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Abstract: A single-layer graphene structure is put forward to generate quadruple plasmon-induced 
transparency (PIT) at the terahertz frequency by coupling the bright-dark mode and bright-bright 
mode originated from five graphene strips. Based on the research on the electric field intensity of the 
PIT transparent window, it is suggested that intense fatal interference occurs among the bright and 
dark modes. The PIT reaction of the structure is analyzed and simulated with the coupled mode 
theory (CMT) and the finite difference time domain (FDTD) approach. Tunable multi-frequency 
switching is achieved under this quadruple transparency effect, since the maximum modulation depth 
(MD) is as high as 95% and the minimum insertion loss (IL) is 0.17 dB. Besides, the time delay and 
the group refractive index within the PIT windows can be up to 0.744 ps and 722, respectively. The 
proposed structure shows another fascinating ability to be sensitive to the nearby refractive index 
with the sensitivity of up to 0.91 THz/RIU. Therefore, this structure offers another novel thinking to 
design the multichannel switches, slow light instruments, and sensors in the terahertz band. 
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1. Introduction 

Graphene [1], a promising two-dimensional 

semiconductor material, exhibits remarkable 
characteristics such as exceptionally high carrier 

mobility and outstanding photoelectric properties [2], 

while graphene plasmons that can interact with 
carriers and substances have been widely developed 
in the fields of optical storages [3, 4], optical 

switches [5], optical sensors [6, 7], slow light 
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devices [8–10], optical nano antennas [11], and 
quantum information processing devices [12]. More 
importantly, plasmon-induced transparency (PIT) 
[13] achieved by the graphene metamaterial 

structure displays a highly controllable advantage 
through manipulation of the Fermi level in 
graphene. 

Actually, PIT resembles the phenomenon of 

electromagnetically induced transparency in atomic 

systems, but can be conveniently realized by using 

nano graphene structures [14], and has been 

extensively reported. The single-PIT [15, 16], 

double-PIT [17–19], or triple-PIT [20–23] can be 

obtained in the single-layer structures. However, it is 

rarely discussed about quadruple-PIT by multiple 

coupling modes. What is more, it is found that when 

we use graphene as a metamaterial to generate PIT, 

photoelectric switches [24–27] and photoelectric 

sensors [28, 29] can be designed on the basis of the 

dynamic regulation of the gate voltage, associated 

with the slow light effect [30]. It can be obviously 

considered that the multiple-PIT can possess   

more transparent windows for those integrated 

applications [31]. Consequently, it is interestingly to 

develop the multi-frequency PIT effect. 

A monolayer graphene structure made up of five 
graphene strips is proposed in this paper. It is found 

that the graphene layer located between the silicon 
and the silica sandwich shows a more stable 
phenomenon [32]. First, an upper double-vertically 

parallel graphene (UVPG) strip and a single upper 
transverse graphene (UTG) strip generate a PIT 
transparent window at 3.305 15 THz because of the 

bright-dark mode coupling effect. After adding a 
single lower transverse graphene strip (LTG) as a 
bright mode, the bright-dark-bright mode coupling 

effect with the UVPG, UTG, and LTG is performed 
again. Finally, a lower vertical short graphene 
(LVSG) strip as the dark mode is added, and it will 
be coupled with the UVPG, UTG, and LTG. 

However, due to the particularity of the structural 
position of the LTG and LVSG, the coupling effect 
will occur in the T-shaped structure formed by the 

LTG and LVSG, which shows a triple bright mode 
in the 1 THz to 7 THz band, leading to the 
quadruple PIT effect under the above conditions. 
Through controlling its Fermi level, we can change 

the effect of this graphene structure without varying 
its geometry. The coupled mode theory (CMT) and 
finite difference time domain (FDTD) approach are 

the mainly methods adopted for the analysis and 
simulation, and their results are greatly uniform. The 
graphene structure model shows good future in the 

realms of optical switching, sensing, and slow light 
area. 

2. Design and analysis of structure 

The three-dimensional (3D) representation of      
the graphene structure diagram is depicted in Fig. 1. 
A regularly distributed single-layer graphene 
metamaterial can be observed along both the x and y 
axes within the x-y plane. In addition, the interlayer 
is between a silica substrate which is 0.1 μm thick 
and a silicon substrate which is 0.2 μm thick. A 
linear polarized plane incident light [33] is launched 
vertically on the whole structure along the z axis 
direction, and plasmon excitation situation occurs in 
the graphene structure. According to Fig. 1, there are 
five graphene strips on the silicon substrate. The 
UVPG is located on the top of the silicon’s surface, 
connecting to the UTG. The LTG is between the 
UTG and LVSG. The single graphene layer is 1 nm 
thick. Geometric coefficients are: S1=6 μm, S2=6 μm, 
S3=2.4 μm, S4=2.6 μm, S5=1 μm, S6=2.8 μm, 
S7=0.8 μm, S8=2 μm, S9=0.8 μm, S10=3.8 μm, 
S11=0.5 μm, S12=S13=0.1 μm, and h=0.1 μm. The 
border conditions are periodically defined along the 
x and y axes, while a perfect matching layer will be 
utilized in the z axis. The chemical potential is set to 
0.64 eV; the scattering rate is set to 0.000 18 eV; the 
conductivity scaling is set to 1; the temperature is set 
to 300 K. For the boundary conditions, the x and y 
axes are subjected to periodic definitions, and 
perfectly matched layers (PMLs) are employed in 
the z axis, which follow the standard default profile 
in the software. The simulation time is set to 
15 000 fs, and the mesh step is set to 0.01 μm. 
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Fig. 1 Parameter of the designed structure: (a) the proposed is a metamaterial structure for graphene, depicted in a schematic 
diagram with 3D visualization, (b) the overhead perspective of the structural component, (c) the modulation diagram depicting the gate 
voltage, and (d) the partial enlargement of the graphene structure plan. 

In the simulation of the entire process, we   
can ignore the thickness of the graphene because   
it is modeled in a two-dimensional (2D) surface.   
On basis of the Kubo [17, 34] (the formula is     

as follows), the complicated surface conductivity  
of the single-layer graphene includes the  
inter-band part and the intra-band part, σinter and 
σintra: 

intra inter( , , , )g fE T       
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where i denotes the imaginary number,  , kB, e, τ, ω, 

T, and Ef are the Planck constant, Boltzmann 

constant, electron charge, relaxation time, photon 

angular frequency, room temperature (300 K), and 

Fermi level, respectively. Based on Pauli’s exclusion 

theorem, the intra-band transition exerts a main 

effect at room temperature, but the inter-band 

transition is able to be neglected. Consequently, σg 

can be simplified after integration and re-written as 

 
2

2 1

i

i

f
g

e E

  






.           (2) 

The carrier relaxation time τ can be expressed as 
τ=µEf/(eVF

2). Besides, the Fermi velocity VF and the 
carrier mobility µ of the whole monolayer graphene 

are fixed to 10−6 m/s and 4 m2∙(V/s), respectively. In 
order to further analyze the properties of graphene, it 
is necessary to calculate its propagation constant. 

The propagation constant β of the guided mode and 
the effective refractive index neff can be expressed as 
follows [1, 36]: 

eff
0

n
k


                 (3) 

where k0 is free-space wavenumber, which can be 
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defined as k0=2π/λ0=ω/c.  

Since the graphene layer is located between the 

silica substrate and the silicon substrate, the 

dispersion association of graphene can be 

interpreted by using Maxwell’s equation, while the 

electromagnetic field’s boundary conditions are 

illustrated as [35, 36] 

2

2

SiOSi

2 2 2 2
0Si 0 SiO 0

i gσ

k k


   

  
 

     (4) 

where k0 is the wave numbers in the free space; ε0 is 

the dielectric constant of vacuum; εSiO2 is the relative 

dielectric constant of SiO2, and the relative dielectric 

constant of Si is εSi. The transmission spectra of the 

PIT effects are shown in Fig. 2. A horizontally 

polarized wave propagating along the opposite 

z-axis is exposed vertically to the array of graphene, 

and obvious interference effects are observed. 

According to the FDTD simulation results, the first 

PIT peak shown in Fig. 2(a) comes from the mutual 

effect with the dark mode generated by UVPG and 

the bright mode generated by UTG. In Fig. 2(a), a 

transmission dip in the transmission spectrum of the 

UTG structure is discovered, while the spectral 

transmittance of the UVPG structure is up to 90% in 

a broadband frequency scope. Therefore, it is 

considered that the mutual effect occurs between the 

UTG serving as the bright mode at f1=2.209 6 THz 

and the UVPG acting as the dark mode at 

f3=4.151 6 THz, and Fig. 3 reveals the electric field 

allocation. The distribution of the energy 

concentration at f1 and f3 can be observed in the 

electric field depicted in Fig. 3(a), specifically at the 

lower and upper extremities of the UVPG, 

respectively, while the electric field intensity at 

f2=3.383 1 THz has almost no energy distribution in 

the UTG structure. The reason for this phenomenon 

is that the transmission in the integrated structure of 

the UVPG and UTG exceeds 90% at this frequency, 

which is in line with the PIT peak generated from 

the bright-dark mode coupling. 

 
Fig 2 Transmission spectra of the various graphene 

structures with Ef=0.64 eV: (a) the generation process of single 
PIT, (b) the generation process of transmission of T-shape 
structure, and (c) the generation process of quadruple PIT. 

 
Fig. 3. Electric field intensity E is allocated at five resonance 

dips with Ef being 0.64 eV and the direction of the x-y plane:     
(a) f1=2.107 55 THz, (b) f2=3.044 02 THz, (c) f3=4.187 59 THz, 
(d) f4=5.172 09 THz, and (e) f5=5.829 41 THz. 

Furthermore, the structure LTG is added to the 
UVPG and UTG structures. According to the 

transmission spectrum and electric field distribution 
diagram, the LTG serves as a bright mode and is 
used to interact with the modes from the UVPG and 

UTG. The electric field intensity at f2=3.044 0 THz 
displays the main distribution of energy on both 
sides of the LTG. According to the energy diagram 

of f1, f3, and f4, the energy transfers among the 
co-coupled structure of the UVPG, UTG, and LTG, 
which proves that the addition of the LTG will affect 

the energy distribution of the overall structure, 
leading to a new transparent window. Therefore, it is 
interesting to find out that the law of the bright-dark 

mode or bright-bright mode interaction can result in 
the emergence of the PIT window. 
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Moreover, we also find that when the distance 
between the LTG and LVSG is maintained within a 
certain range, the two structures will form a new 
resonator while maintaining their original spectral 

transmission properties. Then, a bright mode with a 
transmission dip will be generated at fa=5.205 1 THz 
in Fig. 2(b). The T-shaped structure formed by the 

LTG and LVSG can be regarded as a resonator 
capable of producing a triple-bright mode 
transmission dip in the 1 THz to 7 THz band. 

According to Fig. 2(c), the triple bright mode 
generated by the T-shaped structure will be coupled 
with the double PIT generated by the UVPG and 

UTG. The transmission dip at f5=5.829 41 THz is 
generated by the superposition of the UVPG and 
LVSG energy at this frequency [inferred from    

the transmission spectrum frequencies at 
fc=6.228 61 THz in Fig. 2(a) and fb=5.934 47 THz in 
Fig. 2(b)]. In the field intensity allocations of the 

UVPG and LVSG structures, it is not difficult to see 
that the energy is concentrated at the same position, 
which also investigates the hypothesis of energy 

superposition. Observed from Figs. 2(a) and 2(b), 
the four structures of the UVPG, UTG, LTG, and 
LVSG are coupled together and four transparent 

windows are induced, resulting in a quadruple PIT 
phenomenon. 
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Fig. 4 Schematic diagram of CMT. 

The CMT method is further used to investigate 

the performance of the quadruple PIT phenomenon, 

as shown in Fig. 4. The dark mode produced by the 

UVPG, the bright mode produced by the UTG, and 

the triple bright mode produced by the T-shaped 

structure are respectively recorded as A1, A2, A3, A4, 

and A5. ( )
,out
nA  and ( )

,in
nA  represent the output and 

input waves of the nth resonator, where n (n=1, 2, 3, 

4, and 5) and the subscript + and − indicates the 

positive and negative direction of the energy flow; 

the amplitudes of the five modes are expressed as a1, 

a2, a3, a4, and a5, respectively, which can be obtained 

by [37, 38]: 
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where γn=(iω−iωn−γin−γon) (n=1, 2, 3, 4, and 5), ωn is 
the frequency of the angular nth mode, γin=ωn/(2Qin) 

is the nth mode of the interval loss coefficient, 
γon=ωn/(2Qon) represents the nth mode of the applied 
loss coefficient (that is, the nth external decay rate); 

μm,n (m, n=1, 2, 3, 4, and 5, m≠n) stands for the 
coupling coefficient between the five types. Qin 
represents the internal quality loss element and Qon 

represents the nth external quality loss element. The 
relation 1/Qtn=1/Qin+1/Qon can be adopted to obtain 
the external loss mass factor, where Qtn=f/Δf 

represents the total mass element of the nth mode (f 
means the resonance frequency and Δf is half of the 
maximum full width) and the expression: 

Qin=Re(neff)/Im(neff) [39] can be adopted to obtain 
Qin, and Re(neff) and Im(neff) are calculated in Fig. 5. 
On basis of the principle of conserving energy, the 

association among the input and the output waves 
are interpreted by 
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where  is the phase of waves. 
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where n=1, 2, 3, 4, and 5. 
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Fig. 5 Derivation basis of Qin: (a) the imaginary part of the 

effective refractive index-the frequency-dependent variation in 
various Fermi levels and (b) the real part of the effective 
refractive index-the frequency-dependent variation in various 
Fermi levels. 

Since A1, A2, A3, A4, and A5 are located within the 

same plane, φ1=φ2=φ3=φ4=φ5=0. Therefore, the 

energy transfer and feedback of the system can be 

summarized by the following equation [31, 40]: 
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where , 1, 2, 3, 4, and 5, ;m n m n   
om  and on  

respectively represent the amplitudes of the output 

coupling coefficients of the mth and nth resonant 
channels. 

Therefore, the theoretical quadruple PIT 

physical mechanism can thus be written as T=|t|2. 

3. Simulation outcomes and applications 

The Fermi level Ef can be changed through 

varying the voltage Vg. The voltage Vg and the Fermi 

level are derived from the following mathematical 

relationship: 

0 Si g
f F

V
E V

de

 
            (18) 

where d stands for the thickness of the silicon 

substrate, ε0, εSi, e, and Vf refer to the vacuum 

permittivity, the relative permittivity of silicon, the 

electron charge, and the Fermi velocity; εSi=11.9. 

Based on the Pauli exclusion theorem, because 

2 fE   (ω means the photon angular frequency), 

the efforts of the intermediate value and the 

composite conductivity of the monolayer graphene 

in the terahertz scope can be ignored. 

The transmission spectrum of the graphene 

metamaterial structure in the single-layer graphene 

is shown in Fig. 6 by adjusting Ef as 0.6 eV, 0.7 eV, 

0.8 eV, 0.9 eV, 1.0 eV, 1.1 eV, and 1.2 eV. The 

numerical simulation outcomes of the FDTD 

simulation using the red curve conform to the 

theoretical calculation outcomes of the CMT using 

the black dashed line. The transmission spectrum 

will also red-shift or blue-shift as the Fermi level 

changes. The physical mechanism of resonance can 

interpret this situation. 
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Fig. 6 Theoretical deduction process of quadruple 

transmission: (a) the transmission spectra of the graphene 
metamaterial structure exhibit variations corresponding to the 
modulation of the Fermi level and (b) the transmission spectra’s 
3D theoretical evolution is observed by adjusting the Fermi 
level within the range of 0.6 eV to 1.2 eV. 

The MD [41] and IL [42] are the important 

factors to describe the optical switching effect, 

which can be obtained by 

on off

on

MD 100%
T T

T


           (19) 

onIL 10lgT  .            (20) 
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According to Fig. 7, the values of Ef are defined 

as 0.7 eV and 1.0 eV; 0.8 eV and 1.1 eV; 0.9 eV  

and 1.2 eV, respectively, and the MDs of the 

multi-channel switch get the maximum values of 

92.3%, 93.7%, and 95%, which correspond to the 

minimum IL of 0.17 dB, 0.17 dB, and 0.18 dB. All 

the details are shown in Tables 14, respectively. 
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Fig. 7 Hexa-frequency synchronous switch when Ef=0.7 eV 

and 1.0 eV; 0.8 eV and 1.1 eV; 0.9 eV and 1.2 eV, where fp,q is 
the switching frequency (p=a, b, c, d; q=1, 2, 3, 4, 5, 6, or 7). 

Table 1 MD and IL values are obtained for Ef of 0.7 eV and 
1.0 eV. 

Frequency (THz) 
Ef=0.7 eV Ef=1.0 eV 

Tr* On/off Tr On/off MD (%) IL (dB)

2.60 0.947 On 0.073 Off 92.3 0.24 
2.20 0.109 Off 0.840 On 87.0 0.75 
3.74 0.960 On 0.145 Off 85.1 0.18 
4.36 0.166 Off 0.961 On 82.7 0.17 
5.09 0.871 On 0.125 Off 85.6 0.56 
5.37 0.193 Off 0.889 On 78.3 0.51 
6.21 0.801 On 0.157 Off 80.4 0.96 

*: Tr is transmission. 

Besides, the refractive index sensing effect of 
the structure is examined through setting the 
surrounding dielectric material as the air (n=1.000), 
liquid carbon dioxide (n=1.200), water (n=1.330), 
80% glucose solution (n=1.490), and benzene 
(n=1.550). By comparing the spectra, as refractive 

index grows, the transmission spectrum emerges a 
red-shift phenomenon. At room temperature, in 
addition to varying the Fermi energy level and the 
structural coefficients, we provide an alternative 
method to dynamically adjust the PIT by controlling 
the conductivity. Through the spectra of different 
refractive indices, the frequency of the transparent 
window decreases faster as the refractive index 
increases. The sensitivity is calculated by [46, 47] 

Δ

Δ

f
S

n
 .                (21) 

Table 2 MD and IL values are obtained for Ef of 0.8 eV and 
1.1 eV. 

Frequency (THz)
Ef=0.8 eV Ef=1.1 eV 

Tr On/off Tr On/off MD (%) IL (dB)

2.72 0.937 On 0.059 Off 93.7 0.28 
3.37 0.171 Off 0.946 On 82.0 0.24 
3.90 0.961 On 0.129 Off 86.6 0.17 
4.62 0.147 Off 0.949 On 84.5 0.23 
5.29 0.911 On 0.115 Off 87.4 0.40 
5.68 0.177 Off 0.927 On 81.1 0.33 

Table 3 MD and IL values are obtained for Ef of 0.9 eV and 
1.2 eV. 

Frequency (THz)
Ef=0.9 eV Ef=1.2 eV 

Tr On/off Tr On/off MD (%) IL (dB)

2.83 0.921 On 0.046 Off 95.0 0.36 
3.56 0.153 Off 0.937 On 83.7 0.28 
4.06 0.960 On 0.116 Off 88.1 0.18 
4.86 0.132 Off 0.939 On 86.0 0.27 
5.49 0.924 On 0.106 Off 88.5 0.34 
5.96 0.167 Off 0.935 On 82.1 0.29 

Table 4 MD and IL between our work and previously 
reported work. 

Ref. 
MD (%) 

maximum 
IL (dB) 

minimum 
Number of band for 

optical switch 

[43] 93.7 5.3dB 5 
[44] 94.5 0.13dB 3 
[45] 81.4 / 3 

This paper 95.0 0.17dB 6 

 
According to the frequencies with different n  

in Table 5, the sensitivity of the five bands can    
be obtained as 0.53 THz/RIU, 0.55 THz/RIU, 

0.91 THz/RIU, 0.50 THz/RIU, and 0.77 THz/RIU, 
as shown in Fig. 8. This represents that the structure 
can be adopted as a refractive-index sensor in the 

terahertz band. Table 6 shows the comparison of the 
sensitivity between our work and other published 
results, indicating that better performance is 

achieved in our devices. 
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Table 5 Values of frequencies and sensitivities with different n. 

n 
f1 

(THz) 
f2 

(THz) 
f3 

(THz) 
f4 

(THz) 
f5 

(THz) 

1.00 2.107 55 3.044 02 4.187 59 5.172 09 5.829 41 
1.20 1.993 50 2.929 96 4.004 50 5.073 04 5.679 34 
1.33 1.924 46 2.857 93 3.884 44 5.007 5.577 29 
1.49 1.846 42 2.773 89 3.740 37 4.928 96 5.454 23 
1.55 1.816 41 2.740 87 3.686 34 4.898 95 5.406 2 

Sensitivity (THz/RIU) 0.53 0.55 0.91 0.50 0.77 
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Fig. 8 Calculation of theoretical sensitivity: (a) transmission spectra of the PIT structure based on graphene are examined at various 
refractive indexes, with the Fermi level set at 0.64 eV and (b) relation between the resonant PIT valley and refractive index. 
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Fig. 9 Frequency-dependent: (a) the phase shift (the cyan line) and (b) time delay (the blue line) are observed as the Fermi level 

transmission varying from 0.6 eV to 1.2 eV. The corresponding transmission spectra are represented by the red line. 
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In addition, we modulate the Fermi level ranging 
from 0.6 eV to 1.2 eV in Fig. 9 which shows the 
development of the phase shift, time delay, and 
transmission spectra. According to Fig. 9, the solid 

cyan line is referred to the phase shift calculated 
mathematically. In one aspect, the transmission 
spectra plotted with the red solid line blue-shift as 

the Fermi level increases, and the phase shifts. In 
another aspect, the phase shift oscillates up and 
down with the growing frequency and the fixed 

Fermi level. It reaches its minimum value at the 
transmission dip. In addition, in the case of the 
wider transmission dip, the full width at half 

maximum (FWHM) and the phase shift will be 
larger. The phase shift reaches its maximum in the 
case of the fixed Fermi level at 1.2 eV. For one 

reason, as the Fermi level increasing, the slow light 
effect near each transmission dip is identical, the 
phase shift and Fermi level becoming more relevant. 

Figure 9(b) shows the PIT spectra and the group 
time delays, revealing a strong dispersion situation 
at the transmission dip. As the Fermi level grows, 

the maximum delay is achieved when the Fermi 
level is modulated within 0.6 eV1.2 eV. Because of 
the blue shift, the value of the horizontal axis will be 

enlarged at 1.0 eV1.2 eV. For a further intuitive 
display, the simulated results among different Fermi 
levels are compared in Tables 7 and 8. In the case  

of the fixed Fermi level at 0.8 eV, the largest   
time delay around the five transmission dips is 
0.744 ps, 0.676 ps, 0.638 ps, 0.577 ps, and 0.528 ps, 

respectively. In the meantime, the related highest 
group refractive indices are 722, 675, 635, 579, and 
552 at the five transmission dips, respectively, as 

shown in Table 9, which can be inferred from (22).  

0d d

d dg

k c
n c

h


 

            (22) 

where g is 1, 2, 3, 4, and 5;  is the azimuthal angle. 

Therefore, it can be concluded that the graphene 

structures can obtain the largest time delay at 

0.744 ps and the highest group refractive index is 

722. More details about the group refractive index 

are shown in Table 9. The slow light role of this 

structure is relatively remarkable. 

Table 6 Comparison of the sensitivity between our work and 
previously reported works. 

Ref. Materials Sensitivity (THz/RIU) 

[48] Graphene (SiO2) 0.19 

[49] NaCl and ethanol 0.583 

[50] Graphene (Si) 0.7 

This paper Graphene (SiO2 and Si) 0.91 

Table 7 Values of the phase shift with different Fermi levels. 

Fermi 

level 

(eV) 

Phaseshift1 Phaseshift2 Phaseshift3 Phaseshift4 Phaseshift5

0.6 0.871 0.632 0.746 0.676 0.429 

0.7 0.914 0.662 0.764 0.690 0.415 

0.8 0.970 0.719 0.804 0.717 0.431 

0.9 0.993 0.728 0.829 0.731 0.444 

1.0 0.979 0.750 0.835 0.734 0.755 

1.1 1.026 0.786 0.825 0.657 0.673 

1.2 1.081 0.812 0.844 0.644 0.678 

Table 8 Values of the delay with different Fermi levels. 

Fermi level 

(eV) 

Delay1 

(ps) 

Delay2 

(ps) 

Delay3 

(ps) 

Delay4 

(ps) 

Delay5 

(ps) 

0.6 0.686 0.644 0.634 0.553 0.517 

0.7 0.711 0.632 0.628 0.582 0.526 

0.8 0.744 0.676 0.638 0.577 0.528 

0.9 0.693 0.654 0.641 0.570 0.504 

1.0 0.676 0.653 0.635 0.534 0.488 

1.1 0.697 0.677 0.634 0.585 0.512 

1.2 0.700 0.686 0.648 0.568 0.533 

Table 9 Values of the index with different Fermi levels. 

Fermi level 

(eV) 
n1 n2 n3 n4 n5 

0.6 661 620 587 526 490 

0.7 700 623 620 522 501 

0.8 722 649 632 560 518 

0.9 677 643 616 572 509 

1.0 664 639 635 576 549 

1.1 691 657 602 579 552 

1.2 692 675 628 550 546 

4. Conclusions 

In conclusion, a new graphene structure, made 

up of four graphene strips to realize the quadruple 

PIT phenomenon in the terahertz band, has been 
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proposed. FDTD and CMT methods are adopted to 

explore the PIT effect, which is investigated to be 

generated by the strong resonant disturbance among 

the dark and bright modes coupling. The 

multi-frequency synchronous optical switch with the 

highest MD up to 95% is achieved in the proposed 

structure. The index sensitivity is up to 

0.91 THz/RIU, which can be investigated through 

varying the refractive indicator. Besides, the slow 

light effect is obtained as well. The largest group 

delay is 0.744 ps and the highest group refractive 

indicator is 722. Considering the design process, it is 

found that the configuration of this waveguide 

device may be a little complex, thus its manufacture 

process requirements and preparation cost is 

relatively high. There is still much room for 

improvement in this kind of graphene-based 

structures. Nevertheless, this terahertz multi-channel 

graphene structure presents innovative prospects for 

developing optical switches, sensors, and slow light 

equipment. 
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