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Abstract – We present a tunable ultra-wideband (UWB)
absorber based on a multilayer of “E” shaped graphene
patterns. The numerically calculated results indicate that
the absorption of the proposed design is above 95% in the
range of 1.12 to 14.04 THz. By using the multiple layers
of graphene, the relative bandwidth is 95% and reaches
up to 170% of the central frequency. Furthermore, for
transverse electric polarization mode at a resonating fre-
quency of 1.68, 3.99, 7.51, 13.56, and 17.74 THz the
absolute value exceeds 99.57, 99.37, 99.94, 99.86, and
99.09%, respectively. Also, owing to the structure’s rota-
tional symmetry, the absorber is insensitive to both trans-
verse magnetic (TM) and transverse electric (TE) polar-
ization. The absorption peaks and frequency band can
be controlled effectively by altering the Fermi level
of graphene without modifying the structure manually.
Moreover, the absorber exhibits steady absorption over
an incident angle of 0◦ to 60◦, with just a minor decrease
in bandwidth around 60◦.

Index Terms – absorber, broadband, graphene, tunable.

I. INTRODUCTION
In recent years, the research interest toward tera-

hertz (THz) (0.1-10) frequency has increased due to its
great potential in the areas of modulators, security, med-
ical imaging spectroscopy, and communication [1, 2].
The THz absorber is a vital section that can be consid-

ered to be the practical application in the fields discussed
above [3, 4]. However, it is very difficult to distinguish
THz electromagnetic waves through a natural element.
To resolve this problem, recently an artificial electromag-
netic material known as metamaterial absorber (MMA)
has been proposed which shows some remarkable elec-
tronic and optical properties. Graphene is a newly dis-
covered 2-D monolayer based on a carbon atom. It has
been widely considered in view of its unique electrical
and optical properties [5, 6]. Its most desirable char-
acteristics are that the conductivity and permittivity of
the graphene can be dynamically controlled, by adjust-
ing the Fermi level by external bias voltage or chemi-
cal doping, to obtain dynamically tunable MMAs [7, 8].
Over the last decade, numerous graphene-based tunable
devices have been introduced which include transistors
[9-12] and polarization convertors [13, 14]. A large num-
ber of graphene-based THz MMAs with different struc-
tures have been designed and published, including square
patches [15], disks and ribbons [16], stacks [17], cross-
shaped arrays [18], and as well as the combination of
graphene wire and gold cut wire [19] configurations.

However, in the scope of our knowledge, the major-
ity of these MMAs still have certain disadvantages,
including single or narrow band absorption, and lim-
ited tunable range and considerable polarization and
incident angle dependency, and having complex struc-
ture designs, thus reducing their potential application.
In this article the “E” shape structure is designed as a
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basic absorber unit cell that is simple and reliable. It
is found that an “E” shape has many resonance modes,
which compete with each other and increase the fre-
quency range. Additionally, the absorption is very con-
sistent across a wide range of incident angles. The
design method provides a new way of achieving the
band, enhanced by using the C-4 symmetry of “E” shape
graphene in multilayer. Due to C-4 symmetry, the pro-
posed design is less sensitive to the incident angles.

We developed an ultra-wideband absorber with an
absorption of more than 175% for the central frequency
of 7.83 THz, which is considerably greater than the best
previous work. To achieve wide bandwidth, multiple lay-
ers of “E” shaped graphene patterns are used. The cal-
culated results indicate that absorption spectra greater
than 90% from 0.97 to 14.70 THz has been achieved.
An “E” shaped graphene pattern was evaluated numer-
ically and results revealed that the efficiency and band-
width of the absorber can be improved by using multiple
layers of graphene, while also achieving dynamic tuning.
Additionally, field distribution is examined in order to
investigate the absorption mechanisms. Also, in order to
minimize the reflection coefficient, the impedance of the
designed device is adjusted to be approximately matched
to the free-space impedance, further explained in the
Results & Discussion section (III).

II. DESIGN AND SIMULATION
Figure 1 schematically show the structure of the sug-

gested proposed ultra-wideband THz absorber. The pro-
posed design consists of four layers of graphene in the
“E” shape format. As shown in Fig. 1, all the four lay-
ers have the same structure but with 90◦ rotation. The
graphene layers were deposited on silicon dioxide layers.
The Topas layer with permittivity of 1.53 is considered
as a low loss substrate [20]. Gold is selected as a ground
metal as described by the Drude model [21].

The other parameters are as follows: w=5 µm,
L1=40 µm, L2=20 µm, H1=8 µm, H2=5 µm, H3=5
µm, H4=5 µm, H5=1 µm and tm=0.1 µm. The mea-
surement along the x and y direction is 40 µm. To
determine the chemical potential of the ultra-wideband
(UWB) absorber’s first layer, such as the graphene Fermi
velocity, the electron mobility of the graphene and the
relaxation time can be calculated as follows. If we set
µ = 0.15 m2/(V.s) [22]. µC1 = τυ f

2/µ [23] , υ f =
1.73(m/s), [24] and τ = 0.05(ps) the chemical poten-
tial can be adjusted to 0.97 eV. The suggested design
was numerically investigated by applying the frequency
domain approach using commercial CST microwave stu-
dio simulation tools. The conductivity of graphene is
composed of two parts, namely intraband and inter-
band electron transition derived from the Kobo for-
mula (σgra = σ intra +σinter ) [25]. In the THz and mid-

Fig. 1. (a) Schematic diagram of the proposed UWB-
MMA unit cell, (b) top view of the “E” shape graphene
layer.

infrared (MIR) wavelength ranges, the graphene intra-
band contribution is dominant because EF� }ω�KBT .
So, in the view of the Puli exclusion principle for the THz
frequency domain (}ω � 2EF ) at room temperature, the
above expression is further simplified to the Drude model
[26]:

σg =
ie2EF

π}2 (ω + iτ−1)
, (1a)

where } represents reduced planks constant, e, τ , and ω

are electron charge, the relaxation time and angular fre-
quency of the incident wave, respectively. The conduc-
tivity of the graphene at various Fermi levels is deter-
mined in Figs. 2 (a) and (b). When the Fermi level
is fixed, it is shown that the real and imaginary parts
of conductivity are proportional to the frequency. The
amplitude modulation of the resonance is determined by
the real component of the conductivity, while the reso-
nance’s spectral shift is controlled by the imaginary por-
tion of the conductivity [27-29].

Fig. 2. Surface conductivity of the graphene with differ-
ent chemical potential (a) Real part. (b) Imaginary part.

The theoretical relationship between EF and Vg can
be expressed as [30, 31]:
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EF = µc ≈ }υ f

√
πεrε◦Vg

eTs
, (1b)

where, the Fermi velocity and external bias voltage are
υ f and Vg. The permittivity of substrate and vacuum is
denoted by er and ε0. Equation [1b] indicates that carrier
density can be modified by voltage or chemical doping
due to the presence of the carrier density. By changing
the bias voltage, graphene conductivity can be adjusted.
The equivalent relative permittivity is then derived from
the surface conductivity as follows [32]:

εg = 1+
iσg

εoωtg
, (1c)

where σg represents graphene surface conductivity, εo
and tg are vacuum permittivity and the thickness of
the graphene layer. In equation (1c), the permittivity
of the graphene can be found by measuring the con-
ductivity of the graphene surface. The conductivity of
the graphene surface can also be found by measur-
ing the applied voltage. Thus, equations (1a-1c) show
that the applied voltage may dynamically change the
electromagnetic properties of graphene, implying that
the structure absorption characteristics can likewise be
dynamically adjusted. As a result, the absorbance may
be varied by adjusting the Fermi level through applied
voltage. The periodic boundary condition in the x-y
plane is set in simulations and the incident THz wave
will travel in the Z-direction as depicted in Fig. 1.
Naturally, single-layer designs are simpler to produce
than multilayer designs, but the use of multilayering is
needed to enable high absorption rates and adjustable
performance. The absorbance of the proposed design is
computed/calculated as A=1-T-R=1-|S21(w)|2-|S11(w)|2,
where T=|S21(w)|2 and R=|S11(w)|2, represent transmit-
tance and reflectance respectively. The thickness of the
gold ground is 0.5 µm, which is significantly higher than
the skin depth, allowing S21 to be technically reduced to
zero.

III. RESULT AND DISCUSSION
Firstly, to elevate the absorption efficiency of the

proposed UWB-MMA. The unit cells are simulated
under a normal THz incident wave. The calculated result
is shown in Fig. 3. The TM incident wave is shown in
Fig. 3 (a). The proposed UWB-MMA has a simulated
reflective spectrum below 0.3 for 0.50 to 14.50 THz and
has an absorption spectrum of more than 95% in the
same range, as shown in Fig. 3 (a). For the TE inci-
dent wave the reflective spectrum is below 0.3 for 0.50 to
21.20 THz band, while the associated absorption is also
higher than 95% within the 12.92 THz bandwidth as
shown in Fig. 3 (b). The TM resonant frequencies in five
distinct bands 3.94, 7.17, 14.05, 16.63, and 19.53 THz
have 99.95, 99.65, 99.85, 99.54, and 99.70%, respec-
tively, of the absorption spectrum.

These findings illustrate the almost symmetric pat-
tern of the TM and TE polarization waves due to the
almost symmetric structure of UWB-MMA as shown
in Fig. 1. Furthermore, for TE polarization mode at
resonating frequencies of 1.68, 3.99, 7.51, 13.56, and
17.74 THz the absolute value exceeds 99.57, 99.37,
99.94, 99.86, and 99.09%, respectively.

(a) (b)

Fig. 3. Absorption and reflection spectra of the proposed
UWB-MMA (a) TM mode. (b) TE mode.

The characteristics of the complete absorption could
be described using impedance matching theory. The
absorber’s effective impedance maybe represented as
[33]:

Ze f f=

√
µe f f

εe f f
=

√√√√ (1+S11)
2−S2

21

(1−S11)
2−S2

21

, (1)

where µe f f and εe f f represent the effective permeabil-
ity and permittivity, correspondingly. The S parame-
ter is used to calculate the real and imaginary compo-
nents of the impedance. If the device effective impedance
approaches that of free space, significantly high absorp-
tion can be obtained. As shown in Fig. 4 (a), at a broad
bandwidth the real component is near to 1 and imagi-
nary part is close to 0, demonstrating that the effective
impedance of the proposed device has equaled that of
free space. This indicates that the absorber impedance
steadily approaches that of empty space, which is char-
acteristic of perfect absorber [34].

To describe the strong absorption in ultra-wideband
bandwidth, the absorption spectrum is determined for
each layer separately. When contrasting the effects of
individual graphene layers with the whole system, the
peaks of the whole system at 3.9, 4.6, 14.8, and 13.7 THz
frequency band are led, respectively, by the fourth, third,
second, and first layer, as shown in Fig. 4 (b). The
UWB of the absorber is closely linked to each of these
four peaks. The simulated field distribution demonstrated
that UWB absorption of the proposed design can be
considered as a superposition of these graphene lay-
ers. Absorption peaks at varying frequencies are close
together and superimposed for UWB absorption. Then,
to further explain the physical mechanism behind the
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(a) (b)

Fig. 4. The relative input impedance and absorption spec-
trum of the proposed UWB-MMA, (a) input impedance
(b) absorption spectrum.

UWB near-perfect absorption, we also provide a com-
prehensive analysis of electric field amplitude distribu-
tions at various frequencies under the setting of the Fermi
level to 0.97 eV. Figure 5 illustrate electric field distri-
butions of the unite cell at four distinct frequency bands
under normal incidence TE wave. It may be noted that, as
shown in Fig. 5, the suggested structure exhibited strong
electric field confinement between the different layers
of graphene and dielectric, leading to high absorption.
This is the basic characteristic of the localized surface
plasmonic. As depicted in Fig. 5 (a), from the simulated
field distribution, it is evaluated that UWB absorption
is achieved by the superposition of these graphene lay-
ers. As depicted in Fig. 5 (a), the top layer is largely
attributed to the absorption peak around 3.9 THz. While
the absorption peak at 4.6, 14.8, and 13.7 THz is pri-
marily due to the third, second and first graphene layer
respectively. Absorption peaks of various frequencies are
closer to each other and superimpose to form an UWB
absorption.

Fig. 5. Electric field distribution in TE polarization at
XOZ plan at (a) 3.9 THz, (b) 4.6 THz, (c) 14.8 THz,
and (d) 13.7 THz.

The absorption band is changed accordingly because
graphene permittivity could be regulated by the chemical
potential. The absorption changes to higher frequencies

with increasing bandwidth and magnitude, as a result
of increasing Fermi level. Figure 6 illustrate how the
graphene Fermi level regulates the absorption spectrum
with constant W and T. If the Fermi level increases,
the graphene surface plasmon resonance increases and
the structure absorption is higher with the E f =0.97 eV
absorption band from 0.90 to 14.40 THz exceeds 90%.
We have also investigated the influence of the permittiv-
ity and thickness of the substrate on the absorption prop-
erty of the unit cell.

(a) (b)

Fig. 6. The absorption spectra of the proposed UWB-
MMA under different Fermi levels (a) TM waves. (b) TE
waves.

Figure 7 illustrate the influence of the dielectric
thickness of the first and fifth layers (H1 and H5)
over the absorption curve of the proposed absorber.
When increasing the dielectric thickness value, the res-
onating frequencies are red-shifted. The high-frequency
absorption curve shift to the left occurs, while the low-
frequency band almost remains constant. When H1 and
H5 are more than 8 µm and 1 µm the absorption rate
at the center of the absorption band is less than 90%.
The resonant coupling between the top and bottom lay-
ers of the graphene relies to a significant degree on their
distance from one another. By increasing or reducing the
coupling distance, near field coupling is reduced to a cer-
tain degree, resulting in a variation in absorption perfor-
mance. Table 1 shows a comparison of our work with
previously published works.

As shown in Fig. 8, the absorption spectrum’s
reliance on the dielectric substance is investigated in
detail. The structure’s whole set of parameters is stable
and unaltered, and only the permittivity of the substrate is
changed. As the permittivity decreased from 3.35 to 1.53,
a minor change in the amplitude of absorption occurs
while frequency shifts to the right.

Equation (3) shows the influence of the frequency
shifts on the thickness and permittivity of the substrate.
The φ p and θ will be constant, as the plan wave will be
transmitted on the homogenous medium layer at normal
incidence.
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Table 1: Performance comparison of the graphene bases UWB absorber with published work
Ref. Absorption Bandwidth

(THz)
Fo (THz) Thickness

(µm)
Angle Fractional

Bandwidth
(%)

Absorptivity

[35] 2.04-0.83 =1.21 1.435 0.07λ 0-50◦ 84.3 90%
[36] 7.85-2.05= 5.8 4.94 0.131λ 0-40◦ 118 70%
[16] 2.7-0.5=2.2 1.67 0.101 λ 0-30◦ 131 90%
[37] 2.67-0.65= 2.01 1.66 0.132 λ – 121 90%

proposed TE (14.70-0.97=13.73)
TM (14.96-0.70=14.26)

7.85 0.083λ 0-45◦

0-60◦
174 90%

λ is the wavelength of lowest frequency for each operating band, Fo Central Frequency.

(a) (b)

Fig. 7. Absorption curve of the proposed absorber with
different thicknesses of dielectric layer (a) first layer, and
(b) fifth layer.

Fig. 8. Absorption curve of the proposed absorber with
different permittivity of the dielectric substrate.

φP =
4d

√
εr− sin2θ

λ
, (2)

where d and φP represent substrate thickness and phase
path of the incident EM wave.

Polarization insensitivity is useful for absorbers in
practical applications. Therefore, the absorption under
different polarized wave and incident angles is inves-
tigated. The absorption spectra of the proposed UWB-
MMA are almost constant due to the symmetry of the
rotation of the proposed configuration. As shown in

Fig. 9. even when the polarization angle is between
0◦ and 45◦ for both TM and TE modes, the absorp-
tion spectra are still above 90% in the whole band-
width. The UWB absorption efficiency will gradually
decrease beyond 45◦ particularly for the lower frequency
range for TE waves, as shown in Fig. 9 (b). That is
why the magnetic flux between the ground plane and
the graphene layer reduces as the angle of incidence
TE waves increases [38]. Moreover, with the rise in
the oblique incidence angle, the frequency spectrum of
greater absorption has a small blue change.

The strong absorption of the UWB band frequency
for TM waves can be sustained up to 60◦, as seen
in Fig. 9 (a). This means that at a higher incidence
angle, the magnetic flux between the graphene layer
and the ground layer is practically unchanged for the
TM waves [38]. However, the absorption spectra for the
proposed UWB-MMA also reveal a slight blue change
with increasing angles of incidence for the TM wave.
These findings demonstrate that both TE and TM waves
can sustain absorption stability with varying polarization
angles as well as large incident angles.

IV. CONCLUSION
In this paper, we have proposed UWB tunable MMA

based on the “E” shape graphene pattern on a gold layer
separated by a dielectric substrate. Numerically calcu-

(a) (b)

Fig. 9. The absorption spectra of the proposed UWB-
MMA under normal different incident angles (a) TM
waves, and (b) TE waves.
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lated results demonstrate that the suggested MMA attains
higher absorption of over 95% in the frequency range of
1.12-14.04 THz, and the associated relative bandwidth is
up to 170% to the central frequency. This UWB absorp-
tion is produced through localized surface plasmon and
graphene surface plasmon stacking at various frequen-
cies. To better understand the processes of absorption,
we examined the electric field amplitude distribution at
various frequencies. Thus, as the proposed structure is
symmetrical, there is no significant difference between
the TM and TE polarized waves it is not sensitive to wide
angle of incidence wave. Furthermore, we have also dis-
cussed the influence of the permittivity and thickness of
the substrate and Fermi energy level of the graphene over
the absorption spectrum of the MMA.
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