [1],
microwave and optical filters, thin-film sensing [2],
and guided-Mode resonant gratings [3]. The high-Q
based on dielectric

resonance high-index

nanoparticles [4], electromagnetic  induction
(EIT) [5], and

polaritons (SPPs) [6] has been reported in previous

transparency surface plasmon

studies. Recently, a class of asymmetric

metasurfaces with high-Q resonance based on the
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driven by quasi-BIC is sensitive to the background
refractive index, which is very convenient for
designing ultra-sensitive refractive index sensors.
Maksimov’s work has proved that the refractive
index sensing with optical bounds states in the
continnum can be implemented in dielectric
structures [7]. The feasibility of good performance
of refractive index sensors driven by BIC in
experiments has also been demonstrated in recent

work [8].

© The Author(s) 2022. This article is published with open access at Springerlink.com

DOI: 10.1007/s13320-022-0673-6
Article type: Regular



Page 2 of 10

BIC was first proposed by von Neumann and
Wigner in 1929 as a concept of quantum domain to
describe the isolated eigenvalues of single-particle
Schrodinger equations embedded in the continuum
of positive energy states [9]. It has been observed in
experiments of electromagnetic, acoustic, and water
waves [10]. A true BIC with disappeared resonance
linewidths and infinite-Q factors can exist only in
ideal lossless infinite structures or extreme values of
parameters [11], so it cannot be observed in the
electromagnetic  spectrum.  Symmetry-protected
BICs exist in periodic structures, which can be
understood as the bound states of one symmetric
class embedded in the continuum spectrum of
another symmetric class. While the symmetry of the
system is preserved, their coupling is forbidden.
Therefore, by breaking the symmetry of the system,
the bound state turns into a leaky resonance. In this
way, BIC is transformed into quasi-BIC and Q
becomes limited but very high.

In this paper, we demonstrate that dual-band
resonances can be induced in a metasurface structure
with a periodic array of tetramer cylinders. The
excitation of the double modes is realized by the
symmetry breaking of the tetramer cylinders
superlattice. Dual-band resonances are driven by
quasi-BIC and displayed in the band structure of the
metasurface. Far-field multipole decompositions and
near-field distributions of the metasurface prove that
the resonances are caused by toroidal dipole. And
these low-loss toroidal dipole (TD) resonances with
the extremely narrow linewidth are very sensitive to
changes in the refractive index of the surrounding
medium. The dual-band resonances can be still
maintained with the change of the geometrical
parameters. Benefiting from these characteristics of
the metasurface, we design an ultra-sensitive gas
refractive index sensor based on this structure. This
symmetric periodic structure of the sensor can excite
a small number of modes while still maintaining the
Cs symmetry, making it polarization independent. Its
sensitivity reaches 518.3 MHz/RIU and figure of
merit (FoM) reaches 2160. This proves a feasible
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approach for the development of GHz sensors.

2. Analysis of metasurface structure and
its band structure

Figure 1(a) illustrates the schematic of the

metasurface structure. Four aluminum oxide
cylinders with the same size on a quartz glass
substrate serve as a structural unit of the metasurface.
The lattice constant is =20 mm, the height of the
quartz glass substrate is /=10 mm, the cylinder
radius is R=22mm, and the cylinder height is &¢=
Smm. A top view of the unit cell in the x-y plane is
shown in Fig. 1(b). When the metasurface is
symmetry-protected, each cylinder is in the center of
a quarter of the lattice. The asymmetric parameter
P=P.=P, represents the axial displacement of the
cylinder shrinking (P>0) or expanding (P<0) from
the symmetry-protected position to the center of the
cell. For P#0, it means the introduction of symmetry
breaking. The reflection spectrum of the metasurface
presented in this paper is calculated by using the
finite element method commercial software of
COMSOL  Multiphysics.

conditions are set in both x and y directions, and

Periodic  boundary
perfect matching layers are set at the upper and
lower parts of the unit cell. The calculation results
are shown in Fig.2. There is no resonance for the
symmetry-protected matesurface with P=0 mm.
When the axial displacement parameters P of the
metasurface is set to 0.5mm, the resonance of total
reflection can be observed at 7.931 1 GHz and
9.1184GHz.

(a) (b)
4y

m ALO;
Quartz

Fig. 1 Schematic of the all-dielectric metasurface structure:
(a) 3D schematic of the GHz all-dielectric metasurface structure
and (b) top view (x-y plane) of the unit cell.
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Figure 2(c) shows the dispersion curves for
transverse electric (TE)-like modes and transverse
magnetic (TM)-like modes along X-/-X'. The solid
black line represents TE-like mode, and the dotted
blue line represents TM-like mode. The labeled
numbers represent the indexes of the corresponding
bands, and the figure on the right corresponds to

their electromagnetic field distributions at points /I
in k-space, which helps us to understand the nature
of BIC. These eigenmodes can be divided into two
types: modes whose distributions of electromagnetic
fields are even (Modes 1, 3, and 5) and modes
whose distributions of electromagnetic fields which
are odd (Modes 2 and 4) under Cs.
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Fig.2 Reflection spectra of modes at the metasurface: (a) reflection spectra of Mode 1 at symmetric (P=0mm) and asymmetric
(P=0.5mm) metasurfaces, (b) reflection spectra of Mode 2 at symmetric (P=0 mm) and asymmetric (P=0.5 mm) metasurfaces, (c) band
diagrams along X-/-X" (ka/2x) of the metasurface. The out-of-plane components of their electromagnetic fields are shown in the right
panel, and (d) quality factor distribution corresponding to the BIC band.

At frequencies below the diffraction limit
wc =2na[10], the only radiating channel at the I’
point is a plane wave along the z axis [12]. So, the
electromagnetic field distribution of a normal
incident plane wave with any linear polarization
direction is odd with respect to the C4 symmetry
around the z axis. While the electromagnetic field
distributions that are even cannot be excited at the I
point due to the mode symmetry mismatch.
Therefore, in this paper, Modes 1 and 3 can be
excited by the normal incident plane wave with
E,(Ey) polarization. At the same time, the mode with
even electromagnetic field distribution will be
prohibited, which avoids the interference of multiple
excitation for ultrasensitive
When a

microscope (TEM) wave is incident, there are only

modes sensing

applications. transmission  electron

two resonances in the corresponding frequency band.

And the intrinsic frequencies corresponding to
Modes 1 and 2 are respectively consistent with the
two resonant frequencies of the metasurface with
symmetric breaking, which confirms the previous
analysis.

We also calculate that the quality factors of these
eigenmodes are odd. The quality factor is defined as
the ratio of the real part (w,) and imaginary part (y)
of the intrinsic frequency, i.e., O=an/2y, and y is
related to the radiation loss. The calculation result of
Band 2 is shown in Fig.2(d). It can be seen that the
quality factor the
dispersion curve approaches the point /I” in the
k-space. When the metasurface is at the /" point, the
coupling of certain resonances to the radiation
modes are forbidden by symmetry. And when it

approaches infinity when

deviates slightly from the BIC point, it will show
radiation to the outside of the metasurface [13].
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3. Properties of metasurface

Figure 3 shows the electromagnetic field
distribution corresponding to the peak frequencies of
the two modes of the metasurface to explore the
origin of resonance. The red cones represent the
displacement current density, and the blue cones
represent the magnetic field vector. For Mode 1, as
shown in Figs. 3(a) and 3(c), the displacement
current vector forms a loop between adjacent
cylinders in the x-z plane, and the induced magnetic
field vector in the y direction forms a closed
magnetic vortex in each alumina cylinder, which is a
characterization of the TD resonance. And the
direction of the TD is along the z direction according
to the right-hand screw rule. For Mode 2, the
displacement currents circulation direction of
adjacent cylinders in the y direction is opposite and
the displacement current circulation direction of
adjacent cylinders in the x direction is the same,
which indicates that an opposite-phase magnetic
dipole along the z direction is induced in the
cylinder pair in the y direction. The magnetic field
vector circulates counterclockwise between adjacent
cylinders in the y-z plane, producing TD in the x
direction. More importantly, the electric field of the

TD mode concentrates on the metasurface and the

surrounding air layer. In this case, more analytes
will be covered by electric fields in the TD mode,
overlap and

achieving better spatial
light-matter interactions [14].

stronger

(a) A i’
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Fig. 3 Electromagnetic field distribution of two modes:
(a) and (d) orientation of displacement current (red cones) and
magnetic field vector (blue cones) is within the structural units
of two modes; (b) and (e) electromagnetic field distribution of
two modes in the x-y plane (z is half height of cylinder); (c) and
(f) electromagnetic field distribution of two modes in the x-z
plane and x-z plane, respectively. The black arrow represents the
magnetic field vector, and the white arrow represents the
displacement current.
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To prove that the two resonant modes in our
proposed structure are related to a toroidal dipolar
mode, we carry out multipole decomposition of
displacement currents in terms of five strongest

multipoles: electric dipolar moment (ED) P,
magnetic dipolar moment (MD) M, electric
quadrupole moment (EQ) Q(e) , magnetic

quadrupole moment (MQ) Q;’f')ﬁ , and toroidal

dipolar moment (TD) T, respectively. The multipole
moments
displacement current density j [15, 16]:

can be calculated based on the

¢,
P—Ejjdr (1)
M = L f (rxj)dr )
T-— - [(r pr-2r2j]dr 3)

Q(e) Z.LJ{(”DJ/}+rﬁja)—§(r'j)5a,ﬁ}d3r (4)

Q) = J[(rxj) +(rxj)ﬂra]d3r (5)

where r is the position vector, w is the frequency of
incident light, ¢ is the light speed in vacuum, and
a, f=x,y, z. Here the charge density p, which
usually appears in the definition of ED and MQ, has
been replaced with displacement current density j
via  charge  conservation
iwp+V-j=0 [17].
excitation ~exp(iowt) the

relationship  of
In the case of harmonic
expression of the
far-field radiated power for different multipoles has
the form [18]'
2
3 3

20° , o ©
3 5 |T| +_SZ|Q0¢,/?| +

= 52|Q;:",;| +o( 1) ©)

where the five terms correspond to ED, MD, TD,
EQ, and MQ. The last term is a higher-order term,
which contains the high-order multipole scattering

IPI

and coupling between them, which can be generally
ignored [19].
Refer to (1)—(6), the contribution of different
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multipoles to far-field scattering power can be
obtained. The calculation results are shown in Fig.4.
It can be clearly seen in Figs.4(a) and 4(c) that, for
the metasurface P=0, only MD has weak resonance
in the frequency band near the BIC point, and the
other components do not fluctuate significantly in
the frequency region of interest. In the case of P=0,

dual-band resonances are realized as BICs are
transformed to quasi-BICs because of the symmetry
breaking of the metasurface, i.e., from the
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centrosymmetry of simple lattice to the four-fold
symmetry (C4) of superlattice. When we set the
geometric displacement parameter P to 0.5 mm, the
scattered power from toroidal dipolar moment TD is
significantly enhanced at each frequency position
matching the reflection peaks in Figs.2(a) and 2(b).
And TD plays a dominant role in both resonant
modes, which clearly indicates that the resonant
modes of the two modes are closely related to the
excitation of the toroidal dipole mode.
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Fig. 4 Multipole decomposition of modes: (a) and (b) multipole decomposition of Mode 1 (P=0 and P=0.5 mm);

(c) and (d) multipole decomposition of Mode 2 (P=0 and P=0.5 mm).

4. Geometric properties of metasurface

In Fig. 2, we observe that the intrinsic
frequencies corresponding to the two BIC points do
not exactly match the peak positions of the two
modes. Figures 5(a) and 5(d) show the relationship
between the resonant frequencies of the two modes
and the asymmetric parameter P. With the increase
of P, the line width increases, and the resonant
frequency of Mode 2 moves to the short-wave

direction, while the resonance frequency of Mode 1

hardly changes. This means that we can adjust the
line width and resonance frequency of Mode 1 by
adjusting P and other geometric parameters,
respectively. For an asymmetric metasurface
structure, we calculate the corresponding O factors
of Modes 1 and 2 at different asymmetric parameters
P. We use the following formula to calculate the Q
factor:

Jo

Q= FWHM

(M
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where fy is the frequency of the resonance, and
FWHM is the half band width of the reflection peak.
Figures 5(c) and 5(d) shows the relationship
between the asymmetric parameter P and the
QO factor for Modes 1 and 2, respectively. They
show symmetry with respect to the position P=0,
which indicates that for P with the same absolute
value, the Q factor of the corresponding mode is
almost the same,
cylinders
diagonals of the unit cell, the Cs symmetry of
metasurface is still maintained. The relationship of

because when the tetramer

are shrunk or expanded along the

Photonic Sensors

inverse quadratic law, ie, Qo P, which is
consistent with what has been suggested in [20]. The
O factor for Mode 1 increases to an ultrahigh value
of 2.4x10° as |P| approaches to 0mm and become
infinite at P=O0mm. The Q factor of Mode 2 has a
similar variation trend as that of Mode 1 and reaches
an ultrahigh value of 4.9x10° near P=0 mm and
achieves the infinity factor at P=O0mm. As shown in
Figs. 1(a) 1(b), P=0, the
symmetry-protected BIC cannot be excited by
incident plane waves, the @ factors
approaches infinity, and the resonance linewidth

and when

normal

the QO factor on P of both modes subject to the vanishes.
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Fig. 5 Reflection spectrum and Q factor when asymmetric parameters change: (a)—(c) Mode 1 and (d)—(f) Mode 2.

To investigate the dependence of dual modes
resonant frequencies on the geometric parameters of
the metasurface, we calculate the change of
transmission response due to fine-tuning of a single
geometric  parameter. For each  geometric
parameter, the adjusted step size is set as 0.1 mm,
and the asymmetric metasurface proposed above
(P=0.5mm) is taken as the reference parameter of
A=0. In Fig. 6, we discuss three parameters: the
cylinder radius R, the cylinder height 4o, and the
substrate thickness /;. The position changes of the
resonant frequencies of the two modes are plotted in
Fig. 6(d). For these three cases, the resonance
to the

frequency moves short-wave direction

with the increase of the parameter size, and the
frequency shift is linear to the variation of parameter.
Both modes respond to the changes of the two
dimensions of the cylinder. When the radius of
cylinder R increases, the frequency shifts of the
resonant frequencies of the two modes are almost
the same. From A4=-0.2 mm to A4=0.2 mm, the
resonant frequencies of the two modes change from
39 MHz to 37.2 MHz, respectively. And the line
width of both modes increases. For the height of the
cylinder Ay, it has almost no effect on the linewidth
of the two modes. Compared with Mode 1, the
frequency shift of Mode 2 is more significant,
reaching 101 MHz.
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Fig. 6 Reflectance spectra of metasurface with different geometric parameters: (a)—(c) reflectance spectra of metasurface when R,
ho, and h1 change; (d) resonant frequencies of the two modes varying with geometric parameters.

As shown in Fig. 6(c), with the change of
substrate thickness, we can observe that the
linewidths of the two resonances do not change, and
the resonant frequency of Mode 2 almost does not
shift. Although Mode 1 moves slightly in the
shortwave direction, the frequency shift is quite
small compared to the effect caused by the cylinder
size change. This is consistent with our previous
assessment. However, it can be seen that the two
modes are insensitive to /1, and the line width of the
two modes is unchanged. Mode 1 only has a slight
frequency shift, while Mode 2’s is almost invisible.
In the discussion of the electromagnetic field
distribution of the two modes [Fig.3(c) and 3(e)], it
can be observed that the displacement current
represented by the black arrow is concentrated on
The

magnetic field vector confined to the substrate range

the longitudinal region of the cylinders.

represented by the coloring area in Fig. 3 is the

product of the displacement current vortex. In this
paper, we mainly reduce the symmetry by changing
the position of the cylinders and then transform the
symmetry-protected BIC into quasi-BIC, which
further indicates that the dual TD resonance are
the
substrate does not materially affect the structure, so
the weak effect of the substrate thickness can be

driven by quasi-BIC. In such a structure,

expected.

5. Design of GHz ultra-sensitive gas
refractive index sensor

The two resonant frequencies of the metasurface
are closely related to the refractive index of the
background medium, the
metasurface has an ultra-high Q factor [21]. These

and asymmetric
characteristics provide a feasible approach for
gas-sensing applications. Based on the asymmetric
metasurface mentioned above (P=0.5 mm), we
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design an ultra-sensitive gas sensor, and its
schematic diagram is shown in Fig.7(a). We define
the distance from the upper surface of the substrate
to the upper layer of the detected material as the
detection thickness /. As /7

interaction between the analyte and the electric field

increases, the

becomes stronger, leading to the frequency shift of
the resonance. When the thickness of the analyte is
higher than that of the fringing electric field, the
frequency shift reaches saturation [14]. Therefore,
for the stability of the sensor, we set a large enough
detection thickness (42 =16 mm).

Figure 7(b) indicates the influence of changes in

Photonic Sensors

the background refractive index on the two modes.
Resonant frequencies of corresponding modes are
plotted in Figs.7(b) and 7(c), and the solid black line
represents the linear fitting. Mode 1 shows good
linearity to the change of refractive index of the
analyte. As the refractive index of the analyte
changes from 1.0 to 1.4, Mode 1 is perfectly linear
for the refractive index of the analyte, while Mode 2
is linear for the relative permittivity. Moreover,
Model’s FoM and sensitivity are better than Mode
2’s, so it is more valuable to use the fluctuation
range of Mode 1 resonance as the working

frequency band of the sensor.
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Fig. 7 Metasurface working as ultra-sensitive as refractive index sensor: (a) schematic of GHz ultra-sensitive gas refractive index
sensor, (b) reflection spectrum of different refractive index of background medium, (¢)—(d) resonant frequencies of the two modes vary
with different refractive index of background medium, (e¢) FoM of modes with different refractive index of background medium, and

(f) polarization characteristic of the GHz sensor.

The sensitivity of Mode 1 resonance reaches
518.3 MHz/RIU and the maximum line width is only
0.34 MHz. The resonant frequency of Mode 2 is
negatively correlated with the dielectric constant of
the analyte. Figure 7(e) calculates the change of
FoM with the increase of the refractive index. FoM
is defined as FoM=S/FWHM, where S is the
sensitivity. When the refractive index ranges from
1.0 to 1.4, the FoM of Model ranges from 1570 to
2 160, which is higher than the FoM and the

sensitivity of the previously reported GHz gas
refractive index sensors as shown in Table 1.

As shown in Fig.3(e), the displacement currents
show a circular behavior encircling around the
center of each cylinder. This ring-like displacement
currents’ pattern produces four magnetic moments
oriented along the z-axis. This indicates that each
cylinder in the superlattice responds independently
to the
Displacement currents are generated and vortexed

polarization of the incident wave.
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with adjacent cylinders in the direction of
polarization. Since the asymmetric metasurface is
derived from a symmetric shift along the diagonal of
the unit cell, the C; symmetry of the system is
topological. Therefore, as shown in Fig. 7(f), the
sensor shows polarization independence for the
normal incident electromagnetic wave, which is

beneficial to the practical application of the sensor.

Table 1 Performances of GHz sensors including type of
sensing structure and sensitivity of the developed systems.

Reference Sensing structure S (MHz/RIU)
[22] Side-polished optical fibers 293
[23] Side-polished DBR fiber Laser 141.9
[24] Micro-nano fiber 369.6
[25] Tapered optical fibers 293
[26] Dual SRRs 20
[27] CSRR 55

This work All-dielectric metasurface 518.3

6. Conclusions

We propose a GHz ultra-sensitive gas refractive
index sensor based on a tetramer cylinders
metasurface driven by BIC. By shrinking or
expanding the cylinders from the center of the
simple lattice along the diagonal direction of the
tetramer lattice, BIC is converted into quasi-BIC,
and the dual-frequency TD resonance with a high O
factor 1is obtained. Moreover, the resonance
frequency and linewidth can be adjusted flexibly by
changing its asymmetric parameters. The sensing of
the analyte shows that the TD resonance generated
by the GHz sensor is perfectly linear to the variation
of refractive index and polarization independent. Its
sensitivity is 518.3 GHz/RIU and FoM is 2160. The
sensitivity is higher than that of the previously
proposed GHz sensor, and FoM can be further
improved by reducing the asymmetric parameters.
And it has the characteristics of simple process and
low cost in the millimeter scale. We believe that the
proposed structure will be an excellent and stable

alternative system for biochemical detection.
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