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ABSTRACT Multi-band terahertz (THz) absorber based on a non-symmetric double-sided graphene comb
resonator array is designed and simulated by the finite element method (FEM) in CST Software. Then,
an equivalent circuit model (ECM) based on admittance with a fast MATLAB code is proposed to analyze
the absorber in the THz region. The admittance-based ECM approach could be used for any metamaterial
absorber containing one layer of resonators sandwiched between two dielectric slabs and backed by a metal
layer consisting of a layer of resonators with a thickness much smaller than the minimum wavelength in the
considered wavelength range. The proposed absorber is dynamically tunable with a one-layered resonator
array. It has strong linear dichroism (LD) response of 98% and the frequency range of 0.7-5 THz with
absorption >96%: two absorption bands for TE mode and three for TM mode. The proposed absorber can be
used in polarization-sensitive devices and systems in the THz region. The ECM model of the metastructure
was derived to provide an efficient approach to analyzing the performance of the absorber. The FEM
simulation results are in good agreement with the ECM ones.

INDEX TERMS Terahertz metamaterials, graphene devices, electromagnetic absorber, equivalent circuit
model.

I. INTRODUCTION
Metamaterials consisting of single or multi-layer of resonator

[20] recently showing their versatile possibilities in various
the fields of science.

arrays and having non-symmetrical geometries with the pos-
sibility to superimpose on their mirror image by the degrees of
rotation have attracted broad attention for their features [1],
[2], [31, [4], [5], [6]. This type of metamaterials has shown
a capability to produce chirality responses such as circular
dichroism (CD) [7], [8], [9], [10] or linear dichroism (LD)
[10], [11], [12]. Metamaterials with non-symmetrical geome-
tries have been designed and proposed for different applica-
tions such as absorbers [8], [12], [13], biosensors [14], [15],
converters [16], [17], switches [18], [19], and mirrors [6],
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Graphene is an ultra-thin layer of carbon atoms with a
thickness of 0.335 nm [21], [22] and it has been widely
used in patterned and non-patterned forms in optoelectronic
devices [23] as it can dynamically control the electromagnetic
waves by the alternation of the applied external bias voltage.
This distinguishes 2D materials like graphene from the other
commonly used materials like metals or dielectrics. Hence it
is possible to tune the output spectra of the devices containing
graphene without the need to refabricate the devices saving
materials, costs, and time [4], [6], [12], [17], [20], [21],
[22], [23], [24] making them very interesting, especially for
spectroscopic applications.

One category of graphene metamaterials is the structures
with non-symmetrical geometries including graphene chiral
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or anisotropic metamaterials containing one or multi-layered
graphene resonator array(s). They have been designed and
investigated, recently showing dynamically tunable high (up
to 99%) chirality responses [4], [5], [6], [12], [17], [20],
[25], [26]. Thus, graphene metamaterials with strong chiral-
ity responses such as LD have recently been in the scope
of interest among worldwide researchers because they can
greatly increase the photon-matter interaction necessary in
many sensing applications.

There are some recent reports about non-dynamically tun-
able single or dual-band absorbers with non-symmetrical
geometries [27], [28], [29], [30], [31], [32]. In addition,
dynamically tunable THz region graphene absorbers with
non-symmetrical geometries containing one resonator in each
unit cell with a single layer of resonators (up to three absorp-
tion bands) with high absorption have been published [12],
[33]. However, for having many absorption bands and high
average absorption, metamaterials containing multi-layer of
resonators or super unit cells have been the most promising
candidates so far [34], [35], [36]. The design of dynamically
tunable multi-band absorbers with high average absorption
containing a single resonator layer and one resonator in each
unit cell (simple geometries) is in the scope of interest of this
study. The reduction of structural complexity is expected to
save material and cost resources and make their fabrication
more feasible.

Graphene-based multi-band THz absorbers are potential
enablers for future photonics systems. By tuning the spec-
tral response of the metamaterial absorber, they can be uti-
lized in multi-channel communication systems [37], highly
sensitive and selective sensing and imaging, spectroscopy
applications [38], [39], [40], [41], [42], [43], filtering [40],
switching [42], modulating [43], and so on.

In this paper, we designed and analyzed a multi-band
graphene absorber in the THz region. The absorber consists
of a non-symmetric double-sided graphene comb resonator
array. An admittance-based equivalent circuit model (ECM)
of the metamaterial is implemented. The designed metamate-
rial is analyzed primarily as an absorber, but it can be used
also in applications like filtering and sensing in the THz
devices and systems.

Il. DESIGN AND MODELING OF THE ABSORBER

Structural views of the proposed multi-band THz graphene
absorber consisting of a non-symmetric double-sided comb
resonator array are presented in Fig. 1. An ion gel layer
is assumed to be lossless and dispersionless layer with a
refractive index of 1.42 being placed over the metamaterial
to bias the graphene resonator array layer [12], [44]. The
resonator array layer is made of graphene which enables the
device to be dynamically tunable (not possible by metals).
Basically, this means that there is no need to refabricate
the metamaterial for tuning it’s spectral response saving the
resources of materials, costs, and time [24]. The main loss
and dispersion for the metamaterial are produced by the
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FIGURE 1. (a) Periodic and (b) unit cell views of the multi-band terahertz
graphene absorber consisting of a non-symmetric double-sided comb
resonator array. The ion gel layer is used to bias the graphene resonator
array. The substrate is made of Teflon and the structure is backed by a
gold layer to avoid the transmission of electromagnetic waves.

graphene resonator layer. The substrate is built of Teflon
(polytetrafluoroethylene or PTFE) with a low permittivity of
&4 = 2.1 and an extremely low loss tangent (tané = 0.0003)
which are stable over a wide range of frequencies. Teflon
has unique electrical and mechanical properties. It has very
small dielectric loss and it is dispersionless in the considered
frequency region with high-performance thermoplastic poly-
mer characteristics [12], [45], [46]. A layer of gold with a
conductivity of 4.56 x 107 S/m [47] is used which acts as a
perfect reflector in the considered frequency range. In addi-
tion, it doesn’t produce any loss since it has a big conductivity
and energy cannot go through it [48] and it is dispersionless.
It is placed at the bottom of the metamaterial. The gold
reflector with a thickness of 0.5 um which is much larger
than of the penetration depth (~5.5 x maximum penetration
depth) of the THz waves is selected to ensure that the incident
electromagnetic wave cannot transmit to the other side of the
absorber [49]. The numerical simulation results are obtained
by the finite element method (FEM) in the frequency domain
of CST Software [12], [20], [33], [50], [51]. The boundary
conditions and the mesh type are being considered the same
as reported in [33]. The designed metamaterial works as a
dynamically tunable multi-band absorber in the THz range.
We swept and optimized the dimensions of the metamaterial
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TABLE 1. The optimized dimensional values of the metamaterial.

Parameter | Value Parameter Value Parameter Value
L1 10 pm L, S5um L3 7.5
um

Wi 5um W> 5um Ws 5um

Wa 5um Ws 5um dion gel 0.15
um

dreflon 7 um dgold 0.5 um Px 28 um

Py 28 um

absorber in the 0.7-5 THz frequency range in the CST Soft-
ware to achieve the highest linear dichroism (LD) response,
the maximum number of absorption bands, and the highest
average absorption. The optimized dimensional values of the
proposed metamaterial are reported in Table 1.

The dimensional parameters are obtained by use of the
genetic algorithm optimization technique in CST. Genetic
algorithms (GAs) are heuristic searches and optimization
techniques inspired by natural evolution [52], [53].

In the simulated frequency range, the maximum frequency
is fnax = 5 THz (minimum wavelength is A,,;, = 60 pm)
and the unit cell dimensions are Px = Py = 28 um along
the x and y axes which are smaller than 0.8*A,,;, = 48 um.
So, the higher-order Floquet modes will not be excited and
propagated in the device [54], [55].

The 1, graphene chemical potential, is considered as 1 eV
in the design. The relative permittivity of graphene is calcu-
lated by [33]:

o

e=1-]j ey

wegA
where o, w, €9, and A are the graphene surface conductivity,
angular frequency, permittivity of vacuum, and the graphene
thickness. A is 0.335 nm. The o contains both inter- and intra-
band electron transition contributions based on the Kubo
formula [12]:

0 = Ointer (®) + Ointra () (2a)
[ ey 4o [FHE-H(E)

Ointer (@) = TS |:H <§) - 7/0 W — 482 dé§

(2b)
2kpe*T E '
Ointra (@) = :22 In |:2 cosh (2k£T):| jr—IJ— ” (2¢)
sinh ( 2.

H (&) = (47) 2d)

cosh (ki_fT) + cosh (,;—‘ET)

where # is the reduced Plank’s constant, kg =
1.38 x 1072 J/K is Boltzmann’s constant, ¢ = 1.6 x
10~1% C is the electron charge, T is the temperature (300 K),
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FIGURE 2. The equivalent circuit model (ECM) of the proposed graphene
absorber of Fig. 1 when it is illuminated by TE/TM electromagnetic modes.

and ¢ is the integral variable. 7 is the relaxation time [56]:

E
=27 3)
evy
where vy = 10° m/s is the Fermi velocity and pu =

2.22 m?/(V.s) is the carrier mobility of graphene. The prop-
agation constant of the electromagnetic wave in a graphene-
vacuum configuration is [33]:

_ 2Yo 2
B =koy/1— - 4)

where k¢ and Y|y are the wave vector of the incident wave and
the vacuum admittance.

The equivalent circuit model (ECM) of the designed
graphene absorber of Fig. 1 when it is excited by TE/TM
electromagnetic modes is given in Fig. 2. The transmission
line model and the input admittance for each section of the
designed graphene absorber are shown in Fig. 2. The thick-
ness of the graphene layer is much smaller than the simulated
wavelength range, so the graphene resonator layer is modeled
as a point load [57], [58].

The admittances of the different sections of the graphene
absorber are calculated by [57]:

TE/TM

1E/TM L TE/TM Yau +JY, .tan (B4d)
¥ =Y, TEJTM ®)
Y, + jYau. tan (Bad)
in which Y dTE/ TM, and By are respectively the TE/TM

admittances of the Teflon dielectric spacer, the gold layer
admittance, and the propagation constant of the TE/TM elec-
tromagnetic wave in the dielectric spacer. The admittance of
the metal back layer is considered zero:

Zpy =0 (6)
So, we have:
1
Yau = = 7
Au ZAu &8 ( )
and
lim y[EM = iy TEM cot (Bad) 8)
Au—> 00
where
YIE = Yo /eq sec (6a) ©
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0, is the electrical length of the Teflon layer:

60 = d“’jg_" (10)
Y = Yo/ed cos (6a) (11)
Ba= ‘”Tﬁ (12)

So, Eq. 5 in TE mode is simplified to:
YIE = —jYo./zq sec (By) cot (Bad) (13)
So, Eq. 5 in TM mode is simplified to:

Y™ = — j¥Yo./eq cos (64) cot (Bad) (14)

pTE/TM

TE/TM __ yTE/TM TE/TM __ FP)

L =R A = T (15)
2

where Y, gT E/TM are the equivalent admittances of the graphene
resonator array in TE/TM modes and they contain of both
real and imaginary parts. These Eqs of the equivalent admit-
tances are valid for any resonator layer with a thickness much
smaller than the minimum wavelength (4,,;,) in the con-
sidered wavelength range. If the resonator pattern changes,
the values of the equivalent admittances will change. The
equivalent admittances (conductivities) are calculated by:

YgTE (, O) = UgTE (@, Bin)
v [cos (6in) — /€a €08 (Oour) }
of _,1E (cos (8in) + /2a €08 (Bour))
= (1+r7F)
(16)
Y (@, 0) = 0" (@, 6in)
y [sec (Oin) — /2d sec (Gour) }
O1 —r™ (sec (Gin) + /52 ¢ Bour))
= (14 ™)
a7

where 0, Opus, r1E, and r™ are respectively the angle of the
incident launched wave, the angle of the transmitted wave,
the reflection coefficient of the resonator layer in TE mode,
and the reflection coefficient of the resonator layer in TM
mode. ¥ and ™ are calculated in CST when the graphene
resonator array is placed on a half-space Teflon dielectric
spacer with a thickness of 500 pum. If the resonator pattern
changes, the values of the ¥ and r™ will change and the
values of the equivalent admittances (Eqs. 16 and 17) will
change.

Y§ cos (0in) — Y3 /2d €08 (Oour)
— YOZrTE (cos (Bin) + /€4 €08 (Bour))
- —j (14 r'E) Jeq sec (64) cot (Bad)
o= TE (18)
o1 +7)
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FIGURE 3. (a) TE and (b) TM reflection spectra of the graphene resonator
array layer when it is placed over a Teflon dielectric layer as a half-space
dielectric layer with a thickness of 500 xm.

based on Eqgs. 15 and 18:

B YO2 cos (0;,) — Y()zﬂ cos (Bour)

— Y2rTE (cos (0in) + /2a €08 (Oour) ) (19)
| = (14 ") fea sec (Ba) cot (Bad) |
[ Y§ sec (Bin) — YgJeasec Bou) |
—YZr™ (sec (Bin) + /2 sec (Gour))
L =i (1 + ™) /&q cos (6a) cot (Bad)

yM — 20
2 Yo (14 7) 20)

based on Egs. 15 and 20:

YO2 sec (Bin) — YOZ\/Q sec (Bour)
— YoerM (sec Oin) + \/asec (Qout)) 2D
{1+ ™M) &g cos (6a) cot (Bad)

The input admittances in TE/TM modes of the whole
absorber are calculated by:

TE
Py =

™
Py =

TE/TM | ., TE/TM
yTE/TM _  TE/TM Y, +iYi, - tan (B, dig) 22)
in = tig TE/TM | .., TE/TM
Yig/ +jY, /™ tan (Ba,dig)
whereYdTE/ ™ and Ba are respectively the TE/TM admit-

tances of the ion gel dielectric and the propagation constant
of the TE/TM electromagnetic wave in the ion gel dielectric.
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So:

YiF = Yo /g sec (6ig) (23)
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FIGURE 5. (a) Absorption spectra of the designed graphene absorber of
Fig. 1 for TE and TM modes. (b) Front view of the graphene resonator
layer of the unit cell of the designed absorber of Fig. 1. The resonator is
made of five different sections, A, B, C, D, and E.

YM = Yo /Eig cos (6ig) (24)
w 8,‘8
Baiig = — (25)
So:
|: Yo./Eig sec (6ig) p2E :|
YTE _ +jY3 (1 + rTE) &;y sec? (6ig) tan (Ba,, dig)
" Yy (14 rTE) Jaig sec (i) +jpE tan (Ba,dig)
(26)
|: Yo./Eig cos (0;) pi™ ]
S _ +5Y5 (14 ™) gig cos? (6;,) tan (B dig)

mo Y3 (14 r™)  Jeig cos (6ig) +jpi™ tan (B dig)
27

The scattering parameters in TE/TM modes (the return

losses) are calculated by:

TE
STE — YO B Yin COos (eig) (28)
7 ¥ + YIE cos (6,
0+ ¥, cos (i)

™
STM _ YO B Yin sec (Gig) (29)
n - ™
Yo+ Y™ sec (6ig)

The reflection coefficients in TE/TM modes are calculated
by:

2
RTE/TM _ }SITIE/TM‘ (30)
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FIGURE 6. E-field distributions of the metamaterial of Fig. 1 when it is illuminated by (a) TE at
1.52 THz, (b) TM at 1.52 THz, (c) TE at 1.84 THz, (d) TM at 1.84 THz, (e) TE at 2.45 THz, (f) TM at
2.45 THz, (g) TE at 2.7 THz, (h) TM at 2.7 THz, (i) TE at 4.45 THz, and (j) TM at 4.45 THz.

VOLUME 11, 2023 36057



IEEE Access

S. Asgari, T. Fabritius: Numerical Simulation and Equivalent Circuit Model

(®

FIGURE 6. (Continued.) E-field distributions of the metamaterial of Fig. 1 when it is illuminated by
(a) TE at 1.52 THz, (b) TM at 1.52 THz, (c) TE at 1.84 THz, (d) TM at 1.84 THz, (e) TE at 2.45 THz,
(f) TM at 2.45 THz, (g) TE at 2.7 THz, (h) TM at 2.7 THz, (i) TE at 4.45 THz, and (j) TM at 4.45 THz.

Since the metamaterial is backed by a gold reflector, there
is zero transmission (776/™ = () and the insertion losses
(SZT IE / TM) for TE/TM modes are zero. The absorption coeffi-
cients in TE/TM modes are calculated by:

2
ATE/TM _ | _ ‘Sle/TM — 1 _ RTE/T™M 31)

The linear dichroism (LD) is calculated by:
LD =A™ _ ATE (32)

Ill. RESULTS AND DISCUSSION

The graphene resonator array is placed on the half-space
Teflon substrate with a thickness of 500 wm which is bigger
than e = 428 um (Ayax = ¢/finin in which f,,;, = 0.7 THz
in the 0.7-5 THz considered frequency range) to obtain the
TE and TM admittances of the graphene resonator layer. The
substrate is considered as a half-space to obtain the TE and
TM admittances of the graphene resonator layer to avoid its
influence on the TE and TM admittances of the graphene
resonator layer. The configuration is simulated in CST for
both TE and TM modes. The obtained reflection spectra are
given in Fig. 3.

The real and the imaginary parts of the equivalent admit-
tances (conductivities) of the graphene resonator array layer
for both TE and TM modes are calculated by Egs. 16 and 17.
The obtained results are presented in Fig. 4. The graphene
resonator array layer is modeled as an equivalent admittance
(conductivity) which is a function of w and 6;, (Fig. 2).
The real parts of the equivalent admittances (conductivi-
ties) in both TE and TM modes are positive indicating the
resistive nature of the graphene resonator layer representing
the loss of the graphene resonator layer. In Fig. 4, it is
shown that both real and imaginary parts of the equivalent
admittances (conductivities) are altering in the considered
frequency range which shows the graphene resonator layer
is dispersive. Since the gold layer is a perfect reflector with
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no loss and no dispersion; and the Teflon layer has a very low
loss tangent indicating a very low loss and it is assumed to
be dispersionless, the main loss and dispersion are produced
by graphene which causes the absorption peaks and the return
loss for the metamaterial absorber. The imaginary parts of the
equivalent admittances have both positive and negative parts.
So, the graphene resonator layer array has both inductive and
capacitive natures.

The metamaterial absorber is optimized in CST by use
of the genetic algorithm to produce the lowest return loss
and thus the highest absorption. The TE and TM absorption
spectra of the whole graphene absorber of Fig. 1 is given
in Fig. 5(a). The metamaterial absorber has two absorption
bands for TE mode and three absorption bands for TM
mode. Investigation of the metamaterial behavior when it is
illuminated by circularly or elliptically polarized waves is
not in the scope of our paper. However, if the metamaterial
gets excited by circularly or elliptically polarized incident
lights, then both TM and TE modes simultaneously will get
excited, and the total number of absorption bands is expected
to be five in these cases. The maximum absorption of each
absorption band is over 96%. It has strong linear dichroism
(LD) response of 98%. The average of the absorption peaks
reaches 98.2%. Each of the resonators making the resonator
layer array has made of five different sections: A, B, C, D,
and E; as it is shown in Fig. 5(b).

The E-field distributions can also show the validity of
the absorption spectra of the designed absorber for both
TE and TM modes. In each resonance, the E-field distribu-
tions are not equal for TE and TM modes. For each res-
onance, the metamaterial only resonates in one of the TE
and TM modes. The E-field distributions of the multi-band
graphene absorber of Fig. 1 at 1.52 THz for TE and TM
modes are respectively shown in Figs. 6(a) and 6(b). The
resonance at 1.52 THz occurs in TE mode. As it is shown
in Fig. 6(a), all the borders of the graphene pattern cause
the resonance in f = 1.52 THz. The E-field distributions at
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FIGURE 7. Surface current distributions of the graphene absorber of Fig. 1 at 1.52 THz on

(a) graphene resonator layer, (b) gold layer, at 1.84 THz on (c) graphene resonator layer, (d) gold
layer, at 2.45 THz on (e) graphene resonator layer, (f) gold layer, at 2.7 THz on (g) graphene resonator
layer, (h) gold layer, at 4.45 THz on (i) graphene resonator layer, and (j) gold layer.
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FIGURE 7. (Continued.) Surface current distributions of the graphene absorber of Fig. 1 at 1.52 THz on
(a) graphene resonator layer, (b) gold layer, at 1.84 THz on (c) graphene resonator layer, (d) gold layer,
at 2.45 THz on (e) graphene resonator layer, (f) gold layer, at 2.7 THz on (g) graphene resonator layer,
(h) gold layer, at 4.45 THz on (i) graphene resonator layer, and (j) gold layer.

1.84 THz are given in Figs. 6(c) and 6(d). The resonance at
1.84 THz occurs in TM mode. As it is shown in Fig. 6(d),
the borders of the D zone of the graphene pattern cause
the resonance in f = 1.84 THz. The E-field distributions at
2.45 THz are given in Figs. 6(e) and 6(f). The resonance at
2.45 THz occurs in TM mode. As it is shown in Fig. 6(f),
the borders of the B zone of the graphene pattern cause
the resonance in f = 2.45 THz. The E-field distributions at
2.7 THz are given in Figs. 6(g) and 6(h). The resonance at
2.7 THz occurs in TE mode. As it is shown in Fig. 6(g), all
the borders of the graphene pattern cause the resonance in
f = 2.7 THz. The E-field distributions at 4.45 THz are given
in Figs. 6(i) and 6(j). The resonance at 4.45 THz occurs in
TM mode. As it is shown in Fig. 6(j), the borders of the A
and E zones of the graphene pattern cause the resonance in
f =4.45 THz.

The surface current distributions in each resonance are
also given in Fig. 7 to determine the type of the resonances
(electric or magnetic). The surface currents at 1.52 THz in
TE mode for the graphene resonator array and the metal
gold back layer are respectively given in Figs. 7(a) and 7(b).
Considering all borders of the graphene pattern (based on
Fig. 6(a)), the surface currents on the pattern are up to
down. The surface currents on the gold layer are down to
up. The resonance is magnetic type. The surface currents at
1.84 THz in TM mode for the graphene resonator array and
the gold layer are respectively given in Figs. 7(c) and 7(d).
Considering the D zone of the graphene pattern (based on
Fig. 6(d)), the surface currents on the D zone of the pattern
are right to left. The surface currents on the gold layer are
left to right. The resonance is magnetic type. The surface
currents at 2.45 THz in TM mode for the graphene resonator
array and the gold layer are respectively given in Figs. 7(e)
and 7(f). Considering the B zone of the graphene pattern
(based on Fig. 6(f)), the surface currents on the B zone of
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the pattern are right to left. The surface currents on the gold
layer are left to right. The resonance is magnetic type. The
surface currents at 2.7 THz in TE mode for the graphene
resonator array and the gold layer are respectively given in
Figs. 7(g) and 7(h). Considering all borders of the graphene
pattern (based on Fig. 6(g)), the surface currents on the pattern
are down to up. The surface currents on the gold layer are
down to up. The resonance is electric type. The surface
currents at 4.45 THz in TM mode for the graphene resonator
array and the gold layer are respectively given in Figs. 7(i)
and 7(j). Considering the A and E zones of the graphene
pattern (based on Fig. 6(j)), the surface currents on these
zones of the pattern are left to right. The surface currents
on the gold layer are right to left. The resonance is magnetic
type.

The linear dichroism (LD) vs frequency spectra of the
designed graphene absorber of Fig. 1 for three different
chemical potentials are calculated by Eq. 32 and the results
are given in Fig. 8(a). The maximum of LD reaches 98%.
By increasing of the graphene chemical potential, the res-
onance frequencies of the LD spectra increase, showing a
blueshift. This is because the real part of the 8 in Eq. 4
decreases as the chemical potential increases [59]. So, the
resonances increase by the increase of the chemical potential.

The linear dichroism (LD) vs frequency spectra of the
designed graphene absorber of Fig. 1 for three different
angles of the incident launched wave are given in Fig. 8(b).
As it is shown, changing the incident wave angle affects
the resonance frequencies of the LD spectrum and the LD
values very slightly. So, the metamaterial is incident angle
independent.

TE and TM absorption spectra of the graphene absorber of
Fig. 1 with both CST and ECM approaches are obtained and
given in Fig. 9. The results obtained with both methods are in
good agreement.
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absorption spectra for the graphene absorber of Fig. 1 in (a) TE and
(b) TM modes.

The fabrication procedure of the device may be consid-
ered by the future readers of the work since the numerical
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TABLE 2. Comparison of the designed absorber with some previously
published absorbers containing non-symmetrical geometries.

Ref. Tunability Frequency Max. Max. Max.
range absorption chirality number
(%) response of
(%) absorption
bands
[12] yes 1-5.5 THz 100 99 three
[27] no 7-10 GHz 93.2 86 one
[28] no 375-500 80 50 one
THz
[29] no 187.5-375 50 12 two
THz
[30] no 1.6-3.2 THz 97 70 one
[32] no 150-250 85 50 one
THz
[33] yes 0.5-4.5 THz 99 94 three
This yes 0.7-5THz 100 98 three
work

simulation and circuit modeling is in the scope of this paper.
The fabrication procedure needs further investigation, but it
can be done and followed as: The Teflon dielectric is trans-
ferred on gold metal reflector through thermal evaporation.
The graphene layer is coated on the Teflon dielectric by chem-
ical vapor deposition (CVD). The double-sided graphene
comb resonator array is written by electron beam etching. The
ion gel dielectric is transferred on graphene resonator array
through thermal evaporation [33], [60], [61].

Our designed absorber is compared with some previously
published absorbers containing non-symmetrical geometries
in Table 2.

IV. CONCLUSION

In this work, equivalent circuit modeling (ECM) approach
based on admittance by using a simple MATLAB code for
a terahertz (THz) graphene absorber consisted of a non-
symmetric double-sided comb resonator array is designed
and presented. The admittance-based ECM could be utilized
for any metamaterial absorber containing one layer of res-
onators sandwiched between two dielectric slabs and backed
by a metal layer, consisting of a layer of resonators with
a thickness much smaller than the minimum wavelength
in the considered wavelength range. The metamaterial is
numerically simulated in CST Microwave Studio Software
by use of finite element method (FEM). FEM and ECM
results are in good agreement. The designed ECM can also be
utilized for modeling of other graphene metamaterials con-
taining one layer of resonator array. The designed absorber
is dynamically tunable, consisting of one-layer resonator
array, one resonator for each unit cell. The metamaterial
absorber has a strong linear dichroism (LD) response of 98%.
The absorption for all the five resonance bands is >96%
and the average of the absorption peaks reaches 98.2%.
The metamaterial absorber has two absorption bands for
TE mode and three absorption bands for TM mode. Our
designed graphene absorber can be used as an element in
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controllable polarization-sensitive systems for absorbing and
sensing applications.
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