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Abstract—Broadband Terahertz (THz) metamaterial absorbers
with tunable absorption characteristics have been attracting a lot
of attention due to their high demand and utilization in advanced
optical systems. Therefore, we propose a single-layer graphene-
supported metamaterial absorber with a combination of square,
circular and cross-shaped meta-resonators, exhibiting an outstand-
ing absorption of more than 90% from 2.3 THz to 6.4 THz. The
overall size of the unit cell is 15 x 15 pm?, which holds graphene-
based meta-resonators etched over a lossy dielectric substrate,
backed by a 0.2 pm thick gold as a perfect reflector. This design
architecture achieves the ultra-broadband absorption features by
continuous design evaluation and optimization. The graphene-
based metamaterial absorber (GMMA) reveals a polarization-
insensitive response, and it also provides above 70% absorption
for obliquely incident angles over the large operating bandwidth
(2.3-6.4 THz). The polarization conversion ratio (PCR) also ap-
proached zero over the wideband of 4.1 THz and its maximum
value of 16% was recorded at 4 THz. Furthermore, the amplitude
spectra of the proposed GMMA is modulated from 19% to above
90 % by stimulating the chemical potential of graphene from 0 eV to
0.7 eV. The simplified design configuration, broadband absorption
features, and tunable capability of the GMMA provide the pathway
to develop high-speed optical switches, THz detectors, and other
opto-electronic devices.

Index Terms—Absorber, broadband, graphene, PCR, terahertz,
tunable.

1. INTRODUCTION

HZ spectrum ranging from 0.1 to 10 THz received much
T attention due to their fascinating applications, including
optical imaging, sensing, EM detection, THz switching, and
6G wireless communication systems [1], [2], [3], [4], [5], [6].
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The THz band is less explored among the scientific com-
munity due to the paucity of naturally available materials in
this band. Artificially engineered materials, which are also
referred to as metamaterials, have gained much recognition
from the research community owing to their intriguing and
unusual features, such as Electromagnetic (EM) cloaking [7],
optical lensing [8], holography [9], [10], [11], analog computing
[12], bio-sensing [13], wireless communication [14], [15], and
plasmon-induced transparency [16], etc. These are designed
from periodic subwavelength-sized meta-resonators, holding
various shapes, orientations, and geometries [17], [18], [19].
The manipulation of EM waves can be controlled through these
artificially fashioned meta-molecules or meta-resonators, and
many microwave and optical devices have been developed [20].
Moreover, metamaterials are exploited to implement a series of
devices, namely optical filters, antennas, polarization rotators,
beam-splitters, and EM absorbers [21], [22], [23], etc. Among
all of these, perfect absorbers have been immensely employed
in antenna isolation enhancement [24], stealth technology [25],
radar cross-section reduction (RCSR) [26], thermophotovoltaics
[27], and other optical communication systems [28], [29].

First of all, Landy et al. experimentally proved a near-unity
metamaterial absorber (MMA) in 2008 [30]. Although this con-
cept was proposed for the microwave frequency regime, there-
after, the deployment of meta-absorbers has been extended to
the entire electromagnetic spectrum, ranging from microwave-
ultraviolet [31], [32], [33]. As a result of this breakthrough,
meta-absorbers have gained plenty of recognition due to their
sub-wavelength thickness, low weight, high-efficiency, and spot-
less integration with microwave and optical devices. In literature,
comprehensive studies were reported on narrow-band, wide-
band, polarization sensitive, and polarization-insensitive meta-
material absorbers for different frequency bands [34]. Further,
dual band and multiband absorbers have importance especially
in color filtering and absorption based sensing. However, dual
band and multiband absorption can be achieved by employing
multi resonance structures in single unit of absorber or more
than one layers of structures [35], [36], [37], [38]. Consequently,
while single narrow-band absorbers find prominent use in bio-
optical sensing and filtering applications [39], [40], broadband
absorbers have a broad spectrum of applications, including en-
ergy harvesting, electromagnetic shielding, bolometers, stealth
technology, and numerous other fields [25], [26], [27], [28], [29].
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Usually, the basic design architecture of the metamaterial
absorbers is composed of three layers (metal-dielectric-metal),
where upper and lower layers are made of metal, and a di-
electric spacer is placed between them. Besides, various design
topologies, including multi-sized meta-resonators [41], multiple
stacked-layers [23], and fractal-based meta-structures [42], are
employed to attain the high absorption bandwidth of these
metamaterial-based absorbers. Although the stacked-layers de-
sign scheme significantly enhances the absorption window, the
practical implementation of this method is suffered due to the
complex fabrication process and high cost, etc. On the other
hand, fractal based design architectures are very difficult to
fabricate because they consist of complex repeated structures or-
ganized in a specific pattern. On the contrary, multi-sized meta-
structures based approach is far better than the stacked-layers
and fractal. In this method, multi-sized meta-resonators are used
to induce the multiple plasmonic resonances at different operat-
ing points and these resonances are merged to achieve the large
absorption spectra. Thus, several THz broadband metamaterial
based absorbers have been explored by using these aforesaid
bandwidth-enhancing methods. The absorption spectra of these
absorbers are fixed; however, we want post-fabrication control
on spectral features (amplitude and frequency) so that the desired
tunability and reconfigurability should be induced. Additionally,
current and advanced communication systems demand minia-
turized, broadband, and tunable metamaterial-based devices;
therefore, there is a dire need to implement these meta-devices
to fulfill the requirements of modern systems.

Graphene is a two-dimensional monolayer (atomic thick-
ness) material that can change the optical characteristics of
metamaterial-based devices by controlling the chemical poten-
tial of this material [43]. Graphene was discovered by Andre
Geim and Konstantin Novoselov in 2004 [44], and it emerged as
an alternative for developing ultrathin, highly efficient, and tun-
able optical devices. After this breakthrough, many researchers
investigated graphene-based tunable and wideband absorbers for
the THz band [45], [46]. For example, Fardoost et al. reported a
terahertz metamaterial absorber with a wide absorption window
of 2.7 THz [43], [44], [45], [46], [47]. The proposed absorber
was composed of a multi-layer stacked configuration with three
graphene and four dielectric layers. Besides, another investi-
gation on graphene-supported multi-layer ultra-broadband THz
absorber was reported in [44], [45], [46], [47], [48], which
demonstrated a large absorption window of 4.8 THz. Similarly,
Huang et al. investigated another multi-layer-based THz ab-
sorber, which showed a more than 90% absorption rate with
a high absorption bandwidth of 2.68 THz [45], [46], [47], [48],
[49]. A bi-layer graphene-based wideband THz absorber was
also explored in [46], [47], [48], [49], [50], which presented an
absorptivity of greater than 90% across an operating frequency
from 2.54 THz to 3.70 THz. In addition, a wideband THz
absorber is presented in [41], which possesses a single-layer
device configuration with different multi-sized graphene-based
meta-resonators grown over a SiOs dielectric substrate backed
by the perfect mirror of gold. Furthermore, plenty of single-layer
graphene-assisted THz metamaterial-based absorbers were also
studied, which were composed of different design architectures,
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including concentric ring-cross [34], concentric double circular-
rings [51] and concentric circular-ring with disk [52], etc. All of
these, showed good absorption bandwidth, but the multi-layer
design topology makes the fabrication process difficult and
costly, hindering their practical implementation in integrated
optical systems. Moreover, the single-layer design configuration
also showed wideband absorption bandwidth, which can be
further enhanced by carefully selecting the meta-structures and
optimizing their design parameters.

In this study, authors investigate the ultra-broadband THz
absorber, which comprises a cross-shaped meta-resonator sur-
rounded by circular and square splitted meta-rings made of
graphene. The proposed GMMA holds a single-layer de-
vice topology (metal-dielectric-metal), which possesses a top
graphene metasurface placed over a gold-backed lossy dielec-
tric substrate. The GMMA exhibits outstanding absorption re-
sults across a large THz band ranging from 2.3 to 6.4 THz,
maintaining its absorption features under the effect of different
oblique incident angles for both the transverse electric (TE)
and transverse magnetic (TM) waves’ excitation. To confirm the
polarization-insensitivity of the GMMA, absorption spectra are
also explored for various polarization angles of the THz waves.
Furthermore, the absorption spectra switches from 19% to 90%
by stimulating the chemical potential from 0 eV to 0.7 eV. The
main contribution and novelty of the present work are as follows:

1) highest bandwidth for single-layer graphene metamaterial
absorber with a small unit cell size (15 x 15 umz) accord-
ing to the author’s knowledge.

2) Smallest footprint of the meta-atom compared to the other
single-layer metamaterial absorbers in the literature.

3) Simple and easily-fabricable geometry compared to the
graphene-based multi-layer absorbers.

4) The above-mentioned features are attained without com-
promising the key attributes such as large absorption band-
width, amplitude-tunability, polarization insensitivity, and
wide angular stability.

II. DESIGN AND SIMULATION

The GMMA design consists of a cross-shaped meta-structure
surrounded with circular and square meta-rings, which are
placed on the top of the TOPAS substrate, backed with a gold
layer having a conductivity of 4.5 x 107 S/m. The dielec-
tric constant and thickness of substrate are 2.35 and 11 pum,
respectively. The two-dimensional (2D) and three-dimensional
(3D) views of the GMMA are shown in Figs. 1(a) and (b)
and (c) explicates the 3D periodic arrays of the graphene-based
meta-resonators. There is a 0.2 ym gold layer under the substrate
to completely block the transmission of electromagnetic THz
waves. By using the Drude model the conductivity of the gold
was calculated whichis ¢ = 4.56 x 107 S/m. The periodicity
(P) of the proposed GMMA is selected as 15 pm with a square
ring of the same length but different width of 2 ysm. The circular
ring’s outer radius (r) is chosen to be 5.2 ym with a ring width
(w3) of 1.70 pm. Furthermore, the length (/3) and width (w5) of
the inner cross-shaped meta-ring have been optimized, and they
are selected as 6 um and 0.85 pm, respectively. In addition, the
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Fig. 1. Representation of schematic diagram of the proposed GMMA, (a) top
view of the designed unit cell of the proposed GMMA, (b) 3-D view of the
unit cell of the proposed GMMA, and (c) 3D view of periodic arrays of the
meta-resonators of the proposed GMMA.

parameter w; which denotes the length of splits in circular and
square rings, is chosen as 1.73 pm.

Graphene with an ultra-thin atomic layer is considered a 2D
material, and its surface conductivity o(w) can be described
using Kubo’s equation as shown in the following equations [29]:
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In the above equations, ointra and oiyger are derived from
intra- and inter-band transitions. However, f; (&, i, T) is Fermi-
Dirac distribution, radiation frequency w, electron charge e,
Boltzmann constant is Kp, T is the temperature in Kelvin,
h reduced Plank Constant, Scattering rate I' = (1/27), T is
electron-photon relaxation time, £ is electron energy, and . is
chemical potential. At 300 K room temperature, the intra-band
transition is more dominant than the inter-band transition. So,
we can write the above Kubo equation in a reduced Durde—like
equation, as given below [34].

. 2
o=ttt 5)
mwh? (w+jr1)

2201908

Sos | -3
&os E £
Qo4 } 2
2| <
<oz | «
0 E
Frequency (THz)
Fig. 2. Design evaluation and optimization along with the absorption of

the proposed GMMA. (a) A simple square-splitted graphene meta-ring,
(b) a combination of the square-circular-splitted graphene meta-rings, and (c) a
combination of the square-circular-splitted and cross-shaped meta-resonators.

According to (5), surface conductivity depends on three pa-
rameters, such as 7, y., and w. Initially, the values of the 7 and
e set to the highest value of 1 for simulation purposes.

Furthermore, to explore the results of the GMMA, we set the
boundary conditions as the unit cell in both directions along
the x and y-axis, whereas setting the open add space along
the z-axis. When an EM THz wave strikes the absorber from
above, impedance matching between the free space and the
absorber causes the EM wave to penetrate the entire structure
of the meta-absorber. The incident EM wave get trapped in
the dielectric substrate and absorption A(}) can be represented
as A(w) = 1 — R(w) — T(w), where A(w), R(w) and T(w)
represent the total absorption, reflection, and transmission of the
proposed absorber. The above given reflection and transmission
parameters can be written in form of scattering, such as A(w)
=1 —S11 (W)P* — [S21 (w)|*. However, the metal layer under
the substrate act as a reflector, and overall transmission T(w)
result in zero. The reflection coefficient can also be represented
in terms of the s-parameters so that the total absorption can be
written as A(w) = 1 — [S11]*.

III. RESULTS AND DISCUSSION

This section evaluates each design stage’s absorption features
by exposing the metamaterial under the normally incident THz
radiation. To achieve wideband absorption, we initially placed
a square split-ring on the top of the substrate, as shown in
Fig. 2(a). In this case, a plasmonic resonance is induced around
2.65 THz, and the absorption is above 90% for a small frequency
band from 2.6 to 3 THz. Furthermore, a circular split-ring is
added inside the square split-ring, as shown in Fig. 2(b). As a
result, another plasmonic resonance is noticed at 4.2 THz, and a
broad absorption spectrum is obtained ranging from 2.6—-6 THz.
The enhanced absorption bandwidth is attributed to combining
two plasmonic resonances generated by square and circular
split-ring. In addition, another cross-shaped meta-resonator is
incorporated inside the circular split-ring to further increase the
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Fig. 3. Optical parameters of the proposed GMMA, (a) magnitude of per-

mittivity and permeability of the proposed GMMA, and (b) magnitude of the
normalized impedance of the proposed GMMA.

absorption window of the proposed GMMA. It is obvious in
Fig. 2(c) that the absorption spectra of the designed GMMA
were significantly enhanced after the inclusion of a cross-shaped
meta-resonator, and it illustrates a high absorption bandwidth
from 2.3 THz to 6.4 THz. Compared to all three stages, the final
stage performs well and shows outstanding absorption features
with an overall bandwidth of 4.1 THz.

In case of GMMA, the impedance matching Zpen =
V/ Imeta/Emeta Plays a vital role. Here, fimeta and €peta repre-
sent the permeability and permittivity of the designed GMMA.
Perfect impedance matching is a necessary condition for high
absorption; the impedance of GMMA must be equal to free
space (Z, = 377€2) impedance. Equation 6 aids in calculating
the normalized effective impedance [19].

P (1+8u)"— 83 _ 1+ Su
eff 1-8,)°— 82 1—- Su
21

(6)

When it goes to 0, then absorption approach to maximum
value means 100%. As the transmission is zero already due to
the usage of perfect conducting Gold layer. Therefore, the idea of
permittivity and permeability is crucial to the absorption charac-
teristics and validation of the proposed GMMA. The normalised
impedance should be one when both of these parameters have
equal magnitudes under ideal absorption conditions. Fig. 3(a)
represents the magnitude of permittivity and permeability, re-
spectively. The effective impedance should be unity at perfect
matching operating points, such as Z/ZO = Vlo/e0 = 1[53].

According to Fig. 3(a), these parameters overlap all the way
from 2.3 to 6.4 THz. As previously stated, the GMMA offers
above 90% absorption throughout this whole bandwidth. Thus,
the effective impedance lies between 1 and 2, as depicted in
Fig. 3(b) showing the perfect impedance matching condition. To
gain a in-depth understanding of the meta-absorber, polarization
conversion plays a pivotal role. Therefore, we analyze the Po-
larization Conversion Ratio (PCR) within the specific frequency
range of interest. The calculation of PCR implicates dividing
the square of cross-polarized reflection |7“30y|2 coefficient by the
addition of the squares of the co-polarized |r,,|* coefficient and
cross-polarized |7‘my|2 coefficient [54]. Here, (7) is used for the
calculation of PCR, when an electromagnetic wave is linearly
y-polarized.
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PCR = —————————
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Fig. 4. Outcome of polarization conversion Ratio (PCR) for proposed meta-
absorber.
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Fig. 5. Amplitude modulation of the proposed GMMA under the stimulation
of the chemical potential of the graphene.

The PCR value is almost zero over the whole operating
frequency band, as shown in Fig. 4. The maximum PCR of 16%
occurs at 4 THz, which can be considered relatively very low.

Furthermore, another crucial performance parameter for con-
temporary metamaterial-based devices is their tunability. In this
context, we assess the tunability of the suggested GMMA by
modifying the chemical potential of graphene while keeping
the relaxation time (#5) constant at 0.1 ps. Fig. 5 depicts the
amplitude-based tunability of the GMMA by changing the
chemical potential of the graphene from 0 to 0.7 eV. The value of
the absorption spectra increases as we change the chemical po-
tential from O to 0.7 eV, and the proposed GMMA demonstrates
more than 90% absorption rate with a bandwidth of 4.1 THz
for u. = 0.7 eV. This change in absorption features is similar to
optical switching phenomena that can be designed by controlling
the chemical potential of graphene. Therefore, such functionality
could effectively implement high-speed optical switches and
Boolean logic gates in advanced optical systems. Furthermore,
graphene’s relaxation time also significantly impacts the ab-
sorption behavior of the proposed GMMA,; therefore, it varies
from O to 0.6 ns, as depicted in Fig. 6. Conversely, absorption
decreases by changing the relaxation time from 0.1 to 0.6 ps. The
relaxation time of 0.6 ns is observed to exhibit the minimum 50%
absorption throughout the entire frequency range (Fig. 6).

Moreover, surface electric field analysis is also performed
at three plasmonic resonances, namely 2.65 THz, 4.2 THz, and
5.72 THz. The surface electric field distribution plays an intuitive
role in the physical understanding of the absorption phenomena
of the proposed GMMA, as shown in Fig. 7. The GMMA
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Fig. 6. Amplitude modulation of the proposed GMMA under the stimulation
of relaxation time of the graphene.

Fig. 7.
GMMA for three different plasmonic resonances (a) frequency pointat2.62 THz,
(b) frequency point at 4.13 THz, and (c) frequency point at 5.82 THz.

Tllustration of the surface electric field intensity of the proposed

produces a dipole-like surface electric field pattern along the
horizontal edges of the outer square split-ring, which causes a
maximum absorption peak at 2.65 THz. For the 4.2 THz case,
both square and circular rings create dipole-like phenomena,
and the maximum E-field is concentrated at the vertical edges
of the square split-ring and horizontal edges of the circular
split-ring; these two rings are the main contributor to creating
the plasmonic resonance at 4.2 THz. Finally, at the higher fre-
quency of 5.72 THz, E-field intensity is maximally accumulated
at the two inner meta-resonators (circular & cross), and as a
result, another plasmonic resonance is generated. These three
plasmonic resonances collectively couple with each other, and
a large absorption bandwidth is obtained.

Furthermore, the polarization sensitivity of the proposed
GMMA is a key performance parameter, and it is also evaluated
by varying the azimuthal angle () from 0° to 90° with a step size
of 15°. Here 0° and 90° represent the incident EM wave along
the x- and y-axis, respectively. Fig. 8 reveals that the absorption
remains unchanged by varying ¢ from 0° to 90°. Therefore, the
absorption of the proposed GMMA is insensitive to the influence
of polarization angles, and this functionality is attributed to the
four-fold symmetric nature of the designed GMMA [55].

The functionality of metamaterial absorbers is also influenced
by angular stability, so the GMMA’s absorption characteristics
are examined by varying the oblique incidence angle from 0° to
60° with increasing step widths of 10°. Fig. 9(a) and (b) show the
absorption plot for TE and TM incident polarizations. In the case
of TE polarization, the average absorption maintains a level of >
90% for the oblique incident angle < 30°. The absorption starts
to decrease as the oblique angle increased from 30°, but it still
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Fig. 8. Analysis of optical absorption characteristics of the proposed GMMA
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Fig. 9. Analysis of optical absorption characteristics of the proposed GMMA
under the inspection of various oblique incident angles (6), (a) TE-wave polar-
ization case, and (b) TM-wave polarization case.

remains at more than 70% threshold until 8 < 60°. However,
in the case of TM polarization, the entire absorption window
maintains its value above > 90% for § < 45°. Meanwhile, for
45° < 0 <60°, absorption decreases from 90% to 80%, and there
is a sharp decrease at higher frequencies. Overall, the proposed
GMMA exhibited a stable absorption performance under the
influence of oblique incident angles.

Furthermore, to validate the advantages of the present
GMMA, a comparative analysis is also performed in Table I.
This table discusses the advantages and disadvantages of var-
ious graphene-based THz absorbers. According to the com-
parative analysis, the GMMA outperforms the most advanced
graphene-based THz absorbers in terms of absorption perfor-
mance. For example, the absorption bandwidth of all the THz
absorbers is less than that of our proposed GMMA, except for



2201908

TABLE I
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COMPARISON OF THE ABSORPTION FEATURES OF STATE-OF-THE-ART THZ GRAPHENE-BASED ABSORBERS WITH THE PRESENT STUDY

. . Angle stability
Design architecture Constitutive materials Device- Bandw;dth Size (um?) absorption > 70
layers >90 % %
Concentric ring-cross resonators Graphene, TOPAS, and . _ 0o
[34] gold Single 0.76 THz 73 x 73 0=:60
Octagon with annular strips [41]  Graphene, SiOz, and gold Single 0.93 THz 80 x 80 0=70°
. Graphene, TOPAS, and Multiple .
Square fan-like patches [47] gold stacked 2.7 THz 15 %15 Not given
. Graphene, SiO2, TOPAS Multiple _ano
Rectangular strips [48] and gold stacked 4.8 THz 32 x32 0=170
. Graphene, polyimide, and Multiple _ 0o
Square-pillars [49] gold stacked 2.68 THz 118 x 118 6 =060
Windmill structure [50] Graphene, SiO2, and gold Double 1.16 THz 71 x 71 0 =60°
Concentric dl[lsa i ]c1rcu1ar rnes Graphene, SiOz, and gold Single 0.46 THz 15x15 0 =60°
Concentric circular rings and Graphene, polymer, and . 0o
disks [47] gold Single 1.57 THz 75 x 75 0=70
Circular disks [56] Graphene, SiO2 and gold Single 1.22 THz 35 %35 0=:60°
Hollow-out square with slender Graphene, TOPAS, and . 700
strips [57] silver Single 3.33 THz 69.5 % 69.5 0=70
Graphene, TOPAS, and Multiple _ 0o
Square patches [58] eold stacked 2.66 THz 30 x 30 06 =060
Circlre, ring and arc [59] Polyimide, Silicon and Single 0.98 THz 144 x 144 0=45°
Copper
Split ring resonator and L shape Copper, Mercury and . _ 0o
aroves [60] FRA Single 2.73 THz 169 x 169 06 =060
Direction dependent Janus
metasurface supported by Gold and SiO2 Single 0.4 THz 150 x 150 NA
waveguide [61]
Graphene-embedded photonic Si02, Graphene, Gold, . — 0o
crystals [62] and Synthetic Dielectric Multiple 571 THz NA 0=60
Splitted squares and circular Graphene, TOPAS, and Single 4.1 THz 15 % 15 0= 60°

rings with crosses (This work) gold

the [43] having 4.8 THz; however, its geometry is comprised
of multiple graphene and dielectric layers based on a stacked
configuration. On the other hand, our proposed GMMA holds
a single-layer-based device configuration with a small size of
15 x 15 pm?. Furthermore, the proposed GMMA possesses
simple and easily-fabricable geometry, while multi-layer-based
design architectures restrict their practical implementation due
to the complex fabrication process and high cost.

IV. CONCLUSION

In this paper, we proposed an ultra-wideband metamaterial ab-
sorber with a combination of square, circular, and cross-shaped
resonators that is tunable and polarization-insensitive for THz
applications. The numerical absorption approaches above 90%
over the entire THz frequencies from 2.3 to 6.4 THz. Further-
more, the inclusion of inner circular and cross-shaped resonators
increase the overall bandwidth by enabling the phenomena of
mutual coupling resonance. The polarization conversion ratio
(PCR) also approached zero over the wideband of 4.1 THz and its
maximum value of 16% was recorded at 4 THz. The amplitude-
based tunable characteristics of GMMA are evaluated by varying
graphene’s chemical potential and relaxation time from O to
0.7 eV and 0.1 to 0.6 ps, respectively. Under the variation of

chemical potential, the GMMA absorption increased from 19%
to above 90% while absorption decreased to 35% as relaxation
time approached to 0.6 ps over the entire bandwidth of 4.1 THz.
In addition, the GMMA achieved above 70% absorption for
both TE and TM polarization at oblique incident angles. Thus,
simple design architecture and outstanding performance make
this GMMA a promising alternative for developing high-speed
optical switches and intelligent absorbers.
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