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Abstract: Fano resonance is based on plasmonic metasurfaces and has many applications in all kinds 

of fields. In this paper, we propose an independently switchable double-layer raster structure based on 

graphene. Depending on the highly adjustable nature of graphene, the Fermi energy level can be 

adjusted to control the Fano resonance at different wavelengths. The equivalent resonator coupling 

mode method is used to simulate the Fano resonance, and the transmission spectrum fits well. 

Functional switch at different wavelengths can be achieved using Fano resonance technology. The 

simulation obtained a fantastic group refractive index of the designed structure, indicating that it there 

is a possibility to apply it in slow light. The effect of the environmental refractive index on sensing 

performance was studied and we found the structure has great potential in making high-sensitivity 

sensors. To sum up, it is hoped that this structure can make a great contribution to the manufacture of 

integrated optics. 
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Introduction 

Fano resonance was originally quantum interference 
phenomena produced by discrete and continuous states in 
atomic physics [1,2]. Researchers found that Fano resonance,  
formed by interferences in both discrete and continuous states, 
is also widespread in optical systems. This common optical 
phenomenon has many applications in metal systems, such as 
optical switches [3,4], light absorbers [5], and plasma-induced 
transparency (PIT) [6,7]. PIT is a special type of Fano 
resonance, whose formation is led by the coherent interference 
of light wave patterns of different optical paths. Fano 
resonance has been widely used in various types of systems, 
including light filtering [8], slow light propagation [9] and 
sensors [10], etc. Additionally, with the unique ability to 
concentrate electromagnetic energy on deep sub-wavelength 
scales, surface plasmons are the collective oscillations of 
electrons in metals which have a strong enhancement to local 
electric fields and better adaptability to nanostructures 
[11-13]. 

The Fano resonance can be achieved in metal or dielectric 
metamaterial structures. Since metal or dielectric metamaterial 
structures are diffificult to modify after manufacturing, Fano 
resonance can only work within a preset frequency band or 
resonance frequency. One key advantage of graphene surface 
plasmons is that they can control optical responses by 
adjusting gating techniques, an external magnetostatic field or 
chemical potential [14]. The grating can be regarded as one of 
the simplest metamaterials in the grating coupling device, 
metal or semiconductor. When an electromagnetic wave is 
incident onto a grating, electromagnetic waves that match the 
wave vector conditions will have a strong effect on the grating, 
causing resonance. Regarding the application of Fano 
resonance, many teams have studied it. Zhou et al. studied 
two-dimensional photonic crystal plates that can be integrated 
into a variety of optics [15]. In 2014, Alonso-Gonzalez et al. 
controlled graphene plasmas with resonant metal antennas and 
spatial conductivity modes [16]. 2019 witnesses that Wang et 
al. used coupled resonant model to analyze the absorption of 
silicon carbide gratings and plasma excitons on graphene 
surfaces [17]. 

In this paper, a switchable Fano resonance filter with 
gpraphene-based double free-standing dielectric 

gratings(GDFDG) was designed. With the geometric 
parameters of the structure changing, we achieved the target 
effect. Through the theoretical analysis of coupled-mode 
theory (CMT) [18-20], the theoretical fitting results are 
basically consistent with the simulated numerical data. Based 
on the characteristics of Fano resonance, this structure can 
also be made into a near-field optical switch. Moreover, the 
refractive index data of the group obtained by numerical 
simulation indicate that GDFDG has good slow light 
capability and owing to the high sensitivity of GDFDG, 
high-quality sensors can also be realized. 

 

Fig. 1. (a) 3D schematic of the GDFDG structure; (b) Schematic 
diagram of the grating period with geometric parameters, Pu = 49.5 
nm, Qu = 90 nm, Hu = 50 nm, Pl = 70 nm, Ql =90 nm and Hl = 50 nm, 
respectively. The Fermi energy levels of UGG and LGG are regulated 
by applying two independent bias voltages. 

Structure and theory 

Fig.1 shows a GDFDG hybrid system which is designed to 
investigate the Fano resonance. The periodic structure is 
divided into two parts, one part is an upper graphene grating 
with a Fermi energy level, and the other part is a lower 
graphene grating separated by a dielectric spacer of the Fermi 
energy level. In this paper, COMSOL software is used to 
perform numerical simulation using the finite element method. 
During the simulation, silica with a dielectric constant of 3.9 
[21] is used as a substrate for the upper graphene 
grating(UGG) and the lower graphene grating(LGG). For the 
grating material is the same, the two grating substrates are 
combined and spliced together, as fig.1(a) shows. Meanwhile, 
Period boundary conditions is used in both the x and y 
directions in our simulations. When a broadband plane wave is 
incident from the z direction, there is a perfectly matched 
layer along the z direction to absorb all the light that reaches 
the boundary. The graphene layer is constructed in the 
simulation as a boundary condition for surface currents and 
TM polarization waves are incident in the positive direction of 
the z-axis. On the basis of theoretical and experimental 



researches, the conductivity of graphene can be expressed by 
the Drude model [22]: 
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Here, ω, EF and ħ are the angular frequency, the Fermi 
energy and the reduced Plank constant respectively. The 
intrinsic relaxation time is expressed by τ = EFμ/evF

2, where μ 
is the carrier mobility while Fermi velocity is vF ≈ 106 m/s. 
Recording to previous researches, at room temperature, the 
mobility of graphene films can reach 40,000 cm2V-1s-1  [23]. 

Therefore, considering the feasibility of the actual situation, μ 
is used as 15,000 cm2V-1s-1 in this paper, which is regarded as 
a right choice. 

 

Fig. 2. Equivalent theoretically coupled model of graphene-based 
plasma resonators. 

The energy can be coupled to the incidence of TM 
polarization waves into the GDFDG while the dynamic 
transmittance characteristics of the GDFDG can be solved by 
using the CMT. As Fig.2 shows, there are two equivalent 
resonators named M1, M2 to serve as excitation state modes. 
Meanwhile, Min 

1±, Min 
2± represent the input amplitude of the 

incident wave and M out 
1±  , M out 

2±  are the output amplitude of 
the coupler reflected wave, respectively. The direction of 
propagation at the waveguide are expressed by M+ and M-. 
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The above formula is used to represent the complex 
amplitude of these two resonators with γ1 = ( iω - iω1 - 1/γi1 - 
γo1), γ2 = ( iω - iω2 - 1/γi2 - γo2). ω is the angular frequency and 
ω1/2 are resonant angular frequency. γi1 and γi2 are the inherent 
loss of UGG and LGG while μ12 and μ21 are the coupling 
coefficient between two modes. Hence, the coupling 
relationship between the two systems by the conservation of 

energy can be derived as below, 
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where φ is the phase difference between resonators. In 
conclusion, we can deduce that the transmittance is T=|t2|. 

Simulations and Results 

To reveal the mechanism of Fano resonance, we utilized the 
COMSOL multiphysics for the optical structure of GDFDG, 
transmission spectra and analyzed the results, thus gaining a 
deeper understanding of Fano resonance.  

 

Fig. 3. (a)(c)(e) Transmission spectra of the LGG, the UGG and the 
GDFDG,respectively; (b)The electric field distribution of GDFDG at 
a wavelength of 7.55 μm; (d)-(f) The electric field distribution of 
UGG and LGG at the Fano formant, when the Fermi energy levels of 
UGG and LGG are 0.6 eV and 0.9 eV, respectively. 

In this design, UGG and LGG are directly excited by 
incident light, producing a Fano resonance in the infrared 



band. Fig.3(a) and 3(c) show the transmission spectra of the 
UGG and the LGG. In Fig.3(d) and (f) , it is observed that 
when using the UGG, the electric field is mainly concentrated 
in the upper layer of graphene, and in contrast, when it comes 
to the LGG, the electric field can be found concentrated in the 
lower layer graphene. Simulataneously, what can be found in 
Fig.3(b) and 3(e) is that strong electric fields are distributed on 
the surface of the upper graphene and the outer edge of the 
lower graphene, causing a Fano resonance curve, forming a 
transparent window at a wavelength of 7.55 μm with a 
resonance of 98.5% . The theoretical fit of the CMT-based 
transmission spectrum Fano resonance is in good agreement 
with the simulation results, as shown in Fig.3(b). 

Take the strong dynamic regulation properties of graphene 
into consideration, PIT can be adjusted by taking full use of it. 
When fixing the Fermi level of the UGG with the Fermi level 
of the LGG increasing at a rate of 0.1 eV, as shown in Fig.4(a), 
peak 1 has a significantly redshift and the modulation effect is 
fantastic. Relatively, when fixing the Fermi level of the LGG 
and increasing the Fermi level of the UGG at a rate of 0.1 eV, 
as shown in Figure 4(b), peak 2 has a noticeable redshift, the 
modulation effect is excellent. Meanwhile, there is also can be 
seen from Fig.4(b) that the extinction ratio of the peak2 
transmission spectrum can reach 99.2% in the range of 0.5 to 
1.0 eV, indicting that the Fano system can be a superior 
single-band filter. To sum up from the above, we come to a 
conclusion that the wavelength band and range of the 
transparent window can be changed by adjusting the Fermi 
energy level of the upper and lower layers of graphene. 

 
Fig. 4. (a) The transmission spectrum of GDFDG when changing the 
Fermi level of the LGG when EFU = 0.6 eV; (b) The transmission 
spectrum of GDFDG when changing the Fermi level of the UGG 
when EFL = 0.8 eV. 

To explore the effect of changing the polarization state on 
the structure, the relationship between the polarization 
direction and the transmittance is scanned, as shown in Fig.5, 
which illustrates the spectrum is independent of polarization. 
The reason for this result is that due to the geometric 
arrangement of the two layers, when the polarization angle θ 
changes, the excitation efficiency of the upper layer will be 

compensated by the lower layer so that the polarization of the 
system is insensitive. 

 
Fig. 5. Schematic diagram of the relationship between polarization 
angle and light transmittance. 

 

Fig. 6. Schematic diagram of the evolutionary relationship between 
phase shift and group refractive index and wavelength, where EFL = 
0.7 eV, EFU = 0.6 eV, 0.7 eV, 0.8 eV, 0.9 eV, , respectively. 

In order to study the application prospects of GDG structure 
in slow light, numerical simulation was carried out. It is 
observed in Fig.6 that the phase shift and the refractive index 
of the group have a fantastic correspondence, and both have 
sudden changes at the Fano resonance, which can be 
illustrated as high dispersion. Resulted by the destructive 
interference of the system, not only there will be a high 
dispersion of the excited plasma waves near the Fano 
resonance, which manifests itself as a sudden change in the 
curve, but also induces a distinct phase transition causing the 
group’s refractive index a obvious change. With the increase 
of the UGG Fermi energy level, the group velocity and phase 
displacement increase, and the maximum group refractive 



index reaches 1379 indicting the structure has broad 
application prospects under slow light conditions. 

In addition, based on the characteristics of Fano resonance, 
whose transmission will be transmitted from the largest to the 
smallest in very narrow frequency bands, we also studied the 
optical switching of the Fano system in the infrared band, as 
shown in Fig.7. The Fermi energy levels of the UGG and the 
LGG are changed to obtain optical switches in different 
wavelength bands. 

 

Fig. 7. Schematic diagram of the principle of photoelectric switch. 

The transmission spectrum acts as a function of wavelength 
and Fermi energy, which illustrates the filtering and switching 
mechanism. Take Fig.4(d) as an example, when the UGG 
Fermi level is 0.9 eV and the LGG Fermi level is 0.7 eV, the 
emission amplitude T1 at 6.5 μm is 97.7%, that is, the 
transmission loss is 2.3%; for the case with the UGG Fermi 
level is 1.0 eV and the LGG Fermi level is 0.4 eV, the 
emission amplitude T2 at 6.5 μm is 0.8%. The high 
transmittance corresponds to the "on" state in the switch while 
the low transmittance presents the "off" state, thus it can be set 
to a switch according to the above situation. The formula for 
the degree of modulation is DM = (T1-T2) / T1 ×100%, 
according to which, the modulation degree DM in Fig.7(a) - (d) 
are calculated to be 94.72%, 96.35%, 98.94% and 99.18%, 
respectively [24]. 

To investigate whether GDFDG can play a role in sensor 
components, the relationship between the transmitted 
spectrum and the refractive index of the environment should 
be taken into consideration. In Fig. 8, wavelength offset as a 
function of refractive index values of different media. The 
resonant wavelengths of peak 1 and peak 2 are linearly related 
to the refractive index of the dielectric layer, as the refractive 

index of the environment increases, the transmission spectrum 
of both formants will get a red shift. We take S = ∆λ / ∆n to 
calculate refractive index sensitivity [25]. 

 
Fig. 8. 3D modulation diagram of refractive index of different 
environments.  

In order to analyze sensing characteristics, we plot Dip 
wavelength, full width at half maximum (FWHM), S and 
FOM curves of GDFDG with different refractive indexes. Fig. 
9(a) shows that with the increase of refractive index, FWHM 
of peak 1 gets a slight drop. Therefore, S max of the spectra is 
1.06 μm/RIU and its FOM reaches 30.86 RIU-1 as shown in 
Fig. 9(b). Although the S max of peak 2 is 1.7 μm/RIU, the 
FOM of peak 2 is only 13.39RIU-1. So we do not present the 
sensing characteristics curves of peak 2 in figure 9. Serving as 
a highly sensitive detection platform, GDFDG may have 
fantastic application prospects in chemical detection and 
temperature sensing. 

 
Fig. 9 (a) Dip wavelength and FWHM of GDFDG; (b) S and FOM of 
GDFDG. 

Conclusions 

In this paper, a new periodic metamaterial structure GDFDG, 
was established. The CMT and COMSOL multiphysics are 
employed to analyze its Fano resonance and future application 
prospects. We use the high dynamic adjustment characteristics 
of graphene, GDFDG can form a good modulation effect at 



different wavelengths by adjusting the Fermi energy level of 
the upper and lower layers of graphene. By analyzing the 
geometry of the GDFDG and parametric sweep simulations, 
research shows that the incident of light in different 
polarization directions does not affect its transmission 
spectrum. The GDFDG structure has a good application 
prospect in slow light, for which the maximum group 
refractive index reaches 1379. Futhermore, what is found is 
that the main single-band filter and photoelectric switch with a 
matting rate of near 100% can be obtained via adjusting the 
Fermi energy level of the upper and lower layers of graphene. 
Finally, the sensitivity of GDFDG under different 
environmental refractive indexes manifest that the system was 
a fairly competitive sensor. In short, this study explores Fano 
resonance, which lays a certain theoretical foundation for the 
realization of photoelectric switches, slow light effects and 
highly sensitive sensors. 
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