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Abstract: Graphene as a new two-dimensional material can be utilized to design tunable optical
devices owing to its exceptional physical properties such as high mobility and tunable conductivity.
In this paper, we present the design and analysis of a tunable broadband terahertz absorber based
on periodic graphene ring arrays. Due to plasmon hybridization modes excited in the graphene
ring, the proposed structure achieves a broad absorption bandwidth with more than 90% absorption
in the frequency range of 0.88-2.10THz under normal incidence and its relative absorption
bandwidth is about 81.88%. Meanwhile, it exhibits polarization-insensitive behavior and maintains
high absorption over 80% when incident angle is up to 45° for both TE and TM polarizations.
Additionally, the peak absorption rate of the absorber can be tuned from 21% to nearly 100% by
increasing the graphene’s chemical potential from OeV to 0.9eV. Such a design can have some
potential applications in various terahertz devices, such as modulators, detectors, spatial filters.
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1. Introduction

Terahertz (THz) wave, as an important part of electromagnetic spectrum family, is located
between microwave and infrared region with the frequency range of 0.1-10THz [1].
In the past twenty years, THz technology has become one of the most attended research fields owing
to its potential applications in public security, communication, nondestructive detection and so on
[2]. However, the lack of high-performance functional devices, such as modulators, wave plates,
perfect absorbers, has seriously hindered development and application of THz technology. Among
these functional devices, perfect absorbers are highly desirable for manipulating THz wave in many
important application areas.

Many efforts have been made to develop perfect THz absorbers based on metamaterials [3-5]. In
recent years, metamaterial perfect absorbers (MPAs) have become one of the most popular research
hotspots and get rapid development in operating frequency and working bandwidth [6-9]. However,
these MPAs with a sandwich structure consisted of metal-dielectric-metal are passive devices and
have no capacity for real-time adjustment. To solve this issue, several design approaches have been
carried out including micro electro mechanical system (MEMS) [10, 11], optical [12, 13], thermal [14],
and electrical [15]. Although these methods have made great progress, there are still some limitations,
such as less bandwidth, complex operation.

Graphene, a two-dimensional (2D) material consisted of a single flat sheet of carbon atoms
arranged in a honeycomb lattice, has become one of the attractive materials due to its excellent and
unique properties in high electron mobility, tunable conductivity, high optical transparency [16]. The
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46  combination of these unique properties make graphene promising candidate for application in active
47  optoelectronics applications and absorber devices [17-19]. Recently, various graphene MPAs have
48  been reported at THz frequencies [18-25], but most of them were narrow in absorption band. To
49  broaden absorption bandwidth, lots of graphene MPAs with a gradient width graphene pattern [26,
50  27], coplanar multiple graphene patterns [28-31], stacked multilayer graphene patterns [32-37],
51  composite graphene-metal or graphene-dielectric patterns [38-40], have also been proposed.
52 However, many of these absorbers suffer from some drawbacks, such as complex structure,
53  polarization/angle sensitive, which greatly limit their practical applications. Therefore, the effective
54 design of a MPA with broadband, polarization-insensitive, wide-angle, and simple structure is highly
55  desirable for THz applications.

56 In this paper, we propose a novel broadband and tunable MPA, which is constructed by a simple
57  graphene ring. Thanks to the effectively excited of hybrid plasmon resonances in the graphene ring,
58  a relative bandwidth of more than 90% absorption can reach up to 81.88% at THz frequencies.
59  Additionally, the peak absorptivity of this absorber can be actively tuned from 21% to nearly 100%
60 by controlling the graphene’s chemical potential from 0eV to 0.9eV. Meanwhile, the proposed MPA
61 is polarization-insensitive and also exhibits well performance within a wide incident angle.
62  Compared with those graphene-based broadband MPAs mentioned above, the value of this work is
63  that we reveal the polarization-insensitive and wide-angle broadband absorption performance in a
64  much simpler and flexible graphene-based ring structure.

(a)
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66 Figure 1 (a) Schematic view of the unit-cell structure of the proposed MPA. (b) Top view of the unit-cell structure.
67 (c) Schematic view of top gate structure tuning graphene chemical potential.

68 2. Materials and Methods

69 The schematic view of the unit-cell structure of the proposed MPA is displayed Figs. 1(a) and
70  1(b). It is composed of a single-layer graphene ring array separated by a thin SiO: dielectric film,
71 which is served as the insulating spacer with relative permittivity of 3.9 [19], and a gold plate with a
72 conductivity of 0=4.56x107S/m at the bottom is used as the ground plane to block the transmission
73 [40]. The optimal geometric parameters of the proposed MPA are given as: d=Imm, t=25mm, Ri==5pm,
74 Rouw=16um, p=35um. The conductivity (og) of the graphene can be calculated by using the Kubo
75  formula [41]:
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where, ¢ is the electron charge, ks is the Boltzmann constant, / is the reduced Plank constant, w is the
angular frequency, 7 is the relaxation time, pc is the chemical potential, and T is the temperature in
Kelvin. In this paper, the relaxation time 7 is set to be 0.1ps, T=300K, and the chemical potential p.c
can be tuned by the top gate method [42], as shown in Fig. 1(c).

The simulations are carried out by employing the frequency domain solver in CST Microwave
Studio. Floquet ports are applied in z-direction and unit cell boundary conditions are applied in x-
and y-directions. In this simulation, the single-layer graphene sheet is modeled as an equivalent 2D
surface impedance layer (Z=1/0g) with zero thickness [29]. The initial value of the graphene chemical
potential is assumed to be p=0.9eV. The reflection R(w) and transmission T() are obtained from the
frequency-dependent S-parameters, that is, R(@)=|S11(@)|> and T(w)=|S21(w)|>. The absorption A(w) is
calculated as A(w)=1-R(@)-T (). The transmission T(w) is close to zero at the studied frequency range
since the gold ground plane is thick enough.
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Figure 2 (a) The reflection, transmission, absorption spectra of the proposed MPA. The distributions of electric
field E: (in the xoy plane) at frequencies of 1.03THz (b) and1.88THz (c).

3. Results and discussion

To investigate the absorption performance of the proposed MPA, the reflection, transmission,
and absorption spectra of the proposed MPA are simulated for both TE (the electric field is parallel
to y-direction) and TM (the magnetic field is parallel to y-direction) polarizations under normal
incidence, as shown in Fig. 2(a). From the figure, one sees that the transmission is almost zero due
the thick gold ground plane, and the absorption spectra for both TE and TM polarizations are
coincident with each other. Furthermore, we can find that there are two close resonance frequencies
(A=1.03THz and f>=1.88THz), thus forming a broadband absorption property of over 90% in the
frequency range from 0.88THz to 2.10THz with a relative bandwidth of 81.88%, which is much larger
than that reported in [26-30, 34, 38-40]. Figs. 2(b) and 2(c) show the z-component electric field (E:)
distributions at the modes fiand f2 for TE polarization, respectively. We can observe from the charge
distribution patterns that the two resonances are originated from the typical hybridization of
plasmons [43, 44]; namely, the resonance at mode fi is due to the dipolar anti-bonding resonance
mode or high-order dipolar bonding resonance mode [see Fig. 2(b)], while the other resonance at
mode f2 is attributed to the dipolar bonding resonance mode [see Fig. 2(c)].
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Figure 3 The distributions of the electric field |E| [in the xoy (a, b), and yoz (c, d) planes] and magnetic field |H| [in
the xoz plane (e, f)] at the frequencies of fi=1.03THz and 1.88THz, respectively.

(a)

¥

Figure 4 The distribution of power flow in the yoz plane of the proposed MPA at frequencies of fi=1.03THz (a),
and £=1.88THz (b).

To further understand the underlying physical mechanism behind the two near-perfect
resonance absorption peaks, in Fig. 3 we give the distributions of the electric and magnetic fields for
TE polarization. At mode fi, the electric field |E| is mainly distributed on the outer edges of the
graphene ring and the space between adjacent unit cells and a small fraction on the inner edges of
the graphene ring [see Figs. 3(a) and 3(c)]. At mode £, it is mainly assembled at the inner and outer
edges of the graphene ring [see Figs. 3(b) and 3(d)]. Based on the electric field distribution at different
resonance modes, this demonstrates here that the resonance absorption of the proposed MPA is
induced by the graphene ring resonator. From Fig. 3(e) and 3(f), one can see that the magnetic fields
are distributed in the SiO: spacer region between the graphene ring and the gold ground plane. The
field distribution properties demonstrate the excitation of magnetic dipolar resonance. In general, the
synergy of magnetic resonance, dipolar resonance with interaction between neighboring cells lead to
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the broadband perfect absorption in the THz region. The situation is the same for TM polarization
since the proposed graphene ring is asymmetry structure

In addition, it is very necessary to give the power flow distribution since it can give further
insight into how and where the absorption happens in the absorber structure. The power flow
distributions of yoz plane at the two resonance modes fiand f2 are as shown in Figs. 4(a) and 4(b),
respectively. For mode fi, most of streams flow across the space between the neighboring graphene
rings, then curl in the dielectric layer, and finally concentrate on the inner ring region of the graphene
ring. However, for mode f2, most of streams flow across the inner ring region of the graphene ring,
curl in the dielectric layer, and ultimately back into the inner ring region of the graphene ring. These
results demonstrate that the energy of the incident THz wave can be confined at specific positions of
the absorber structure and is finally absorbed.
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Figure 5 Absorption spectra of the proposed MPA with different inner radius Rin (a), outer radius Rout (b) of the
graphene ring, period of unit cell p (c), and thickness of dielectric spacer ¢ (d).

Next, we investigate the influences of the geometrical parameters (Rin, Row, p, and t) on the
absorption spectra of the proposed MPA. Fig. 5(a) shows the absorption spectra of the proposed MPA
with different inner radii (Rin) of the graphene ring. It is clear that the mode fi slightly increases with
increasing Rin, while the mode f» decreases. For the mode fi, when increasing Rin, not only the
localized field between the adjacent cells will weaken resulted from the opposite directions of
attractive force in the graphene ring, but also the effectively distance between the opposite charges
will decrease, thus leading to the slightly increase of the mode fi. For mode f2, its resonance frequency

can be obtained by the equation [37, 45]: 2zR Ey = mc ¢ where eo7is the effective dielectric

constant of the substrate, R= (Rin+Rou)/2 is the average radius of the graphene ring, m is the resonance
order, c is the speed of light in vacuum, and f is the resonance frequency. From the equation we can
know that the mode f> decreases with the increase of Rin. Fig. 5(b) shows the effect of the outer radius
(Rout) on the absorption spectra of the proposed MPA. Based on the mentioned analysis, we can know
that the mode fi decreases with the increase of Rou. Interestingly, the mode f. increases with the
increase of Rou. That is because the dipolar bonding resonance will attract the mode f> to decrease
when increasing Rou, but the interaction between the adjacent cells will drive the mode f2 to increase,
which eventually causes the mode f to increase. The explanation can be confirmed by changing the



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2020

153
154
155
156
157
158
159
160
161
162
163

164

165
166

167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

60f9

period of unit cell. Fig. 5(c) shows the absorption spectra of the proposed MPA with different periods
(p). With the change of p, the modes fi and f2 show an opposite shift, which is due to the interaction
of neighboring cells [46, 47]. Note that although the two modes narrow the absorption bandwidth
with the increase of p, it can exhibit a broad and flat high absorption band, which
is very useful for many practical applications. For example, when p=41 m, the proposed MPA can
reach nearly perfect broadband absorption with more than 95% absorption from 1.07 to 1.91THz,
corresponding to the relative bandwidth of 56.37%. In addition, we also study the effect of the
thickness of the dielectric spacer (t) on the absorption spectra of the proposed MPA, as shown in Fig.
5(d). It can be seen from the Fig. 5(d) that both the modes fi and f> decrease with the increase of t,
which is can be explained well by the effective capacitance between the graphene ring and the gold
ground plane, and impedance matching with the free space [48].

1.0 (b)0.9 1
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Frequency(THz) Frequency(THz)

Figure 6 The absorption spectra of the proposed MPA with different chemical potential for TE and
TM polarizations.

In addition, the tunability of the absorption spectra for TE and TM polarizations under normal
incidence is studied, as shown in Fig. 6. Fig. 6 (a) shows the absorption spectra as a function chemical
potential uc with different pc ranging from 0eV to 0.9eV for TE polarization. From Fig. 6(a) it is
observed that the peak absorption rate can be continually tuned from 21% to nearly 100% when pc
increases from OeV to 0.9eV. Due to structure symmetry, the tunable absorption performances of the
proposed MPA are the same for TE and TM polarizations. Here, the graphene chemical potential can
be modulated by sol-gel top gating method [42].

In the practical applications, such as THz imaging, detecting and stealth technology, the
absorption should be less dependence on the polarization angle and incident angle. Therefore, we
first investigate the dependence of polarization angle on the absorption of the proposed MPA. As
shown in Fig. 7(a), It is observed that the broadband absorption of the propose MPA
stays fairly steady with the polarization angle ¢ changing from 0° to 90°. This indicates that it is
polarization-independent resulted from the high-degree symmetry of the graphene ring. Figs. 7(b)
and 7(c) show the dependences of absorption on the incident angle (0) for both TE and TM
polarizations, respectively. Obviously, the proposed MPA can exhibit excellent broadband
absorption performance over a relatively wide range of incident angles. For TE polarization, it can be
seen that the broadband absorption response (over 80%) is still achieved even when the 0 is up to
45°, in the frequency range of 1.03THz to 2.09THz [see Fig. 7(b)]. For TM polarization, more than 90%
and 80% absorption in the frequency range of 1.03 THz to 2.09THz can be observed when the 0 is up
to 50° and 60° respectively [see Fig. 7(c)]. These demonstrate the proposed broadband MPA
possesses polarization-independent and wide-angle properties, which will greatly increase its
practicability in future THz device applications.
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Figure 7 The absorption spectra of the proposed MPA with different polarization angle (a) and incidence angle
for TE (b) and TM (c) polarizations.

4. Conclusions

In conclusion, we present a broadband MPA consisted of a graphene ring, a gold ground plane
separated by a SiO:dielectric spacer. The proposed structure shows over 90% in the frequency range
from 0.88THz to 2.10THz with the relative bandwidth of 81.88%. The broadband absorption
characteristics are achieved by the synergy of dipolar resonances and magnetic response. The
broadband perfect absorption of the proposed MPA also exhibits greatly insensitive to the incidence
angle and polarization angle. The over 80% absorption in the frequency range of 1.03 THz to 2.09THz
is still maintained over a wide incidence angle up to 45° for both TE and TM polarizations. In
addition, the peak absorption rate can be continually tuned from 21% to nearly 100% by adjusting
the graphene chemical potential from OeV to 0.9eV. Thanks to the outstanding tunable capability and
insensitive of the polarization angle and the angle of incidence, the proposed broadband MPA has
tremendous potential for various applications, such as THz imaging, modulators, and attenuators.
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