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Abstract
In this paper, a graphene-based tunable multi-band terahertz absorber is proposed and numerically investigated. The pro-
posed absorber can achieve perfect absorption within both sharp and ultra-broadband absorption spectra. This wide range of 
absorption is gathered through a unique combination of periodically cross- and square-shaped dielectrics sandwiched between 
two graphene sheets; the latter enables it to offer more absorption in comparison with the traditional single-layer graphene 
structures. The aforementioned top layer is mounted on a gold plate separated by a Topas layer with zero volume loss. Fur-
thermore, in our proposed approach, we investigated the possibility of changing the shapes and sizes of the dielectric layers 
instead of the geometry of the graphene layers to alleviate the edge effects and manufacturing complications. In numerical 
simulations, parameters, such as graphene Fermi energy and the dimensions of the proposed dielectric layout, have been 
optimally tuned to reach perfect absorption. We have verified that the performance of our dielectric layout called fishnet, 
with two widely investigated dielectric layouts in the literature (namely, cross-shaped and frame-and-square). Our results 
demonstrate two absorption bands with near-unity absorbance at frequencies of 1.6–2.3 and 4.2–4.9 THz, with absorption 
efficiency of 98% in 1.96 and 4.62 THz, respectively. Moreover, a broadband absorption in the 7.77–9.78 THz is observed 
with an absorption efficiency of 99.6% that was attained in 8.44–9.11 THz. Finally, the versatility provided by the tunability 
of three operation bands of the absorber makes it a great candidate for integration into terahertz optoelectronic devices.
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Introduction

Terahertz (THz) radiation lies in the spectral range of 
0.1–10 THz (~ 3–30 μm) with respective photon energies 
ranging from 1.24 to 12.4 meV, which falls between the 
microwave and mid-infrared range of the electromagnetic 
(EM) spectrum [1]. Ever since the emergence of the first 
perfect absorber proposed by Landy et al. in 2008 [2], the 
concept of perfect absorption has been investigated for 
absorbing electromagnetic waves in certain regions includ-
ing visible light, infrared light, THz, and GHz [3–7]. Typi-
cally, an absorber structure consists of an upper layer, a 
dielectric isolation layer, and a metal layer-the combina-
tion of which forms a metal subwavelength structure [8, 9]. 
THz absorbers are capable of absorbing EM waves, with a 

variety of applications in imaging, sensors, photo-detectors, 
and modulators [10–12]. Consequently, the design of such 
structures is of great interest. In recent years, traditional 
absorbers, engineered with using of natural materials, have 
been widely investigated [12]. The diffraction-related limi-
tations require that the size of the device be proportional to 
the THz wavelength to achieve the moderate confinement of 
THz waves [13]; however, observing this limitation would 
result in undesirably large device dimensions (~ 0.3 mm for 
1 THz) and cause difficulties in device integration. At opti-
cal wavelengths, this problem is tackled with the aid of the 
strong coupling between EM waves and plasma oscillations 
at the metal surface-surface plasmon polaritons (SPPs)-to 
confine light in a subwavelength scale [14]. However, in the 
THz regime, metal behaves as a perfect electric conductor 
in which only a small portion of the EM energy can reside, 
leading to a very loosely confined surface waves [15].

As an alternative for metals, graphene has been in the 
center of attention during recent years to realize THz SPPs. 
There are three reasons to justify this: (i) graphene SPPs are 
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stimulated at THz frequencies and give improved absorption 
due to their resonance intensity; (ii) the graphene layers can 
be biased using the external gate voltage to tune the reso-
nance frequency; and (iii) it has been already established 
that the absorption of a single graphene sheet is already very 
high (2.3% per layer) [16]. Furthermore, to enable the gra-
phene absorbers to operate over a wide range of frequencies, 
the surface conductivity of graphene needs to be modified 
varying of its Fermi energy (EF) using procedures such as 
electrostatic doping, exposure to a magnetic field, optical 
excitation, and controlling the gate voltage [17].

Based on these superb properties of graphene plasma, 
these absorbers have been studied through numerous struc-
tures of absorbers, such as the graphene nano-slits [18], the 
graphene micro-ribbons [19, 20], the cross-shaped graphene 
array [21–23], graphene metamaterial [24, 25], and graphene 
metasurface [26]. In practice, truncation edges created in 
graphene manufacturing introduce phenomena that have not 
been modeled in theory, collectively known as edge effects-
e.g., unordered diffuse scattering losses which prevent the 
absorber from achieving unity absorption in practical sce-
narios [27]. To overcome these problems, several methods 
including multilayer graphene with uneven dielectric slab 
structure [28], graphene loaded with periodical arrays of 
dielectric bricks [27], and metal-dielectric-graphene sand-
wiched structures [29] which focus on the design of the die-
lectric have been proposed in the literature. Furthermore, 
in [30–33], the authors suggested changing the shape of the 
dielectric layer, which has much easier manufacturing pro-
cess than structures with patterned graphene layer shape.

However, the aforementioned studies only focused on 
single- or dual-band absorbers. The downside of using such 
absorbers in THz applications is that, by structure, they 
can only support a limited range of the THz spectra and 
are not able to absorb wavelengths in the short and long 
THz frequency regions. However, in modern applications, 
the implementation of multi-band absorbers is more desired. 
In the literature, to realize broadband or multi-band perfect 
graphene-based absorbers, two design methods for their top 
layers are widely investigated: the first method relies on pat-
terning composite graphene layers and metallic resonators 
with different shapes and sizes [34–37]; the second method 
dismisses the implementation of metallic resonators and 
instead focuses on the size and the shape of graphene layers 
[38–45] or dielectric layers [27, 30–32].

Ye et al. demonstrated a tunable multi-band absorber 
with six near-unity absorption bands from 0.1 to 10 THz 
using a spiral metal microstructure on a graphene sheet 
[34]. However, the absorbance in each band is not broad, 
and the absorption peak decreases as the frequency band 
increases. Another study in [37] proposed a hybrid absorber 
in which a gold disk array was placed on top of a single 
graphene layer with the absorption peak in 9 THz. However, 

the major drawbacks of the absorbers based on the metal-
lic structures are their fixed narrow bandwidths (BWs) and 
post-fabrication difficulties, which render these absorbers 
unfavorable in practical broadband applications. T. Wang 
et al. [38] designed and investigated a concentric double 
square-ring array graphene layer and a VO2 film layer sepa-
rated by a SiO2 layer. Their simulation results revealed that 
the designed absorber could provide a tunable broad absorp-
tion band from 26 to 99.2% by changing the graphene Fermi 
energy from 0.1 to 0.5 eV, respectively. Double-layer gra-
phene ring arrays separated by a dielectric spacer (silica) 
have been shaped to achieve a dual-band absorber [39]. In 
[43], the authors designed a triple-band absorber with arrays 
of the periodically arranged graphene split ring resonators, 
which patterned on the dielectric layer. The absorption 
efficiency of this absorber is 99.57%, 99.96%, and 99.76% 
for resonance peaks located at 3.56 THz, 10.38 THz, and 
12.96 THz, respectively. Despite the overall complicated 
structure, only one absorption band occurs in the main area 
(< 10 THz), in which none of them is wide. However, in 
their model, the two sharp absorption peaks only occur at 
a short and limited THz region (2.03 and 2.39 THz). On 
the other hand, L. Qi et al. [31] investigated an absorber 
structure consisting of uniformly spaced dielectric (SiO2) 
cubes forming cross-shaped grooves on top of the graphene 
layer, placed on a SiO2 layer. Their proposed absorber is able 
to achieve absorption with 97.8% and 31% in the range of 
0.473–1.407 THz and 2.273–3.112 THz, respectively. Evi-
dently, this structure cannot support absorption in all THz 
areas and only covers short frequency ranges. In [31, 38, 
39, 43], SiO2 is applied as the dielectric spacer material; 
however, it has been demonstrated that in THz region, Topas 
results in zero volume loss and constitutes a better dielectric 
[34].

In this paper, we propose a tunable graphene-based multi-
band perfect metamaterial THz absorber with three absorp-
tion peaks of over 98% at 1.92, 4.62, and 8.81 THz with the 
following properties:

•	 We focus on varying the shape of the dielectric layer to 
achieve dielectric shapes with optimal refractive index 
(n = 2.5) to hedge against the edge effects of the patterned 
graphene structures and the manufacturing problems in 
manipulating the graphene layers.

•	 We implement a two-layer graphene sandwich structure 
to ensure an absorption up to 90% in each band.

•	 We apply the Topas in the absorber structure, to mini-
mize the volume loss.

This paper is organized as follows. In “Materials and 
Methods”, we present the graphene metamaterial absorber 
structure and express the theory behind the structure. In 
“Results and Discussions”, the numerical results have been 
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demonstrated for the proposed absorber. In “Conclusion”, 
the paper ends with a conclusion.

Materials and Methods

Our designed metamaterial structure consists of a patterned 
dielectric layer in which sandwiched between two graphene 
layers. In the range of THz frequencies, most natural materi-
als cannot provide effective responses; hence, the concept of 
metamaterial absorbers (MAs) has been proposed as a solu-
tion; such absorbers can facilitate high absorption efficiency 
through the resonance in the periodical structures [17]. Met-
amaterials, which give us the benefit of compactness and low 
cost, are formed by assembling subwavelength electrically/
magnetically resonant elements, which are usually arranged 
periodically, making it possible to modify their permittiv-
ity and permeability [46]. The aforementioned reasons have 
made MAs very attractive in the THz range, mostly because 
of their capability to achieve perfect absorption [12, 47, 48].

To achieve tunable absorption peaks in the THz region, 
we design a structure with three distinct layers. A 2-µm-thick 
gold plate was used as the bottom layer with the conductiv-
ity of σgold = 4.5 × 107 S/m, which acts as a perfect reflector 
in the frequency domain of interest and so, results in zero 
transmission coefficient [17]. The gold layer thickness is 
characterized regarding the corresponding skin depth value 
to avoid the surface current. The bottom layer is separated 
from the top layer by a 18-µm-thick polyethylene cyclic ole-
fin copolymer (COC), known as Topas, which has very low 
losses and dispersion in the THz region [34, 49, 50]. The top 
layer consists of a patterned dielectric located between two 
graphene sheets in a sandwich pattern to obtain a multi-band 
absorption through continuous excitation of the graphene 
surface plasmons (GSPs), with corresponding geometrical 
parameters listed in Table 1. To minimize the reflection 
coefficient of the structure, the thicknesses of the separat-
ing and the upper dielectric layers are optimized to acquire 
impedance matching. The patterned dielectric can be real-
ized in two different shapes: it can be patterned to include 
a 2-µm-thick frame-and-square dielectric, hereafter called 
FSD, (Fig. 1a) with refractive index of 2.5 [51, 52], or a 
cross-shaped dielectric, hereafter called CSD, in another 
(Fig. 1b).

Ultimately, two single-graphene layers are employed to 
construct the top layer of our MA, in which the gate elec-
trode is connected to the upper graphene layer for DC bias 
connection. To realize this structure, different fabrication 
methods, such as photolithography on graphene and oxygen-
plasma technology etching [38], growing graphene film by 
plasma-enhanced chemical vapor deposition (PECVD) sys-
tem and employing electron beam lithography (EBL) [39], 

can be employed. The optical conductivity of graphene 
layers is expressed with the random-phase approximation 
(RPA) and determined by the superposition of two different 
optical absorption mechanisms, named intraband and inter-
band transitions. The optical conductivity can be derived 
according to the Kubo formula [44] given with Eq. (1):

where e is the electron charge, ℏ = h∕2� is the reduced 
Planck’s constant, K

B
 is the Boltzmann constant, T  is the 

temperature, E
F
 is the Fermi energy of graphene, � is the 

photon frequency in vacuum, and � is the electron momen-
tum relaxation time defined by � = �E
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 , in which � is 
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velocity (106 ms−1). Based on the Pauli exclusion principle, 
the contribution of the interband between the bands can be 
ignored, due to low photon energy in the THz frequencies. 
As a result, intraband transitions are the dominant absorp-
tion phenomenon [53]. In this paper, we only consider 
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Table 1   Geometrical sizes and descriptions of all symmetric struc-
tures: frame and square shape (FSD), cross shape (CSD), and fishnet 
dielectric (FND) material illustrated in Figs. 1 and 3

Geometrical parameter Values

Length of square a = 8 µm
Length of the unit cell of all structures b = 15 µm
Width of frame and fishnet c = 1.5 µm
Width of cross shape d = 3 µm
Length of each leg of cross shape e = 5 µm
Gap distance g = 2 µm
Dielectric thickness td = 2 µm
Topas thickness ts = 18 µm
Gold thickness tg = 2 µm
Dielectric refractive index n = 2.5 [51, 52]
Fermi energy of graphene EF = 0.7 eV
Topas permittivity index εd = 2.35 [33, 34, 50, 59]
Gold conductivity index σ = 4.5 × 107 S/m [17]
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There are two approaches to control the Fermi level: the 
first approach is to utilize a semiconductor substrate, e.g., 
silicon, to gate graphene [54], and the second method is to 
self-gate graphene [55]. In the latter, a patterned dielectric 
layer separates two single graphene layers, and, by applying 
a voltage between these layers, the accumulation of different 
types of charge carriers arises in the opposite layers. Fol-
lowing the injecting and depleting carriers in these layers, 
we can easily alter the Fermi levels. Several other methods 
are also discussed in the literature, such as gating graphene 
using ion gels [56] and doping graphene chemically [57]. 
Because graphene can support highly confined THz waves 
and its behavior in the THz region and can be actively tuned 
through variation of its Fermi energy, it has become one of 
the most popular active materials in the ultra-compact THz 
devices. However, in THz devices with larger sizes, where 
the large area graphene layers are needed, practical tunabil-
ity of graphene conductivity becomes limited due to fabri-
cation complications, which can be resolved by patterning 
the graphene layer or its integration with metamaterial [58].

The gold bottom layer which reflects waves and the non-
structured graphene sheets loaded with periodic arrays of the 
patterned dielectric form the two mirrors of an asymmetric 
Fabry-Perot cavity, which confine EM waves and result in GSP 
excitation in the structure [30]. Moreover, continuous plasmon 
resonances provided by the patterned dielectric and graphene 
layers will improve the total absorption bandwidth. Hence, 
to obtain broad multi-band absorption, the main challenge is 
to find a method to broaden the GSPs. The GSP modes are 
excited through the structure when the wave vector of free 
space is equal to the wave vector of GSP expressed as follows:

(3)k
GSP

(�) =
�ℏ2

e2E
f

�
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(�
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+ �

d
)�(� + j�−1)

where �
0
 is the permittivity of vacuum,�

s
 is the relative per-

mittivity of separating dielectric (Topas), and �
d
 is the relative 

permittivity of periodic patterned dielectric. The wave vec-
tor in the free space is much smaller than that in graphene 
( k

GSP
 ). Therefore, it is necessary to resolve this large difference 

between the two wave vectors, to facilitate GSPs excitation 
using incident waves from the free-space. In our approach, 
one of the main functions of the periodical patterned dielec-
tric arrays is minimizing the wave vector mismatches [27]. 
When an x-polarized electric field (E-field) is illuminated on 
the absorber, its excited GSPs propagate along the same direc-
tion [30]. However, a proportion of the excited GSP modes 
are reflected in the interface between the top layer and the air 
gap, some of them are transmitted into the air and re-stimulate 
the GSPs in the next unit cell-since the wavelength of the illu-
minated E-field is much larger than the distance between the 
adjacent patterned dielectrics, more intense far-field interac-
tions can be achieved [32].

In this paper, the finite-difference time-domain (FDTD) 
method is applied to analyze and extract the plasmonic 
responses of the structure. We have defined graphene as the 
surface current boundary condition. To save the computa-
tional time, periodic boundary conditions were set in the 
x- and y-directions, while perfectly matched layer (PML) 
boundary conditions are applied in the z-direction; therefore, 
several scatterings have been eliminated. The length of the 
selected simulation region has to be larger than half of the 
maximum incident wavelength to obtain convergent results 
using the FDTD. The incident light source in this simula-
tion is a plane wave placed at a distance of 25 µm from the 
surface of the upper graphene layer and propagates in the 
z-direction. The proposed absorber has periodic structures, 
so, only one-unit cell is considered in all our simulations.

Fig. 1   Schematic illustration of 
a unit cell of the THz graphene-
based absorber, designed on 
a gold substrate and Topas 
polymer, and composed of a 
a frame-and-square dielectric 
(FSD) and b cross-shape dielec-
tric (CSD) material, sandwiched 
between two graphene layers 
with the geometrical parameters 
given in Table 1
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The absorption efficiency can be expressed as 
A(�) = 1 − R(�) − T(�) (where A(�) , R(�) , and T(�) rep-
resent the absorption, reflection, and transmission efficiency, 
respectively). The absorber will display a high absorption 
efficiency when R(ω) and T(ω) are both at their minimum 
values. The minimum value of transmission efficiency is 
realized when the bottom gold mirror is thick enough to 
inhibit all wave transmission (T(ω) = 0). On the other hand, 
the reflection can be eliminated under certain conditions 
such as impedance matching of the absorber to that of the 
free space or satisfying the critical coupling condition. As a 
result, the absorption A(�) = 1 − R(�) can be simply calcu-
lated from the reflection of the absorber [30].

Results and Discussions

Figure 2 shows the calculated absorption spectra of the 
graphene-based absorber under transverse electric (TE) 
polarization at normal incidence along the x-direction, with 
EF = 0.7 eV and τ = 0.5 ps. To evaluate the absorption per-
formance of the proposed graphene-based THz absorber, we 
altered the geometrical parameters of the structure, sepa-
rately. At first, we analyze the absorption performance of 
the FSD structure with only the square-like dielectric in the 
middle without the frame. The results (red-dashed curve) 
reveal that the absorber can reach nearly perfect absorp-
tion of over 95% in two regions. The first absorption band 
from 5.02 to 5.27 THz with maximum absorption of 96% 
in 5.16 THz, and the second band from 10.02 to 10.62 THz 
with maximum absorption of 96% in 10.34 THz. Then, the 

absorption spectrum of the structure with only a frame-like 
dielectric (black dot and dashed curve) without squares in 
the middle was inspected. A shift from long frequencies to 
short frequencies (redshift) with the absorption of over 90% 
only from 9.6 to 9.8 THz in the second peak was obtained.

By combining the frame and a square in the middle of it 
(FSD case), a better result is obtained. In this case (blue solid 
curve), the first peak (with absorption above 90%) is located 
from 4.8 to 5.15 THz with an absorption efficiency of 97% in 
the center frequency (fc) of 5.01 THz. Interestingly, the sec-
ond peak faces a shift in the THz region, and the absorption 
efficiency of 99.9% in 9.09 THz is observed. The fractional 
BW and the full widths at half maximum (FWHM) are 5.8% 
and 1.31 THz for the first peak and 14.31% and 3.01 THz for 
the second peak, respectively. Finally, we consider the CSD 
(Fig. 1b), which, similar to the FSD, has two absorption 
peaks (green-dotted curve) due to the existence of GSPs at 
different positions. The first peak, which is larger than that of 
FSDs (with broad bandwidth above 90% in 4.84–5.31 THz), 
reaches the absorption efficiency of 99.9% at fc = 5.11 THz. 
The fractional BW and FWHM for CSD type are 8.02% and 
1.76 THz, respectively, but the second absorption peak is 
smaller than it is in the FSD’s counterpart, and eventually 
reaches a maximum of 78% at fc = 9.84 THz which is not 
suitable for a perfect absorber.

From the results of Fig. 2, we can conclude that these 
simple structures can only generate two absorption peaks 
in the THz region. Therefore, to achieve multi-band absorp-
tion peaks, more sophisticated structures must be designed. 
Therefore, by combining the two previous structures, we 
came up with a third structure in which the cross-shaped 
dielectrics (CSD) were periodically aligned at equal dis-
tances. We placed a square-like dielectric in the center of 
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Fig. 2   The absorption spectra of the proposed structure (Fig.  1) for 
four different designs; frame with square known as FSD (the blue 
solid curve), frame with no square (the black-dashed curve), square 
with no frame (the red-dashed curve), and cross-shape known as CSD 
(the green-dashed curve)

Fig. 3   Fishnet dielectric (FND) structure with a square in the middle 
of a fractured frame along with the geometrical parameter specifica-
tions based on Table 1
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the empty spaces between the crosses (Fig. 3). Each unit cell 
consists of a fishnet (fractured frame) dielectric, hereafter 
called FND, which surrounds a square with equal spacing 
in its center, which causes wide variations in the absorption 
spectrum compared with two previous cases (Fig. 4).

In order to further performance analysis of the FND case, 
we separately examine the parameters’ influence on our 
absorption spectrum for the TE polarization under normal 
incidence. We first investigate the absorption performance of 
the fractured frame structure without square in the middle. 
According to Fig. 4, a multi-band graphene-based absorber 
with three absorption peaks is constructed (the red-dashed 
curves), which, in the same order, correspond to the first-, 
second-, and third-order graphene plasmon resonances 
(GPRs). First absorption peak emerges in the 1.62–2.30 THz 
frequency region, with maximum absorption of 98.4% in 
1.92 THz. Regarding the absorption spectrum, one can see 
that there is a cutback in absorption after 2.3 THz, and in 
3.3 THz, absorption reaches a minimum of 66%. Second 
absorption peak appears in the 4.47 to 5.05 THz frequency 
region, with maximum absorption of 96% in 4.8 THz. A 
sharp slope is observed after 5.05 THz, reaching a minimum 
absorption of 7.5% in 5.95 THz. There is a third absorption 
peak which is broader (8.38–9.88 THz) compared with the 
first and the second peaks and has a maximum absorption of 
92% in 9.44 THz. These absorption bands with high absorb-
ance are achieved due to the generation of the discrete GSPs 
by the nonstructured graphene layers and producing a set of 
continuous plasmon resonances in the FND structure, along 

with the complete lack of transmission and the small reflec-
tance of the absorber in that frequency range. To enhance the 
absorption peaks, a square-like dielectric with dimensions of 
a = 8 µm × 8 µm is placed in the middle as demonstrated in 
Fig. 3 (FND case). For the FND structure, first, we consider 
only a graphene single layer which is located under the struc-
ture. Based on the results, not only the two narrow bands are 
combined to form a new broad absorption band, but also 
the third broad absorption peak drops strongly which is not 
suitable for our design (black dot and dashed curve). Then, 
we design the optimal absorber by locating another graphene 
sheet at the top of the structure like a sandwich. It can be 
found that the 90% terahertz absorbance absolute (fractional) 
bandwidths of the FND graphene sandwiched structure 
(blue solid) are 0.68 THz (35.41%), from 1.62 to 2.30 THz, 
0.66 THz (14.31%), from 4.24 to 4.9 THz, and 2.01 THz 
(22.81%), from 7.77 to 9.78 THz, respectively, which means 
the absorber is in the “ON” state. Three central absorption 
peaks were achieved at fc1 = 1.92 THz, fc2 = 4.62 THz, and 
fc3 = 8.81 THz, respectively. It should also be noted that the 
largest reflection is 91.9% corresponding to the smallest 
absorptions 8.1% at 5.94 THz, which means the absorber is 
in the “OFF” state.

In the absorber, the graphene absorbs one part of the inci-
dent wave, which excites the propagating SPPs in the form of 
an evanescent wave. It is clear that the SPP’s field intensity 
at the surface of the upper graphene layer is very strong and 
reveals a great absorption. Our simulation results reveal that 
the third absorption band broadens at longer wavelengths. 
Also, from another aspect, increment of the number of car-
riers at high Fermi energy levels (EF = 0.7 eV) leads to an 
increase in the plasma oscillation amplitude, and ultimately 
improves the absorption peak. In addition, there is an intense 
coupling between the excited SPPs on the upper and the 
lower graphene sheets. Moreover, the combination of the 
upper and the lower SPPs forms a resonator which leads to 
more SPP’s excitation on both graphene sheets and results 
in enhanced field confinement and enhanced absorption. 
FWHM for two narrow peaks in total is 4.47 THz and for 
the third broader band, is 3.73 THz, which are better than 
the CSD and FSD structures (a detailed comparison of the 
performance of our proposed absorber to a number of other 
researches is given in Table 2).

Figure 5 demonstrates the electric field distribution on the 
top surface of the proposed FND at three absorption peaks in 
TE polarization. According to Fig. 5, the E-field distribution 
is mostly confined at the edges of the dielectric fractured 
frame layer due to the excitation of the GSPs (the red-dashed 
curve in Fig. 4). It should be noted that with intense confine-
ment of the E-fields, the absorption will increase. Since the 
dielectric with a square shape does not have an absorption 
peak in 1.92 THz (the red-dashed curve in Fig. 2), therefore, 
the electric field is not confined around it as seen in Fig. 5a. 
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Fig. 4   The absorption spectra for the proposed structure (FND 
type) with three different designs. The red dashed, the black dotted 
and dashed, and the blue solid curves represent the fractured frame 
without square, the FND with only a graphene sheet under the struc-
ture (no top graphene layer), and the FND with 2 graphene layers, 
respectively. Here, the geometry parameters are the same as those 
in Table  1. Three central absorption peaks have been achieved at 
fc1 = 1.92 THz, fc2 = 4.62 THz, and fc3 = 8.81 THz, respectively
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A weak E-field confinement, relative to the edges of the 
fractured frame, is observed around the square at 4.62 THz 
(Fig. 5b), which can be assigned to the first absorption 
peak of the absorber with only the square-shaped dielec-
tric (Fig. 2). The E-field distribution at 8.81 THz shows a 
strong coupling between the fractured frame and the square 
edges (Fig. 5c). This is due to the strong field intensity of 
the excited SPPs at the edge of the graphene sheet and the 
coupling of them between the upper and the lower graphene 
sheets. Figure 5 demonstrates that only a small fraction of 
the incident E-field drops on the patterned dielectric layer, 
while the majority of the loss occurs on graphene surfaces, 
which implies that the GSPs in the two graphene layers play 
the main role in the absorption magnitude.

To investigate the effects of the geometrical parameters 
on the absorption of the proposed graphene-based THz 
absorber, we examine the absorption sensitivity to structural 
parameters, including Fermi level (EF), the fishnet width (c), 
the fractured frame gap distance (g), the FND thickness (td), 
and the square length (a). It should be emphasized that when 
we change one parameter, the other geometrical dimensions 
are kept fixed as the initial values given in Table 1.

Tunability is one of the most important characteristics of a 
graphene-based absorber, where the absorption magnitude and 
peak frequency are tuned by manipulating the relative dielectric 
constant and the electric conductivity of the graphene through 
changing its external bias voltage. It can be inferred from Eq. (1) 
that the conductivity of graphene is tunable. Tuning the absorp-
tion of the proposed broadband MA is done by adjusting the 
Fermi energy via applying bias voltage or changing the chemi-
cal doping without altering the physical dimensions. To change 
the Fermi level, EF, of the graphene, a gate voltage Vg is applied 
between the graphene sheet and the back gold layer. Increas-
ing EF causes an increase in the carrier concentration which 
increases the equivalent mass of the carrier collective oscillation 
and leads to a decrease in the damping coefficient. Therefore, 
for a higher chemical potential [40], the plasma oscillations will 
increase so that the absorption peak is considerably enhanced. 
A stronger local field leads to higher absorption.

The simulation results in Fig. 6 reveal that by varying the 
applied voltage in the graphene-dielectric-graphene struc-
ture, and variation of the Fermi energies from 0 to 0.7 eV, 
the absorption spectrum of the proposed absorber is tunable. 
It is observed that the absorption spectra decrease rapidly 
when EF varies from 0.2 eV to 0 since the metallicity of 
graphene decreases when EF is relatively small. Based on 
Fig. 6, for Fermi energies of EF = 0 and 0.1 eV, where there 
is no intensive GSPs are made, there seems to be no absorp-
tion above 90% for any frequencies, which means that the 
absorber is not in “ON” state. Two absorption peaks of over 
90% in the frequency region of 1.4–4.9 THz are generated 
by increasing the Fermi energy to EF = 0.3 eV. With further 
increase in the Fermi energy, there seem to be slight changes 
in the broadness and the magnitude of the first absorption 
band (1.4–2.4 THz region), but these changes in the second 
peak are more noticeable, where second peaks get narrower 
and are blueshifted. When EF = 0.3 eV, we have an absorp-
tion region of 2.6 to 4.1 THz for the second peak, where an 
increase in the Fermi energy to 0.7 eV, shifts this absorption 

Fig. 5   Distributions of the electric field |E| along the graphene surface. |E| at a f = 1.92 THz, b f = 4.62 THz, and c f = 8.81 THz for FND struc-
ture. Here, the other parameters are the same as those in Table 1
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Fig. 6   The absorption spectra for FND structure (Fig. 3) with differ-
ent Fermi energies (0 to 0.7 eV)
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region to 4.2–4.9 THz. Since the Fermi energy increases 
gradually, the absorption gets intensified because of the vari-
ance of the conductivity of the graphene sheets. Figure 6 
also shows that with increasing the EF, the absorption peak 
magnitude of the third band also increases with a blueshift of 
peak frequency point. By adjusting EF from 0 to 0.7 eV, the 
peak of the third absorption band raises from 10.2 to 99.6% 
for TE polarization. Therefore, the third broad absorption 
band has a switching performance in the THz region. The 
reason behind the increment of the absorption magnitude, 
with a blueshift of the peak frequency point, is: an increase 
in the graphene Fermi energy leads to a decrease in the 
real part of the relative dielectric constant of the graphene, 
which ultimately renders the properties of the graphene to 
get closer to that of a metal. Moreover, in this configuration, 
there is a greater chance for the incident THz wave to excite 
the stronger GSPs and causes a blueshift in the resonant 
frequency of the graphene-based absorber.

The relationship between the absorption performance of 
the absorber and the FND width (c) is depicted in Fig. 7. 
Simulation results confirm that the amplitude of the three 
modes gradually increases with increasing c since the dis-
tance between the adjacent unit cells becomes smaller. This 
notion also forms the foundation for the implementation of 
the FND structure of different sizes to construct a multi-band 
graphene-based absorber. According to Fig. 7, as the width 
increases, the amplitude of the first peak increases with a 
blueshift, while the second peak only redshifts with minor 
changes in its amplitude. This trend continues to the point 
that at c = 2.5 µm, the two absorption bands morph into one 
broad absorption band as the depth of the valley between 
them decreases. This is in agreement with the fact that 
increasing the fishnet width reduces the angle between two 
mirrors of the Fabry-Perot cavity at certain positions in the 

patterned dielectric, and eventually strengthens the corre-
sponding resonance intensity. Ultimately, the corresponding 
absorption band becomes larger and narrower. The results 
show that with c = 0.5 µm, maximum absorption is 83% in 
the first peak, and for c = 1 µm, absorption changes to 93.5%, 
while for c > 1 µm, absorption changes to over 98%. Chang-
ing c from 0.5 to 1.5 µm causes an increase in the third 
absorption amplitude with a redshift, while for c > 1.5 µm, 
the amplitude is almost invariable. The frequency region 
for c = 2.5 µm is 7.3–9.11 THz. As observed in Fig. 7, the 
minimum absorption of 87% in the first valley occurs around 
3.2 THz. On the contrary, there are no changes in the second 
valley and we have absorption of 8% in 5.9 THz. This is 
because the surface plasmon resonance coupling between 
the adjacent unit cells is enhanced. Also, as the number of 
free electrons varies with changing c, the magnitude of the 
induced surface current and the full charge time of the edge 
region will be changed [43].

The gap distance between the different parts of the top 
layer is one of the key geometries that affect the absorption 
spectrum of the absorber. According to Fig. 8, it is worth 
noting that the fractured frame gap distance (g) has a great 
influence on the shape of the spectra and the absorption 
intensity. It can be found that for g = 1 µm (blue solid), the 
absorbance (fractional) bandwidths of over 90% in the pro-
posed absorber are 0.66 THz (40.7%), from 1.3 to 1.96 THz, 
0.6 THz (12.76%), from 4.32 to 4.92 THz, and 1.05 THz 
(12.16%), from 8.13 to 9.18 THz, respectively. It is indis-
putable that increasing g results in two changes: firstly, 
the depth of the first valley and the first absorption peak 
amplitude in the spectrum are continually decreasing with a 
blueshift of the first peak. The valley between the first and 
the second peaks would disappear for long gap distances 
and cause the two absorption peaks to morph into a broader 
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Fig. 7   The absorption spectra for FND structure with different widths 
of the fishnet (0.5 µm to 2.5 µm)
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peak. Secondly, the amplitude and absorption width of the 
third band experience an increase at g = 2 µm but decrease 
after 2 µm. Since the capacitance effect of the edge regions 
of the fractured frame becomes weaker, the resonance fre-
quency shifts toward higher frequencies, and as g increases, 
the induced magnetic field between the two capacitors of 
the FND sections becomes larger. Therefore, the resonance 
frequency is higher for mode fc1 and fc2. For mode fc3, the 
induced current on the internal component is larger than 
that on the external component due to the difference in the 
free electron population [43]. For g = 2 μm, the absorption 
amplitude of the three modes reaches the maximum at the 
same time. Therefore, the absorption of the structure will be 
enhanced by geometry optimization.

Another important parameter affecting the absorption 
curve is the dielectric thickness. As seen in Fig. 9, all three 
absorption peaks will experience an increase with a redshift 
as the thickness of FND (td) varies from 0.5 to 2 μm. How-
ever, the first absorption peak drops slightly as td increases 
in the 2–3 μm range. Changing td alters the distance between 
the two graphene sheets and consequently, alters their cou-
pling intensity and plasmon resonances which cause a shift 
in the absorber’s resonance frequency. With the increasing 
of td, the resonance frequency experiences a redshift due 
to the destructive surface interferences. As td increases, 
the impedance matching between absorber structure and 
free space is destroyed. Furthermore, the absorption of the 
absorber slightly rises with increasing coupling strength, and 
in our proposed absorber, when the thickness is td = 2 μm, 
optimum absorption is obtained where the coupling is the 
maximum.

Then, we investigate the effect of the square side (a) 
size on the absorption spectrum. Based on Fig. 10, the 

absorbance performance of the absorber is less sensitive to 
the length of the square but more sensitive to the fractured 
frame geometry. As the length increases, although there is 
no change in the first peak, the amplitude of the second and 
third modes gradually increases, since the distance between 
the fractured frame and the square becomes smaller. The 
most significant changes are observed in the third peak, 
which underlines the importance of using square dielectric. 
As shown in Fig. 10, for dimensions a < 4 µm, no absorption 
above 90% is achieved, which precludes this broad absorp-
tion band (8.2–9.87 THz range) to be regarded as an optimal 
absorption band. With further increase in the square side 
(a > 6 µm), the amplitude of the third peak increases and we 
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Fig. 9   The absorption spectra for FND structure with different values 
of the parameter td (0.5–3 µm)
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(b) of the dielectric on the absorption spectrum of the absorber for 
± 10% and ± 20% change in the dimension
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get absorption of 99% for a = 8 µm. For a = 6 µm, we get a 
broadband frequency of 8–9.92 THz with maximum absorp-
tion of 97% in 9–9.51 THz range. In the same vein, for 
a = 10 µm, a broadband 7.65–9 THz with maximum absorp-
tion of 96% in the range 8–8.62 THz has been achieved. This 
is due to the fact that the coupling of the surface plasmon 
resonances between the adjacent unit cells is increased and 
also, as the number of free electrons changes with a, the 
full charge time of the edge region and the magnitude of the 
induced surface current is changed.

Finally, Fig. 11 presents the impact of the periodic unit 
(b) of the dielectric layer on the absorption performance of 
the proposed absorber for ± 10% and ± 20% change in the 
dimension. As it is observed from this figure, b has more 
influence on the peak absorption rather than the resonance 
frequency when the other parameters remain unchanged. In 
this case, the resonance conditions remain almost the same. 
The figure illustrates that the second mode (fc2) redshifts 
slightly, and the relative absorption peak increases accord-
ingly by increasing b from 12 to 15 μm. In addition, the 
third absorption peak will increase gradually but the reso-
nance wavelength experiences blue shift, while the changes 
of mode fc1 are negligible. This is because the impedance 
matching condition is more satisfactory and hence, the 
absorbance bandwidth and corresponding intensity are 
increased. By increasing b over than 15 μm, the maximum 
absorption peaks and the absorption bandwidth of the sec-
ond and third modes gradually decrease. Due to the coupling 
between the adjacent fishnets, the resonance peak wave-
length changes slightly in a small period. Also, the reduction 
in the absorption maximum can be attributed to a decrease 
in the filling ratio of graphene [60]. Results indicate that the 
most efficient coupling and absorption spectra are obtained 
for b = 15 μm.

Table 2 compares the performance of our proposed struc-
ture against conventional graphene-based THz absorbers in 
the literature. First and foremost, our proposed structure 
offers much greater absorbance bandwidth than the other 
works in both short and long THz frequencies. Besides, 
in our proposed structure, this excellent performance is 
achieved entailing fewer fabrication complications as the 
model focuses on modifying the geometry of the dielectric 
rather than the graphene layers.

Conclusion

In summary, we have proposed and simulated a tunable 
nonstructured graphene-based perfect THz metamate-
rial absorber with multi-band absorption. Our proposed 
absorber showed perfect absorption within ultra-broadband 
absorption spectra, which is realized through a structure 
whose top layer is consisted of a fishnet Topas dielectric 
(FND) sandwiched between two graphene sheets to obtain 
absorption through continuous excitation of GSPs. In our 
simulations, we observed the role of different geometrical 
and physical parameters including Fermi level, the fishnet 
width, the fractured frame gap distance, the FND thick-
ness, and the square length in the characteristics of the 
absorbance spectra. More specifically, we focused on the 
resultant changes in the absorption amplitude, bandwidth, 
peak central frequencies, FWHM, and E-field distribution 
to reach the optimal absorber structure. Our proposed FND 
structure can realize multi-band absorption with over 90% 
absorbance at three frequency regions (central frequen-
cies): 1.62–2.30 THz (fc1 = 1.92 THz), 4.24–4.90 THz 
(fc2 = 4.62 THz), and 7.77–9.78 THz (fc3 = 8.81 THz), 
with the absorption efficiencies of 98.4%, 98.3%, and 

Table 2   Comparison of the present absorber with others

Ref Type Central frequency (THz) Absorption Fractional BW (%) Structure

[37] Single 9.15 96.9%  < 20 Periodic gold disks/graphene sheet/Au
[38] Single 1.47 99.2% 37.41 Double graphene square rings/SiO2/VO2

[20] Dual 4.95, 9.2 99.8%, 99.6%  < 10 Discrete Graphene ribbon/SiO2/graphene sheet/ SiO2/Au
[23] Dual 4.28, 6.85  > 99%  < 10 Cross- and disk-shaped graphene/SiO2/Au/Si
[39] Dual 2.03, 2.39  > 99%  < 10 Graphene rings/SiO2/graphene rings/SiO2/Au
[61] Dual 1.6, 4.75  > 95% 31.2, 10.5 Ion-gel/discrete electrical split ring resonators (eSSR) 

graphene pattern/SiO2/polysilicon/SiO2/ Au
[44] Dual 10.02, 12.65 98.4%, 99.8%  < 10 Graphene nanoribbon-ring cross structure/SiO2/Au/Si
[31] Dual 0.92, 2.69  > 95%, > 83% 71, 29.4 Cross-shaped grooves SiO2 pattern/nonstructured gra-

phene/SiO2/Au
[43] Triple 3.56, 10.38, 12.96  > 99%  < 10 Split ring resonators (SRR) graphene array/SiO2/Cu
[41] Triple 0.5, 1.64, 2.68  > 99.7%  < 10 Umbrella-shaped graphene/Si/Au
[62] Triple 7.75, 14.85, 23.44  > 99%  < 10 Discrete graphene elliptical ring/SiO2/Au
present Triple 1.92, 4.62, 8.81 98.4%, 98.3%, 99.6% 35.41, 14.31, 22.81 Graphene sheet/square- and cross-shaped dielectric/ 

graphene sheet/Topas/Au
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99.6%, respectively. In this structure, the multi-band 
absorption can be attributed to the Fabry-Perot cavity 
between the top layer and the underneath metal reflector 
as well as the far-field interactions between the adjacent 
unit cells. In the same vein, the broad bandwidth and the 
high amplitude peak of the realized absorption spectrum 
can also be attributed to the impedance matching between 
the free space and the absorber. The current work can be 
further improved by exploring the possibility of the imple-
mentation of an unstructured dielectric plate sandwiched 
between two graphene layers underneath the current pro-
posed FND to increase the absorption regions.
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