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Excitations of Multiple Fano Resonances Based on
Permittivity-Asymmetric Dielectric
Meta-Surfaces for Nano-Sensors

Yusen Wang ', Shilin Yu

Abstract—We have designed an all-dielectric device based
on permittivity-asymmetric rectangular blocks on meta-surfaces,
yielding multiple Fano resonances with high sensitivity and high
figure of merit (FOM) in the near-infrared regime. By introduc-
ing different materials to break the permittivity-symmetry, three
sharp Fano peaks are generated with high Q-factors arising from
the interference between the sub-radiant modes and the magnetic
dipole resonance modes. Combining the field distributions and the
multipole decomposition in Cartesian coordinates, the resonance
modes are analyzed to be magnetic quadrupoles (MQs) and mag-
netic dipoles (MDs). Furthermore, the dependence on materials
and geometric parameters has been studied. The maximal sen-
sitivity, FOM and Q-factor reach 394 nm/RIU, 4925 and 14437,
respectively. This proposed structure provides a good alternative
to geometry-asymmetric meta-surface structures and may be used
for multichannel sensing, nonlinear optical devices, and laser.

Index Terms—Permittivity-asymmetry, BIC, high sensitivity,
meta-surface, Fano resonance, nano-sensor.

1. INTRODUCTION

IGH sensitivity sensors play a significant role in the

field of opto-electronic applications, such as lasers [1],
nonlinear optics [2], and optical switching [3]. To enhance
device performance, High Q-factor resonances have been widely
employed, including Fano resonance and bound states in the
continuum (BIC) [4]-[8]. Fano resonance is a phenomenon
manifested as an asymmetric spectral feature (Fano shape) due
to the interference of a narrow resonance with a much broader
band of states (continuum). BICs are localized waves coexisting
with a continuous spectrum of radiating waves due to destructive
interference in which the coupling with all radiative waves
vanish. In practice, BIC can be realized as a quasi-BIC mode
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when both the Q factor and the resonance width become finite
in a Lorentzian shape. A close link between BICs and Fano
resonances was revealed recently on meta-surfaces [21], the
transmission spectra of dielectric meta-surfaces can be described
explicitly by the classical Fano formula near the conditions for
the quasi-BIC.

Javier Gonzalez-Colsa [9] designed a tunable grating-based
high sensitivity plasmonic sensor using metal materials, and
the sensitivity was up to 1500 nm/RIU. However, the Q-factor
of the metal-based structure was low [10], which had more
Ohmic losses. In opto-electronic systems, most of the devices
are made of commonly used semiconductor materials [11], [12],
such as Silicon (Si), Germanium (Ge), gallium arsenide (GaAs),
and indium arsenide (InAs) etc. [13]. Therefore, studying and
realizing high sensitivity resonances in these commonly used
semiconductor materials is important [14]-[16]. Recently, high
sensitivity dielectric meta-surfaces are developed [17]. Dielec-
tric meta-surfaces can support both electric and magnetic dipolar
Mie-type resonances [18] and avoid the Ohmic losses effi-
ciently, generating much narrower Fano resonances compared
with traditional plasmonic meta-surfaces [19]. They can also
excite strong magnetic and toroidal responses [20]. In dielectric
meta-surfaces, electric and magnetic dipole oscillations would
be generated when the incident plane wave has an electric field
polarization along a specific direction of a symmetric structure
[21]. The wide spectral line thus formed can be seen as a bright
mode (radiative band). Breaking the in plane inversion symmetry
can change the distribution of the dipole moments, causing the
different displacement current [22] and a quasi-BIC. As a result,
near-field coupling would restrain the energy of radiation, which
can be seen as a dark mode (localized state). When the coupling
of the bright mode and the dark mode occurs in the vicinity
of quasi-BIC, sharply asymmetric Fano resonances would be
excited [23]. Multipole decomposition is an effective method
to analyze different multipole contributions on excited electro-
magnetic resonances [24], such as electric dipole (ED), magnetic
dipole (MD), electric quadrupole (EQ), magnetic quadrupole
(MQ), and toroidal dipole (TD). Combining the results of multi-
pole decomposition and the field distribution, the origin of Fano
resonances can be analyzed.

Due to demand in multichannel devices, recent research in
optical Fano resonances has extended from single Fano reso-
nance to multiple Fano resonances. Gui-Dong Liu et al. [25]
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proposed a refractive index sensor based on Fano resonance
in Si split-ring meta-surface with a sensitivity of 452 nm/RIU
and a figure of merit of 56.5. Xu Chen et al. [26] proposed
a terahertz sensor of which the sensitivity is 1.96GHz/RIU
and the FOM is up to 3189. One simulation of a sensor with
Fano-resonances and polarization-insensitivity was reported by
Liu et al. [27] with a sensitivity of 186.96 nm/RIU and FOM of
721. However, experimental results are scarce due to fabrication
difficulty.

One important way to generate Fano resonances is symmetry
breaking. The most widely used method is by geometrical sym-
metry breaking. However, this method requires high accuracy of
fabrication to achieve high Q-factor and high sensitivity. Katie
E. Chong et al. [28] demonstrated a functional silicon meta-
device to control the wavefront of optical beams. Alternatively,
using different materials in different parts of the structure can
generate permittivity asymmetry. This method can lower the
requirement on spatial resolution. Xingguang Liu et al. [29]
reported a permittivity-asymmetric dielectric meta-surface with
dual-toroidal dipole excitation on it, which indicates the mul-
tipole resonances can be excited in the permittivity-asymmetry
system. More work on generating Fano resonances and achiev-
ing high sensitivity through the permittivity-asymmetry is still
needed.

In this work, by using different materials to generate
permittivity-asymmetry, three sharp Fano peaks arising from the
interference between the sub-radiant modes and the dipole reso-
nance modes are generated. Combining the field distribution and
the multipole decomposition in Cartesian coordinates, different
resonance modes at the Fano peaks are analyzed numerically.
After choosing appropriate materials and geometric parameters,
the maximal FOM reaches 4925, the highest among published
meta-surface structures. This study provides a new possibility
for high sensitivity nano sensors.

II. STRUCTURE DESIGN

The structure is designed as periodical symmetric rectangular
blocks. As shown in Fig. 1(a), there are three cells in the
x-direction and four cells in the y-direction. Different colors
of the substrate and the rectangular blocks represent different
materials of different parts. The unit cell is composed of two
blocks with the same shape on silicon substrate. Permittivity
asymmetry is formed by using two different materials for the two
blocks. Numerical simulations are based on the finite-difference
time-domain (FDTD) method. In numerical simulation, the in-
cident wave is set as plane wave with the polarization along the
y-axis.

III. SIMULATION RESULTS AND DISCUSSIONS

Fig. 2(a) shows the transmission spectra of the dielectric meta-
surface. The geometrical parameters are set as shown in Fig. 1(a)
and (b): Px = 725 nm, Py = 530 nm, t = 500 nm, L = 280 nm,
w = 200 nm, and d = 75 nm. And the related simulation is set
with mesh grid density level7, periodic boundary conditions in
x and y directions and the auto cutoff at 1E-5. When both blocks
of the unit cell are Si blocks, the corresponding transmission
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Fig. 1. (a) Schematic of the permittivity-asymmetric dielectric meta-surface
on silica substrate. (b) Top view and geometric parameters of the cell.
Px = 725 nm, Py = 530 nm, t = 500 nm, L = 280 nm, w = 200 nm, and
d=75nm.

spectrum is shown by the dotted curve. When the left block is
silicon and the right block is InAs, the permittivity-asymmetry
is formed and the corresponding transmission is shown by the
red curve. Three asymmetric Fano peaks are observed around the
wavelength of 1067.2nm, 1183.6 nm, and 1214.7 nm. Previously
in geometric asymmetric structures, the asymmetry degree is
defined by geometric parameters, such as the slightly different
widths of two Si bars used in Yuebian Zhang’s work [30]. Here
we define the asymmetry degree () as = An/n, in which n is
the refractive index of materials, and An is the variance of n.

Evolution of the modes is shown in Fig. 2(d). When the
asymmetry degree 6 = 0, one resonance mode F due to the
structure array of the meta-surface is observed. With the increase
of 4, three additional asymmetric resonance modes appear due to
breaking the in-plane symmetry. The slight redshift is due to the
change of the effective refractive index. As shown in Fig. 2(c),
the radiative Q-factor satisfies the inversely proportional relation
with 62 relatively well, strongly indicating that the structure
parameters are near the quasi-BIC conditions and the observed
Fano resonances are quasi-BIC linked [21], [31].

The multipole decomposition in Cartesian coordinates is cal-
culated and shown in Fig. 3. The formula of each dipole moment
is given [32] in Table L.

Five basic different modes of electro-magnetic resonances
have been generated at the three transmission peaks. There
are two kinds of dominant resonance modes, MQ and MD. At
1067.2 nm and 1183.6 nm, MQ is the dominant resonance mode.
At 1214.7 nm, MD is the dominant resonance mode. As of the
resonance at 1160.4 nm not due to permittivity-asymmetry, TD
is the dominant resonance mode.

The electric and magnetic field distributions are shown in
Fig. 4. The left block is Si and the right block is InAs. At
1067.2 nm. Four magnetic currents generated by ring electric
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Fig. 4. Field distributions at the three Fano peaks. (a) The schematic plane
diagram. (b) Field distribution in the x-y plane at 1067.2 nm. (c) Field distribution
in the x-y plane at 1183.6 nm. (d-I) Field distribution in the x-y plane at
1214.7 nm. (d-1I) Magnetic field distribution in the x-z plane at 1214.7 nm.
(d-1IT) Magnetic field distribution in the y-z plane at 1214.7 nm. (e) Schematic
of the MQ resonance. (f) Schematic of the MD resonance. In (b), (c), and (d-I),
the color scales represent the amplitude of the out-of-plane component of the
electric field, the white vectors indicate the in-plane component distribution of
the magnetic field. In (d-IT) and (d-III), the color scales represent the amplitude
of the out-of-plane component of the magnetic field, the white vectors indicate
the in-plane component distribution of the magnetic field. (g) Magnetic field
distribution in the y-z plane at 1160.4 nm.
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(a) (b)

Fig. 5. The simulation results of far field radiation at 1067.2 nm, 1183.6 nm,
and 1214.7 nm.

currents are observed in the x-y plane. The magnetic field in
the two blocks along the y-z and x-z planes can be obtained
by the right-hand-rule from the electric field distribution shown
in Fig. 4(b). According to the analysis above, the magnetic
fields in the two blocks are in opposite directions along the x
axis. Meanwhile, the electric field in the y-z plane forms two
reversed current loops. The above field features point to an
MQ resonance. Similarly, the field distribution at 1183.6 nm
show in Fig. 4(c) also indicates an MQ mode. As shown in
Fig. 4(d) for the 1214.7 nm resonance, there are two magnetic
currents rotating in opposite directions in the y-z and x-z planes.
However, the amplitude of the magnetic current in the y-z plane
is nearly twice as the one in the x-z plane. This can be explained
by stronger MD mode in the y-z plane as illustrated in Fig. 4(f).
Consistent with the field distribution results, the amplitude of the
MD resonance is about twice the MQ resonance. Fig. 4(e) and
(f) are schematic diagrams of the MQ and MD resonances. An
MQ resonance has four current loops with the same amplitude.
The MD resonance at 1214.7 nm also has four loops, however
two of them are much smaller.

Simulation of far field radiation is shown in Fig. 5. It is also
consistent with the above mode analysis results.

Several semiconductor materials have been chosen to find the
appropriate permittivity-asymmetry for optimal performance.
The left block material is Si. InAs, GaAs, InP, and Ge have
been chosen to be the material of the right block, effectively
varying the asymmetry parameter 0. The resulting transmission
spectra are shown in Fig. 6. For InP and Ge, the Fano peaks
disappear because the permittivity-asymmetry is too large to
have a significant Q. For GaAs, a similar spectrum to that of InAs
is observed, the main resonance modes forming the Fano peaks
are MQ, MQ, and MD at wavelength of 1054.6 nm, 1172.4 nm,
and 1198.7 nm, respectively.

Geometric parameters L and w have also been varied. w has
been varied from 180 nm to 220 nm. L has been varied from
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Fig. 6. (a) Transmission spectra of the structure with different materials. (b)
Contributions of multipoles for the GaAs structure.

260 nm to 300 nm. The color scale in Fig. 7 represents the
intensity of transmission. Fano peaks at 1067.2 nm, 1183.6 nm,
and 1214.7 nm can be identified in the figures. Sharpest Fano
peaks are resulting from L = 280 nm and w = 200 nm.

In application, this structure can be used as a refractive index
sensor with high sensitivity. Fig. 8(a) shows the transmission
spectra of the permittivity-asymmetric structure with silicon
substrate and the refractive index n hypothetically ranging from
1.00 to 1.10. As in optical resonant sensors, the performance is
generally described by the full width at half maxima AA. The

w

Fig. 7. Transmission spectra of the structure with different geometric pa-
rameters. (a) Evolution of transmission spectra varying L. (b) Evolution of
transmission spectra varying w. The color scale represents the intensity of
transmission. Insets: Enlarged views of the F2 circled areas.

sensitivity of meta-surfaces can be defined as

= A(n1)]/(n2 = nl) (D

in which nl and n2 are the background refractive indices [33].
For better description of the sensing properties, combining these
two features, the figure of merit (FOM) is introduced as S/AA.
High sensitivity, FOM and Q-factor are desirable in devices [34].
Calculated from Fig. 8, the sensitivities of the three Fano peaks

S = [r(n2)
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peaks versus the refractive index.

around 1067.2 nm, 1183.6 nm and 1214.7 nm are 62 nm/RIU,
394 nm/RIU, 225 nm/RIU, respectively. The FOM of the peaks
are 155, 4825, and 125, respectively. The center wavelengths of
the Fano peaks undergo an almost linear redshift with increase
of n, as shown in Fig. 8(b). This linear relation is beneficial to a
sensor. The fitted curves in Fig. 9 are calculated by the classical
Fano formula

. [q+2(w— wo)/7]2
14 [2(w — wo)/7)?

where wy is the resonant frequency, 7 is the resonance linewidth,
Ty is the transmission offset, Ay is the continuum-discrete
coupling constant, and q is the Brit-Wigner-Fano parameter.
According to the classical Fano formula, Fano line shape in
meta-surfaces can be given as

T(w) =Ty + A 2

3

TFano = |CL1 + iaz + ;‘2

w —wo + 1y
where ai;, a, are constant numbers, wq is the oscillation fre-
quency, and v is the damping factor, and the Q-factors can
be calculated by Q.qq = ;’—3/ . The values of separate fitting
parameters are given in Table II.

The Q-factors of the three Fano peaks are 1829, 14436, and
2892 respectively. The multi-modal response and the sharp Fano
peaks make this structure suitable for refractive index sensing.
Especially, the highest sensitivity, FOM, and Q-factor can be
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TABLE I
VALUES OF SEPARATE FITTING PARAMETERS
F1 F3 F2
al 0.649 0.30401 0.62441
a2 0.55757 0.77581 0.45678
b -2.7882E11  3.39842E10  2.0594E11
Y -4.82752E11  5.51583E10 2.68297E11

simultaneously achieved in the second Fano peak around the
wavelength of 1214.7 nm.

Comparison with recently published meta-surface nano-
sensors is shown in Table III. The permittivity-asymmetric
structure proposed in this work achieves the highest FOM, show-
ing great potential as an alternative to geometry-asymmetric
structures.
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TABLE III
COMPARISON WITH RECENTLY PUBLISHED META-SURFACE SENSORS

Reference Type FOM Q-factor
[25] Type-1 56.5 133
[27] Type-1 721 5126
[35] Type-1 99.3 170
[36] Type-1 389 43000
[30] Type-1 2846 1075
[9] Type-2 161.46 214.69
This work Type-3 4925 14436

a. Type-1 represents Dielectric-based Metamaterial in geometry-
asymmetry.

b. Type-2 represents Metal-based Metamaterial of grating-shape.
c. Type-3 represents Dielectric-based Metamaterial in permittivity-
asymmetry.

IV. SUMMARY

A permittivity-asymmetric dielectric meta-surface with mul-
tiple sharp transmission Fano resonances has been designed.
There are three permittivity-asymmetry generated Fano peaks.
Materials and the geometric parameters have been varied to
achieve the best sensitivity, FOM, and Q-factor simultaneously,
reaching 394 nm/RIU, 4925 and 14436 respectively at the
wavelength of 1183.6 nm with InAs for the right block and Si
for the left block. Resonance modes at 1067.2 nm, 1183.6 nm,
and 1214.7 nm are MQ, MQ and MD, respectively. The close-
to-inversely-proportional relation between the Q-factor and the
asymmetric parameter 6> indicates that the observed Fano res-
onances are quasi-BIC linked, further enriching methods to
generate quasi-BICs. This permittivity-asymmetric dielectric
meta-surface with multiple sharp resonances offers a good plat-
form for multichannel sensing as well as optical modulation.
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