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Abstract—Terahertz (THz) electromagnetic wave absorbers are
finding new applications both in military and civilian sectors. This
is the reason why constant efforts have been made worldwide to en-
hance the working performance of these absorbers. One downside
of the available absorbers is their response to Transverse Electric
(TE) and Transverse Magnetic (TM) waves at different frequency
bands. Specific strategic applications require response of an ab-
sorber in same frequency band for TE and TM electromagnetic
waves, for large inclination and polarization angle of the incoming
signal. In this work, we present a metasurface based THz absorber
with improved functionality. The fractional bandwidth is 91.64%
w.r.t the center frequency of 1.97 THz, that shows an absorptivity
of more than 90%. Due to the fourfold symmetry, the absorber is
polarization insensitive. It shows more than 80% absorptivity for
incoming wave inclinations upto60◦. The thickness of the absorber
is ∼ λ/11. The good point is that the absorber shows all these
improved performance for both TE and TM incoming signals in
the same frequency range. Overall, the designed absorber is a much
improved version of its peers available in the literature.

Index Terms—Graphene, metasurface, absorber.

I. INTRODUCTION

B ECAUSE of crowding in the low frequency region, higher
frequencies are constantly being explored and now the

focus is THz region of the spectrum. Although a fully functional
THz wireless system is still at its infancy, the priority is to
keep all individual THz devices like sources, transmitters, re-
ceivers, power splitters, etc., in place. Wave absorber is one such
component [1], [2], and at THz frequency, it has some useful
applications like imaging, sensing, and cloaking [3], [4]. It is
getting its prominence both in civilian and military applications.

There are the different mechanisms of absorption of electro-
magnetic (EM) wave. In one case the absorption occurs due to
the occurrence of Lorentzian electric and magnetic resonance,
which leads to the impedance match of the structure to the free
space. This in turn power dissipation in the materials. Another
type of absorption is because of multi-path reflection that causes
complete destructive interference in the reflective component of
EM wave [5]. Alternatively, absorption can also occur due to out
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of phase wave, which are re-radiated waves from induced electric
and magnetic currents, nullifying each other in reflection. [6].
Here, in this paper, the impedance matching is used to design
a broadband, polarization insensitive THz absorber that can
handle large variations of incoming wave inclinations.

Metamaterials, a new type of artificial materials have been
investigated in past two decades and have gained a great interest
due it’s EM properties which are not present in conventional ma-
terials. These are the periodic structures with unit cell size of the
order of quarter wavelength. The permittivity and permeability
of metamaterial are negative, which leads to negative refractive
index. This characteristics of these artificial materials make them
suitable for applications like polarizer, and absorber [7]–[10].
Landy et al. have investigated that for metamaterial absorber
(MA), the dimension of unit cell resonator should be such that
the surface impedance must be matched to that of free space [11].
Since then, many metasurface devices in the frequency ranging
from microwave to terahertz have been proposed to obtain the
perfect absorber, wide angle absorber, polarization insensitive
absorber, and frequency tunable absorber [12]–[15]. Narrow-
band absorbers are not suitable for practical applications [16],
[17]. Absorbers based on two ring resonators, lumped ele-
ments loading, bi-isotropic, and asymmetrical structures show
wide-band behavior [18]–[21]. Frequency reconfigurability in
metamaterial based absorbers can be obtained with the addition
of provision for change of its geometrical parameters. Multi-
layered structures have also been reported in the literature for
obtaining frequency tunability in metamaterial based absorbers,
but number of layers makes the structure bulky, which is a
concern specifically for spacecraft and similar objects [22]–[24].

Graphene is a two-dimensional lattice structure of carbon
atoms arranged in a hexagonal form like a honeycomb. Graphene
has attracted considerable attention from researchers due to its
unique electromagnetic and electric conductive properties [25].
This material has more applications in THz frequency than in
the lower region. Narrow-band and dual-band absorbers have
been proposed using graphene stacks on amorphous SiO2 [26],
[27]. Multilayer and two layers graphene stacks have been used
to get a wide absorption bandwidth. Graphene compounds in
organic form were used in RADAR communication to get signal
absorption in X-band [28]. Besides the large electrical thickness
of some of these graphene based absorbers, one of the key
bottlenecks is their response to TE and TM waves at different
frequency regions, thereby making it not much useful in strategic
applications. In this paper, we have designed a graphene based

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-6414-0032
https://orcid.org/0000-0001-6892-7329
mailto:vinitsingh.iitr@ieee.org
mailto:bkk23fec@iitr.ac.in
mailto:apatnaik@ieee.org


7700107 IEEE PHOTONICS JOURNAL, VOL. 13, NO. 5, OCTOBER 2021

Fig. 1. (a) The metasurface unit cell. (b) Side view of the metasurface unit cell. (c) Top view of the metasurface unit cell and (d) perspective view of metasurface
unit cell array operating in Mid-THz frequency regime.

wide-band metasurface absorber for THz frequency regime. The
proposed absorber contains mono-layer graphene film on top
of a metal-backed dielectric (Amorphous SiO2). The graphene
layer of unit cell is perforated in a plus shape and circular ring
form to get two different nearby resonating frequency bands so
that they can form a wide-band of absorption in THz frequency
regime. The structure is ultra-thin compared to the existing meta-
surface absorbers. It provides an ultra wide-band frequency of
operation that is not available until now as far as our knowledge
goes. The absorptivity of more than 80% has been obtained for
different angle of incidence electromagnetic wave up to 60◦, for
transverse electric (TE) and transverse magnetic (TM) mode of
polarization. The structure is polarization insensitive for both
TE and TM modes.

II. ABSORBER STRUCTURE AND ANALYSIS

The absorber structure consists of periodic array of mono-
layer graphene film placed on amorphous silicon dioxide (SiO2)
substrate with dielectric constant 2.2 and loss tangent 0.001 in
the operating frequency range. A conducting metallic layer is
placed at the backside of dielectric substrate which works as
electrode for biasing the graphene layer. The unit cell of the
proposed periodic structure is placed along the x-y plane and
the physical dimensions of the unit cell is of sub-wavelength
size. The dimensions are optimized to get two nearby absorption
frequency bands. The perspective view of the proposed MA is
shown in Fig. 1(a). The side view, top view and array of unit
cells of proposed metasurface structure are shown in Fig. 1(b),
Fig. 1(c), and Fig. 1(d), respectively.The optimized dimensions
of the unit cell are p = 20 μ m, h = 25.4 μm, r1 = 9 μm,
r2 = 6 μm, w = 2 μm, l = 11 μm. The proposed graphene
based metasurface absorber has been designed and simulated
using CST Microwave Studio version 2021, that is based on
finite difference time domain method [29]. 18,482 number of
tetrahedral messes have been used to simulate the unit cell of
the structure. Two Floquet modes were excited to check the
response of the structure for indecent wave.

The thickness of bottom gold layer is 0.5 μm and the conduc-
tivity of the thin gold film is considered as 4.56× 10

7
S/m in the

operating frequency region. The incident electromagnetic wave
is seems to be coming from +z direction and the wave is linearly

Fig. 2. Equivalent circuit diagram of the proposed MA over a wide-band
frequency.

polarized in x direction. The absorption A in terms of scattering
parameters is A = 1− S2

11 − S2
21, where S11 is reflection coef-

ficient and S21 is transmission coefficient as depicted in Fig. 3
and Fig. 4, respectively. Here the thickness of bottom metal layer
is larger than the skin depth so that the incidence EM waves get
reflected back in the substrate medium from top of the bottom
gold material. Hence the transmission coefficient S2

21 = 0.

A. Circuit Equivalent of the Metasurface Absorber

The input impedance of the absorber has to match with the
free space impedance in order to have minimum reflection of the
incident signal from the absorber. The occurrence of minimum
reflection in a broad frequency range is basically due to two
separate regions of the unit cell. The one region is the outer ring
structure that corresponds to a lower resonance and the second
region is the plus shaped structure that corresponds to a higher
resonance. In order to explain this concept, a representative
circuit diagram is shown in Fig. 2 [30]. In the circuit diagram
lgi and rgi are the series inductance and loss resistance of plus
shaped graphene based patch. cgi is the capacitance formed
between circular ring and plus shaped graphene based patch.
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Fig. 3. Reflection coefficient of the proposed graphene based MA over a THz
frequency regime.

Fig. 4. Absorptivity of the proposed graphene based MA over a THz frequency
regime.

lgo and rgo are the series inductance and loss resistance due
the circular patch of graphene and cgc is fringing capacitance.
At higher resonant frequency of 2.65 THz, the circuit elements
rgi, lgi, cgi, and cgc are effective to calculate the equivalent
graphene layer impedance. The circuit elements rgo, lgo and cgc
are responsible to calculate the equivalent surface impedance of
graphene layer at lower resonant frequency 1.23 THz and it can
be given by

Zg = rgo +

(
jωlgo +

1

jω (cgc/4)

)
(1)

To calculate the graphene surface impedance at resonant fre-
quency 2.65 THz, the circuit have an extra series capacitance
cgi, which causes the circuit to resonate at higher frequency as
depicted from Fig. 2 and given by (2).

Zg = rgi +

⎛
⎝jωlgi +

1

jω
(

cgc×cgi
4cgi+cgc

)
⎞
⎠ (2)

Hence the overall input impedance of the absorber can be written
as

1

Zin
=

1

Zg
+

1

Zd + Zm
(3)

where, Zd is transmission line impedance due to dielectric layer
and Zm is due to the metallic layer at the bottom of metasurface
array.

B. Effective EM Parameter Calculation

The impedance analysis of the MA can also be done with the
help of its calculated EM parameters, viz. εeff andμeff as given
in [31]. The normalized impedance is given by

Zn =

√(
μr(eff) + iμi(eff)

)(
εr(eff) + iεi(eff)

) (4)

where,

εeff = 1 +
χes

d

μeff = 1 +
χms

d

χes =
2j

k0

1− S11

S11 + 1

χms =
2j

k0

S11 + 1

1− S11
(5)

where, d is the distance traveled by incident EM wave within
the structure. The Fig. 5(a) and Fig. 5(b) show Real(εeff and
μeff ) and Imaginary(εeff and μeff ), respectively, calculated
using (4) and (5). It can be marked from these figure that the
real μeff is almost following the real εeff and the imaginary
μeff is following the imaginary εeff . Hence, the normalized
impedance as calculated from (4) is close to unity over the
working frequency band.

III. PERFORMANCE OF THE EM WAVE ABSORBER

The proposed MA has been designed to absorb the incidence
EM wave in THz frequency regime from 1.1 THz to 3 THz
and should have the capability of tuning the frequency range
with the help of applied chemical potential across the monolayer
graphene film.

A. Effect of Incident Angle and Polarization Angle
on Absorptivity

In order to check its polarization insensitivity, the absorber
was subjected to incident EM wave with different inclination
angles in the simulator. Fig. 6(a) and 6(b) shows the TE and
TM mode analysis of incident EM wave at different angle of
inclination. As seen from Fig. 6(a), the absorption coefficient
remains close to unity for inclination angle upto 60◦of incident
EM wave in TE mode over the operating frequency from 1.07
THz to 2.88 THz. Hence, the performance of the absorber is very
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Fig. 5. (a) Real εeff and μeff , and (b) Imaginary εeff and μeff of the
proposed graphene based MA over a THz frequency regime.

Fig. 6. Absorption coefficient with different incidence angle for (a) TE and
(b) TM modes.

good for the incident wave inclination angle in this frequency
range. The performance remain same for TM mode also as
shown in Fig. 6(b). As far as our understanding goes, this large
variation of incident angle has not been reported previously for
EM wave absorbers.

The Fig. 7 shows absorptivity of the proposed structure over
the operating frequency for different polarization angle. As
marked from this figure the absorptivity remains constant for
polarization angle from 0◦ to 45◦, making it a polarization
insensitive absorber.

Fig. 7. Absorptivity with frequency over a wide angle of polarization from 00

to 450.

Fig. 8. Surface current distribution of on top and bottom layer of the structure
for TE mode.

B. Surface Current and Field Distribution for TE and
TM Mode

Fig. 8 shows the surface current distribution for TE mode
on top and bottom layer of the unit cell of proposed graphene
based MA at resonant frequencies 1.23 THz and 2.65 THz,
respectively. For resonant frequency 1.23 THz, the incident
EM wave is x-polarized which forms the surface current on
the top and bottom layer of the proposed MA. These two top
and bottom currents are anti-parallel to each other, and forms an
induced magnetic field in y-direction which causes the magnetic
resonance [32]. Similarly, for resonant frequency 2.65 THz, the
top and bottom surface currents are anti-parallel to each other,
and it also forms a magnetic resonance. At resonant frequency
1.23 THz, the effective electrical length of surface current is
large due to the circular ring. This causes the lower resonant
frequency. Similarly, for resonating frequency of 2.65 THz, the
effective electrical length of the surface current is small due to
the strip of plus sign of graphene on top of the metal backed
dielectric substrate and causes resonance at higher frequency.
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Fig. 9. Surface current distribution on top and bottom layer of the structure
for TM mode.

Fig. 10. Electric field distribution on the top surface of proposed graphene
based MA at resonant frequencies 1.23 THz and 2.65 THz for TE and TM
modes, respectively.

The Fig. 9, shows the surface current distributions for TM
mode on top and bottom of the unit cell of proposed graphene
based MA. The top and bottom surface current distributions are
anti-parallel for both the resonating frequencies at 1.23 THz and
2.65 THz, and forms a perfect magnetic resonance.

The electric field distributions on the top layer of the unit
cell of proposed graphene based MA for TE, TM modes are
shown in Fig. 10. For TE mode, the Fig. 10(a) and Fig. 10(b) are
showing the electric field distribution at resonating frequencies
1.23 THz and 2.65 THz, respectively. For Fig. 10(a), the linearly
polarized incident EM wave is x-polarized, and causes resonance
at frequency 1.23 THz and which shows the maximum strength
of E-field at the corners of circular graphene film. Similarly, for
the resonant frequency of 2.65 THz, the E-field distribution is
maximum over the vertical strip of plus sign of graphene film on

Fig. 11. Power-loss distribution on the top of the proposed MA structure at
resonant frequencies 1.23 THz and 2.65 THz for TE and TM mode, respectively.

the unit cell of proposed MA. Similarly, Fig. 10(c) and Fig. 10(d)
shows the response for TM mode.

The Fig. 11 shows power-loss density distribution on top of
the graphene based MA. In order to ensure maximum surface
power loss, the incidence EM wave should be strongly trapped
between graphene sheet and bottom metallic layer. The large
electric field induce the ohmic loss on the conductive surface
(graphene). According to effective medium theory the power
loss is mainly due to the thickness of dielectric layer [33], [34].
As observed in Fig. 11, the maximum power loss is distributed
in the dielectric. As the transmission coefficient of the structure
is zero, the incident EM wave is get absorbed by the structure
over a desired frequency range. For TE mode, the power loss
density at frequencies 1.23 THz and 2.65 THz are shown in
Fig. 11(a) and Fig. 11(b), respectively. Similarly, for TM mode
the power loss densities are shown in Fig. 11(c) and Fig. 11(d),
respectively.

IV. FABRICATION FEASIBILITY AND EFFECT OF GRAPHENE

PROPERTIES ON ABSORBER PERFORMANCE

Using the well known fabrication techniques, the proposed
structure can be assembled and tested. The proposed structure is
very thin, and hence for mechanical support, a silicon wafer can
be used. The metallic plate as shown in Fig. 1(b), can be grown
on a silicon wafer by using e-gun evaporation technique. Further,
the spin coated silicon dioxide layer of thickness 25.4 μm, can
be formed over yellow metallic layer and has to be exposed to
Ultraviolet (UV) rays at 300◦C for one hour. Then the graphene
can be grown and transferred onto the silicon dioxide layer
using chemical vapor deposition technique at atmospheric pres-
sure [35], [36]. As the mono-layer graphene patches are not
connected to each other, so for ease of biasing an ion gel can be
deposited on top of the graphene layer [37].

Graphene surface conductivity is anisotropic in nature. The
Dyadic Green’s function for the tensor surface conductivity
boundary condition is given in [38]. The two dimensional
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graphene sheet is defined as an impedance boundary in the EM
simulator, whose surface conductivity is given by the general-
ized Kubo’s formula [39] (although mentioned widely in the
literature, for completeness we are here reproducing it again).

σ (ω,Ef ,Γ, T ) = σinter + σintra

(6)

σintra =
2kbTe

2

π�
ln

(
2cosh

Ef

2kbT

)
i

(ω + iΓ)

=
α

−iω + Γ
(7)

σinter =
e
2

4�

[
H

(ω
2

)
+ i

4ω

π

∫ ∞

0

H (Ω)−H
(
ω
2

)
ω2 − 4Ω2

d (Ω)

]
(8)

where

H (Ω) = sinh

(
�Ω

kbT

)/[
cosh

�Ω

kbT
+ cosh

(
Ef

kbT

)]

e is the electron charge, ω is the angular frequency of incident
EM wave, T = 300K is the temperature, Γ = τ−1 is the scat-
tering rate and τ is electron scattering time constant, and can be
varied from 0.02 to 2 ps; � is the reduced Planck’s constant, and
kb is the Boltzmann constant. If Fermi energy of the graphene
conduction band is greater than half of the photon energy, the
intraband conductivity dominates over interband conductivity
of graphene due to Pauli blocking [40]. The Fermi energy Ef

of graphene film can be altered by external applied voltage Vg

to the structure. The Fermi energy can be given by

Ef = �vf

√
πεdε0Vg

et2
(9)

where vf = 106m/s is the Fermi velocity, Vg is the applied
chemical potential to the graphene (here we have considered
Vg = 0.8 eV ), εd is dielectric constant of substrate. In the
THz frequency regime the surface conductivity of mono-layer
graphene can be given by Drude’s conductivity formula:

σg (ω) =
e2Ef

π�

i

(ω + iτ−1)
(10)

The relative permittivity of graphene in terms of surface con-
ductivity which is also a function of frequency can be given
as

ε (ω) = 1 + i
σg (ω)

tgε0ω
(11)

The mono-layer graphene thickness can be anything in 0.4 nm
– 1.7 nm range [41]. In our case we considered tg = 0.65nm
for optimum performance of the absorber. As seen from (7), the
surface conductivity of two dimensional mono-layer graphene
is a function of angular frequency ω, temperature T, electron
scattering constant τ , and applied chemical potential Ef .

Fig. 12(a), shows the variation of absorptivity with the scatter-
ing time τ . The scattering time is defined as the interval between
successive electron collision time. The increase in scattering
time in turn increases the surface conductivity of graphene

Fig. 12. Absorptivity with frequency by changing the (a) Scattering time
constant and (b) Applied chemical potential of the mono-layer graphene film of
the proposed MA structure over the THz frequency regime.

TABLE I
COMPARISON OF PROPOSED GRAPHENE BASED MA WITH THE OTHER

GRAPHENE BASED ABSORBERS

patch [42]–[44]. It can be seen from Fig. 12(a) that absorptivity
is more than 90% over the frequency band 1.07 THz - 2.88 THz
for 0.2 ps scattering time constant. Fig. 12(b) shows the effect of
change in applied chemical potential across the structure on ab-
sorptivity. Altering the applied Fermi energy leads to change in
surface conductivity of graphene which in turn leads to variation
in resonance frequency of the structure over a wide frequency
range as seen from (10) and can be observed in Fig. 12(b).
The characteristics of the proposed metasurface based EM wave
absorber is compared with that of its counterparts in Table I. The
improved performance of our structure can be clearly marked
from this table.

V. CONCLUSION

In this paper, a graphene based metasurface absorber is pro-
posed for THz frequency band. A wide-band of absorption is
obtained compared to the other available multilayer and single
layer graphene based metasurface absorbers. Simulation results
reveal similar performance of the absorber for the both TE and
TM mode of incoming signal in the entire band of operation.
Improved performance of the absorber in terms of fractional
bandwidth, thinness of the structure, angle of polarization and
inclination of the incoming wave, is obtained. The designed
wave absorber is anticipated to add significant value in the
ongoing THz devices and application research.
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