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A tunable graphene terahertz metamaterial absorber is designed by treating a monolayer
continuous dumbbell-shaped structure graphene layer, which can simultaneously
realize the narrow bandwidth and dual-band absorption with transverse magnetic
(TM) polarization and wide incident angle operation. Two pronounced absorption
peaks are caused by the novel toroidal dipole phenomenon and magnetic plasmon
polariton. By optimizing the geometry parameters, the relative narrow bandwidths of
the two absorption peaks are 26.4 and 23.5 GHz at frequencies of 0.2242 THz and
0.5302 THz, respectively, with the absorption rate above 99.6%. Since the continuous
dumbbell-shaped graphene structure is treated in the absorber, a more convenient way
to realize the tuning ability by treating a bias voltage compared to the absorbers with
discrete graphene structures. The designed device can work at a wide incident angles
(up to 80°) under TM polarization with the absorption above 88% at low frequency. The
simulation results are basically in good agreement with the results of the equivalent circuit
model. This work offers huge potential applications in terahertz imaging, detecting and
sensing, especially in the 6G communication systems.

Keywords: terahertz absorber, narrow bandwidth, toroidal dipole, graphene, terahertz communication

INTRODUCTION

The standardization of fifth generation (5G) communications has been finished, and the 5G
network will be built into commercial applications in 2020. Based on the above fact, the outlook
and development plan of 6G communications has been put on the agenda, laying a foundation for
the new generation of communication systems for future needs of the 2030s [1]. The terahertz band
ranged from 0.1 to 10 THz is referred to as a gap region located between the microwave and optical
spectra. Because of its huge application potential in communication, biomedical imaging, security,
and so on, terahertz technology has caught increasing attention in recent years.

The pivotal problem influencing the actual application in hybrid terahertz/free-space-optical
systems expected to be implemented in 6G frequency band is the shortage of functional devices with
outstanding characteristics. This is mainly caused by the shortage of the materials in nature that can
directly interact with terahertz waves. To overcome this problem, an artificial composite material
containing periodically arranged structural units named metamaterial is proposed and investigated.
Different from nature materials, by designing the resonant unit structure, the metamaterial can
provide some abnormal electromagnetic characteristics, including negative refractive index [2],
invisibility [3], perfect absorption [4] and electromagnetic induced transparency [5]. Based on
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their unique electromagnetic characteristics, metamaterial has
been applied in terahertz function devices, including sensors
[6, 7], modulators [8], filters [9], and switches [10].

Metamaterial absorbers showcase huge application value in
communication, security, detection and other fields, and have
increasingly become one of the study hotspots in terahertz
region [11-20]. Landy et al. reported a metamaterial absorber
with perfect absorption characteristics for the first time [21].
Since then, various metamaterial absorbers operating in various
frequency regions were achieved, from microwave to infrared
range [22-24]. In terahertz region, Tao et al. demonstrated the
first narrowband absorber [25]. Therefore, dual-band and multi-
band terahertz absorbers were put forward continuously. For the
proposed absorbers, the characteristics have been realized on the
basis of the geometry structures, which restrict their practical
applications. There is an urgent need to actively modulate and
control the metamaterial absorbers by applying heat, electric
field, magnetic field and optical field.

In recent years, researchers have treated some functional
material to design tunable terahertz metamaterial absorbers.
Yin et al. showed a terahertz tunable dual-band metamaterial
absorber by employing the liquid crystal material [26]. Liu et al.
proposed a thermally tunable broadband terahertz metamaterial
absorber on the basis of the mixed VO, [27]. Caused by
the excellent transition characteristics of VO, material, the
maximum tuning range of the designed device can be changed
from 5 to 100% by treating an external thermal field. Zhang et al.
designed a tunable metamaterial terahertz absorber treating 3D
Dirac semimetal films (DSF) [28]. The operating characteristics
of the DSF absorber can be dynamically tuned by changing the
Fermi level instead of structure geometry parameters. Recently,
they also reported a tunable broadband metamaterial sandwich-
structured terahertz absorber containing black phosphorous
and vanadium dioxide [29]. The dynamical tuning operation
of the broadband absorption is resulted from the variation of
the electron doping of black phosphorous and conductivity of

95 um, dx = 35um, h_m =50um, and t = 0.2 um.

FIGURE 1 | (A) Structure of the dumbbell-shaped graphene layer; (B) Schematic of the designed terahertz perfect absorber, including a top layer of continuous
graphene metasurface, a middle layer of the silicon dielectric layer, and a metal gold plate. Geometry parameters here: Px = 200 um, Py = 450 um, r = 55um, d =

Gold
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FIGURE 2 | (A) Absorption and reflection of the dual-band absorber. (B) Relationship between the absorption and the terahertz frequency with different polarization
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VO,. Huang et al. designed a metamaterial absorber based on
temperature variation that contains a periodic array of metal
circle resonators with strontium titanate [30]. Gu et al. designed
and fabricated a new kind of Salisbury screen absorber formed
by DAST crystalline films [31]. The terahertz response of the
absorber can be adjusted by changing the thickness of the
DAST film and the spacer. On the other hand, graphene-assisted
switchable liquid crystal terahertz metamaterial absorber was
reported by Wang et al. [32]. However, the limitation of the
tuning range of the material constitutive parameters will restrict
the realization of the narrow band absorption performance.

How to obtain tunable narrow-bandwidth dual-band
absorption is a hot research topic in graphene-based
metamaterial absorber. One way to realize the multiband
absorbers is to use multi-resonator structures in one unit
cell [33, 34]. Another way is to superimpose the multi-layered
graphene structures with different geometric sizes [35]. Although
the characteristics of the tunable dual-band absorption are ideal,
however, the bandwidths of the absorption peaks are wide and
cannot satisfy the narrow-bandwidth requirements in 6G or
terahertz communication systems. It is a very difficult task to
combine the two properties of dual-band and narrow bandwidth
with simple manufacturing process.

Motivated by the previous studies, in this work, a dual-band
tunable metamaterial absorber with narrow bandwidth in the
terahertz region is designed by using a simple sandwich structure.
The absorber is formed by a dumbbell-shaped monolayer
graphene metasurface layer and a gold ground plane, and the
two layers are separated by a silicon layer. The theoretical
and numerical investigation on the internal mechanism of
narrow-bandwidth dual-band tunable absorber are performed
based on CST Microwave Studio and equivalent circuit model.
The absorption characteristics of the designed metamaterial
absorber are analyzed by optimizing different parameters of
graphene geometry, substrate thickness, and incident angle of

terahertz wave. The results demonstrate that the absorption
can reach 99.62 and 99.76% at 0.2242 and 0.5302 THz with
the extreme narrow bandwidths as low as 26.4 and 23.5 GHz,
respectively. The designed absorber offers dual-band absorption,
high absorptivity, polarization-sensitivity and wide incident
angles. In addition, the tenability of the terahertz absorptivity and
the absorption peaks can be achieved conveniently by changing
the bias voltages.

STRUCTURAL DESIGN AND RESEARCH
TECHNIQUES

The unit cell of the dumbbell-shaped graphene structure
metamaterial absorber is depicted in Figure 1. The metamaterial
structure used in this paper is formed by a planar array
of continuous graphene structure suspended in a rectangular
dielectric silicon layer and a metal ground plane. The structure
of the graphene layer is a dumbbell shape and aligned with
y-axis (see Figure1). The detailed geometric parameters are
defined in the caption of Figure 1A. As shown in Figure 1B,
the graphical graphene periodic array is fabricated on top of
silicon layer. The voltage V between the gold plate and the
metal electrode is used to change the chemical potential of
graphene. The excitation signal is a linear polarized plane
wave with transverse magnetic (TM) polarization transmitting
along the z direction. At resonance, the normal incident plane
wave radiation, polarized along x-axis, will cause dipole effects
along x-axis, as depicted in Figure 1. These excitations will
couple with the free-space radiation and result in the absorption
characteristics of the metamaterial structure [36]. The dielectric
material used in this paper is lossless silicon with relative
permittivity e, = 11.9 [37, 38]. Gold is treated as the ground plane
with conductivity o451 = 4.561x107 S/m [38]. The thickness of
the graphene layer can be set as #_g = 1 nm. Other parameters
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for 0.56302 THz; (D) TE for 0.2242 THz.

FIGURE 3 | Induced electric field distributions of the dumbbell-shaped graphene absorber for different modes: (A) TM for 0.5302 THz; (B) TM for 0.2242 THz; (C) TE
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are listed as follow: ¥ = 55um, d = 95 um, dx = 35um, h_m =
50 pm, t = 0.2 wm, Px = 200 wm and Py = 450 pm.
The permittivity of the graphene can be expressed as [39]:

o H_jrf(cu)

@

Eowty

where @ defines the terahertz frequency, t; represents the
thickness of the graphene layer, £y denotes the permittivity of
vacuum. Surface conductivity of graphene o(®) = Tipra(®) +
Ointer(®) can be obtained on the basis of the Kubo formula [5],
containing the interband and intraband transition contributions.
In terahertz frequencies, the interband transitions can be
neglected caused by the Paili Exclusion Principle, and at room

temperature (T = 300 K), the Kubo formula can be expressed by
a Drude-like expression [40, 41]:

Cue J
h? wo+jr!

2)

o(w) =

where e is the electron charge, and /i represents the reduced
Planck constant. j. denotes the chemical potential. The carrier
relaxation time 7 = uuc/(ev2f) [42], where v¢ denotes the
Fermi velocity (the value is 10° m/s here). p represents
the carrier mobility., which relies mainly on the fabrication
method. Higher carrier mobility higher than 10,000 cm?/(Vs)
was achieved for graphene grown by chemical vapor deposition
(CVD) [43]. Also, the mobility in excess of 200,000 cm?/(Vs)
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FIGURE 4 | Induced surface current distributions of the dumbbell-shaped graphene absorber for different modes: (A) TM for 0.5302 THz; (B) TM for 0.2242 THz; (C)
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was obtained experimentally based on suspended monolayer
graphene [44]. In view of the feasibility of practical applications,
an appropriate mobility of 10,000 cm?/(Vs) could be assumed
in our design. Recently, by fabricating the graphene layer on
hexagonal Boron nitride (h-BN) substrate, the high mobility
of 50,000 cm?/(Vs) was realized at room temperature based
on CVD method, and the carrier mobility increased to
300,000 cm?/(Vs) at ultralow temperature [45]. h-BN has no
dangling bonds and its atomic structure is flat. Also, h-BN
can provide a much less amount of charge traps than silicon
dioxide [46]. In addition, it shows a minor lattice mismatch
with graphene. Thus, a monolayer graphene manufactured
on h-BN demonstrates the tendency to provide a much
higher mobility.

Numerical simulations are investigated based on the
commercial software CST Microwave Studio [47]. The frequency
domain solver is treated in simulation to calculate the reflection
coefficient |S;;| and the transmission coefficient |Sy;|. Open
boundary condition is set in the z direction and unit cell
boundary conditions are used in the x and y directions.
Adaptive tetrahedral mesh refinement is adopted to improve
the simulation accuracy. The absorption of the metamaterial
structure can be calculated by the expression A = 1-|S,1|2-|S11|%
where the transmission |S;]> can be neglected since the gold
plate prevents the terahertz wave from going through the
absorber. In the simulation, the electric field of terahertz wave
paralleled to the x axis is defined the TM polarization while the
electric field paralleled to the y axis is TE polarization.
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FIGURE 5 | Absorption spectra under (A) different dielectric layer thickness h_m when d = 95 um, dx = 35 um, r = 55 um; (B) different distance d when h_m =
50 wm, dx = 35 um, r = 55 um; (C) different width dx when h_m = 50 um, d = 95 um, r = 55 um; (D) different radius r when h_m = 50 um, d = 95 um, dx = 35 um.

RESULTS AND DISCUSSION

The absorption characteristics of the designed dumbbell-shaped
dual-band metamaterial absorber at normal incidence for TM
polarization illustrate in Figure 2A. The red and black curves
indicate the absorption and reflection of the TM polarization,
respectively. Because the continuous gold plate is placed on the
bottom of the absorber, the transmittance of the absorber is
zero. The blue line denotes the absorption of TE polarization.
For the two absorption peaks of TM polarization, the maximum
absorptions are 99.62 and 99.76% at frequencies of 0.2242 and
0.5302 THz with the excellent narrow bandwidths as low as 26.4
and 23.5 GHz, respectively. The color map shown in Figure 2B
reveals the relationship between the absorption and the terahertz
frequency with different polarization angles ¢ changing from 0°
to 90° with a step of 5°. The characteristic of the two absorption
peaks is changed over the interested frequency as the polarization

angle ¢ changing. This result reveals the polarization-dependent
characteristic of the absorption at normal incidence.

In order to furtherly figure out the physical origin of dual-
band absorption characteristic, the electric field at absorption
peaks of 0.2242 THz and 0.5302 THz with TM- and TE-
polarizations are given in Figure 3. The physical mechanism
of the dual-band perfect absorber designed in this paper has
relation to the electric dipole resonance in dumbbell-shaped
structure array, which is attributed to the local surface plasmon
resonance and magnetic dipolar resonance between the graphene
microstructure and the gold plate [34]. For TM polarization,
as depicted in Figures 3A,B, the physical mechanism of the
two absorption peaks is different. In Figure 3A, when the
resonant frequency is 0.5302 THz, the induced electric fields
concentrate mostly around the edges of the graphene dumbbell-
shaped metasurfaces. In this case, charges with opposite polarity
will store up at the left and right halves of each graphene
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FIGURE 7 | Relationship between the absorptivity and frequency with different
chemical potentials from 0.2 to 1.6eV.

microstructure along the x direction, resulting in the capacitive
properties [38]. The surface current distributions of the absorber
at the resonant frequencies are also given in Figure 4 to explain
the resonance type. At the resonant frequency of 0.5302 THz
(given in Figure 4A), the direction of surface currents of the
dumbbell-shaped graphene layer is opposite to the surface
currents direction of the gold ground plane. The resonance
type at absorption peak of 0.5302 THz can be deemed to the
magnetic plasmon excitation. When the frequency is 0.2242
THz, as depicted in Figure 3B, the excited electric fields mainly
concentrate at the edges of the middle part of the dumbbell-
shaped graphene layer. As depicted in Figure 4B, when the

Absorption (%)

Frequency (THz)

0 10 20
Incident Angle (degree)

30 40 50 60 70 80

FIGURE 8 | Absorption spectra for the designed perfect absorber with
different frequencies and incident angles for TM polarization.

resonant frequency is 0.2242 THz for TM polarization, the
opposite circular displacement currents surround the two ends
of the dumbbell-shaped structure simultaneously. Two magnetic
fields with different directions along the z direction will be excited
by the two ring currents. The excited magnetic fields show low
radiation characteristics and will generate a circular magnetic
moment perpendicular to the graphene layer. Thus, the head-to-
tail connection magnetic moment results in the toroidal dipole
moment in the x direction [36, 48]. With the above discussion,
the absorption peak at the resonant frequency of 0.2242 THz
is caused by the toroidal dipole phenomenon in the dumbbell-
shaped graphene layer. The detail investigation about the toroidal
dipole will be reported in our future work. For the terahertz wave
with TE polarization, since no resonant mode is excited at the
frequency around 0.2 THz, there is no absorption peak appears
around 0.2 THz in the absorption spectrum shown in Figure 2.
The impact of various geometry parameters of the absorber
on the absorption performances are investigated. The absorption
spectra of the designed dumbbell-shaped narrow bandwidth
metamaterial absorber with different silicon substrate thickness
h_m, distance d, width dx and radius r in frequency band of
0.1-0.6 THz, are shown in Figure 5. Figure 5A demonstrates
that the thickness variation of the silicon layer will slightly
influence the absorption rate and the shift of the resonant peak
simultaneously. When the thickness of the silicon layer (h_m)
increases from 45 to 60 wm, the two absorption peaks depicts
red-shift. Also, the absorption around peak frequency of 0.22
THz increases gradually and the absorption around peak of 0.53
THz increases first and then decreases. As given in Figure 5B, the
change of the distance d between the two circles demonstrates
a slight impact on the absorption rete and shift of the two
absorption peaks. When d increases from 85 to 105pm, the
two absorption peaks exhibit red-shift. However, the absorption
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TABLE 1 | Comparisons between the designed absorber and the reported results.

References Operation frequency Absorption Bandwidth (Fraction) Graphene structure

Tao et al. [25] 4.95&9.2 THz 99 &99% - Graphene sheet separated by SiO» layers and graphene ribbon
Wang et al. [28] 0.512 & 1.467 THz 98 & 98% >100 GHz (19.5%) Graphene metasurface

Wang et al. [29] 0.94 & 2.69 THz 80 & 80% 934 & 839 GHz (99.4 & 31.2%) Nonstructural graphene

Qietal. [39] 0.69 & 2.21 THz 90 & 90% 300 & 160 GHz (43.5 & 7.2%) A cross-elliptical graphene pattern

Wang et al. [50] 7.1 &10.4 THz 99 & 99% >100 GHz (1.4%) Five separated graphene circles

Zhang et al. [51] 1.12&1.24 THz 95 & 90% 100 GHz (8.9%) Graphene patch array

He et al. [52] 1.5612 & 1.537 THz 99 & 99% 60 GHz (4%) Two graphene circle elements

Deng et al. [53] 6.42 & 8.37 THz 98.5 & 99.1% Gold resonator-Graphene-SiO,-Gold

Here 0.2242 & 0.5302 THz ~ 99.62 & 99.76% 26.4 & 23.5 GHz (11.8 & 4.4%) Dumbbell-shaped continuous structure

|
- —T0)
C, Ly Ry
|
| —t0)
C, 1L, R,
La

FIGURE 9 | Equivalent circuit model of designed dumbbell-shaped dual-band
graphene absorber.

peak around 0.53 THz with d = 100 wm doesn’t satisfy the red-
shift rule. Figure 5C depicts that as the width dx increasing
from 25 to 50 wm, the resonant peak around 0.22 THz shows
blue-shift, while the resonant peak around 0.53 THz is almost
unchanged. As depicted in Figure 5D, when the radius r of the
circles changes, the two absorption peaks are almost unchanged.
Based on the above parameters analysis, the optimal geometrical
parameters are concluded as follows: d = 95 um, dx = 35pum, r
=55pumand h_m =50 pm.

The influence of carrier mobility u of graphene on the
operation performance of the designed dual-band metamaterial
absorber is demonstrated. Based on the discussion given in
section Methods, when the chemical potential is fixed at g
= 1leV, the absorption spectra of the absorber with different
values of i changing from 1,000 cm?/(Vs) to 50,000 cm?/(Vs)are
discussed and given in Figure 6. The change of 1 doesn’t affect
the location of the absorption peak. When the carrier mobility
is higher, the absorption decreases caused by the higher loss. On
the contrary, the absorption peaks become more non-significant
with the increase of 1, and the absorption of the two absorption
peaks decreases.

For the graphene-based terahertz devices, one of the major
merits is the dynamic tenability that the traditional devices
cannot provide. The optical characteristics of the designed
graphene absorber can be manipulated by changing the
chemical potential p. of graphene instead of reconstructing
the physical structure. In this paper, the electric tuning can
be obtained by applying a bias voltage since the dumbbell-
shaped graphene structure of the design absorber is continuous.
The continuous graphene structure has the advantage of being
easy to manufacture. The variation of the graphene chemical
potential can be realized based on the adjustment of the voltage
between the electrode and the ground plane. Figure 7 depicts
the absorption spectra of the dual-band absorber with different
e from 1.6 to 0.2eV. When pu. = 1.6€eV, the two resonant
peaks locate at 0.2296 and 0.5419 THz with the absorption of
89.17 and 94.05%, respectively. And the corresponding narrow
bandwidths are 27.87 and 24.82 GHz, respectively. When the
chemical potential p. decreases from 1.6 to 0.2eV, the two
absorption peaks slightly red shifted. Meanwhile, the spectral
bandwidth of the two absorption peaks become smaller first and
then become larger. When the chemical potential is puc = 1V,
the absorption of the two peaks of 0.2242 THz and 0.5302 THz
are 99.62 and 99.76% with the bandwidth of 26.4 and 23.5 GHz,
respectively. When the chemical potential furtherly decreases,
the absorption peaks disappeared, and only a wide absorption
band with the absorption above 91% in the interested frequency
range is achieved. Here, the excited absorption peaks realize a
maximum absorption change from 99.62 to 73.40% around 0.2
THz and 99.76 to 80.56% around 0.5 THz, which located in the
6G-communication frequency band.

The performance of the designed absorber under arbitrary
incidence with TM polarization is investigated and illustrated
in Figure 8. Figure 8 shows that the frequency of the lower
absorption peak slightly increases with the increase of the
incident angle of TM polarization, resulting in the absorption
peak being divided into two. This phenomenon may be caused
by the parasitic resonances in the structure at a large incident
angle [49]. Meanwhile, the higher absorption peak moves to high
frequencies. This result can be explained that the variation of the
electrical length will influence the magnetic resonance frequency.
However, the absorption of the lower frequency absorption peak
can still keep above 88% under 80° incidence.
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TABLE 2 | Optimum circuit parameters based on the equivalent circuit model.

Components R1(®) L1(pH) C1(fH) R2(R) L2(pH) Ca(fH) La(pH) Ca(pF)
Values-TM 0.78 10.98 116.99 1.79 5.04 38.58 5.45 11.78
Values-TE 0.71 17.83 8.00 0.83 4.65 12.07 5.43 918.79
100 point can be used to approximate the lumped parameter values
) of R, L, and C in the equivalent circuit [54-56].
—— Circuit Model TM Zg is the surface impedance of microstructure which can be
80 — — CSTTM expressed as:
- === Circuit Model TE
Q ----CSTTE [+ $1)° = 83, 3)
~~— R =
S 60 (1—81)° -8,
2
s The value R can be obtained by:
0 40
2
< R = Re(Zr(w)) (4)
20 By taking two points w; and w; near the low-frequency resonant
s w5 peak around 0.2 THz, the values of the capacitor C; and inductor
0 . L; in the equivalent circuit can be obtained by:
- bar=r=" | N 1 " 1
0.1 0.2 0.3 0.4 0.5

Frequency (THz)

FIGURE 10 | Comparison of simulation results and equivalent circuit
calculated results of the tunable dual-band absorber with TE and TM
polarizations.

In order to prove the superiority of the designed absorber,
result comparison with reported terahertz graphene absorbers is
listed in Table 1. The results illustrate that the dual-band absorber
designed here can provide the excellent narrow absorbing
bandwidths with two tunable absorption peaks, which can be
widely used in the 6G-communication systems. Furthermore,
since only one monolayer continuous graphene layer is treated
in the design, the metamaterial absorber is easy to fabricate
and tune.

RLC CIRCUIT MODEL

The equivalent circuit model can be used to qualitatively forecast
the behavior of the structures and the characteristics of the
designed absorber. Furthermore, the impact of the geometry
and periodic structure on the performance of absorber can also
be estimated. Thus, the equivalent circuit model is beneficial
for designing the new applications and providing physical
mechanism of absorbers.

Based on the equivalent circuit model, the dual-band
metamaterial absorber can be equivalently modeled as an
equivalent circuit containing parallel-connected two series RLC
circuits illustrated in Figure 9. Hence, the interaction between
the terahertz wave and the absorbers can be investigated based
on the transmission line theory.

By investigating the numerical simulation results, the value
of the reflection coefficient S;; corresponding to the resonance

wy /w1 — w1/w

©)

' Im(Zr(w2)) x @1 — Im(Zg(w1)) X @,
_ Im(Zr(@2)) + 1/(w2 x Cy)
1= 0

(6)

Similarly, by taking two points w3 and w4 near the high-
frequency resonant peak around 0.53 THz, the values of the
capacitor C, and the inductor L, in the equivalent circuit can
be achieved.

The silicon layer and gold ground plane can be regarded as
a shot-circuited transmission line with the length of d, and the
impedance can be expressed as:

Zg(w) = jZ1 ™ tan(Bd) )
where B=2\/,;1, — (sinf)?, ¢ represents the wave speed in
vacuum, 6 defines the angle of incidence terahertz wave.
Z,EM = B/(wergp) is the intrinsic impedance with TM
polarization, Z};lE = (wptrto)/PB is the intrinsic impedance with
TE polarization.

Z4 can be equivalent by the series connection of inductor Ly
and capacitor C4. The Cyq and Ly can be calculated by using two
frequency points ws and wg around the high-resonant frequency:

B s /w5 — w5 /we

 Im(Zg(we)) X ws — Im(Zy(ws)) X wg
_ Im(Z4(ws)) + 1/(ws x Cq)

d= o

®)

Cq

©)

Table 2 summarizes the parameters of the equivalent circuit
calculated by optimizing the RLC parameters based on the
above equations.

Figure 10 illustrates the absorption of the absorber based
on the calculation from equivalent circuit model and full wave
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simulation, respectively. The results obtained from equivalent
circuit agree well with the full-wave simulation results.

Finally, the working speed of the designed absorber depends
on the RC value, where the capacitor C is mainly caused by the
stray capacitance between the graphene layer and the dielectric
substratum [40]. The capacitance can be expressed as C =
£0&4Sg/d, where g represents the permittivity of vacuum, &4
represents the relative permittivity of silicon, d = 55 pwm defines
the thickness of silicon, and S, is the total effective area of
graphene. In this work, the absorber is assumed to be a 100 x 100
array, and the S, is about 6.7 mm?. Thus, the capacitance of the
absorber is about ~12.83 pF. Considering that the resistance of
the silicon substratum is relative low, the resistance R is mainly
caused by the graphene layer. According to previously reported
work, the resistance of graphene is usually several hundred ohms
[57, 58]. When the highly doped graphene material is treated,
the resistance of the absorber can be extremely decreased [40].
Therefore, when the resistance is set to ~200 €2, the working
speed is up to ~67.3 MHz calculated from 1/2nRC.

CONCLUSIONS

A tunable dumbbell-shaped narrow-bandwidth dual-band
terahertz perfect absorber based on a monolayer continuous
graphene meta-surface is designed and investigated in this
paper. By optimizing the geometry structure parameters of
the absorber, the absorption of the two peaks are 99.62% at
0.2242 THz and 99.76% at 0.5302 THz. The corresponding
excellent narrow bandwidths of the absorption peaks are 26.4
and 23.5 GHz, respectively. The electric field and surface
current distributions are discussed to interpret the physical
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