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Abstract—Terahertz era is becoming a more prominent and expanding platform for a variety of
applications. In this paper, we propose a triband absorber with a hexagon-shaped radiating patch
for THz applications. The proposed structure has three layers: a hexagonal patch made of graphene
as a radiating patch, a silicon layer as a dielectric substrate, and a bottom conductive layer made of
gold to prevent EM wave transmission. The proposed structure operates at three resonant frequencies
0.38 THz, 1.23 THz, and 1.77 THz, respectively. We may accomplish maximum absorption level (above
90%) and maximum absorption bandwidth by setting relevant chemical potential and relaxation times
to 0.2 ev and 0.2 ps, respectively. The proposed structure contains a lossy silicon substrate, which has
a dielectric constant of 11.9 and a loss tangent of 2.5e−004. The proposed structure is experimented
with three layers, and the effect on absorbance for different modes is illustrated.

1. INTRODUCTION

Terahertz frequency ranging from 0.1 THz to 10 THz is named terahertz era or terahertz gap [1, 2].
Because of the rising demand for higher data rates, the terahertz frequency domain has become an
attraction for researchers all over the world. The metamaterial is a buzzword in the market for
the past few decades, because of its applications in the field of electromagnetics. Metamaterial is
an artificially engineered structure, whose operating wavelength is less than visible light. First, in
2008, the metamaterial absorber was proposed by Landy et al. [3], and later many articles came on
metamaterial-based absorbers. Metamaterial based structures contain many extraordinary properties
compared to normal conventionally available materials, like a negative refractive index (either µ or ε is
negative [4], or both may be negative [5]) and electromagnetic wave absorption [6, 7]. If the electrical
permittivity (ε) and magnetic permeability (µ) both are negative, then metamaterials are named as
double-negative (DNG) materials. Because of the mentioned properties, the metamaterials can be
used in many applications like filters [8], shielding [9], cloaking devices [10], super lens [11], beam
tilting [12], terahertz communications [13], improving the performance of an antenna. Metamaterial
absorber contains many advantages like selecting the desired frequency band, having a small size, and
having less weight. The problem with the metasurface absorber is that once it has been constructed, it
gives some response based on the size and shape of the structure, and there is no additional tunability
with the structure. This problem can be mitigated by using micro-electromechanical systems (MEMSs)
[14] and electronic tuning components [15], but the main drawbacks of these methods are high cost and
high fabrication complexity. Therefore, to overcome these problems there is a necessity to introduce new
materials for the design process. For the last decade, graphene material plays a key role in designing
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terahertz devices. Graphene material is different from the remaining materials as it contains a single-
layered structure which is formed by carbon atoms and arranged like a honeycomb structure. Graphene
has many advantages as it is more flexible than the remaining materials, compact in size, lightweight,
and strong. Additionally, for both infrared and THz frequency regions, graphene material allows surface
plasmon resonance [16]. Graphene conductivity can be altered by tuning its chemical potential. There
are numerous articles produced based on metasurface absorbers by tuning graphene material. Jain et
al. [17] proposed a graphene metasurface based polarization-insensitive quadband absorber for terahertz
applications with a unit cell size of 48.2 ∗ 48.2µm2. A graphene material-based square-type split ring
resonator (SRR) is proposed by Asgari and Fabritius [18], for multi-band applications with a unit
cell size of 20 ∗ 20 µm2. Another polarization-insensitive broadband terahertz absorber is proposed
by Feng et al. [19], with 73 ∗ 73µm2 size, and graphene material is used as a radiating patch with a
circular ring and a cross shape. A multi-layered metasurface absorber is proposed by Huang [20] et
al. for polarization-insensitive broadband applications. Nejat and Nozhat [21] proposed a cross-shaped
absorber using graphene material for polarization-insensitive broadband applications in the terahertz
domain with 80 ∗ 80µm2.

There are many materials available to change the performance of a metasurface, such as V02, liquid
crystals, and graphene. Graphene is the most favored material among all existing materials since it is
a carbon nanomaterial that is laid out in a honeycomb lattice pattern and has amazing qualities such
as optical, thermal, and mechanical ones. Graphene is the toughest substance known to man, softer
than rubber, and more elastic than diamond, with greater electron mobility than silicon and greater
conductivity than copper. Not only is graphene thin, but it is also extremely transparent to visible light
and has surface plasmon resonance at terahertz frequencies. The performance of any metasurface can
be adjusted at terahertz frequencies by altering the chemical potential of graphene material. Because
of its numerous advantages, we picked graphene as a radiating patch. In this article, we present a
graphene-based metasurface absorber for terahertz applications.

2. PROPOSED STRUCTURE DESCRIPTION

2.1. Unit Cell Design Procedure

Numerical simulation tools like CSTMW studio, which is based on the finite-difference time-domain
(FDTD) method, were used to simulate the proposed unit cell structure. As shown in Figure 1, the
proposed unit cell structure contains three layers. To prevent the transmission of electromagnetic (EM)
waves, the bottom layer is made of conducting material like gold (Au) with a thickness of 0.5µm.
The electric conductivity of gold is chosen as 4.561e+007 s/m, and the overall size of the gold layer is
70 ∗ 70 ∗ 0.5µm3. The top layer of the proposed unit cell structure contains a hexagonal graphene patch
with a thickness of 0.1µm. A lossy silicon dielectric material is sandwiched between the top and bottom

(a) (b)

Figure 1. Proposed unit cell structure with dimentions (All are in µm), (a) unit cell’s prospective
view, (b) side view of unit cell.
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layers. Here, the thickness of the dielectric material is chosen as 55µm, and the dielectric constant is
chosen as 11.9 with a loss tangent of 2.5e−004. The initial choice for the chemical potential, relaxation
time, and temperature of the graphene-based unit cell is 1 eV, 0.1 ps, and 300◦k, respectively. Kubo
formulae [22] is used to calculate the surface conductivity of graphene material.

The simulation can be performed by using an FDTD-based tool like CSTMW Studio, which can
be employed in electromagnetic problem-solving that demands exact and speedy replies. The main
notable advantage of the CST tool is that the resource needs to scale only linearly according to the
number of mesh nodes. As a result, massive radiating structures can be handled easily and quickly.
While performing the simulation, we choose a frequency-domain solver for getting an oblique incidence
response for the absorber rather than normal incidence which is possible by the time-domain solver in
CST. The FD solver is a strong 3D full-wave solver with exceptional computing effectiveness. While
simulation is performed, frequency is selected initially, and perfect electric and magnetic boundary
conditions are applied along the x- and y-directions to impinge the EM wave in the z-direction as
shown in Figure 2.

Figure 2. Simulation setup for the proposed unit cell structure.

2.2. General Discussion of a Graphene Based Absorber and Proposed Structure

The concept of EM wave absorption can be explained by using transmission line theory. To achieve
complete EM wave absorption, the metamaterial impedance must match the EM wave impedance, so
that the metasurface does not reflect EM waves.

The following formula can be utilized to calculate the absorption of a metasurface. Generally,
the absorption of a metasurface absorber can be represented in terms of scattering parameters as the
following formula.

Absorption (A) = 1 − |S2
11| − |S2

21| (1)

From the equation, we can say that A represents the absorption, |S2
11| the reflection coefficient, and

|S2
21| the transmission coefficient of an absorber. Because the bottom layer of the proposed absorber is

a perfect conducting material like gold, the transmission coefficient is almost zero (i.e., |S2
21| = 0) for

the metasurface absorber. Eq. (1) can be reformulated as follows.

Absorption (A) = 1 − |S2
11| (2)

Kubo [18, 23] calculated formulae for the surface conductivity of a graphene material which are realized
by the following equations.

σ(ω) = σinter(ω) + σintra(ω) (3)
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Γ =
eV 2

F

µcµ
(6)

In addition, in the terahertz frequency domain, the chemical voltage is much larger than the product
of Boltzmann’s constant and kelvin temperature. Consequently, Eq. (3) can be changed as

σintra(ω) =
−je2KBT

Πh2(ω − jΓ)

(
µc

KBT
+ 0

)
=

−je2µc

Πh2(ω − jΓ)
(7)

Here, σinter(ω) represents the inter-band conductivity due to the electron-hole pair generation and
recombination, and σintra(ω) is the intra-band conductivity due to free charge carriers. ~ ∗ 2Π = h
is the reduced Plank’s constant, ω the angular frequency, Γ the scattering rate (Γ = 1/2τ) where τ
is the relaxation time, e the charge of an electron, VF the Fermi velocity of 106 meters/seconds, KB

the Boltzmann’s constant, µc the chemical potential of graphene material which is varied from 0 eV
to 0.3 eV, and T the temperature measured in kelvins. From Figure 4, we can note that the proposed
structure resonates at three different resonant frequencies, 0.38 THz, 1.23 THz, and 1.77 THz. Here, the
green colour indicates the reflection spectrum for 3 ∗ 3 array. Finally, we can conclude that for any
array size of the proposed unit cell structure, the percent level of absorption is almost same. Here, we
consider 3 ∗ 3 array sized metasurface, as shown in Figure 3, by fixing chemical potential as 0.2 eV and
relaxation time as 0.1 ps at 300◦k.

Figure 3. Proposed absorber with 3 × 3 array
size.

Figure 4. Absorption (A), Reflection (R) for
different array sized unit cell.

3. RESULTS AND ANALYSIS

The graphene’s relaxation time (τ) plays an important role in controlling absorption bandwidth and
the absorption level of a metasurface absorber. From Figure 5, it can be noted that the frequency and
percent level of absorption are selected on the x- and y-axes, respectively, and the frequency limit is
chosen from 0.1 THz to 2 THz. Here, the black colored curve represents the percent level absorption
spectrum of 0.1 ps; the red colored curve represents the percent level absorption spectrum of 0.2 ps;
and finally, the blue colored curve represents the percent level absorption spectrum of 0.3 ps. Figure 6
indicates a contour plot for the variation of different relaxation time (τ) parameters. From Figure 5,
we can realize that at 0.1 ps, the percent level of absorption, which is indicated with red color, is low
at 0.386 THz frequency. At 0.2 ps, the absorption bandwidth is more than that at 0.1 ps, and further
at 0.3 ps the absorption bandwidth is split into two portions at 1.23 THz frequency. From the three
relaxation times, we have chosen 0.2 ps as a better relaxation time, since good absorption bandwidth
and good absorption level (above 90 percent) are achieved at this relaxation time. Another important
parameter of graphene material for controlling the absorption bandwidth and absorption level of a
metasurface absorber is chemical potential (µc). The variation of the percent level of absorption and
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Figure 5. Absorption spectra for variation of
relaxation time (τ).

Figure 6. Contour plot for relaxation time (τ)
variation.

Figure 7. Contour plot for the variation of
chemical potential (µc).

Figure 8. Contour plot for variation of lossy
silicon dielectric material thickness (d).

absorption bandwidth of the proposed absorber is shown in Figure 7. From Figure 7, we can note
that the frequency and chemical potential of graphene material are chosen along x- and y-directions,
respectively. From Figure 6, we can realize that before applying a chemical potential (µc = 0 eV),
the percent level of absorption is very poor at three resonant frequencies, 0.386 THz, 1.23 THz, and
1.77 THz. At µc = 0.1 eV, the absorption bandwidth which is above 90 percent level increases slowly,
and at µc = 0.2 eV, we achieve maximum absorption bandwidth for three resonating frequency bands
0.32 THz to 0.43 THz, 1.19 THz to 1.35 THz, and 1.74 THz to 1.79 THz, respectively. The performance
of the structure for different dielectric thickness values can be achieved by applying a parametric analysis
for the substrate thickness parameter in the CST simulator and selecting a range from 51µm to 59µm
with a step size of 2µm, then the response of the structure is shown in Figure 8. From Figure 8, it is
shown that the frequency and dielectric material thickness parameters are selected on the x- and y-axes,
respectively, and the frequency limit is chosen from 0.1 THz to 2 THz. We can note that for the first
resonating band, the absorption bandwidth is constant from 0.32 THz to 0.43 THz frequency. For the
second band, the absorption bandwidth is less at 51µm, and at 55µm, the absorption bandwidth is
split into 2 parts. So to have constant maximum bandwidth we have chosen dielectric material thickness
as 55µm. Finally, for the third resonant frequency band, the absorption bandwidth is constant.
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(a) (b)

Figure 9. At chemical potential (µc) = 0.2 eV and relaxation time (τ) = 0.2 ps, the proposed structure’s
absorption contour map as a function of frequency and different oblique incidence angles (θ) for (a) TE
mode and (b) TM mode.

The effect of various oblique incident angles (θ) on absorption bandwidth is shown in Figure 9, for
both TE and TM modes. From Figure 9(a), we can note that for the TE mode of the proposed
structure, the absorption bandwidth (> 90 percent absorption level) for the first resonating band
(0.32 THz to 0.43 THz) is constant up to 50-degree incident angle, and around 60-degree angle, the
absorption bandwidth, indicated by red color, has vanished. For the second resonant frequency band
(1.74 THz–1.79 THz), the absorption is constant up to a 65-degree incident angle, and for the third
resonant frequency band (1.19 THz to 1.35 THz), the absorption bandwidth is constant for 25 to 40
degrees. Similarly, for the TM mode of operation, the first absorption bandwidth is constant up to 50
degrees; around 60-degree angle; the absorption level is low; the bandwidth is bent with lower absorption;
and finally, the absorption bandwidth is reduced. For the second band, the absorption bandwidth is
constant up to a 55-degree incident angle; later the spectrum is split into two portions; and finally, the
absorption has vanished around a 70-degree incident angle. Similarly, for the third band, the absorption
bandwidth is constant up to 40 degrees; at a 50-degree incident angle, a lower absorption level is observed
later around a 70-degree angle; and the absorption has vanished. Figure 10(a) represents the absorption
spectrum for different polarization angles, and Figure 10(b) represents the contour plot for the TE
mode of operation. From Figure 10, we can note that for polarization angles up to 80 degrees, the
absorption bandwidth is constant in the TE mode of operation. Figure 11 represents the absorption
plot for different polarization angles under TM mode. Except at a 70-degree polarized angle, for the
third frequency resonating band under TM mode, for all the remaining frequency bands and remaining
polarization angles, a constant absorption bandwidth is observed.

From Figure 12(a), we can note that at 0.386 THz frequency, a small amount of electric field which
is indicated with red color is formed at the corners of the hexagonal graphene patch. For 1.23 THz
frequency, more electric field is formed like folded bracket shape on graphene hexagonal patch edges,
and at 1.77 THz frequency, which is indicated in Figure 12(c), a strong electric field is formed in silicon
dielectric substrate material like cylinder shape and on the graphene patch. From Figure 13(a), we can
note that a strong magnetic field is present in silicon and gold material, and in Figure 13(c), the field
almost occupies all the edges of the hexagonal graphene patch. From Figure 12 and Figure 13, we can
realize that a good agreement exists between electric and magnetic fields as they are perpendicular to
each other. From Figure 14, we can note that the maximum current is observed on the horizontal edges
of the hexagonal patch at 0.386 THz frequency. A small amount of current is observed at the center of the
graphene patch, and some maximum current is observed at 1.23 THz frequency. The total exterior part
of the hexagonal graphene patch is covered with maximum current at 1.77 THz frequency. Table 1 shows
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(a) (b)

Figure 10. At chemical potential (µc) = 0.2 eV and relaxation time (τ) = 0.2 ps, the proposed
structure’s absorption contour map as a function of frequency and different polarization angles (ϕ) in
TE mode with (a) absorption level spectrum, (b) contour map.

(a) (b)

Figure 11. At chemical potential (µc) = 0.2 eV and relaxation time (τ) = 0.2 ps, the proposed
structure’s absorption contour map as a function of frequency and different polarization angles (ϕ) in
TM mode with (a) absorption level spectrum, (b) contour map.

(a) (b) (c)

Figure 12. E-field distributions at (a) 0.386 THz, (b) 1.23 THz and (c) 1.77 THz.
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(a) (b) (c)

Figure 13. H-field distributions at (a) 0.386 THz, (b) 1.23 THz and (c) 1.77 THz.

(a) (b) (c)

Figure 14. Surface current distributions on graphene patch at (a) 0.386 THz, (b) 1.23 THz and (c)
1.77 THz.

Table 1. Simulated performance comparision table of the current work with existing literature survey.

Reference
2D Unit
cell size
(µm2)

Dielectric
material

Absorption
(%)

No of
Absorption

peaks

Polarization
insensitive

Resonant
frequencies

(THz)
[2] 10 × 10 polymide 99.8 Single Yes 2.2–4.6
[6] 70 × 55 polymide 98 Three Yes 1.12, 2.58, 3.09
[14] 40 × 40 silicon 96 Two Yes 2.44, 3.71

[17] 48.2 × 48.2 Sio2
95.4, 99.9,

89.4 and 98.9
Four Yes

1.29, 3.32,
3.85, and 4.56

[19] 73 × 73 - 99, 99 two Yes 1.29, 1.61
[20] 118 × 118 polymide 98 Single Yes 0.86–3.54
[21] 80 × 80 Silicon, Sio2 ≈ 98 Single Yes 1.5–3.2
[22] 60 × 60 Silicon ≈ 96 Single Yes 2.47–2.90
[23] 60 × 60 Rogers ≈ 98 Single Yes 1.48–365

[24] 85 × 85 - ≈ 97 Four Yes
0.777, 1.13,

1.53, and 2.06

[25] 80 × 80
Silicon,

polymide
98, 96, 98 Three Yes

0.34, 0.62
and 0.81

This
work

70 × 70 silicon
98.6, 98.5,

99.6
Three Yes

0.38, 1.23
and 1.77
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how the proposed absorber’s performance is validated using a numerical simulator. From Table 1, we
can note that the proposed structure is a compact one and produces three different resonant frequencies
with a percent level of absorption greater than 98.5%. Compared to the existing literature survey, the
proposed structure gives good absorption and tri-bands with polarization-insensitive capability in the
terahertz era, which is a notable advantage compared to the existing state of the art.

4. CONCLUSION

In this paper, we describe a polarization-insensitive metasurface absorber for terahertz applications. The
overall size of the proposed structure is 70 × 70 × 55µm3, and it produces three different absorbance
peaks at 0.38 THz, 1.23 THz, and 1.77 THz resonant frequencies with bandwidth ranges as 0.32 THz–
0.43 THz, 1.19 THz–1.35 THz, and 1.74 THz–1.79 THz, respectively. In three absorption bands, the
structure contains an absorbance level greater than 90 percent. The proposed structure possesses a
polarization-insensitive nature, and the influence of different polarization angles on absorbance is verified
for different modes like TE and TM. The influence of different oblique incident angles on absorbance is
also described, and finally both E- and H-fields for the proposed structure are also verified as they are
perpendicular to each other. Hence, it is strongly recommended that the proposed tri-band graphene-
based metasurface absorber could be used for sensing, detecting applications.
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