
Research Article Vol. 28, No. 8 / 13 April 2020 / Optics Express 11482

Tunable multi-band terahertz absorber using a
single-layer square graphene ring structure with
T-shaped graphene strips

KAI-DA XU,1,2,* JIANXING LI,1 ANXUE ZHANG,1 AND QIANG
CHEN2

1School of Information and Communications Engineering, Xi’an Jiaotong University, Xi’an 710049, China
2Department of Communications Engineering, School of Engineering, Tohoku University, Sendai 980-8579,
Japan
*kaidaxu@ieee.org

Abstract: We numerically demonstrate a tunable dual-band terahertz metamaterial absorber
(MA) with near-unity absorption using single-layer square graphene ring structure with T-shaped
graphene strips. By periodically loading four T-shaped graphene strips to the square graphene ring
periodic array without additionally increasing the size of MA device, the pre-existing resonant
frequency will have a red shift and simultaneously a new resonance will be generated at higher
frequency for achieving a dual-band MA. The two absorption peaks can be tuned to the resonant
frequencies of interest by varying the parameters of the square graphene ring and T-shaped
graphene strips. The operating frequency of the absorption spectrum can be also manipulated
by adjusting the chemical potential of graphene, without changing their geometric parameters.
Additionally, numerical results show that the proposed MA possesses polarization-independent
and incident-angle-insensitive properties. To further extend the proposed structure’s application
with more absorption peaks, a tri-band MA is investigated through adding four more T-shaped
graphene strips based on the dual-band absorber configuration. Therefore, our research work
will be a good candidate for the design of various graphene-based tunable multi-band absorbers
at different frequency regions with potential applications in optoelectronic devices and systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nowadays terahertz (THz) radiation ranging from 0.1 to 10 THz has been numerously applied in
many engineering areas, such as imaging, sensing and communications [1–3]. As one of the
most important devices in system applications, THz absorbers have been an attractive research
topic recently, and metamaterial absorber (MA) has been intensively explored since the first
theoretical and experimental demonstration of MA was presented by Landy et al. in 2008 [4,5].
In recent years, diverse MAs with different structures using periodic arrays have been deeply
studied and developed [6–10], such as trapezoid arrays [6], square rings [7], cross resonators [8],
split ring resonators [9] and all-dielectric metasurfaces [10], which aim to generate single-band,
multi-band, or wideband perfect absorption.
Since the characteristics of the above metal-insulator-metal-based plasmonic MAs cannot be

changed once fabricated, tunable MAs, based on two-dimensional materials including graphene
[11,12], black phosphorus [13,14], andMoS2 [15], have attracted increasing attentions accordingly.
Among these materials, graphene has the highest carrier mobility and excellent mechanical
properties. In addition, the complex conductivity of the graphene is tunable through changing
the electrostatic doping or chemical doping [16]. A variety of graphene-based MAs with tunable
absorption properties have been presented, primarily including broadband absorbers [17–21] and
multi-band absorbers [22–28]. For the achievement of the multi-band absorption performance,
three main design methods can be summarized. The first one is to utilize multilayer graphene
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structures or graphene gratings such as the works in [22–25]. Methods in the second category rely
on adding the metals or hBN above/beneath the graphene to construct a hybrid patterned structure
[25–27]. These two above methods require multilayer configurations, which suffer from more
complexity and difficulty of the MA’s design and fabrication. The third approach is adding the
number of the patterned graphene resonators in a periodic unit cell of the single-layer graphene
in order to generate multiple resonances [28]. However, it will occupy relatively large size for the
design of the periodic unit cell. From above, few works have paid attention to the investigation of
new tunable multi-band THzMAs using single layer graphene and only one patterned resonator in
a periodic unit cell [29,30], which can simplify the device fabrication technique and miniaturize
the design simultaneously. In [29], a dual broadband THz absorber using electrical split ring
resonator patterned graphene is proposed, but the polarization performance is sensitive under
normal incident wave since the absorption curves of TM and TE polarizations have a frequency
deviation of about 0.1 THz. In addition, a dual narrowband THz absorber is presented in [30],
but the operating frequencies of the two absorption peaks cannot be flexibly tuned. Furthermore,
all of these above-mentioned works are not easily extended to the absorber design with more
absorption bands (e.g., tri-band absorber).

In this paper, we propose a terahertzMA to achieve tunable dual-band absorption characteristics,
which consists of a single-layer periodically patterned graphene structure (square ring loaded with
four T-shaped strips) and a metal ground plane spaced by polyethylene cyclic olefin copolymer
(Topas) dielectric layer. The frequencies of two absorption peaks can be tuned by varying the
parameters of the square graphene ring and T-shaped graphene strips as well as the chemical
potential of graphene. Also, the dual-band MA can tolerate a wide range of incident angles with
polarization-insensitive performance. To further extend the application of the proposed geometry
with more absorption peaks, a tri-band MA is investigated through adding four more T-shaped
graphene strips based on the above-mentioned dual-band absorber configuration.

2. Modeling and parameters

A schematic drawing of the proposed plasmonic dual-band metamaterial absorber is shown in
Fig. 1. It is made up of a single-layer patterned graphene using a square ring structure loaded
with four T-shaped strips, a dielectric layer using Topas with a relative permittivity of 2.35, and a
ground plane using gold as a full reflective mirror. Topas is the trade name of a cyclic olefin
copolymer (COC) manufactured by Topas Advanced Polymers GmbH in Germany, the U.S.
and other countries [31]. As opposed to crystalline polyolefins as represented by conventional
polyethylene (PE) and polypropylene (PP), it is an amorphous transparent copolymer possessing
a cyclic olefin structure. It has some excellent properties, such as low loss for terahertz/optical
signals, low birefringence, high Abbe’s number, and high stiffness. A possible fabrication
procedure for the proposed graphene-based dual-band THz absorber is described as follows.
Firstly, the Topas layer on gold can be deposited by thermal evaporation. Then, a large scale
graphene sheet grown on copper can be transferred on the Topas layer by the wet transfer
technique [32,33]. By using oxygen plasma and electron-beam lithography (EBL), the patterned
graphene is defined and the unwanted region is removed.

The absorption characteristics of the MA are investigated under periodic boundary conditions
in the x-axis and y-axis directions using COMSOL Multiphysics, which is based on the finite
element method (FEM) in the frequency domain. The FEM is a mathematical calculation method
using numerical technique to obtain approximate solutions of problems in electromagnetics
or physics. The incident terahertz plane wave is imposed downward from the top surface of
MA. User-controlled tetrahedral meshes are applied in the whole computational domain. The
frequency dependent absorption rate A(ω) can be expressed as A(ω)= 1 − R(ω) − T(ω), where
the reflection R(ω) is equal to |S11(ω)|2 and transmission T(ω) is expressed as |S21(ω)|2. Since
the gold mirror prevents the downward wave propagation, the transmission T(ω) can be seen
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Fig. 1. (a) Perspective view and (b) top view of the proposed graphene-based dual-band
terahertz absorber. The parameters w1 and a are the widths and side lengths of the square
graphene ring, respectively. The parameters w2, l1 and l2 represent the width and two
distinct lengths of the T-shaped graphene strips, respectively. d and dg are the thicknesses of
the spacer layers (Topas) and metal ground plane (gold), respectively. The symbol p is the
periodicity of the periodic absorber structure. These parameters are set as: w1=0.155 µm,
w2=0.12 µm, l1= 0.26 µm, l2 = 1.1 µm, a=2.6 µm, p=4 µm, d=18 µm, and dg=1 µm.

as zero over the entire frequency range of interest. Consequently, the absorption rate A(ω) will
be 1 − R(ω). Compared with the wavelength of incident wave, the thickness of graphene is
neglectable, where the graphene can be treated as a 2D surface with zero thickness and isotropic
surface conductivity.

The surface conductivity of graphene σ(ω) can be expressed by the following equations based
on the Kubo formulas as below [34],

σ(ω, µc,Γ, T) = σintra + σinter (1)

σintra =
je2

π~2(ω − j2Γ)

∫ ∞

0
ξ

(
∂fd(ξ, µc,T)

∂ξ
−
∂fd(−ξ, µc,T)

∂ξ

)
dξ (2)

σinter = −
je2(ω − j2Γ)

π~2

∫ ∞

0

fd(−ξ, µc,T) − fd(ξ, µc,T)
(ω − j2Γ)2 − 4(ξ/~)2

dξ (3)

fd(ξ, µc,T) = (e(ξ−µc)/kBT + 1)−1 (4)
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where σintra and σinter are originated from the intraband and interband transition, respectively, fd
(ξ, µc, T) is the Fermi-Dirac distribution, ω is the radian frequency, e is the electron charge, kB is
the Boltzmann constant, T is temperature of Kelvin, -h is the reduced Planck constant, G=1/ (2τ)
is the scattering rate, τ is the electron-phonon relaxation time, µc is the chemical potential, and ξ
is the energy of electrons. At room temperature T=300 K, the intraband transition is dominant in
the terahertz region compared with the interband transition. Therefore, the above Kubo equation
can be simplified as a Drude-like form, which is

σ =
je2µc

π~2(ω + jτ - 1)
(5)

where the value of surface conductivity σ mainly depends on the three parameters, i.e., τ, µc and
ω. According to the recently reported works from [35,36], τ and µc are set as 1 ps and 0.7 eV,
respectively, in the simulation below.

3. Results and discussions

First, we study the absorption properties of the conventional periodic array using single square
graphene ring deposited on the top layer under normal transverse electric (TE) and transverse
magnetic (TM) polarized incidence as shown in the inset of Fig. 2(a). The single-resonant
responses are generated with identical resonant frequency at 1.84 THz under both of TE and TM
incidence, as demonstrated in Fig. 2(a). The single-resonant behavior can be explained by the
Fabry–Pérot cavity theory, which has been qualitatively addressed in our previous works [21,37].
The polarization insensitivity is attributed to the symmetrical unit cell of the structure and the
isotropic surface conductivity of graphene.

Fig. 2. (a) Absorption spectra of the traditional square graphene ring periodic array, only
four T-shaped graphene strips periodic array, and proposed periodic array under normal TE
and TM incident waves with the identical parameters (illustrated in Fig. 1). (b) Absorption
spectra of the proposed periodic array for varied polarization angles.

Then, four T-shaped graphene strips are loaded to the square graphene ring without additionally
increasing the size of MA device, which have two functions. The first one is to increase the
effective length of the Fabry–Pérot resonator, resulting in a red shift of resonant frequency, as
shown in Fig. 2(a). The second function is to generate a new resonance for achieving a dual-band
MA. The absorption spectra of only four T-shaped graphene strips are illustrated in Fig. 2(a),
where the absorption peak is located at 3.5 THz, although the absorption rate is low. When the
four T-shaped graphene strips are connected with the square graphene ring, the absorption rate
will be enhanced with the same operating frequency at 3.5 THz. Consequently, the proposed
graphene based MA will create two nearly perfect absorption peaks at 1.62 and 3.5 THz with
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corresponding absorptivity of over 94% for both TE and TM polarizations, as seen in Fig. 2(a).
We further plot the absorption spectra with different polarization angles under normal incidence
in Fig. 2(b), which demonstrates that the proposed dual-band MA has a polarization-insensitive
property.
The dual resonant frequencies are mainly affected by the side length of the square graphene

ring a and two distinct lengths of the T-shaped graphene strips l1 and l2. Figures 3(a)–3(c) depict
the absorption spectra under different values of these three parameters. As a decreases from
2.9 µm to 2.3 µm, the resonant frequencies of the two absorption peaks are blue-shifted from
1.43 THz to 1.79 THz and from 3.33 THz to 3.69 THz, respectively, as shown in Fig. 3(a). The
resonance frequencies and the side length a are almost in the inverse ratio [38]. For the lengths
of the T-shaped graphene strips l1 and l2, when the values of them increase, the left absorption
peak almost remains unchanged while the right one will be both red-shifted as demonstrated in
Figs. 3(b) and 3(c), respectively. Therefore, the design procedure of the proposed dual-band MA
is described as follows. First, tune the side length a to determine the left absorption band at the
expected resonant frequency. Second, move the right absorption band to the desired resonant
frequency by varying the parameters of the T-shaped graphene strips l1 and l2. Finally, slightly
adjust the other parameters, i.e., w1 and w2, to optimize the peak absorption rates of the two
bands. Furthermore, Fig. 3(d) shows that the peak absorption rates of the two bands will be
tuned as the parameter τ changes, while the operating frequencies of the two bands remain
unchanged. Accordingly, full width at half maximum (FWHM) can be adjusted by changing the
electron-phonon relaxation time τ.

Fig. 3. Absorption spectra with different values of (a) parameter a, (b) parameter l1
(c) parameter l2 and (d) parameter τ under normal TE incident wave. The other default
parameters are the same as illustrated in Fig. 1.
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To better illustrate the physical mechanism of the proposed dual-band MA, the electric field
intensity distributions are shown in Fig. 4. For the first absorption peak at 1.62 THz under TE
polarization, the localized surface plasmon resonance is induced surrounding the perpendicular
sides of square graphene ring and two perpendicular T-shaped graphene strips, as depicted in
Fig. 4(a). This is because the high absorption rate at 1.62 THz is caused by the joint effect of
square graphene ring and T-shaped graphene strips. In Fig. 4(b), the enhanced electric field
is strongly concentrated along the two perpendicular T-shaped graphene strips. With the help
of T-shaped graphene strips, the resonance occurs at 3.5 THz for the generation of the second
absorption peak. The total absorption inside graphene can be calculated by the following equation
[21],

A(ω) = ωε
′′

∫
V
|E |2dV (6)

where V is the volume of graphene, |E| is the electric field inside graphene, and ε′′ is the
imaginary part of graphene permittivity. The reflected energy from the gold mirror is suppressed
by electromagnetic losses and the concentrated electric fields around graphene ring/strips dissipate
in the lossy graphene, which contribute to the enhanced absorption inside graphene.

Fig. 4. Electric field intensity distributions of the MA unit cell in the top view at the
frequencies of (a) 1.62 THz and (b) 3.5 THz under normal TE incidence. While (c) and (d)
are those at 1.62 THz and 3.5 THz under normal TM incidence, respectively.

Figures 4(c) and 4(d) illustrate the electric field intensity distributions of the MA unit cell at
1.62 THz and 3.5 THz under normal TM polarized incidence, respectively, which are actually
rotated 90° from those under TE polarization. Obviously, the proposedMA is of clear polarization
independence, which validates the conclusion of polarization-insensitive property in Fig. 2.
The absorption spectra can be tuned by changing the geometric dimensions of the proposed

graphene-based MA, which has been addressed before as shown in Fig. 3. However, the physical
dimensions will be fixed once the absorber is finally fabricated and implemented, resulting in
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hardly tuning its characteristics. Due to the active tunability of graphene according to Eq. (5),
the performance of graphene-based MA can be manipulated to some extent by changing the
chemical potential via chemical doping without changing the physical dimensions. The absorption
tunability of the proposed graphene-based MA is illustrated in Fig. 5, where the parameter τ is
still set as 1 ps.

Fig. 5. Absorption spectra with different values of graphene chemical potential under
normal TE incident wave.

Fig. 6. Absorption of the proposed dual-band MA under different incident angles for (a)
TE and (b) TM polarizations.
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The above discussion is only based on normal incidence, but the robustness of optical response
for non-normal incident angles is significant for terahertz absorbers, e.g., applications in sensing
and detecting systems. Based on a series of simulations, the absorption stabilities of the proposed
dual-band MA for both TM and TE polarizations are demonstrated in Fig. 6, as a function of
frequency and angle of incidence. For TE polarization, the MA has two absorption peaks at
1.62 THz and 3.5 THz, respectively. The first one remains larger than 90% at 1.62 THz as the
incident angle increases up to 80° as shown in Fig. 6(a). While the second absorption peak also
remains the operating frequency unchanged at 3.5 THz when the incident angle is scanning
from 0° to 80°, even though its magnitude has a dramatic drop under the incident angle of over
57°. For TM polarization, when the incident angle is smaller than 65°, the first absorption peak
remains above 90% at 1.62 THz as shown in Fig. 6(b). On the other hand, the second absorption
peak maintains over 95% at 3.5 THz when the incident angle is changed from 0° to 80°. As
the angle of incidence increases to 50°, the bandwidth of the second absorption peak will be
gradually broadened with the constant center frequency of 3.5 THz. Therefore, the absorption of
the proposed MA can tolerate a wide incident angle for both TM and TE polarizations, which
can be seen as a polarization-independent and angle-insensitive dual-band terahertz absorber.

4. Further extension to the tri-band absorber

In the discussions above, a novel structure using single layer graphene and only one patterned
resonator in a periodic unit cell is proposed to design a tunable dual-band THz MAs. Based on
this configuration, as shown in Fig. 7, four more T-shaped graphene strips are added to construct
a new patterned graphene resonator for achieving triple resonant response in a certain spectral
range, without additionally increasing the overall size of the periodic unit cell. The material
properties of graphene, gold and Topas including the chemical potential as well as the periodicity
of the MA p are the same as those in Fig. 1.

Fig. 7. (a) Perspective view and (b) top view of the graphene-based tri-band terahertz
absorber, where w1=0.21 µm, w2=0.18 µm, w3=0.12 µm, l1= 0.26 µm, l2 = 1.1 µm, l3= 0.2
µm, l4 = 2.5 µm, a=2.5 µm, p=4 µm, d=18 µm, and dg=1 µm

Figure 8(a) illustrates the absorption spectra of the graphene-based tri-band terahertz absorber
for TE and TM polarizations under normal incident wave. It has three absorption peaks at 1.21,
2.93, and 4 THz with corresponding absorptivity of over 85% for both TE and TM polarizations.
Furthermore, the absorption spectra with different polarization angles under normal incidence are
illustrated in Fig. 8(b). It demonstrates that the proposed tri-band MA is also of great polarization
insensitivity. Figure 9 shows the absorption stabilities of the tri-band MA for both TM and TE
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polarizations as the function of frequency and incident angle. For TE polarization, the MA has
three absorption peaks at 1.21, 2.93 and 4 THz, respectively. The first one remains larger than
80% at 1.21 THz as the incident angle increases up to 70° as shown in Fig. 9(a). While the second

Fig. 8. Absorption spectra of the graphene-based tri-band terahertz absorber (a) for TE and
TM polarizations, and (b) for varied polarization angles under normal incident wave, where
τ = 1 ps and µc = 0.7 eV.

Fig. 9. Absorption of the proposed tri-band MA under different incident angles for (a) TE
and (b) TM polarizations.



Research Article Vol. 28, No. 8 / 13 April 2020 / Optics Express 11491

and third absorption peaks also remains the operating frequency and absorption rate unchanged
when the incident angle is scanning from 0° to 55°. For TM polarization, the absorption rates are
stable for the three bands even if the incident angle is scanned up to 75°, as shown in Fig. 9(b).
The bandwidths of the second and third absorption peaks will be gradually broadened as the
angle of incidence increases from 30° to 70°. Therefore, the absorption of this tri-band MA
can also tolerate a wide incident angle for both TM and TE polarizations, which can be seen
as a polarization-independent and angle-insensitive tri-band terahertz absorber. Moreover, the
operating frequencies of these three absorption peaks can be also manipulated by adjusting the
geometric dimensions and chemical potential of graphene.

5. Conclusions

In summary, a dual-band terahertz plasmonic absorber using monolayer square graphene ring
with T-shaped graphene strips has been numerically demonstrated. The two absorption peaks can
be tuned to the desired operating frequencies by varying the geometric dimensions of periodic
array and chemical potential of graphene. Moreover, the proposed dual-band MA exhibits
polarization independence and angular robustness for incident terahertz wave, which are of
significant practicalities, such as the applications in sensing and detecting systems. Furthermore,
the proposed structure can be extended to the design of tri-band absorber through adding four
more T-shaped graphene strips on the previous patterned graphene resonator. This method does
not increase an additional overall size of MA device but generates one more absorption peak.
Therefore, our research work provides a new perspective for the design of various graphene-based
tunable multi-band absorbers at terahertz, infrared or microwave frequencies.
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