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Abstract
In this article a polarization-insensitive broadband adjustable THz metamaterial absorber 
is proposed and examined. The absorber is constructed of a periodic array of patterned 
graphene elements that is like the star as unit cell, placed on a SiO2 dielectric layer and it 
is terminated by a gold reflector. The simulation results display that the proposed absorber 
with single graphene layer has bandwidth of 1.96 THz for absorption above 90% with the 
peak absorption of 98.45% in 4.18 THz. This absorber with two graphene layers covers 
the frequency range of 2.99–6.16 THz for absorption > 90% with the highest absorption of 
99.99% at 5.30 THz. The bandwidth for absorption above 99% is 0.72 THz. The absorption 
curves for TE and TM modes similar together. The electric fields and current surface of 
proposed absorber have been investigated on low and peak absorption frequency in TE 
and TM modes. This structure has features such as polarization independent for normal 
incident waves owing to its symmetric structure, good bearing angle of incident wave and 
adjustable by altering the Fermi level of graphene. Due to these properties, the broadband 
metamaterial perfect absorber is suitable for applications such as camouflage systems, 
imaging, detector, energy harvesting, and modulators.
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1  Introduction

Currently, there is a superb attention in creating metamaterials that have extraordinary elec-
tromagnetic properties that are not found in nature and are different from normal materi-
als. Fundamentally, the theory of metamaterial is achieved from the substitution of normal 
materials with synthetic materials more smaller than the wavelength of the incoming elec-
tromagnetic waves (Sabah et al. 2018). Interesting properties of metamaterials are achieved 
from the skill in its structure design such as geometry, pattern and orientation of metamate-
rial while its chemical structure acts a much smaller role (Lapine et al. 2009; Sabah et al. 
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2018). For the first time, in 1986 Vesalago offered the material with negative refractive 
index that concurrently permittivity coefficient and permeability coefficient are negative in 
it (Veselago 1967). Then in 1999 Smith et al. display existence of the first metamaterial with 
both negative electric permittivity and magnetic permeability (Smith et al. 2000). Follow-
ing these works, many researchers have been turning their attention to this field for various 
applications, and so far many articles have been published on the use of metamaterials in 
the microwave (Jokanović et al. 2010; Ghods and Rezaei 2018), infrared (Lee et al. 2019; 
Barzegar-Parizi 2018), terahertz frequencies (Razani and Rezaei 2022; Aghaee and Orouji 
2021; Jianjun Liu et al. 2016) and the range of light spectrum (Xu et al. 2011). Metamateri-
als play an important role in terahertz perfect absorber designing. A terahertz absorber is an 
essential device for detecting a terahertz-wave as many of the device, expanded for micro-
wave sensing (Tonouchi 2007; Mishra and Panwar 2020). First nearly perfect absorber was 
represented by Landy et al. in 2008 (Landy et al. 2008). Then many researchers have tried to 
make the metamaterial absorber with a high absorption rate that is insensitive to the polari-
zation and angle of the wave and also have the least complexity in the design and structure. 
Among these researches, broadband absorbers have fascinated much attention due to their 
wide and special applications in detection (Jun Wang et al. 2014a, b; Ebrahimi 2020), sen-
sors (Yahiaoui et al. 2015; Soheilifar 2018), modulators (Savo et al. 2014), thermal emitters 
(Diem et al. 2009), and camouflage apparatuses (Haofei Shi et al. 2011).

Graphene is the name of a material formed using a two-dimensional honeycomb struc-
ture. It has emerged as one of the most important and practical metamaterials due to its 
exceptional electrical, thermal and optical features which makes it a good choice for next 
generation technology (Baringhaus et al. 2014; Mishra and Panwar 2020). Graphene is not 
only one of the thinnest materials but also one of the strongest materials. It transfers heat 
well and it is a very good conductor. It can be adjusted according to the intended applica-
tion because the chemical potential of graphene can be changed by external bias voltage 
or chemical doping. This feature is used to design the antennas and terahertz absorbers 
because polarization can be controlled by altering the Fermi level of the graphene (Jafari 
Chashmi et al. 2020; Kiani et al. 2021; Zamzam et al. 2021). Different sorts of metama-
terial absorbers have been designing based on alternating structure of graphene disks 
(Fengling Wang et  al. 2018; Arik et  al. 2017), graphene ribbons (Barzegar-Parizi 2019; 
Xiao et al. 2018; Alaee et al. 2012) and graphene fishnets (Andryieuski and Lavrinenko 
2013) that act as an narrowband absorber. The bandwidth of absorber significantly affects 
its applications. The narrowband absorbers restrict area of usage. Actually, metamaterial 
perfect absorber over a wide spectral range is more practical (Jindal and Kumar 2015). 
Generally, two methods or strategies are proposed to obtain broadband metamaterial 
absorber: (1) forming coplanar structure (Lu et  al. 2018; Huang et  al. 2016, 2015; Viet 
et  al. 2014), and (2) stacking multiple metamaterial or metal, and dielectric layers alter-
nately in the direction of propagation of the electromagnetic waves (Ding et al. 2011; Cui 
et  al. 2012; Wang et  al. 2014a, b; Liu et  al. 2015). However, in the coplanar structures, 
there are multiple interactions between subunits in them. Thus, the major challenge to 
design a broadband perfect absorber is excellent adsorption conditions that are easily bro-
ken by their interactions. Also, several stacked structures suffer from production problems. 
Consequently, perfect broadband absorbers, which have a variety of applications, still are 
an important subject in the field of metamaterials (Xiao et al. 2017).

In this paper, two version of broadband terahertz perfect absorbers are proposed. Initially, 
first absorber consists of three layers, the gold as the ground layer and a patterned graphene in 
the top layer. The layer of SiO2 separates the two layers. The structure of this absorber is not 
complex and due to its symmetrical design, it’s not sensitive to polarization. The bandwidth of 
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this structure for absorption above 90% is equal to 1.96THz. Then by putting on second layer 
of graphene, a wider absorber is obtained. Subsequently, the absorber feature is investigated 
and the effect of different parameters such as Fermi levels, permittivity of dielectric, relaxation 
time, incident angle and polarization on the proposed structure is examined. Finally, the 
electric fields and current surface of absorbers are evaluated. Then, by adding the test medium 
in the top of the absorber, we have examined it for application in the refractive index sensor.

2 � Structure design and simulation

The proposed metamaterial absorber contains three layers as display in Fig. 1a, b. The bottom 
layer is made of gold with conductivity of �gold = 4.56 × 10

7 and a thickness is hg = 0.1μm 
which is larger than its typical skin depth (Zamzam and Rezaei 2021). Gold is chosen as a per-
fect reflective metal plane. The middle layer is SiO2 with the relative electric permittivity of 
�r = 2.25 (Deng et al. 2014) and the height of substrate layer is hd = 10μm . The top layer of 
the unit cell of the graphene pattern has displayed in Fig. 1c. The dimension of the graphene 
used in top layer are given as follows: px = py = 3μm , the width of the arms of the cross 
a = 0.4μm and its length is b = 2.6μm . The thickness of graphene is equal to 1 nm. Also, to 
upgrade the system, according to Fig. 1d, e, another layer of graphene with the same pattern 
and a dielectric separator SiO2 with hs = 2μm have been added to the desired structure.

In the current research, effective surface conductivity is generally used to describe the prop-
erties of graphene. The graphene surface conductivity including intraband and interband elec-
tron transitions that can be expressed by using the Hanson formula (Xiao-Peng et al. 2012):

The relative dielectric constant is expressed as (SHI and CUI 2020):

(1)�g
(

� ⋅ �c ⋅ Γ ⋅ T
)

= Ng

(

�intra + �inter
)

�intra =
ie2kBT

�ℏ2(� + 2iΓ)

[

�c

kBT
+ 2 ln

(

1 + e
�c

kBT

)

]

�inter =
ie2

4�ℏ2
ln

[

2|
|

�c
|

|

− (� + 2iΓ)ℏ

2|
|

�c
|

|

+ (� + 2iΓ)ℏ

]

Fig. 1   a Schematic diagram of the metamaterial perfect absorber,px = py = 3 �m , hd = 10 �m , 
hg = 0.1 �m , b Side view and c Top view of the absorber with single graphene layer, d Structure of the 
metamaterial perfect absorber with two graphene layers,hs = 2 �m e Side view of absorber with two gra-
phene layer



	 B. Khodadadi et al.

1 3

739  Page 4 of 14

graphene surface conductivity relies on � = 2�f ,�c , Γ = 1∕2� and T where � , �c , Γ and 
T = 300 are radian angular frequency, relaxation time, chemical potential and absolute 
temperature respectively.

Also Ng is number of graphene layers, kB is the Boltzmann constant, ℏ is the reduced 
Planck constant, e is the elementary charge and �

0
 is the vacuum dielectric constant. When 

graphene has a chemical potential of |
|

𝜇c
|

|

≪ �𝜔∕2 , the inter-band conductivity �inter plays 
a dominant role, and the in-band conductivity �intra can be ignored. When the chemical 
potential |

|

𝜇c
|

|

≫ �𝜔∕2 , the in-band conductivity �intra plays influential role, and when the 
band is below 30 THz and the chemical potential is above 0.1 eV, the �inter can be ignored 
according to the Pauli principle of incompatibility (Teperik et al. 2008). The conductivity 
of graphene is only expressed using the in-band conductivity. So, the graphene surface 
conductivity could be changed to a Drude-like model (Tongling Wang et al. 2020)

In the proposed absorbers Ef  = 0.9 eV and � = 0.1 ps (Zamzam et al. 2021).
To validate the absorber efficiency, the model is simulated by using the frequency 

domain solver in CST Microwave Studio by using a hexahedral mesh. The boundary 
condition of the unit cell was employed along the x − y axis. To set the boundary 
conditions, the x/y directions of the unit cell are specified as periodic and an open boundary 
in the z direction is considered. The wave of the electromagnetic plane in the z direction 
was modeled as a Floquet port with a polarization in the y direction. The absorption could 
be obtained as

where R and T demonstrate the reflectance and transmittance, respectively. As mentioned, 
because the height of the bottom layer is much more than the skin depth, the absorption 
could be calculated by A = 1 − R (Patel et al. 2020).

3 � Result and discussion

We simulated the structure under normal incidence in TE and TM waves. As demonstrated 
in Fig. 2a, the proposed absorber has a bandwidth of 1.96 THz in absorption above 90% 
with the peak absorption in 4.1869 THz. Then, as mentioned before, this broadband per-
fect absorber is improved by adding another layer of graphene with the same pattern and 
parameter. This layer is separated with another layer of SiO2 with width of hs = 2 �m from 
previous layer of graphene. These changes have increased the absorption bandwidth about 
61.73% for absorption above 0.9 as depicted in Fig. 2b. The broadband perfect absorber 
covers frequency from 2.99 to 6.16 THz for absorption > 90% and 3.25–5.84 THz for 
absorption > 97% and 4.90–5.62 THz for absorption > 99%. As demonstrated in Fig.  2, 
the TE polarization absorption curve are exactly similar to the TM polarization absorption 
curve, which outcome from the symmetric geometry of the structure.
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One of the advantages of this absorber is that the absorption frequency can be 
adjusted for the intended application without altering the structure geometry, only by 
altering Fermi level ( �c) of graphene. The surface conductivity of graphene increases 
with increasing �c , as shown by Eq.  (3). As depicted in the Fig.  3, by increasing the 
Fermi level, the absorption frequency is blue shifted, value of absorption is increased 
and the absorption peak frequencies are transmitted to higher frequencies. As the �c 
increases, the concentration of the carrier increases, which leads to stronger excitation 
(Li et al. 2019). As a result, the absorption efficiency is improved. The Fermi level of 
graphene sheet can be calculated by using Eq. (5) (Nickpay et al. 2022) as shown below.

Here VDC is the gate voltage, �F = 9.5 × 105m∕s is the Fermi velocity, C is the 
capacitance and is given by C = �d�0

/

h,�d is electric permittivity, �
0
 is permittivity of 

free space and  h is dielectric layer thickness. So, the �c can be changed by applying an 
external DC bias voltage, which directly affects the conductivity of the graphene layer 
and it can be influence the designed system.

Also, the changing in the relative electric permittivity dielectric parameter 
(

�r
)

 was 
investigated in Fig.  4. We kept other parameters fixed and only change the relative 
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√
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Fig. 2   Absorption spectra of structure a with single graphene layer in the normal incidence of TE/TM 
waves when Fermi level is 0.9 eV and relaxation time is 0.1 ps, b with two graphene layers in the normal 
incidence of TE/TM waves when Fermi level is 0.9 eV and relaxation time is 0.1 ps

Fig. 3   Absorption spectra of structure for different Fermi level of graphene a single layer of graphene, b 
two graphene layers
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electric permittivity of dielectric 
(

�r
)

 . This investigation shows that by reducing the val-
ues of �r , the absorption frequency decrease and vice versa. According to relation

where h is the thickness of dielectric layer and �p is phase path of incident wave. Plane wave 
is transferred on the homogeneous medium layer at normal incident, so � and �p is constant. 
Therefore the shift of the frequency relies on �r (Zamzam et al. 2021). Another parameter of 
graphene that can be affected the frequency of absorption spectra is relaxation time. Factors 
affecting the relaxation time of graphene has been shown in Eq. (7), where v and VF respec-
tively represent electron mobility and Fermi velocity (approximately 106m∕s).

Therefore, by altering the relaxation time, the absorption spectrum of structure can be 
tuned, as you can see in Fig. 5.

For an ideal absorber, the values of absorption and absorption spectra remain 
unchanged for any state of polarization and angle of incidence of an EM-wave (Aydin 
et  al. 2011). However, controlling minor changes in the absorber performance is a chal-
lenging task. Fluctuations observed in absorption at a given radiation angle may be due to 
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Fig. 4   Absorption spectra of structure for different relative electric permittivity of dielectric, a single layer 
of graphene, b two graphene layers

Fig. 5   Absorption spectra of structure for different relaxation time of graphene, a single layer of graphene, 
b two graphene layers
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the occurrence of impedance mismatch, which increases the reflection of the incident wave 
(He et al. 2011). Figure 6 displays the absorption when the incident angle increases. The � 
represents the incident angle of the TE waves and TM waves. It is interesting to notice that 
a slight shift in the absorption spectra appears as the incident angle varies. As you can see, 
with increasing incident angle, the rate of absorption is decreased because more diagonal 
incidence increases reflection. So up to � = 60o , we have a wide-angle absorber. We char-
acterized the polarization dependent of absorption for the proposed structure under normal 
incidence. In Fig. 7, �p represents the angle between the polarization direction of the inci-
dent THz wave and y direction. It is clear from the Fig. 7 that the proposed structure has 
maintained excellent absorption stability at different angles of polarization. The structure 
gives the same result in response to the different polarization of the waves. This is achieved 
by utilizing a symmetric resonator. When the incident waves strike a symmetric resonator 
at different angles, the resonator behaves similarly and provides the same response. This is 
considered as the basic mechanism of independent polarization for symmetrical structures.

Then we investigate the influence of two major parameters of structure (dielectric lay-
ers thickness) hs and hd on the absorption characteristic, from Fig. 8a, b, one can see that 
the change of the hs and hd slightly affects the absorptivity and the bandwidth, while the 
change of hd has an evident influence on the absorption. As hd increases, the absorption 
bandwidth is slowly stretched toward a lower frequency where the absorptivity is gradu-
ally decreased. Figure 8a presents the effect of the dielectric layer thickness hs on the 
absorber characteristics as the dielectric thickness increases, the absorption bandwidth 
becomes narrower and blue-shift, while the value of absorption slightly decreases. For 

Fig. 6   Absorption spectra of structure for different incidence angles, a single layer of graphene, b two gra-
phene layers

Fig. 7   Absorption spectra of structure for different polarization angles, a single layer of graphene, b two 
graphene layers
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a compromise consideration of the absorptivity and bandwidth, we choose the thickness 
of dielectric hd = 10 �m and hs = 2 �m in this work.

In the next step, to check the mechanism of the absorption for the structure with 
single graphene layer, we plotted the electric fields distribution under the normal inci-
dence of TE and TM waves at the peak absorption frequency at f = 4.93 THz and at the 
lower absorption frequency at f = 3 THz. As displayed in Fig. 9 for the single layer of 
graphene, at f = 4.93 THz the electric fields are mostly concentrated at the end of the 
star strings in the corner of unit cell, and at f = 3 THz, the electric fields concentra-
tion is reduced. In Fig. 10, for structure with two layers of graphene at peak absorption 
frequency f = 5.3  THz the electric fields are concentrated at the end of star strings in 
top and bottom unit cell, and in lower absorption frequency f = 2  THz the concentra-
tion of the electric fields is decreased. In TM mode, the electric fields are similar to TE 
mode but in other direction. Figure 11 shows the surface current distribution which is 
generated due to the incident electromagnetic interaction with the absorber at the peak 
absorption frequency at f = 5 THz and at the lower absorption frequency at f = 2 THz 
in TE and TM mode. It is observed that the surface current density at 5THz is more 
concentrated in the center of the star-shaped layer branches. The direction of the arrows 
varies according to the incident wave mode (TE, TM).

For sensor application, an unknown layer is added to the proposed metamaterial 
absorber and simulations are performed accordingly. In order to reveal the properties of 
the sensor, the refractive index (RI) of the unknown layer is varied and changes in the 
absorption spectrum are investigated. When the test medium or analyte is added, meta-
materials can analyze and investigate the unknown material by giving response in the 
absorption spectra. Because of the added unknown material, interaction occurs between 
this analyte and the metamaterial absorber. As a result of this interaction, frequency 
shifts occur. By analyzing these shifts, the sensing property can be realized (Sabah 
and Roskos 2013). For RI sensing, the refractive index (n) of the over-layer is altered 
between 1 and 1.8 with the step of 0.1. The thickness of the unknown layer is assumed 
to be 0.8μm . The absorption results corresponding to the variation of the refractive 
indexes are given in Fig. 12. When RI is increased, it is observed that the absorption 
spectrum is shifting to the left side (redshift) of the spectrum. This is because of the 
change in the total capacitance of the structure. It is also known that the absorption 

Fig. 8   Absorption spectra of structure for different values of a hs and b hd
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spectrum is strongly dependent on the total capacitance of the structure. When the test 
medium is added to the top of the structure, the capacitance of the design structure 
increases and therefore, the absorption spectrum shifts downwards (Sabah and Roskos 
2013).

Finally, we have collected and compared the absorber proposed in this article with 
some of the absorbers presented in recent years in Table 1. As it is showed, the proposed 
absorber with single layer of graphene has bandwidth 1.96 for absorption above 0.9 and 
the absorber with two layer of graphene has bandwidth 3.17 for absorption over 90% and 
0.72 for absorption over 99% that is wider than some of the absorbers presented in Table 1. 
Also, this absorber has the benefits of insensitivity to polarization and incident angle.

Fig. 9   Electric fields distributions in structure with single layer of graphene in the normal incidence of a 
TE waves at f = 3 THz, b TE waves at f = 4.93 THz, c TM waves at f = 3 THz, d TM waves at f = 4.93 THz
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4 � Conclusion

In total, a perfect broadband THz absorber based on single graphene layer and two 
graphene layers have been designed and investigated. The proposed classic absorber 
contains three layers, the top layer is a periodic pattern of graphene and a gold plane 
is in the bottom layer, these layers detached by a SiO2 dielectric layer. The simulation 
results have showed that under normal incidence in TE/TM waves the proposed 
absorber has wideband absorption from 3.73 to 5.69 THz for a single graphene layer and 
2.99–6.16 THz for two graphene layers for absorption above 90% and has 3.97–4.45 THz 
for a single graphene layer and 3.25–5.84  THz for two graphene layer for absorption 
above 97% and has the bandwidth of 0.72 for two graphene layers for absorption above 
0.99. These absorbers have the ability to regulate the position of the absorption bands 
by tuning the Fermi level of graphene without altering the dimension of the absorber 
structure. Also, this structure design is insensitive to polarization and incident angle up 
to 60°. This broadband perfect absorber proffers a new path for camouflage systems, 
detector, imaging, energy harvesting, and modulators.

Fig. 10   Electric fields distributions in structure with two graphene layers in the normal incidence of a TE 
waves at f = 2 THz, b TE waves at f = 5.3 THz, c TM waves at f = 2 THz, d TM waves at f = 5.3 THz
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Fig. 11   Surface current distributions in structure with two graphene layers in the normal incidence a at f = 2 
THz in TE mode, b at f = 2 THz in TM mode, c at f = 5 THz in TE mode, d at f = 5 THz in TE mode

Fig.12   a Schematic diagram of the metamaterial perfect absorber with test medium (analyte), ha = 0.8 �m , 
b Variation of absorption spectra when using different RI of analyte
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