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Abstract: The present study proposes a monolayer gra-

phenemetamaterial fabricatedwith periodic patterns, com-

posed of three graphene nanostrips and a graphene rectan-

gle (GR). The transmission spectra of the proposed metama-

terial are calculated bymeans of the Finite-Difference Time-

Domain (FDTD) simulation and the coupled mode theory

(CMT). And double plasmon-induced transparency (DPIT) in

the terahertz (THz) spectrum is achieved. Its spectral prop-

erties with different geometrical parameters, Fermi energy

levels, and carriermobility values are explored. In addition,

we examine how adjusting the Fermi energy and carrier

mobility influences the slow light phenomenon. An eleva-

tion of the group index to 600 is achieved by optimizing

carrier mobility to 3.0 m2∕(V s). As a result, this graphene-

basedmetamaterial shows valuable guidance for plasmonic

slow light components in optical buffering.
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1 Introduction

Over the recent years, the scientific community has wit-

nessed a remarkable upsurge in the research enthusiasm
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regarding surface plasmon polaritons (SPPs). This burgeon-

ing interest stems from their unique capacity to surmount

the constraints imposed by traditional optical diffraction

[1, 2]. Specifically, SPPs hold great promise for manipulating

light at the sub-wavelength scale, which has far-reaching

implications for various fields such as nanophotonics [3],

all-optical switch [4], and integrated optical circuits [5]. As

a result, numerous studies have been dedicated to explor-

ing the fundamental properties of SPPs, as well as devising

novel strategies to harness and control them for practical

applications [6–8].

Graphene has several remarkable attributes, namely its

dynamic tunability, an extensive frequency operating range,

and a substantially more pronounced locality of SPPs [9, 10].

Notably, the SPPs propagating along the surface of graphene

exhibit properties that outshine those onmetal surfaces. For

instance, owing to the absence of a saturation point in the

dispersion relation of graphene surface plasmons, a broad-

band optical response spanning from the mid-infrared to

the THz regime is enabled [11]. Additionally, when the Fermi

level of graphene is elevated to a higher value, the loss

associated with graphene SPPs waves is significantly miti-

gated [12]. Experimental investigations have demonstrated

that the graphene Fermi level can be effectively modulated

by applying an appropriate applied voltage [13]. In light of

these advantageous characteristics, graphene has emerged

as the preeminent candidate in the development of plas-

monic metamaterials. Consequently, graphene plasmonics

has found significant applications in diverse areas such as

light sensing [14], absorption [15], switching [16], and the

generation of slow light [17–19]. In many instances, these

applications are predicated on the mechanism of plasmoni-

cally induced transparency (PIT) [20, 21].

PIT arises from the quantum interference effects

induced by the coupling between the bright-state and dark-

state plasmons. A key feature of PIT is the presence of dis-

tinct transparent windows within the transmission spectra.

This window effectively nullifies the resonance absorption

that would otherwise be generated by Fano interference

occurring in intense local fields [22]. To date, an extensive
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array of PIT based plasmonic devices has been put forward.

These include optical switches, holographic imaging sys-

tems, and structures enabling ultra-slow light propagation

[23]. The designs of these plasmonic devices exhibit great

diversity. For example, they can be based on single-layer

graphene, nanostructured metamaterials, or waveguide-

graphene hybrid metamaterials. Nevertheless, the majority

of these plasmonic devices are rather complex in their con-

struction and pose challenges in terms of practical imple-

mentation [24]. Moreover, they predominantly display only

a single PIT effect, limiting their functionality and versatility

in more advanced applications [25]. This situation calls for

the development of more simplified yet efficient strategies

for fabricating PIT-based plasmonic devices with enhanced

multi-functionality.

This study presents a novel graphene-based metastruc-

ture featuring a single-layer structure. At terahertz frequen-

cies, the Double-PIT (DPIT) effect is attained via the inter-

action between a graphene rectangle and three graphene

nanostrips within the structure. The metamaterial under

investigation is modeled as an ideal, perfectly periodic pat-

terned configuration. The outcomes from Finite-Difference

Time-Domain (FDTD) numerical simulations are in close

accordance with those derived from the coupled mode the-

ory (CMT). When the proposed structure is contrasted with

other existing structures, this particular graphene-based

metamaterial showcases distinct advantages with regard to

its simple structure and relative ease of manufacturing. By

modulating the Fermi energy of graphene, active control

over the DPIT windows can be effectively realized, thereby

obviating the need for structural redesign. Additionally, this

structure demonstrates excellent slow light performance.

As a result, the proposed graphene-based metastructure

holds great promise for enabling the development of mod-

ulation devices, slow light devices, and other associated

devices, contributing to the advancement of terahertz based

optoelectronic applications.

2 Model and theoretical method

The schematic diagram of the proposed periodic structure

of the graphene metamaterial is shown in Figure 1(a). The

Fermi levels E f of the graphene structures can be dynam-

ically tuned by gate voltage Vg between the electrode and

the monolayer graphene, as illustrated in Figure 1(b). To

achieve uniform impact of the gate voltage on all graphene

sheets, they are linked with thin metal wires, ensuring con-

sistent modulation across the entire graphene structure. As

shown in Figure 1(c), the periodic unit is depicted from an

overhead perspective. The monolayer graphene structures

discussed in the article include a graphene rectangle (GR),

a vertical graphene strip (VGS), and two aligned horizontal

graphene strips (HGSs). Dielectric silicon layers with rela-

tive permittivity of 11.7, eachhaving a thicknesses of 0.05 μm
for top level and 0.25 μm for bottom level, encase the

monolayer graphene. Details of the geometric parameters

are given below: L = 6.0 μm, L1 = 0.6 μm, L2 = 3.0 μm,
L3 = 2.7 μm, L4 = 2.0 μm, and L5 = 0.5 μm.

The fabrication process for our proposed structure is

outlined in the schematic of Figure 1(d), which provides key

information about how the structure is assembled. First, a

graphene layer is grown on a copper foil via chemical vapor

deposition, with the process carried out at a temperature

of 1,050 ◦C [26]. After this step, the graphene is carefully

transferred onto a 250 nm-thick silicon substrate, and ace-

tone is used to remove any leftover photoresist from its

surface [27]. Subsequently, following the approach detailed

by reference [28], a 50 nm-thick silicon layer is accurately

deposited on top of the graphene. These sequential steps

help clarify the detailed preparation work involved in cre-

ating the structure.

In FDTD simulation calculations, the input x-polarized

plane light wave propagates in the z-axis. Along the z-

coordinate axis, perfectly matched layer (PML) boundary

conditions are implemented, while periodic boundary con-

ditions are imposed to the x and y directional boundaries.

For the grid of the entire simulated structure, an accuracy of

50 nm is specified. A simulated environmental temperature

of 300 K is adopted in the study. Under the above conditions,

the conductivity 𝜎 g of graphene layer can be written as:

𝜎g =
e2E f

𝜋ℏ2
(
𝜔+ i𝜏−1

) i. (1)

Here, the electron charge corresponds to e, the

graphene Fermi level is indicated by E f , the angular fre-

quency of incident light is reflected by 𝜔, and the car-

rier relaxation time is embodied by 𝜏 = 𝜇E f

e𝑣2
F

[29]. Here,

𝑣F = 106 m∕s indicates the Fermi velocity and the carrier
mobility of graphene. Given that the graphene is embedded

in the silicon layer, the propagation constant of graphene

SPPs can be calculated by the following equation [30]:

𝛽 = k0

√
𝜀d −

(
2𝜀d
𝜎gZ0

)2

. (2)

Here, k0 denotes the electromagnetic wave vector

transmitting in vacuum, 𝜀d signifies permittivity of dielec-

tric layer silicon, and Z0 represents the intrinsic impedance

in free space. Thus, it’s possible to determine the effective

refractive index neff = 𝛽∕k0.
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Figure 1: Schematic diagrams of the periodic metamaterial structure, Fermi energy-voltage relation, fabrication process and CMT representation.

(a) Three-dimension illustration of the proposed periodic metastructure. (b) A diagram of the variation of the Fermi energy in relation to voltage.

(c) Overhead view of a structural unit. (d) Fabrication process schematic of the designed metamaterial structure. (e) Schematic representation of CMT.

Using the multi-mode interference CMT, investiga-

tion of transmission characteristics is also feasible. CMT

stands out in photonic research for its notable strengths.

It simplifies complex electromagnetic analyses by focus-

ing on key resonant modes, avoiding computationally

heavy full-wave simulations. As a well-developed theo-

retical research approach, CMT is capable of investigat-

ing the coupling interactions between two or more res-

onant modes, and it has been extensively applied in

numerous academic studies [31–33]. In the diagram of

Figure 1(e), we assume that the three resonators repre-

sent three modes. The notation R
in∕out
n± (n = 1, 2, 3) repre-

sent the input (denoted by superscript “in”) or output

(denoted by superscript “in”) wave of the nth mode, where

the subscripts “−” and “+” denote the wave’s positive or
negative propagation direction. Correspondingly, the wave

amplitudes of the three modes are designated as r1, r2,

and r3 to match the respective resonators. The interre-

lation among the three resonators can be easily derived

[34]:
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⎛⎜⎜⎜⎝
𝜅1 −i𝜇12 −i𝜇13

−i𝜇21 𝜅2 −i𝜇23

−i𝜇31 −i𝜇32 𝜅3

⎞⎟⎟⎟⎠
⋅

⎛⎜⎜⎜⎜⎝

r1

r2

r3

⎞⎟⎟⎟⎟⎠

=
⎛⎜⎜⎜⎝
−𝜅1∕2

o1
0 0

0 −𝜅1∕2
o2

0

0 0 −𝜅1∕2
o3

⎞⎟⎟⎟⎠
⋅

⎛⎜⎜⎜⎜⎝

Rin
1+ + Rin

1−

Rin
2+ + Rin

2−

Rin
3+ + Rin

3−

⎞⎟⎟⎟⎟⎠
. (3)

Here, 𝜇nm (m = 1, 2, 3, n = 1, 2, 3,m ≠ n) indicates

the resonator-to-resonator coupling coefficients, 𝜅n = i𝜔−
𝜅on − 𝜅in − i𝜔n(n = 1, 2, 3) denotes the net loss factor for

the nth mode. Furthermore, 𝜅on = 𝜔n

/(
2Qon

)
and 𝜅in =

𝜔n

/(
2Qin

)
indicate the extra-loss and inter-loss coefficients,

respectively. Meanwhile, Qon and Qin denote the external

and internal loss quality factors of the nth mode. Qin can

be obtained by Qin = Re
(
neff

)/
Im

(
neff

)
(Re

(
neff

)
, Im

(
neff

)
are the real and imaginary parts of the effective refractive

index). The total quality factor Qtn of the nth mode can

be represented by: 1∕Qtn = 1∕Qon + 1∕Qin, and 1∕Qtn = f∕Δ f .

Here, f andΔ f are the resonance frequency of the nthmode

aswell as full width of halfmaximum (FWHM), respectively.

As a beam of light wave is released from R1 and lastly

emanates from R3, the relationship among three modes can

be deduced via energy conservation:

Rin
n+ = Rout

(n−1)+ + ei𝜑n−1 ,Rin
(n−1)− = Rout

n−e
i𝜑n−1 (n = 2, 3), (4)

Rout
n+ = Rin

n+ − 𝜅
1∕2
on rn,R

out
n− = Rin

n− − 𝜅
1∕2
on rn(n = 1, 2, 3). (5)

Here, the phase difference of the plasmonic wave

between R1 and R2, as well as R2 and R3, is represented by

𝜑1 and𝜑2. Due to the fact that the three resonators are posi-

tioned in the identical plane, there is no phase difference

among them. Thus, the aforementioned relationship can

be utilized to determine the total transmission coefficient

across the system:

t =
Rout
3+
Rin
1+

= 1−
(
𝜅o1

)1∕2
A−

(
𝜅02

)1∕2
B−

(
𝜅o3

)1∕2
C. (6)

Here,

A =
(
𝜅2𝜅3 − 𝜅23𝜅32

)
𝜅
1∕2
o1

+
(
𝜅12𝜅3 + 𝜅13𝜅32

)
𝜅
1∕2
o2

+
(
𝜅12𝜅23 + 𝜅13𝜅2

)
𝜅
1∕2
o3

𝜅1𝜅23𝜅32 − 𝜅1𝜅2𝜅3 + 𝜅12𝜅21𝜅3 + 𝜅12𝜅23𝜅31 + 𝜅13𝜅21𝜅32 + 𝜅13𝜅2𝜅31
, (7)

B =
(
𝜅21𝜅33 + 𝜅23𝜅31

)
𝜅
1∕2
o1

+
(
𝜅1𝜅3 − 𝜅13𝜅31

)
𝜅
1∕2
o2

+
(
𝜅1𝜅23 + 𝜅13𝜅21

)
𝜅
1∕2
o3

𝜅1𝜅23𝜅32 − 𝜅1𝜅2𝜅3 + 𝜅12𝜅21𝜅3 + 𝜅12𝜅23𝜅31 + 𝜅13𝜅21𝜅32 + 𝜅13𝜅2𝜅31
, (8)

C =
(
𝜅21𝜅32 + 𝜅2𝜅31

)
𝜅
1∕2
o1

+
(
𝜅1𝜅32 + 𝜅12𝜅31

)
𝜅
1∕2
o2

+
(
𝜅1𝜅2 − 𝜅12𝜅21

)
𝜅
1∕2
o3

𝜅1𝜅23𝜅32 − 𝜅1𝜅2𝜅3 + 𝜅12𝜅21𝜅3 + 𝜅12𝜅23𝜅31 + 𝜅13𝜅21𝜅32 + 𝜅13𝜅2𝜅31
, (9)

𝜅12 = i𝜇12 +
(
𝜅o1𝜅o2

)1∕2
, 𝜅13 = i𝜇13 +

(
𝜅o1𝜅o3

)1∕2
,

𝜅21 = i𝜇21 +
(
𝜅o1𝜅o2

)1∕2
,

(10)

𝜅23 = i𝜇23 +
(
𝜅o2𝜅o3

)1∕2
, 𝜅31 = i𝜇31 +

(
𝜅o1𝜅o3

)1∕2
,

𝜅32 = i𝜇32 +
(
𝜅o2𝜅o3

)1∕2
.

(11)

Ultimately, the CMT can be used to determine the sys-

tem transmittance: T = t2.

3 Results and theoretical analysis

In this section, we will discuss different impacts of param-

eters E f , L2 and 𝜇 on the transparency windows. When

the terahertz light is directly irradiated onto the proposed

structure, different graphene structures have various spec-

tral transmissions, as demonstrated in Figure 2(a) with

E f = 1 eV, 𝜇 = 1.0 m2∕(V s), L2 = 3 μm. A detailed exam-

ination of each monolayer graphene’s function in the pro-

posed structure is necessary to comprehend the physical

process underlying DPIT. The spectra denoted by red and

yellow lines show evident Lorentzian curves, which are the

results of the HGSs and GR being directly excited by the

incident wave. Thus, two transmission valleys located at

4.6143 THz (red line) and 4.6793 THz (yellow line) form in

the spectra. And the two resonant frequencies are labeled

by f1 (marked by red arrow) and f2 (marked by yellow

arrow), respectively.Whereas, the transmittance of the VGS-

generated blue line shows no significant alteration upon

exposure to the incident wave. Its transmittance remains

nearly constant at approximately 1.0. Apparently, both

grapheneHGSs and GR are identified as brightmodes owing

to the broad linewidths of their resonance dips in the trans-

mission spectrum (as shown by the red and yellow lines in

Figure 2(a)), while graphene VGS is characterized as a dark
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Figure 2: Transmission spectra of various graphene configurations and FDTD-CMT comparisons. (a) Transmission spectra of HGSs (red line), GR

(yellow line), VGS (blue line), and combined graphene structure (black line). (b) Transmission spectra of FDTD simulation result and CMT theory.

(E f = 1 eV, 𝜇 = 1.0 m2∕(V s), l2 = 3 μm).

mode owing to the narrow linewidth of its resonance dip (as

shown by the blue line in Figure 2(a)).When x-polarized ter-

ahertz incident light irradiates the metamaterial, the bright

modes can be directly coupled with the incident light. The

oscillating electric field of the light drives the charge car-

riers in HGSs and GR to oscillate collectively, exciting their

plasmonic modes – these modes readily interact with the

incident light. In contrast, due to the mismatch between the

vertical structure of VGS and the direction of the x-polarized

light, VGS cannot be directly excited by the incident light,

so its plasmonic modes remain inactive initially. However,

VGS can be indirectly excited by the near-field generated

from the interaction between the bright modes and the

incident light. When the resonance frequency of the bright

modes matches the monopole resonance frequency of the

dark mode, PIT phenomenon occurs, as shown by the black

line in Figure 2(a). Two transparent windows with 0.907

and 0.79 transmittance are located at fpeak1 = 4.0991 THz

(labeled as peak1) and fpeak2 = 4.997 THz (labeled as peak2).

Correspondingly, three valleys appearing on the spectrum

of combined graphene structure are denoted by dip1, dip2

and dip3, respectively. Moreover, Figure 2(b) shows a high

degree of concordance between the theoretical calculations

of CMT and the simulation findings of FDTD.

The underlying physical mechanism of the double PIT

production is reflected in the structural electric field distri-

bution at the relevant resonant frequencies. Figure 3 dis-

plays the distribution of the electric field |E| (XY plane)

at different resonance frequencies marked by arrows in

Figure 2. For two independent bright modes, the weak elec-

tric field |E| is restricted to the region around graphene

HGSs and GR, as shown in Figure 3(a) and (b), and the

electric field energy around them is in equilibrium. How-

ever, when VGS (dark mode) is added to this system, the

electric field balance around HGSs and GR (bright modes)

is disrupted. At this moment, due to the coupling effect

between them, the electric field around the bright modes

are enhanced, and the dark mode is also excited by the

near-field. Concerning the DPIT effect-induced dips, within

subplots (c), (e), and (g) of Figure 3, the electric field is

predominantly located at the corners of HGSs and GR, and

stronger electric fields are localized in the gap between the

HGSs (brightmode) and the VGS (darkmode). As depicted in

the diagram of Figure 3(d), the electric field’s concentration

shifts to the two sides of VGS, which means the peak located

at f = 4.0991 THz is formed by the interaction between two

bright modes and dark mode. At the resonance frequency

peak2, the weak electric field largely emerges at the angu-

lar points of HGSs and the left side of VGS, as depicted in

Figure 3(f). This observation suggests the resonant peak2

stems from the coupling effect between HGSs and GR.

Because of its low ohmic losses and flexiblemodulation

characteristics, graphene metamaterial is widely used and

provides notable benefits in a variety of applications. Com-

mon techniques for achieving these tuning characteristics

include chemical doping and field-based tuning via electric

and magnetic field. A widely adopted method consists of

utilizing a gate voltage Vg to modify the Fermi levels of
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Figure 3: The electric field distributions of different resonant frequencies which are marked by arrows in Figure 2.

graphenemetamaterial [35, 36]. The relation betweenVg and

E f can be given by [37]

E f = ℏ𝑣 f

√
𝜋𝜀0𝜀dVg

/
ed.

Where 𝜀0 represents the vacuum dielectric constant,

and d denotes the distance separating the electrode from the

graphene plane. Figure 4 illustrates various DPIT spectral

lines producedby the proposed structure for different Fermi

levels to demonstrate the tunability of PIT windows. It is

Figure 4: Transmission spectra of FDTD results and CMT data

at different Fermi levels. (𝜇 = 1.0 m2∕(V s), L2 = 3 μm).

clear that with the increase of the Fermi levels, two trans-

parency windows shift gradually toward higher frequen-

cies. For example, when E f increases from 0.95 eV to 1.20 eV,

peak1 shifts from 3.9815 THz to 4.4342 THz, and peak2 blue-

shifts from 4.8694 THz to 5.4772 THz, respectively. This phe-

nomenon stems from the requirement that graphene elec-

trons necessitate a higher energy input to resonate with

increasing Fermi level. It is evident that Figure 4 demon-

strates the adjustability of transparency windows through

the manipulation of the Fermi level.

Analogous to the atomic system, the plasmonic system

exhibits the capability to reduce group velocities. Lever-

aging the notable dispersion characteristics of monolayer

graphene, we can utilize it in plasmonic nanostructures

to manipulate electromagnetic fields. Regarding adjustable

slow-light phenomena, controllable group delay is feasible

via Fermi level modulation. Theoretical calculation of the

group index (ng), which signifies the slow-light effect, is

performed using the following formula [38]:

ng =
c

𝑣g
= cd𝜑

hd𝜔
. (12)

Here c is the light speed in vacuum, the group velocity

is denoted by 𝑣g , h stands for the thickness of the pro-

posed nanostructure, and 𝜑 is the transmission phase shift.

The graphs in Figure 5 display the modulation of group

index andphase shift across frequencieswhen the graphene

Fermi level is tuned from 0.95 eV to 1.2 eV. It reveals that

the group index demonstrates a stable increase with the

escalation of the Fermi level of graphene, on the condition
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Figure 5: Frequency-dependent modulation of group index and phase shift during the transition of graphene Fermi level from 0.95 eV to 1.2 eV.

that the remaining parameters remain constant. The group

index is observed to be 239 when the Fermi level is at

0.95 eV, whereas the value increases to 270 as the Fermi level

ascends to 1.20 eV. The sharp phase shift and intense disper-

sion of the SP wave, originating from the near-field inter-

action of bright-dark mode coupling, result in a remarkable

augmentation of the group index close to the DPITwindows.

To investigate how structure geometry impacts DPIT

windows, we set the Fermi level at 1.0 eV. The transmission

characteristics of the graphene nanostructure for varying

lengths of L2 are illustrated in Figure 6. It can be seen

that with the gradual increase of L2, the transmission spec-

trum exhibits a minor blue shift. Additionally, the magni-

tude of peak1 experiences a slight diminishment, whereas

the magnitude of peak2 undergoes a minor augmenta-

tion. Even in the presence of L2 variations of ±200 nm,
the alterations to the transmission spectrum are minor.

This observation indicates that during the fabrication pro-

cess, the performance of this graphene structure exhibits

resilience to minor discrepancies that potentially occur.

The robustness has a certain value in practical imple-

mentations where maintaining consistent precision can be

challenging.

Chemical doping canmodify the carriermobilitywithin

graphene, thereby influencing its spectral characteristics. In

order to ascertain this correlation, wemaintained the Fermi

level at 1.0 eV while changing the graphene carrier mobil-

ity (𝜇). Figure 7 provides the transmission spectra of FDTD

results and CMT data when the graphene carrier mobility

is varied from 1.5 m2∕(V s) to 3.0 m2∕(V s). As depicted in

Figure 7, the transmittance spectral curve exhibits a weak

low-frequency shift (red shift), accompanied by an increase

in transmittance for the two PIT windows with the ele-

vation of graphene’s carrier mobility. An increase in car-

rier mobility (𝜇) implies enhanced transport capability of

charge carriers, which reflects strengthenedmetallicity and

electronic activity of graphene; consequently, electrons can

participate more efficiently in electromagnetic responses

and undergo collective oscillations. Meanwhile, high carrier

mobility implies high surface conductivity [39], allowing

electrons to respond more quickly to changes in the elec-

tric field without the need for high-frequency electric field

driving. These effects collectively indicate that electrons

can complete collective oscillation processes at lower fre-

quencies, resulting in a decrease in spectral line frequency

(redshift) [40]. The combined effect of these improvements

yields a superior quality factor and an enhancement in peak

transmittance. Simultaneously, we also observe that the val-

ues of dip2 and dip3 decrease gradually. The intrinsic rela-

tionship between spectral properties and carrier mobility

highlights the significance of carrier mobility in the design

and practical application of graphene-basedmetamaterials.
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Figure 6: Transmission spectra of FDTD results at different lengths of L2.

(𝜇 = 1.0 m2∕(V s), E f = 1 eV).

Figure 8 exhibits the variation of group index and

phase shift in relation to frequency when the graphene

carrier mobility is increased. It reveals that the group index

of the proposed structure at the resonance points increases

significantly with the Fermi level fixed at 1.0 eV. Notably,

the group index even reaches 600 as 𝜇 = 3.0 m2∕(V s), and

the value achieved in this way significantly surpasses the

Figure 7: Transmission spectra of FDTD results and CMT data when

the graphene carrier mobility is changed from 1.5 m2∕(V s)

to 3.0 m2∕(V s). (E f = 1.0 eV, L2 = 3 μm).

group index values obtained by adjusting the Fermi level of

graphene. As shown in Table 1, this value is greater than that

of other slow light effects relying on graphene metamateri-

als with comparable parameters. Additional experimental

findings [41] corroborate that graphene exhibits a carrier

mobility as high as 10 m2∕(V s) at room temperature, a trait

that remains invariant across temperature fluctuations and

Figure 8: Frequency-dependent modulation of group index and phase shift during the transition of graphene carrier mobility from 1.5 m2∕(V s)

to 3.0 m2∕(V s).
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Table 1: Comparison of graphene-based metamaterial slow-light.

References/year Material structure Group index

[34]/2019 Single-layer patterned graphene 382

[35]/2021 Dual-layer patterned graphene 515

[24]/2021 Single-layer patterned graphene 321

[20]/2023 Single-layer patterned graphene 424

[12]/2023 Single-layer patterned graphene 430

[42]/2024 Single-layer patterned graphene 320

This work Single-layer patterned graphene 600

is predominantly constrained by impurity-mediated scatter-

ing processes. Consequently, it is viable to further reduce the

group velocity by employing this methodology in reality.

4 Conclusions

In this work, we present a monolayer patterned graphene

composed of three graphene nanostrips and a graphene

rectangle for the realization of a DPIT, and explore its spec-

tral properties with different geometrical parameters L2,

Fermi energy level E f , and carrier mobility 𝜇. The spectral

properties obtained from FDTD calculations show consis-

tency with those derived from CMT theory calculations. In

addition, we examine how adjusting the Fermi energy and

carrier mobility influences the slow light phenomenon. Sig-

nificantly, enhancing the mobility of carriers in graphene

emerges as the most effective means to optimize the slow

light effect. As demonstrated by the numerical results, the

group index reaches 600 as𝜇 = 3.0 m2∕(V s). In general, the

findings of this work provide valuable guidance for slow

light devices.

Funding information: This work was funded by the Open

Fund of Hunan High Speed Railway Operation Safety

Assurance Engineering Technology Research Center (2025

Annual, Grant no. KFJJ2025-03), and Hunan provincial

Nature Science Foundation of China (Grant no. 2025JJ80381).

Author contributions: Methodology: Xin Zhou; software:

Guozheng Nie; writing-original draft: Xin Zhou; writing-

review and editing: Fengling Jiang; visualization: Xiuying

Yi; supervision: Fengling Jiang and Xiuying Yi. All authors

have accepted responsibility for the entire content of this

manuscript and approved its submission.

Conflict of interest: The authors state no conflicts of

interest.

Data availability statement:All data generated or analysed

during this study are included in this published article.

References

1. Guo Y, Xu Z, Curto AG, Zeng YJ, Van Thourhout D. Plasmonic

semiconductors: materials, tunability and applications. Prog Mater

Sci 2023;138:101158..

2. Khonina SN, Kazanskiy NL, Skidanov RV, Butt MA. Advancements

and applications of diffractive optical elements in contemporary

optics: a comprehensive overview. Adv Mater Technol

2024;10:2401028..

3. Shi J, Guo Q, Shi Z, Zhang S, Xu S. Nonlinear nanophotonics based

on surface plasmon polaritons. Appl Phys Lett 2021;119:

130501..

4. Khatooni HS, Abbasian K, Nurmohammadi T. A tunable band-stop

plasmonic waveguide filter and switch designing with triangular

resonator based on Kerr non-linearity. Optik 2020;224:165708..

5. Maier SA. Plasmonics: the promise of highly integrated optical

devices. IEEE J Sel Top Quantum 2007;12:1671−7..
6. Alshanski I, Bentolila M, Gitlin-Domagalska A, Zamir D, Zorsky S,

Joubran S, et al. Enhancing the efficiency of the solid phase

peptide synthesis (SPPS) process by high shear mixing. Org

Process Res Dev 2018;22:1318−22..
7. Katzmarek DA, Pradeepkumar A, Ziolkowski RW, Iacopi F. Review

of graphene for the generation, manipulation, and detection of

electromagnetic fields from microwave to terahertz. 2D Mater

2022;9:022002..

8. Liu J, Khan ZU, Sarjoghian S. Layered THz waveguides for SPPs,

filter and sensor applications. J Opt 2019;48:567−81..
9. Zhang F, Yang K, Liu G, Chen Y, Wang M, Li S, et al. Recent

advances on graphene: synthesis, properties and applications.

Composites, Part A: Appl Sci 2022;160:107051..

10. Sun YW, Papageorgiou DG, Humphreys CJ, Dunstan DJ, Puech P,

Proctor JE, et al. Mechanical properties of graphene. Appl Phys Rev

2021;8:021310..

11. Gao E, Liu Z, Li H, Xu H, Zhang Z, Zhang X, et al. Dual plasmonically

induced transparency and ultra-slow light effect in m-shaped

graphene-based terahertz metasurfaces. Appl Phys Express

2019;12:126001..

12. Li M, Xu H, Yang X, Xu H, Liu P, He L, et al. Tunable plasma-induced

transparency of a novel graphene-based metamaterial. Results

Phys 2023;52:106798..

13. Li X, Wei Y, Lu G, Mei Z, Zhang G, Liang L, et al. Gate-tunable

contact-induced Fermi-level shift in semimetal. Proc Natl Acad Sci

USA 2022;119:e2119016119..

14. Xu Y, Wang Z, Yang Y, Huang X, Zeng X, Cheng S, et al. Dynamically

tunable highly sensitive sensor based on graphene and black

phosphorus composite metamaterial. Phys Scripta

2024;99:105568..

15. Nong J, Tang L, Lan G, Luo P, Li Z, Huang D, et al. Enhanced

graphene plasmonic mode energy for highly sensitive molecular

fingerprint retrieva. Laser Photonics Rev 2021;15:2000300..

16. Zhou X, Xu Y, Li Y, Cheng S, Yi Z, Xiao G, et al. Multi-frequency

switch and excellent slow light based on tunable triple

plasmon-induced transparency in bilayer graphene metamaterial.

Commun Theor Phys 2022;74:115501..

17. Zhou X, Xu Y, Li Y, Cheng S, Yi Z, Xiao G, et al. High-sensitive

refractive index sensing and excellent slow light based on tunable

triple plasmon-induced transparency in monolayer graphene

based metamaterial. Commun Theor Phys 2022;75:015501..



10 — X. Zhou et al.: Tunable double plasmon-induced transparency in graphene metamaterial

18. Li Y, Xu Y, Jiang J, Ren L, Cheng S, Yang W, et al. Quadruple

plasmon-induced transparency and tunable multi-frequency

switch in monolayer graphene terahertz metamaterial. J Phys D

Appl Phys 2022;55:155101..

19. Nurmohammadi T, Abbasian K, Mashayekhi MZ. Tunable

modulators based on single and double graphene-based

resonator systems in the mid-infrared spectrum. Optik

2022;271:170195..

20. Wang X, Chen C, Gao P, Dai Y, Zhao J, Lu X, et al. Slow-light and

sensing performance analysis based on plasmon-induced

transparency in terahertz graphene metasurface. IEEE Sens J

2023;23:4794−801..
21. Xu H, Li M, Chen Z, He L, Dong Y, Li X, et al. Optical tunable

multifunctional applications based on graphene metasurface in

terahertz. Phys Scripta 2023;98:045511..

22. Zhao X, Yuan C, Zhu L, Yao J. Graphene-based tunable terahertz

plasmon-induced transparency metamaterial. Nanoscale

2016;8:15273−80..
23. Zheng S, Zhao Q, Peng L, Jiang X. Tunable plasmon induced

transparency with high transmittance in a two-layer graphene

structure. Results Phys 2021;23:104040..

24. Zhang X, Zhou F, Liu Z, Zhang Z, Qin Y, Zhuo S, et al. Quadruple

plasmon-induced transparency of polarization desensitization

caused by the Boltzmann function. Opt Express

2021;29:29387−401..
25. Li Z, Nie G, Wang J, Zhong F, Zhan S. Polarization-modulating

switchable and selectable image display through an ultrathin

quasi-bound-state-in-the-continuum metasurface. Phys Rev Appl

2024;21:034039..

26. Zheng L, Cheng X, Cao D, Wang Z, Xu D, Xia C, et al. Effects of rapid

thermal annealing on properties of HfAlO fflms directly deposited

by ALD on graphene. Mater Lett 2014;137:200−2..
27. Jin R, Huang L, Zhou C, Guo J, Fu Z, Chen J, et al. Toroidal

dipole BIC-driven highly robust perfect absorption with a

GrapheneLoaded metasurface. Nano Lett 2023;23:

9105−13..
28. Müller M, Bouša M, Hájková Z, Ledinský M, Fejfar A,

Drogowska-Horná K, et al. Transferless inverted graphene/silicon

heterostructures prepared by plasma-enhanced chemical vapor

deposition of amorphous silicon on CVD graphene. Nanomaterials

2020;10:589..

29. Vakil A, Engheta N. Transformation optics using graphene. Science

2011;332:1291−4..

30. Xu H, Li H, Chen Z, Zheng M, Zhao M, Xiong C, et al. Novel tunable

terahertz graphene metamaterial with an ultrahigh group index

over a broad bandwidth. Appl Phys Express 2018;11:042003..

31. Li Y, Xu Y, Jiang J, Ren L, Cheng S, Wang B, et al. Dual dynamically

tunable plasmon-induced transparency and absorption in

I-type-graphene-based slow-light metamaterial with rectangular

defect. Optik 2021;246:167837..

32. Li Y, Xu Y, Jiang J, Cheng S, Yi Z, Xiao G, et al. Polarization-sensitive

multi-frequency switches and high-performance slow light based

on quadruple plasmon-induced transparency in a patterned

graphene-based terahertz metamaterial. Phys Chem Chem Phys

2023;25:3820−33..
33. Yao P, Zeng B, Gao E, Zhang H, Liu C, Li M, et al. Tunable dual

plasmon-induced transparency and slow-light analysis based on

monolayer patterned graphene metamaterial. J Phys D Appl Phys

2022;55:155105..

34. Zhang B, Li H, Xu H, Zhao M, Xiong C, Liu C, et al. Absorption and

slow-light analysis based on tunable plasmon-induced

transparency in patterned graphene metamaterial. Opt Express

2019;27:3598−608..
35. Xu H, Wang X, Chen Z, Li X, He L, Dong Y, et al. Optical tunable

multifunctional slow light device based on double monolayer

graphene grating-like metamaterial. New J Phys 2021;23:123025..

36. Wang F, Zhang Y, Tian C, Girit C, Zettl A, Crommie M, et al. Gate-

variable optical transitions in graphene. Science 2008;320:206−9..
37. Hu X, Zhang Y, Chen D, Xiao X, Yu S. Design and modeling of high

efficiency graphene intensity/phase modulator based on ultra-thin

silicon strip waveguide. J Lightwave Technol 2019;37:2284−92..
38. Cao G, Li H, Zhan S, He Z, Guo Z, Xu X, et al. Uniform theoretical

description of plasmon-induced transparency in plasmonic stub

waveguide. Opt Lett 2014;39:216−19..
39. Hwang EH, Das Sarma S. Screening-induced

temperature-dependent transport in two-dimensional graphene.

Phys Rev B 2009;79:165404..

40. Lei P, Nie G, Li H, Li Z, Peng L, Tang X, et al. Multifunctional

terahertz device based on plasmon-induced transparency. Phys

Scripta 2024;99:075512..

41. Chen JH, Jang C, Xiao S, Ishigami M, Fuhrer MS. Intrinsic and

extrinsic performance limits of graphene devices on SiO2. Nat

Nanotechnol 2008;3:206−9..
42. Wang Y, Luo G, Yan Z, Wang J, Tang C, Liu F, et al. Silicon ultraviolet

high-Q plasmon induced transparency for slow light and ultrahigh

sensitivity sensing. J Lightwave Technol 2024;42:406−13..


	1 Introduction
	2  Model andtnqxa0;theoretical method
	3  Results andtnqxa0;theoretical analysis
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


