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Abstract
We present the tunable multiple plasmon-induced transparency (PIT) in the terahertz region by using a metamaterial made 
of two graphene bands and a graphene square ring. As the different modes of multiple PIT effects are independent of each 
other, the physical mechanism behind multiple PIT effects can be revealed by CMT theory. The PIT window changes sig-
nificantly with the Fermi energy levels and structural parameters of graphene. The both three resonant frequencies increase 
linearly with the parameters and the Fermi energy changing, which can exhibit high sensitivities and figure of merit (FOM). 
Meanwhile, the amplitude modulation system can reach 99.63%, which can achieve excellent photoelectric switching. In 
addition, the group index can be as high as 2739. Therefore, the graphene-based metamaterial could be widely used in 
switches, modulators, excellent slow-light functional devices and filters in the terahertz region.

Keywords  Metamaterials · Graphene superstructure surface · Finite element method · Coupled-mode theory · Electro-
optical switch

Introduction

For the past few years, metamaterials [1–3], as a mate-
rial composed of synthetic subwavelength unit cells, have 
played an increasingly important role in the field of micro-
nano-optics. Metamaterials have unique physical and chem-
ical structures and excellent optical, electronic and electro-
chemical properties that can produce significant interactions 
with light. Two-dimensional materials including graphene, 
transitional metal dichalcogenides (TMDs), topological 
insulators, black phosphorus and Mxene have become hot 
research topics in the field of metamaterials. Graphene 
[4–6], made of carbon atoms, has become one of the most 
important research directions in the field of metamaterials 
because of its high electron mobility [7, 8], controllable 

optical properties [9], and electrical tunability [10, 11]. The 
Fermi energy of graphene can be easily changed by altering 
the bias voltage [12, 13], which can change its properties 
without changing its shape. Therefore, graphene has great 
potential for realizing tunable devices.

The Fano resonance [14], a special curve asymmetry, 
is caused by the interaction between the continuous and 
discrete states. We can achieve Fano resonance through 
asymmetric graphene structure. The diffraction limit, a 
phenomenon prevalent in conventional optical devices, 
can be overcome by Fano resonance in graphene [15]. For 
this reason, graphene has a very broad application pros-
pect in sensors, nonlinear optics, near field imaging and 
other fields [16–18]. Plasmon-induced transparency(PIT) 
[19], a special kind of Fano resonance, is produced by 
the interaction of superradiant(bright mode) and subradi-
ant modes(dark mode) that can form the absorption peaks 
and valleys, respectively, in the absorption spectra of the 
materials [20–22]. The PIT phenomenon will be excited at 
the same frequency of the two modes. Through scientific 
research, PIT metamaterials made of monolayer graphene 
structure and mixed metal-graphene nanostructure can be 
applied to sensors, modulators and slow light devices [23]. 
In addition, PIT metamaterials composed of graphene have a 
strong ability to modulate the resonant frequency of curves, 
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so another important application of PIT metamaterials is 
optical switching. However, most reported graphene struc-
tures, due to no independent modulation function for the 
resonance frequency of PIT curve, cannot meet the require-
ments of practical applications.

Therefore, we can acquire terahertz optoelectronic 
devices by combining the optical and electrical properties of 
graphene with PIT for static and dynamic terahertz tunable 
devices. Inspired by recent research, a double-layer graphene 
metamaterial is proposed in this paper, which is made of 
two covering graphene bands of structural parameters and 
a lower graphene square ring, which can implement PIT 
resonance by coupling between different patterns. Unlike 
traditional single-layer graphene-based optical absorbers, we 
have designed an independently tunable dual-band absorber 
consisting of a two-layer graphene stack that does not require 
the preparation of metal nanostructures. We obtain the PIT 
projection curve with three resonant frequencies, which can 
be explained by electrical field distributions, mixing theory 
and quantum energy level theory, and its transmission spec-
trum is fitted by coupled mode theory (CMT). In order to 
better understand the principle behind it, the transmission 
spectrum of a metamaterial structure is calculated theoreti-
cally by using the coupled mode theory, and the theoretical 
calculation results are in good agreement with the simula-
tion results. Moreover, the resonance frequency of the PIT 
transmission spectrum obtained by us will change linearly 
with the change of structural parameters and Fermi energy 
levels, which indicates that the structure designed by us can 
be applied to sensors well. Compared to other terahertz mod-
ulators, the modulation amplitude of my proposed modula-
tor can reach 99.63%, which means that our modulator can 
be used as an excellent photoelectric switch. In addition, 
the group index can be as high as 2739 which means that 
the graphene-based metamaterial could be widely used in 

slow-light function metamaterial. Therefore, we propose a 
new idea for a terahertz modulator in this paper.

Structure and Theory

The bilayer graphene structure we proposed is shown in Fig. 1a 
which can show three different resonant frequencies in the band 
of interest. The geometric parameters of the top and bottom 
graphene layers are L1 = 15.5 µm、L2 = 12 µm、L3 = 2.5 µm、 
L4 = L5 = 10.5  µm、L6 = L7 = 4.5  µm, respectively. This 
structure is periodic in the x and y directions with the period 
Px = 20 µm. The thicknesses of the SiO2 is d = 1.2 µm. The 
SiO2 with a refractive index of 1.5 is used as the substrate, and 
graphene structures are placed on the upper and lower surfaces, 
respectively, which are divided into upper graphene and lower 
graphene. The advantage of the two-layer graphene structure is 
that we can adjust the resonance frequency of the correspond-
ing absorption peak by adjusting one layer individually. By 
passively adjusting the structural parameters, we can select 
any number of perfect absorption peaks in a relatively wide 
terahertz band [5]. The ionic gel layer with a refractive index of 
2.5 is wrapped around the graphene pattern. Figure 1b shows 
the structure we propose which is comprised of two graphene 
strips with different structural parameters on the upper layer 
and square ring graphene on the lower layer. In order to bet-
ter illustrate the different graphene structures, we name the 
graphene square link, left strip, right strip, left strip and link 
combination, right strip and link combination as M, L, R, LM 
and RM, respectively. In this paper, we use COMSOL software 
to calculate the simulation results of metamaterials including 
transmission spectrum and electric field distribution. Herein, 
the structure is illuminated with a monochromatic plane wave 
propagating along the z-axis and the electric field along the 
x-axis. In the numerical simulation, the left and right of the 

Fig. 1   a Schematic diagram of 
graphene metamaterial on SiO2 
substrate; b Top view of meta-
material's structural unit; and 
size: L1 = 15.5 µm, L2 = 12 µm, 
L3 = 2.5 µm, L4 = L5 = 10.5 µm, 
L6 = L7 = 4.5 µm, d = 1.2 µm, 
Px = 20 µm
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unit cell are set as periodic boundary conditions, and the top 
and bottom are set as perfect matching layers.

Additionally, the feasibility of experimental fabrication 
is analyzed. Figure 2 shows the all process flow for fab-
ricating this nanostructure. A continuous, uniform atomic 
monolayer of graphene was grown by an optimized chemical 
vapor deposition method using CH4 as the carbon source 
and Ar/H2 as carrier gas. The as-grown graphene was first 
transferred onto a thin layer of SiO2–via atomic layer depo-
sition (ALD), then patterned into closely packed nanodisk 
arrays using e-beam lithography with PMMA as an elec-
tron beam resist. Oxygen plasma (40 W, 500 Mt, 15 s.) was 
used to etch away the exposed area, leaving the periodic 
pattern of graphene nanodisks protected by a PMMA layer, 
which was then removed with acetone. The element is then 
rotated and the upper graphene structure is prepared using 
the same procedure. To tune the Fermi level of the graphene 
nanostructure array, a high capacitance ion-gel layer (the 
physically crosslinked, ionic liquid/triblock copolymer gel) 
was spin-coated on top of the layer of graphene nanostruc-
tures. The ion-gel layer spin-coated onto the graphene pat-
tern was chemically prepared to yield a high capacitance 
(C = 2.49 µF/cm2). To prepare the ion gel, 0.56 g of ionic 
liquid ([EMIM][TFSI]) was first dried under vacuum and 
then transferred to glove box for 4 days, then it was dissolved 
with 22 mg of PS-PEO-PS (10–44-10 kg mol−1) triblock 
copolymer in 2 ml of dry dichloromethane.

Graphene is modeled as a conductive surface by using 
the transition boundary condition and its thickness is set 
equal to tg = 1 nm. In this paper, on the basis of the Kubo 
formula, the conductivity formula of monolayer graphene 
can be indicated as [24, 25]
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where kB, e, T = 300 K, h, ω, EF are the Boltzmann constant, 
the electron charge, the temperature, the reduced Planck’s 
constant, the angular frequency of the incident light, and the 
Fermi energy of graphene.

The carrier relaxation lifetime is showed as τ = μEF/
e(vF)^2, where vF = 1 × 106 m/s defines the Fermi velocity, 
and μc = 10000cm2/(V·S) stands for the carrier mobility. We 
select 30000cm2/(V·S) as the carrier mobility which can be 
high reached 40000 cm.2/(V·S) [26] by considering the per-
formance and practical feasibility of our design structure. In 
the terahertz frequency range(EF > > ω), the formula can be 
predigested as [27, 28]

We define the effective dielectric constant of graphene as 
ε(ω) = 1 + iσ(ω)/ε0ωtg [29] where ε0 is the vacuum dielectric 
permittivity.

Simulation Results and Discussion

Transmission spectra of the upper-layer and lower-layer 
structures are shown in Fig. 3a, b. It is observed that L, 
R and M structures are coupled with incident light at 1.49 
THz, 1.65 THz and 2.37 THz, respectively. When L and R 
structures combine with M structures to form LM and RM 
structures, LM and RM show single-PIT response, respec-
tively. Finally, we obtain a transmission spectrum with two 
transparent windows when the M, L and R structures are 
combined to form the LMR structure. The three components 
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Fig. 2   Process for fabricating 
the proposed nanostructured 
metasurfaces
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of the metamaterials have different resonant frequencies, 
which causes the frequency asymmetry of the two transpar-
ent windows in response to the double pit of the proposed 
structure.

In order to better understand the principle behind PIT, 
we show the Ez of the electric field distribution of the struc-
ture at f = 1.49 THz, f = 1.79 THz and f = 2.37 THz in the 
graphene metamaterial structure, as shown in Fig. 3c-e. We 
observe that the electric fields are mainly concentrated at the 
edges of the L, R and M structures. Thus, direct coupling 
between different modes and incident light produces reso-
nance at different frequencies.

To better understand how Fano resonance works, the cou-
pled mode theory is employed, as shown in Fig. 4. A1, A2 
and A3 which indicate three antennas that receive and trans-
mit information are used to describe the coupling between 
different modes where “ + ” and “-” separately indicate the 
positive and negative directions of propagation along the 
antenna and “in” and “out” indicate, respectively, the states 
of inflow and outflow of incident light. γ(i,n) and γ(o,n) (i = in, 
o = out, n = 1,2,3)are the internal loss coefficient and external 
loss coefficient of the nth mode. μmn (m = 1,2,3,m ≠ n) is the 
coupling coefficient between the three modes.

Therefore, the coupling between the three modes can be 
provided:
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Fig. 3   a Simulated transmission 
spectra of single M, Single L 
and single R metamaterials; b 
Simulated transmission spectra 
of proposed metamaterial LMR, 
Single LM, and single RM 
metamaterial structures. Here, 
Fermi levels of graphene are 
both 1.2 eV; c Ez distribution of 
three resonant frequencies in the 
transmission spectrum of the 
material

Fig. 4   Coupling model of three 
resonance modes
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where, γn = (iω-iωn-γ(i,n)-γ(o,n))(n = 1,2,3), γ(i,n) = ωn/(2Q(i,n)) 
and γ(o,n) = ωn/(2Q(o,n)). a1, a2 and a3 are the amplitudes of 
three resonators, respectively; μ1, μ2 and μ3 are the coupling 
coefficients of three resonators, respectively; Q(i,n) is the 

internal loss coefficient, Q(o,n) is the external loss coefficient. 
The Q(i,n) and Q(o,n) satisfy 1/Q(t,n) = 1/Q(i,n) + 1/Q(o,n). In this 
formula, Q(t,n) is the quality factor of the nth hypothetical 
resonator, Qtn = f/df. ωn is the angular frequency of the nth 
modes. According to the law of conservation of energy, 
when the incident light enters resonator L on its way through 
resonator M and finally comes out of resonator R, we can 
obtain the relationships between the three coupled modes:

where, φ1 is the phase difference between two modes A1 and 
A2, φ2 is the phase difference between two modes A2 and A3. 
However, the rationalization in the study assumes that the three 
antennas are in the same plane because the thickness of the 
oxide layer has little effect on the transmission spectrum of the 
structure, the phase difference is zero when a beam of linearly 
polarized plane light is incident vertically. To sum up, the trans-
mission and reflection coefficients of the system are obtained:
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The coefficients in the formula are respectively[30]:

Therefore, the transmission spectrum, reflection spectrum 
and absorption spectrum of the whole system are

where, td is transmission coefficient, rd is the direct reflec-
tion which satisfies, ω is frequency, ω0 is the resonance fre-
quency, γ is the radiation rate of the mode.

In Fig. 5, on account of the electric field enhancement 
effect for particle adsorption mode, we explore the curve 
evolution of PIT by changing the geometric parameters of 
the graphene structure. With the increase of longitudinal 
length L4 and crosswave length L5 of the lower layer of 
square ring graphene, as shown in Fig. 5a, b, we can clearly 
observe that the third transmission spectrum of the PIT 
curve has an obvious red-shift. Simultaneously, the first and 
second transmission spectrum of the PIT curve also show an 
obvious red-shift with the increase of crosswave length L3 of 
the upper graphene band, as shown in Fig. 5c. The frequency 
shift is mainly due to the significant influence of the great 
overlay between the graphene strips and the graphene rings.

In addition, we discuss the potential of the higher order 
plasma mode with a bilayer graphene structure in terahertz 
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sensing applications. The absorption spectra of bilayer gra-
phene structures embedded in different ambient media are 
calculated with the same geometric parameters as shown 

in Fig. 1b. We plot the frequency shifts of three resonant 
frequencies with respect to changing the design value of the 
graphene structure, as shown in Fig. 5d-f. We observe that 

Fig. 5   Evolution of the PIT 
curve when the longitudinal 
length L4 (a) and the longitu-
dinal length L5(b) of the lower 
layer of square ring graphene 
and the crosswave length L3 (c) 
of upper graphene band; (d-f) 
Frequency shifts of three reso-
nant frequencies versus changes 
the geometric parameters of the 
graphene structure

Fig. 6   a The PIT transmission spectra of numerical simulation and 
fitting at the different Fermi levels of graphene. b Frequency shifts 
of three resonant frequencies versus Fermi level. We define S(S=Δf/
ΔEf) as the linear fitting sensitivity. Here, Δf and ΔEf are the change 

in frequency shift and the change in Fermi level respectively. CMT 
and FEM are shorthand for coupled mode theory and finite element 
method, respectively
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the resonance frequency also changes linearly as the struc-
tural parameters of graphene change linearly. Therefore, the 
double-layer graphene structure we designed can be used in 
the field of sensors illustriously.

The PIT transmission spectra of the numerical simulation 
are fitted by CMT, as shown in Fig. 6a. It can be seen that the 
CMT theoretical calculation results of the proposed structure 
agree well with the finite element simulation results. We can 
also perceive that the PIT curve has an obvious blue-shift 
with the increase of the Fermi level which can manifest supe-
rior modulation function of the bilayer graphene structure. 
In the scope of 0.8 eV to 1.2 eV, the extinction ratio of the 
third transmission spectrum can be up to 100% which means 
that it can carry out an excellent single-band filter. We define 
S(S = ∆f/∆Ef) as the linear fitting sensitivity. Here, ∆f and ∆Ef 
are the change in frequency shift and the change in Fermi level 
respectively. Using Fig. 6b, we figured out the high Fermi 
level sensitivities of S1 = 1.95 GHz/meV, S2 = 2.21 GHz/meV 
and S3 = 5.00 GHz/meV. Here, S1, S2 and S3 represent the sen-
sitivities of transmission at three resonant frequencies, respec-
tively. These amounts are much higher than previous studies 
in related field [31–34]. The sensitivities of the structures 
mentioned above are compared with our structure in Table 1.

In addition, we further quantify the figure of merit (FOM), 
which is defined as sensitivity divided by FWHM [35, 36]. 
The FOMs of the proposed bilayer graphene structure at the 
three resonant frequencies in the terahertz range are 7.8, 12.2 
and 9.43 that are three to four times higher compared to 2.93 
in Ref [32]. and 4.53 in Ref. [34], respectively, providing a 
practical application for terahertz refractive index sensing.

Meanwhile, electro-optical switch can be implemented 
based on the PIT effect at the frequency of 2.0 THz, as shown in 
Fig. 7a. As we all know, modulation degree (MD) can be signi-
fied by (T-D)/T × 100% where T is the maximum transmittance, 
and D is the minimum transmittance. Even more noteworthy 
is that the mobility of graphene observed from the experimen-
tal data is essentially independent of temperature. Because of 
this we can attest that the mobility of graphene is still limited 
by impurity scattering at 300 K. By applying the gate volt-
age, we observed carrier concentrations in graphene as high as 
4 × 108 m−2, which means Ef = 1.17 eV [37, 38]. Therefore, it is 

reasonable to assume that the Fermi level may be dynamically 
modulated from 0.8 eV to 1.2 eV in the PIT system.

Through the above research, the MD of amplitude at 2.0 
THz is 99.63% where transmission is 86% in 2.0 THz and D 
is 6% in 2.0 THz, which means that the on–off modulation 
can be enforced. Hence the "on" state is set to the transmis-
sion rate of 86%, and the "off" state is set to the transmission 
rate of 6%. Figure 7b shows a three-dimensional modulation 
diagram that reflects the mechanism of the on–off switch.

An important area of PIT application is slow light effect. Here 
we analyze the slow light properties of the proposed metamaterial 
structures in Fig. 8. Generally speaking, the size of group index 
determines the quality of slow light effect, the larger the group 
index, the better the slow light characteristics. It can be obtained 
by: ng = c · dk = c · dθ / (l · dω) [39], where c, k, l are the light 
velocity, the wave vector in vacuum and the thickness of the sub-
strate SiO2, respectively, and transmission phase shift is θ = arg(t). 
Therefore, we plot the group index and phase shift at transpar-
ent windows from 0.8 eV to 1.2 eV in Fig. 8, the max group 
index of the metamaterials increases with increasing of the Fermi 
level. When Fermi energy level is 1.2 eV, the group index can be 
as high as 2739. Because of the sharp change of phase shift at 
the resonant frequency, the group exponent decreases sharply. 
Thence, there is a large group index near the resonant frequency 
caused by strong dispersion. Therefore, we can effectively adjust 
the double PIT phenomenon to seek the ideal slow light effect.

Table 1   Comparison of the proposed structure with previously 
reported structures

Sensor Sensitivity FOM

Ref [31] S = 0.36 THz/RIU FOM = 0.97
Ref [32] S = 0.44 THz/RIU FOM = 2.93
Ref [33] S = 0.53 THz/RIU FOM = 5.39
Ref [34] S = 0.59 THz/RIU FOM = 4.53
Proposed
structure

S1 = 1.95 GHz/meV
S2 = 2.21 GHz/meV
S3 = 5.00 GHz/meV

FOM1 = 7.8
FOM2 = 12.2
FOM3 = 9.43

Fig. 7   a Modulation mechanism of electro-optical switch; b Three-
dimensional modulation diagram at different graphene Fermi lev-
els. ON and OFF are abbreviations for the on and off state of the pho-
toelectric switch, respectively
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Conclusions

From what has been discussed above, with two graphene 
bands of different lengths on the upper layer and a square 
ring on the lower layer, we design a two-layer graphene 
absorber on a SiO2 substrate. The structure is numerically 
calculated by the finite element method and coupled with 
the simulation results by coupling mode theory. Through 
simulation, it can be found that the three resonant frequen-
cies of the PIT transmission spectrum obtained can be 
changed by changing linearly the structural parameters. 
We also obtain the linear relationship between the fre-
quency shift of the three resonant frequencies of the PIT 

transmission spectrum and the Fermi level change, and 
the linear fitting sensitivity of the three resonant frequen-
cies is S1 = 1.95 GHz/meV and S2 = 2.21 GHz/meV and 
S3 = 5.00 GHz/meV, respectively, and FOMs are 7.8, 12.2 
and 9.43. Meanwhile, an electro-optical switch can be 
implemented based on the PIT effect at a frequency of 2.1 
THz, where the MD of amplitude at 2.1 THz is 99.63%. 
In addition, the slow-light characteristics of the proposed 
structure are very outstanding, and the group index is as 
high as 2739. Through the above research, the structure 
designed by us can be applied to light switches, absorbers, 
refractive index sensing and other fields.

Fig. 8   a-c Group index of the 
proposed metamaterials at dif-
ferent Fermi Levels; d-f Phase 
shifts of the proposed metama-
terials at different Fermi levels
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