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Fano resonance is based on a plasmonic metasurface and has many applications in various fields. In this paper, we
propose an independently adjustable graphene-based double-layer grating structure. We control multiple Fano
resonances at different wavelengths and bandwidths by regulating the Fermi level thanks to the preeminent char-
acteristic of graphene. Here, the equivalent resonator coupled-mode method is used to better describe the Fano
resonance of this designed structure adequately, and the transmission spectra fit well. The functional switch could
be achieved at different wavelengths by using Fano resonance. We can obtain excellent group refractive index of
this designed structure, which means it has superior applications in slow light. The effect of the refractive index of
the dielectric layer on the sensing performance is researched so that the structure has a good application in sensors.
Furthermore, we look forward to making potential contributions to fabricate integrated optical sensors and devices

based on those elaborately designed structures.
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1. INTRODUCTION

Fano resonance was originally a quantum interference phe-
nomenon produced by discrete and continuous states in atomic
physic [1,2]. Researchers have found that Fano resonance is also
widespread in optical systems. Fano resonance is formed by the
interference of discrete states (or narrow resonance modes) and
continuous states (or wide resonance modes). In addition, a
surface plasmon [3-5] is an electromagnetic wave generated by
interacting freely vibrating electrons and photons at the metal-
dielectric interface, which have strong enhancement of the local
electric field and much better adaptability to nanoarchitectures.
This common optical phenomenon has many applications in
metallic systems, such as photodetectors [6], optical switches
[7], and optical absorbers [8], and plasmon-induced trans-
parency (PIT). The PIT is a special Fano resonance. It can be
achieved by the coupling of bright—dark mode and bright—
bright mode [9-11]. Fano resonance has been widely used
in various types of systems, including optical filtering [12],
slow-light propagation [13], and sensors [14].

The Fano resonance can be achieved in metal or dielectric
metamaterial structures. Since metal or dielectric metamaterial
structures are difficult to modify after manufacturing, their
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adjustment efficiency is low, and the wavelength tuning range
is restricted, Fano resonance can only work within a preset
frequency band or resonance frequency. One key advantage
of graphene [15,16] surface plasmons is that they can control
optical responses by adjusting gating techniques, an external
magnetostatic field, chemical potential [17]. The grating can
be regarded as one of the simplest metamaterials in the grating-
coupling device, metal, or semiconductor [18]. When the
electromagnetic wave is incident on the grating, the electromag-
netic wave that meets the wave-vector-matching condition will
have a strong interaction with the grating, stimulating the plas-
mon resonance. Kim ez 2/ in 2016 proposed a subwavelength
grating with a mixed structure of gold and graphene strips on a
silicon nitride substrate [19]. The super transmission effect of
infrared waves was achieved. Then, Yang ez /. developed an SiC
grating with perfect absorption and strong magnetic polaritons
[20]. The surface plasmons excited at the double orthogonal
grating and dynamically tunable PIT were achieved in 2018
[21]. Furthermore, Bai et a/l. proposed a graphene grating and
achieved a TE/TM mode switch [22].

In this study, we have designed a graphene double grating
(GDG) hybrid system that is independently flexible. The
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(@) 3D schematic illustration of the GDG; (b) diagrammatic sketch of one period with the geometric parameters P, =70 nm,

W, =60 nm, P, =120 nm, W, =120 nm, »; =80 nm, », =50 nm, H; =100 nm, and A, = 50 nm, respectively. The Fermi levels of UGG
and LGG can be adjusted simultaneously by imposing two independent bias voltages between the two gold gates and the conductive gap.

numerical simulation of the GDG’s optical properties results in
superior Fano resonance and related applications. This struc-
ture is composed of two graphene gratings made of different
materials. By optimizing the double-layer grating and graphene
geometric parameters, respectively, we were able to achieve the
desired performance. Through theoretical analysis of coupled-
mode theory (CMT), we discovered that the theoretical fitting
results can match the simulated numerical data. The structure
can also be given potential in near-field optical switching due to
the advantages of Fano resonance. Through the group refractive
index data, we know that the GDG has excellent slow-light
capability. A high-quality sensor can be achieved due to the high
sensitivity and the figure of merit (FOM).

2. STRUCTURE AND THEORY

Figure 1 displays a GDG hybrid system to investigate the Fano
resonance. A dielectric spacer separates two graphene gratings.
The periodic structure is made up of three constituent elements:
a graphene upper grating (bright mode) with the Fermi level,
graphene lower grating (bright mode) with Fermi level dielectric
spacer. COMSOL Multiphysics was utilized to perform the
numerical simulation in this article, which was done using
finite-element methods. Silica and ZnSe are believed to have
upper graphene grating (UGG) and lower graphene grating
(LGG) in the simulation. The dielectric constants of these two
materials are 3.9 [23] and 2.4 [24], respectively. We use periodic
boundary conditions in both x and y directions in our simu-
lations. While broadband plane waves are incident from the z
direction, we apply a perfectly matched layer along the z direc-
tion to absorb all light reaching the boundary. The graphene
model is constructed as a surface current boundary condition.
The TM-polarized wave is incident in the negative direction of
the z axis. The Kubo formula derived from the random phase
approximation has the surface conductivity of single-layer
graphene [25-27] according to theoretical and experimental
research,
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Here, w is the angular frequency, £y is the Fermi energy,
and A is the reduced Planck constant. The intrinsic relaxation
time is represented as T = Efpd/evi, where vy & 10° m/s
is the Fermi velocity and p is the carrier mobility. Based on
previous research, the mobility of graphene films can reach up
to 40,000 cm?V~!s™! at room temperature [28,29]. Thus,
used in this paperis 15,000 cm*V~'s™!, which isan appropriate
choice considering the feasibility of practical submissions.

The energy can be coupled into the GDG with the incidence
of TM-polarized waves, and the dynamic transmittance charac-
teristics of the GDG can be addressed using the CMT [30-32].
Figure 2 shows the two equivalent resonators are named A, A,
as the excitation state modes. The input amplitude of the inci-
dent wave and the output amplitude of the reflected wave of
the coupler are expressed by A, AT, , A, and ASY. The A4
and A_ are used to indicate the direction of propagation at the
waveguide, as shown in Fig. 2. The complex amplitude of the
two resonators can be expressed as
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resonant angular frequency. The 112, 421 are the coupling
coefficients between the two modes, and y;; and y;, are the
inherent loss of UGG and LGG. According to the conservation
of energy, we can get the coupling relationship of the system,
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Here ¢ represents the phase difference between upper and

IOWCI‘ resonators,
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where 81 =i+ eV (Vo1v2), and S =ipy +
¢’/ (Vo17s2). So, the transmittance that can be deduced is
T =t
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3. SIMULATIONS AND RESULTS

To thoroughly comprehend the Fano resonance, we analyze the
results to simulate the optical structure and obtain the trans-
mission spectra. Figures 3(a) and 3(c) show the transmission
spectra of the UGG and LGG studied. It can be seen from the
electric field distribution diagram that when UGG is used, the
electric field is mainly concentrated on the upper graphene, and
similarly, when LGG is used, the electric field is concentrated on
the lower graphene [see Fig. 3(f)]. In this design, the UGG and
LGG are directly excited by the incident light resulting in Fano
resonance in the infrared band. The Fano resonance is obtained
by bright mode-bright mode excitation, as shown in the elec-
tric field diagram. As shown by the blue curve in Fig. 3, the
extremely strong electric fields are distributed in the inner edges
of the upper graphene and on the surface of the lower graphene,
generating a blue Fano curve with a resonance peak of 95.7%,
and transparent windows appear at 5.88 um. The theoretical
fitting Fano resonance of the transmission spectrum based on
CMT fits the simulated result well, as shown in Fig. 3(b).
Furthermore, strong dynamic adjustment property is a
very important property for graphene. We take advantage of
graphene to adjust the PIT. When the Fermi level of UGG is
constant, LGG’s Fermi level increases in steps of 0.1 eV, and
peakl has an obvious blueshift performing an excellent modu-
lation, as shown in Fig. 4(a). When the Fermi level of LGG is
constant, UGG’s Fermi level increases in steps of 0.1 eV, and
peak2 has an obvious blueshift performing an excellent modu-
lation. The extinction ratio of the peak2 transmission spectrum

-==""" Transmission

Fig. 3.
peak. Here, Fermi levels of UGG and LGG are 0.6 and 0.8 V.

B 4
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(a)—(c) Transmission spectra of the UGG, LGG, and GDG; (d)—(f) electric field distribution of the UGG and LGG at the Fano resonance
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(a) Transmission spectra of changing the Fermi level of the LGG when Ef; = 0.8 ¢V; (b) transmission spectra of changing the Fermi level of
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Fig.5. Transmission spectra asa function of the wavelength and the
polarization.

can achieve 96.7% in the range of 0.5-1.0 €V, as shown in
Fig. 4(b). This indicates that the Fano system can achieve a supe-
rior single-band filter. From the results, it is possible to adjust
the wavelength band and range of the transparent window by
changing the graphene Fermi levels of UGG and LGG.

We scanned the relationship between polarization angle and
transmittance, as shown in Fig. 5, to verify the polarization-
independent spectra. Due to the geometric arrangement of
the two layers, when the polarization angle 6 alters, no matter
whether the excitation efficiency of the upper layer increases or
decreases, it will be compensated for by the lower layer, making
the system polarization-insensitive. From the field distribution
diagram, the ficld distribution of = 0° and 6 = 90° is oppo-
site. As shown in Fig. 6(a), for the case with & = 0°, the plasmons
in the UGG will be excited first and further coupled with the
LGG. In contrast, for the case with 6 = 90°, the plasmons in the
LGG will be excited first and further coupled with the UGG.
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Fig. 6. (a) Spatial distributions of the electric field at polarization
angles 0 of 0° at 5.72 and 6 pm; (b) spatial distributions of the electric
field at polarization angles 6 of 90° at 5.72 and 6 pum. Resonant surface
charges are represented by “+“ and “—”; the more arrows indicate a

larger charge density and greater charge density.

Additionally, the Fano system’s infrared wave switch can
be observed in Fig. 7. Thanks to the unique property of Fano
resonance, its transmission will change from maximum to
minimum in a very narrow frequency band. We can adjust the
Fermi levels of LGG and UGG to obtain electrical switches at
different wavelengths, as shown in Figs. 7(a)—7(d). In Fig. 7(a),
when the LGG and UGG graphene Fermi level is 0.7 €V, the
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(a)—(d) Schematic diagram of electro-optical switches at different Fermi levels.
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transmission amplicude 77 at 5.82 pm is 96.6%, meaning
transmission loss is 3.4%; when the LGG and UGG graphene
Fermi level is 1.0 eV, the transmission amplitude 7; also at
5.82 pm is 6.7%. We set 96% of the highest transmittance point
to “on” and 6.7% of the lowest transmittance point to “off.”
The modulation degree (M) [33] of amplitude at 5.82 pim can
obtain M= ((T; — T3)/T;) * 100% = 93.04%. Meanwhile,
we also calculated that M at other Fermi levels are equal to
95.43%, 95.28%, and 92.22%. Figure 7 shows the transmis-
sion spectra as a function of the wavelength and the Fermi
energy, which declares the filtering and switch mechanism.
Therefore, two buttons of Epy =0.7eV, Ep. =0.7 eV and
Ery=1.0eV, Ep,=1.0€V can implement a switch of the
on/off state, as shown in Fig. 8.

The evolving relationship between phase shift and group
refractive index and wavelength at different Fermi levels in this
structure is shown in Fig. 9. It is not difficult to understand.
Furthermore, the phase shift and the group refractive index
have a corresponding perfect relationship, and both have a
sudden change at the Fano resonance. The sudden change
can be illustrated as high dispersion. The system’s destructive
interference can result in high dispersion of the excited plasma
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Fig.8. Switch adjustment diagram when Epy = Ep. = 0.7 ¢V and
EFU = EFL =1.0eV.

wave near Fano resonance. Meanwhile, it induces a distinct
phase transition, resulting in a significant change in the group’s
refractive index. The phase shift and group velocity gradually
increase as the Fermi level increases, as shown in Fig. 9. As the
LGG Fermilevel increases, the group refractive index can reach a
maximum of 816. With this feature, the structure has significant
application prospects in slow light.

In Fig. 10(a), we show the wavelength shifts of peakl and
peak?2 as a function of different dielectric refractive index values.
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0.6¢V; 0.8 eV, respectively.
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Table 1. Comparison of Our Results and Those
Obtained in Recent Studies

Working Wavelength  Sensitivity (S)
Reference (um) (nm/RIU) FOM
[35] 1.2-6.0 4650 37
[36] 0.6-1.5 1217 24.34
[37] 1.8-2 1320 17.6
[38] 7.5-10 3400 6.38
This work 5.0-8.5 1600 100

We choose this GDG to investigate its possible applications
in sensing. The peakl resonance wavelength has a linear rela-
tionship with the refractive index of the dielectric layer. When
the refractive index of the dielectric refractive index increases,
the transmission spectra of peakl exhibit a redshift. From the
change in refractive index, peak2 is not sensitive to the change in
refractive index. The refractive index sensitivity S is calculated
with § = Alam/An [34]. It is observed that peak1’s full width
at half-maximum (FWHM) slightly decreases with an increase
in the dielectric layer refractive index. At peakl, the spectral §
max is 1.6 pm/RIU, and the FOM is 100, as shown in Fig. 10.
Table 1 shows a comparison of the sensitivity and FOM of the
proposed structure with those obtained in recent studies. The
high sensitivity detection platform will have great potential
applications in chemical detection, biomolecular sensing, and
temperature sensing.

4. CONCLUSIONS

A novel periodic GDG metamaterial structure is built in this
paper. We analyze the Fano resonance of the GDG and its appli-
cations using advanced simulations with CMT. The electric
field distribution is used to explain the formation mechanism of
Fano resonance. We found that the GDG can obtain a good tun-
ing performance in different frequency bands and bandwidths
using the dynamic adjustment external voltage of graphene.
There will be no change in the transmission spectrum of the
incident light under these different polarization directions. The
results show that the main single-band filter and electro-optical
switch with an extinction rate of 95.43% can be realized by
adjusting the Fermi level of graphene. Using the group refractive
index, sensitivity,and FOM, we have known that this system can
achieve a very superior slow-light capability and is a competitive
sensor. The maximum group refractive index and FOM can
reach about 816 and 100. Thus, this study lays a firm theoretical
foundation for completing electro-optical switches, slow light,
and sensors.
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