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Abstract We present a high-performance refractive index
sensor based on Fano resonance with a figure of merit
(FOM) about 56.5 in all-dielectric metasurface which consists
of a periodically arranged silicon rings with two equal splits
dividing them into pairs of arcs of different lengths. A Fano
resonance with quality factor ~133 and spectral contrast ratio
~100% arises from destructive interference of two antiphase
electric dipoles in the two arcs of the split-ring. We can turn on
and/or off the Fano resonance with a modulation depth nearly
100% at the operating wavelength of 1067 nm by rotating the
polarization of incident light. We believe that our results will
open up avenues for the development of applications using
Fano resonance with dynamically controllability such as bio-
chemical sensors, optical switching, and modulator.

Keywords Dielectric metasurface - Fano resonance - Optical
sensing

Introduction

Fano resonance is originally observed in atomic physics,
where interference between a discrete narrow state and a wide
continuum state produces a sharp and asymmetric spectral line
shape for light propagating through an originally opaque me-
dium [1, 2]. Since it is a general wave phenomenon, Fano
resonance caused by destructive interference between bright
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and dark modes has also been observed in plasmonic nano-
structures [2—6]. Bright modes with large net dipole moments
can be efficiently excited by light, while dark modes possess
zero or negligible net dipole moments preventing it from di-
rect excitation by normally incident light. Fortunately, the
dark modes can be excited by near-field coupling with the
bright modes. So far, numerous nanostructures have been de-
signed to generate Fano resonances, such as disk-ring cavities
[7-9], dolmen structures [9—12], and coupled clusters of nano-
particles [13]. In these cases, in order to suppressed radiative
damping of bright mode, dark modes, e.g., the bonding reso-
nance of a nanorod dimer and the multipolar resonances of a
nanoring, have nearly zero net dipole moment are designed.
Fano resonances have drawn extraordinary interest due to
their significant properties and are promising to develop ap-
plications in numerous areas. For example, using the strong
near-field enhancement at the spectral region of dark modes or
Fano minima, the plasmonic nanostructures are useful for
surface-enhanced Raman scattering (SERS) [9, 13]; Since
Fano resonances arise from the interference between the
bright and dark modes, the plasmonic nanostructure can be
used for Fano line shaping [14] by control the spectral relative
region between bright and dark modes. Recently, it has been
numerically and experimentally investigated that plasmonic
Fano switches can be controlled by the polarization of the
incident light. Chang et al. [15] report that clusters with a
hemicircular central disk surrounded by a circular ring of
closely spaced, coupled nanodisks yield Fano-like and non-
Fano-like spectra for orthogonal incident polarization orienta-
tions since this octamer nanostructure is asymmetric and it
supports a dark mode only for one polarization orientation
and not for the orthogonal polarization. Zhang et al. [16] and
He et al. [17] demonstrate the plasmonic Fano switches based
on nanoring dimer arrays and disk-rod hybrid metasurfaces,
respectively, by taking advantage of the polarization-
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dependent of the coupling strength between the bright and
dark modes. However, some issues have not yet been ade-
quately addressed in the above proposed structures. First, the
spectral contrast ratio is relatively low as there is a large ener-
gy gap between superradiate (bright) and subradiate (dark)
modes. The spectral contrast ratio can be heightened by re-
ducing the relative distance between bright and dark modes
while the quality factor of the Fano resonance will be subse-
quently decreased. Second, the proposed plasmonic nano-
structures based on the metals with abundant free electrons
and exhibit high Joule losses leading to low-quality factor
scattering or transmission responses, which will greatly re-
duce the performance of the switch. Fortunately, since the
nonradiative losses can be effectively suppressed by substitut-
ing metallic materials by dielectric ones [18-21], the short-
comings mentioned above can be possibly overcome. Fano
resonances based plasmonic nanostructures also have been
widely researched in bio-chemical sensing [7-9, 22-24] on
reason that the plasmonic Fano resonances are sensitive to a
nearby or surrounding dielectric medium since they arise from
inter-particle coupling. More importantly, thanks to much
smaller line width of the Fano resonance, the performance of
bio-chemical sensor based on all-dielectric metasurface can be
greater optimized than plasmonic ones.

We present a high-quality factor and modulation depth
Fano sensor with a figure of merit (FOM) about 56.5 based
on all-dielectric metasurface which is composed of a periodi-
cally arranged silicon rings with two equal splits dividing
them into pairs of arcs of different length. A Fano resonance
with quality factor ~133 and spectral contrast ratio ~100%
observed in the transmission spectrum arises from the destruc-
tive interference of two antiphase electric dipoles in the two
arcs of the Si split-ring in a unit cell of the proposed
metasurface. Furthermore, an on-to-off transmission ampli-
tude modulation of the Fano resonance with modulation depth
~100% at the resonance wavelength of 1067 nm is achieved
by rotating the polarization of the incident light. The effects of
the geometric parameters on the Fano resonance are also in-
vestigated and results show that the Fano resonance can be
tuned to different wavebands by changing the geometric pa-
rameters of the metasurface. Therefore, dynamic controlling
of Fano resonance in this work may open up avenues for the
development of applications such as bio-chemical sensing,
optical switching and optical modulator.

Theory and Simulations
Figure 1 shows the schematics of the proposed all-dielectric
metasurface which is composed of a periodically arranged

silicon rings with two equal splits dividing them into pairs of
arcs of different length corresponding to 3; = 120° and
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Fig. 1 a Three- and b two-dimensional schematics of the all-dielectric
metasurface which is composed of a periodically arranged silicon rings
with two equal splits dividing them into pairs of arcs of different lengths.
The geometrical parameters are » = 150 nm, R = 300 nm, ¢ = 110 nm,
B =120°, B, = 160°, and P = P, = P, = 700 nm

(B2 = 160°. The Si split-ring has thick = 110 nm, inner radius
r = 150 nm, outer radius R = 300 nm, and the period is
P = P, =P, =700 nm, respectively. Our results are obtained
by using finite-difference time-domain (FDTD) method,
where the periodic structures are illuminated by a normally
incident plane wave and the angle of the polarization direction
of'its electric field with respect to the x-axis is defined as 6 (see
Fig. 1b). Perfectly matched layers (PML) are applied along the
z direction and periodic boundary conditions in the x and y
directions. The dielectric constant of Si can be referred from
Ref. [25].

Figure 2a shows the transmission spectra of the all-
dielectric metasurface at normal incidence with x-polariza-
tion (# = 0°) obtained by FDTD method. A sharp Fano
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Fig. 2 a The transmission spectra of the all-dielectric metasurface at
normal incidence with x-polarization (¢ = 0°) obtained by FDTD
method. b Magnitude of the z-component of electric field (£z)
distributions of the metasurface at the wavelength of b 1036, ¢ 1067,
and d 1097 nm. The field distributions are calculated in the x-y plane
that is 5 nm above the top surface of the metasurface
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resonance appears in the transmission spectrum around
1067 nm, and the Fano profile evolves from a dip with
transmission amplitude ~0 to a peak with transmission am-
plitude ~1 within 8 nm. In order to interpret the Fano res-
onance clearly, we plot the z-component of electric field
(Ez) distributions in a unit cell of the proposed metasurface
at wavelength of 1036, 1067, and 1097 nm, as shown in
Fig. 2b, c, d, respectively. From the Ez field distributions at
1036 nm which is slightly below the Fano resonance wave-
length, it is obvious that the minor arc of the split ring
dominates its major arc oscillating in antiphase while the
major arc of the split ring dominates its minor arc oscillat-
ing in antiphase at 1097 nm which is above the Fano res-
onance wavelength, as shown in Fig. 2b, d, respectively.
The overlap of the two modes results in two almost iden-
tical but antiphase electric dipoles in the two arcs of the Si
split-ring in a unit cell of the proposed metasurface leading
to Fano resonance, as shown in Fig. 2¢. The quality factor
and spectral contrast ratio of the Fano resonance is intro-
duced to evaluate the potential of the metasurface in optical
applications. The quality factor Q, defined as the ratio of
the resonance wavelength Ay and the full width A\ be-
tween the peak and the antipeak of the transmission
(Q = Ao/AN), reaches about 133 and the spectral contrast
ratio [19], defined as [(Tpeak — Tantipeak)/ (Tpeax +
Tantipeak)] X 100%, reaches about 100%. The possessions
of high-quality factor and spectral contrast ratio of the
Fano resonance make the proposed metasurface a promis-
ing candidate in a series of applications where sharp reso-
nance is essential for the performance, such as biochemical
sensors [7-9, 22-24], optical filters [20], and switch
[15-17].

We take advantage of the high quality factor and spectral
contrast ratio of the Fano resonance, as well as the asymmetry
of the proposed metasurface to design a high-performance
optical switch. The transmission amplitude of the Fano reso-
nance can be modulated by rotating the polarization orienta-
tions of the incident light. The transmission spectra of the
proposed metasurface obtained for different polarization ori-
entations of the incident light are presented in Fig. 3a. As the §
is increased from 0° to 90°, the transmission undergoes strong
modulations, with transmission dips gradually shrinks without
a notable wavelength shift. Finally, the Fano resonance disap-
peared completely and the transmission amplitude of 90% at
the wavelength of 1067 nm is achieved when the polarization
of'the incident light is along the y-axis (6 = 90°). The resultant
modulation depth [16], defined as|(Tyn- Toer)/ Ton| x 100%,
reaches nearly 100%, where Ty, and T represent the maxi-
mized transmission amplitude ~0.9 at 1067 nm as 6 = 90° and
the minimized transmission amplitude ~0 at 1067 nm as
0 = 0°, respectively. Thanks to the ultrahigh modulation depth,
the high-quality factor, and spectral contrast ratio of the Fano
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Fig. 3 a The transmission spectra of the proposed metasurface at
different polarization 6 obtained by FDTD method. b Corresponding
simulated in-plane electric field (£z) distribution monitored at the dip of
transmission (\y = 1067 nm). The field distribution is calculated in the x-y
plane that is 5 nm above the top surface of the all-dielectric metasurface

resonance, this optical switch in the proposed all-dielectric
metasurface will have a better performance than the plasmonic
Fano switches reported in Refs. 15-17.

To explore the underlying physics of this polarization-
dependent behavior, we calculated the z-component distribu-
tion of the electric near-field in the x-y plane that is 5 nm above
the top surface of the proposed all-dielectric metasurface at the
wavelength of 1067 nm for different polarization angles, as
shown in Fig. 3b. When the electric field is polarized along x-
axis, i.e. # = 0°, at the Fano resonance (\y = 1067 nm), x-
components of the two electric dipole moments in two parts of
the split-ring are antiphase and have almost the same ampli-
tude while y-components are zero. With the increase of 6, y-
components of the two electric dipole moments are inphase
and increased in amplitude while antiphase x-components of
the two electric dipole moments are gradually decreased in
amplitude, and thus Fano resonances are gradually faded off.
As the electric field of the incident light polarized along y-axis,
i.e. 0 = 90°, at the wavelength of 1067 nm, the net dipole
moment in the split-ring has zero x-components while its y-
components are inphase leading to the disappearance of Fano
resonance.
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Fig. 4 The transmission spectra of the proposed metasurface for varied outer radius R (a), and inner radius 7 (b), and thick 7 (¢), and period P (d), and 3,
(e). The incident plane wave propagates along the z-axis, and the polarization is along the x-axis (6 = 0°)

We also investigated the effects of the geometric parame-
ters of the proposed metasurface on the Fano resonance.
Figure 4a—¢ shows the transmission spectra of the proposed
metasurface with various R, r, t, P, 3,, respectively, and the
other geometric parameters are fixed as Fig. 1. The incident
plane wave propagates along the z-axis and the electric field is
polarized along the x-axis. As shown in Fig. 4a, b, respective-
ly, decreases of the outer radius R or increases of the inner
radius 7 lead to a blueshift of the Fano resonance due to the
decrease of effective line width of the two arcs of the split-
ring. Figure 4c illustrates that the Fano resonance redshifts as
the Si split-ring gets thicker on reason that a larger fraction of
field is inside the proposed metasurface. Increase of period P
also will lead to the redshift of the Fano resonance as shown in
Fig. 4d. When f3, increases from 150° to 170° (see Fig. 4e),
the Fano resonance redshifts because of the increase of effec-
tive length and the slight reduction of quality factor is due to
the increase the asymmetry between the minor and major arcs
of the Si split-ring. It is worth noting that the resonance

wavelength of Fano resonance could be changed by adjusting
the geometric parameters of the metasurface while the spectral
contrast ratio still remains nearly 100%. Thus, the operating
wavelength of optical device based on the Fano resonance can
be designed by optimizing and amplifying or reducing the
geometric parameters of the metasurface.

In fact, the calculations above are based on self-standing
all-dielectric metasurface, while the surrounding medium in
applications may not be air. Herein, we investigated the influ-
ence of surrounding medium with different refractive index n
on the Fano resonance. Figure 5a represents the simulated
transmission spectra of the proposed metasurface with differ-
ent refractive index of the surrounding media, while the other
geometric parameters of the metasurface are the same as
Fig. 1. Increases of refractive index »n lead to a redshift of
the Fano resonance while it has little influence on the quality
factor and spectral contrast ratio of the Fano resonance as
shown in Fig. 5a. A spectral shift relative to air (n = 1.0) verse
the RI of the surrounding media is potted in Fig. 5b, and a
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linear fit to the data gives that the wavelength shift per refrac-
tive index units of the Fano resonance S is 452 nm/RIU. The
figure of merit (FOM) is used for evaluating the performance
of a refractive index sensor [3]:

S(nm /RIU
T

where AN is the full width between the peak and the antipeak
of the transmission. The A\ of the Fano resonance is about
8 nm and the FOM is about 56.5. The FOM is much larger
than sensor based on plasmonic nanostructure [7-9, 22-24], it
certificates that the performance of bio-chemical sensor based
on all-dielectric metasurface greater than plasmonic ones.

To conclude, we presented a high-quality factor and mod-
ulation depth Fano sensor with a figure of merit (FOM) about
56.5 based on all-dielectric metasurface which is composed of
a periodically arranged silicon rings with two equal splits di-
viding them into pairs of arcs of different length. The Fano
resonance with quality factor ~133 and spectral contrast ratio
~100% observed in the transmission spectrum arose from the
destructive interference of two antiphase electric dipoles in the
two arcs of the Si split-ring in a unit cell of the proposed
metasurface. Furthermore, an on-to-off transmission ampli-
tude modulation of the Fano resonance with modulation depth
~100% at the resonance wavelength of 1067 nm was achieved
by rotating the polarization of the incident light. The effects of
the geometric parameters on the Fano resonance were also
investigated, and results show that the Fano resonance can
be tuned to different wavebands by changing the geometric
parameters of the metasurface. Therefore, dynamic controlling
of Fano resonance in this work may open up avenues for the
development of applications such as bio-chemical sensing,
optical switching, and optical modulator.
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