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H I G H L I G H T S

• A broadband metamaterial absorber has been proposed based on the patterned graphene resonators.

• The bandwidth of the proposed absorber reaches 2.76 THz with the absorptivity over 90%.

• The broad absorption bandwidth (ABW) of the proposed absorber is about 79.2%.

• The proposed structure can be dynamically tuned to act as an absorber or reflector.
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A B S T R A C T

The emerging material of graphene has resulted in new options for the design of metamaterial devices with
excellent performances, offering an attractive platform for electromagnetic absorption applications. To date,
researches on patterned graphene-based metamaterial absorbers (MAs), have focused on achieving broadband
absorption while maintaining many excellent properties. Here, we propose a broadband tunable MA with a
perfect absorption based on a novel design of the combination of cross- and square-shaped graphene sheets.
Numerical simulation results show that the bandwidth of the proposed broadband MA reaches 2.76 THz with the
absorptivity greater than 90% for both the transverse electric (TE) and transverse magnetic (TM) modes, which
exceeds most of broadband absorption results achieved by MAs in previous studies. A numerical analysis em-
ploying the equivalent circuit model for the designed structure is conducted to determine the influence of the
structural parameters on the absorptivity and optimize the parameters. Results show that impedance matching is
achieved between the input impedance and the free-space impedance at the absorption band. Detailed numerical
simulations are conducted to calculate the surface loss density, electric field, and surface currents to obtain an
understanding of the high absorption mechanism. Also, the designed MA exhibits excellent properties, such as
tunability, polarization independence, incident angle insensitivity and outstanding tolerance to changes in the
structural parameters, suggesting that the proposed absorber is a promising candidate for various applications in
the terahertz band.

1. Introduction

Metamaterials (MMs) are a distinct kind of electromagnetic mate-
rials and attract extensively research interest due to their exotic prop-
erties, such as negative refraction, perfect lens, and transparency [1].
With the development of MMs, a series of novel MMs have been in-
vestigated, such as water-based MM [2], graphene-based MM [3], VO2

MM [4], perovskite-coated MM [5], and CMOS compatible MM [6].
And various fascinating applications have given rise, such as mod-
ulators [7], sensors [8] and absorbers. Among them, metamaterial ab-
sorbers (MAs), as novel metamaterial devices, have received extensive
attention due to their wide range of applications as sensors [9,10],
detection systems [11], and high-resolution imaging devices [12,13]. In
2008, Landy et al. first experimentally demonstrated a perfect
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narrowband MA, which was composed of magnetic and electric re-
sonators [14]. Subsequently, numerous MAs designs with narrow
bandwidths were proposed [15,16]. A wide range of applications based
on these MAs are demonstrated, like narrowband selective filters, ter-
ahertz spectroscopy and detectors. In addition, in order to expand the
practical applications scope of MAs in the field of band-rejection filters
and broadband anti-radiation, researchers have also done a lot of re-
search on the broadband MAs [17–19]. Various approaches have been
developed for bandwidth enhancement, such as stacking multi-layered
resonators and dielectric layers with different thicknesses and arranging
multiple resonators with different sizes in one unit cell [18,20]. How-
ever, these methods have not been widely used due to the unavoidable
disadvantages, such as the complexity of the fabrication process and the
limited bandwidth. In addition, the tunability of the MAs is also an
attractive feature in practical applications [21,22]. The conventional
MA structures, which lack the tunable component, will suffer from
some challenges to obtain the tunability after fabrication. The chemical
potential of graphene can be dynamically changed by applying an ex-
ternal gate voltage; this feature shows promise for fabricating tunable
MAs [23–25]. Therefore, much effort is required to develop an MA that
has a simple structure, is easy to fabricate, and has both broad band-
width and excellent absorption performances, including polarization
independence, incidence angle insensitivity, and dynamic tunability.

Graphene is a unique two-dimensional planar material that shows
considerable promise for the design of perfectly tunable MAs due to its
unique electromagnetic properties including fast carrier mobility, high
optical transparency, and tunability [26–28]. Taking the advantages of
graphene, various MAs have been investigated [19,29–31]. Ye et al.
demonstrated a novel route to effectively enhancing multi-band ter-
ahertz absorption based on composite graphene and metal micro-
structures [30]. Zhang et al. proposed a multilayer structure composed
of Au/BaF2/graphene materials to achieve broadband absorption at
mid-infrared frequencies [31]. Zhuo et al. proposed an excellent ab-
sorption utilizing a hybrid graphene-gold metasurface across 0.53–1.05
THz [19]. However, due to the use of conventional metal and dielectric
materials, such multilayer structure requires complicated fabrication
process. Therefore, fewer-layer MAs composed of a two-dimensional
periodic array of patterned graphene has become an important research
topic to obtain perfect absorption, broad bandwidth, and excellent
tunability [32,33]. For example, Huang et al. proposed a broadband MA
based on a target-patterned graphene sheet. The bandwidth of the ab-
sorption exceed 90% reaches 1.57 THz [32]. Lu et al. patterned the
graphene into a discrete periodic structure to obtain wide bandwidth
absorption [33]. Also, many patterned graphene-based MA structures
with narrowband and broadband absorption have been proposed in the
terahertz regime [32–35]; however, bandwidth enhancement of MAs
still remains in the research stage. As we all known, using composite
structure is one of the effective ways to realize the broadband absorp-
tion at THz regions. To obtain more excellent ultra-wideband absorp-
tion performance, we choose a composite structure based on square-
and cross-shaped graphene sheets, as shown in this paper. Square- and
cross-shaped graphene sheets both have no difficult in processing. The
sample can be fabricated by stacking a chemical vapor deposition
(CVD)-grown patterned-graphene on a dielectric spacer supported by a
Pt back plate. The absorption performance of the structure can be ob-
tained by using a THz time-domain spectroscopic system [36]. The
chemical potential of the patterned-graphene is able to be changed by
external voltage bias.

In this paper, a novel patterned graphene-based broadband MA with
perfect absorption in the terahertz band is proposed and theoretically
analyzed. The equivalent circuit theory is used to optimize the para-
meters of the structure, and simulations are conducted. We also theo-
retically analyze the impedance of the graphene film and perform nu-
merical calculations. Then, the simulation results of the designed
broadband MA and its deformed structures are discussed at the opti-
mized parameters. Furthermore, the surface loss density, electric field,

and surface currents are investigated at two resonance frequencies to
determine the absorption mechanism of the proposed broadband MA.
Finally, numerical simulations are conducted on the tunability, polar-
ization independence, and incident angle insensitivity of the proposed
MA. The proposed MA structure has many advantages over other MA
structures [17,32,37–39], including thinner thickness, wider band-
width, higher absorptivity, and many other outstanding properties.

2. Structural design and numerical calculations

The schematic diagram of the proposed broadband MA based on the
patterned graphene layer is shown in Fig. 1. Fig. 1(a) is the 3D view of
the unit cell with the classical sandwich structure. The first layer is
composed of a patterned graphene periodic array, which is formed by a
simple combination of the square- and cross-shaped graphene sheets.
The detailed fabricating process of the patterned-graphene layer in this
paper can be referred to [33]. The second layer is the dielectric spacer
SiO2, which has a relative permittivity (ε) of 2.25 with a negligible loss
[40]. The third layer is a continuous gold ground plate, which con-
ductivity is described by the Drude model with the plasma frequency
ωp = 1.37 × 1016 rad/s and damping constant γ= 1.23 × 1013 Hz [3].
Dielectric silicon, which has little effect on the performance of the
absorber since the upper gold layer almost cuts off the transmission of
light, is used as the substrate to support the absorber. Graphene, which
can be modulated by the ion-gel gating method [23], is used as the
tunable material. Fig. 1(b) displays a diagram of this method. The op-
timized period (P) of the unit cell shown in Fig. 1(c) is 40 µm. Fig. 1(d)
shows the structure of the designed absorber, with a terahertz plane
wave illuminating on the graphene metasurface. In the simulation, the
top graphene layer is characterized by the surface conductivity σg (ω, μc,
τ, T), which is calculated using the well-known Kubo formula [41]:
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where fd (ε) = [exp(ε-µc / KBT) + 1]-1 is the Fermi-Dirac dis-
tribution, and µc, τ, ħ, KB, and T are the chemical potential of graphene,
the relaxation time of graphene, the reduced Planck constant, the

Fig. 1. The designed broadband MA. (a) 3D view of the unit cell of the proposed
tunable absorber. (b) Illustration of an ion-gel-gated device to control the
chemical potential of the graphene. G, gate; D, drain; S, source. (c) Top view of
the unit cell. (d) Structure of the proposed absorber. (e) The equivalent circuit
model of the designed absorber.
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Boltzmann constant, and the temperature in Kelvin, respectively. In
addition, the surface conductivity of graphene can also be expressed as
σg = σintra + σinter, where σinter is the interband conductivity and σintra
is the intraband conductivity. In the terahertz band, the interband
conductivity (σinter) can be safely neglected based on the Pauli exclu-
sion principle. Therefore, the surface conductivity of the graphene can
be approximated to be a Drude model [42]:
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In addition, the surface conductivity of graphene can be controlled
by the chemical potential via ion-gel gating. The relation of µc and bias
voltage (Vg) can be written by the following approximate closed-form
[43]:

≈μ ħv
πε ε V

ehc f
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(3)

where εh and ε0 are the permittivity of the dielectric spacer layer
and vacuum, respectively, Vg, e and vf are the bias voltage, electron
charge and Fermi velocity, respectively. The surface impedance (Zg) of
the graphene is expressed as [44]:

=Z
σ
1

g
g (4)

Based on the relation between the surface conductivity and surface
impedance and equation (3), the relation between the surface im-
pedance of graphene and the applied voltage is also presented.

Here, we assume that the initial chemical potential of graphene is
µc = 0.9 eV, the relaxation time τ = 0.1 ps, and the temperature
T = 300 K in the frequency band used in this study. The finite element
method is used to investigate the absorption performance of the unit
cell in the frequency range of 0.1 to 6 THz. The unit cell boundary
condition is set in the x-direction and y-direction and Floquet ports are
used for the z-direction. The absorption of the absorber is calculated as
follows: A (f) = 1 – R(f) – T(f), where R(f) = |S11(f)|2 and T(f) =
|S21(f)|2 are the reflection and transmission of the absorber, respec-
tively. The S parameters are obtained from the CST Microwave Studio
simulation. As we all know, the thickness of the ground gold layer
(200 nm) is much thicker than the skin depth of gold at the terahertz
band of interest. Therefore, the transmission T(f) is zero, and the ab-
sorption expression can be simplified to A(f) = 1 – R(f).

An equivalent circuit model (ECM) based on the transmission line
theory is used to investigate the proposed MA, as shown in Fig. 1(e). In
the circuit model, the ground gold layer is regarded as a short trans-
mission line. The dielectric spacer is modeled by a short transmission
line with a sheet impedance of Zh. The top patterned graphene can be
simplified to the resistance (Rs), inductance (Ls), and capacitance (Cs)
components in series. The Rs and Ls are induced by the square- and
cross-shaped graphene sheets, and the Cs is induced by the gaps be-
tween the graphene sheets. As shown in Fig. 1(e), the patterned gra-
phene layer in the proposed MA is represented by the sheet impedance
Zs. Z0 and Z1 are the intrinsic impedance of the free space and the input
surface impedance of the dielectric spacer, respectively. Zin, which
depends on the sheet impedance of the graphene film (Zg) and the
operating frequency (f), is the equivalent input impedance of the de-
vice. Therefore, the reflection efficiency (Γ) of the absorber is defined as
[45,46]:
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ε0 and µ0 are the relative permittivity and permeability, respec-
tively, of the free space; and εd and kd are the relative permittivity and
wavenumber of the dielectric spacer, respectively. The Rs, Ls, and Cs of
the patterned graphene, which are related to the sheet impedance of the
graphene film, can be calculated by referring to [33,47–49]. In this
case, the absorbance of the absorber is defined as: A(f) = 1 - Γ2.

Based on the above analyses, perfect absorptivity of the absorber
can be obtained when the reflection efficiency (Γ) is equal to zero. That
is, the equivalent input impedance (Zin) should be equal to the intrinsic
impedance of the free space (Z0). Under the assumed chemical potential
of graphene, the relaxation time of the graphene, and the temperature,
the input impedance of the designed MA can be tuned by changing the
size of the patterned graphene layer and the thickness of the dielectric
spacer. The optimization of the size of the patterned graphene layer and
the thickness of the dielectric spacer layer was conducted using the
parameter scanning method in the CST Microwave Studio software.
High absorptivity and a broad absorption bandwidth (ABW) were ob-
tained. As shown in Fig. 2, the absorption spectra of the designed MA
are simulated for different sizes of the patterned graphene and different
thicknesses of the dielectric spacer. The thickness (h = 15 µm) is op-
timized to achieve the broadest bandwidth (2.76 THz) and high ab-
sorption, as shown in Fig. 2(e). We used the optimum thickness of the
dielectric spacer layer and simulated the absorption spectrum for dif-
ferent sizes of the patterned graphene; the optimized values are as
follows: d = 38 µm, L = 12.2 µm, w = 7 µm, s = 3 µm.

During the fabrication process of the metamaterials, inaccuracies
may occur due to the limitations of fabrication technology. Therefore,
we also verified the robustness of the structural parameters of the
proposed MA by calculating the changes in the bandwidth for different
parameters, as listed in Table 1. The data shown in the table are cal-
culated as follows: Bdeviation = (Bsimulated - Bbased)/ Bbased × 100%,
where Bbased is the corresponding bandwidth for the optimized para-
meters, Bsimulated is the simulated bandwidth for the different para-
meters, and Bdeviation is percentage deviation between the corre-
sponding bandwidth and the simulated bandwidth. The bandwidth
deviations of the proposed MA are calculated for L in the range of
11.4–12.4 μm, for w in the range of 6–7.3 μm, for h in the range of
14.7–17 μm, for d in the range of 35–40 μm, and for s in the range of
2.1–3.9 μm. Excellent robustness to changes in the structural para-
meters occurs in the ranges of 11.4–12.4 μm, 6–7.3 μm, 14.7–16 μm,
35–40 μm, and 2.1–3.9 μm, respectively. In these ranges of the struc-
tural parameters, the bandwidth deviation of the proposed MA is lower
than 10%. These results indicate the excellent characteristics in the
experimental implementation.

As shown in Fig. 3, we numerically calculated the real and ima-
ginary parts of the surface impedance of the graphene film for different
chemical potentials in the investigated frequency band for the given
relaxation time and temperature. It is observed that the real and ima-
ginary parts of the surface impedance decrease as the chemical poten-
tial of the graphene increases. The real part does not change with an
increase in the frequency, whereas the imaginary part increases
monotonously as the frequency increases. It is worth noting that the
surface impedance of the graphene film exhibits significant changes for
different values of µc. Tuning can be achieved by controlling the gate
voltage, thus changing the surface impedance of the patterned gra-
phene and the performance of the designed MA. Therefore, graphene
can be used to design THz devices with excellent tunable traits.
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3. Results and discussion

Utilizing square- and cross-shaped graphene sheets as the unit cell
(as shown in Fig. 1(a)), we simulated the co– and cross-polarization
reflection coefficients for x-polarized normal incidence (the result is not
shown). Results show that the cross-polarization reflection coefficient is
zero, that is, no cross-polarization conversion occurs. Therefore, the
proposed MM structure works as a MA. Based on this characteristic, we
numerically simulated the absorption spectra of the proposed MA under
normal incident light for transverse electric (TE) and transverse mag-
netic (TM) polarizations at the optimized parameters, as illustrated in

Fig. 4(a). It is observed that these two curves are identical due to the
symmetry of the structure. As shown in Fig. 4(a), the absorptivity more
than 90% of the proposed MA starts from 2.1 THz to 4.86 THz, that is,
2.76 THz. The ABW, calculated as ABW = 2 × (fH − fL) / (fH + fL),
where fH and fL are the upper and lower frequencies of the band with
absorptivity greater than 90% respectively, is about 79.2%. This in-
dicates excellent broadband performance. The proposed MA exhibits
two distinct absorption peaks at 2.45 THz and 4.29 THz with absorp-
tivity of 99.95% and 99.4%, respectively. These two absorption peaks
will be used to analyze the absorption mechanism of the proposed MA
in the next sections. Furthermore, the absorption spectra of the

Fig. 2. Absorption spectrum of the proposed MA for different structural parameters. The insets indicated by the blue arrows are magnified views of the blue dotted
elliptical area to provide a clear view of the excellent performance of the designed MA. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Table. 1
Bandwidth deviations of the proposed MA for different structural parameters; the minus sign (-) represents a reduction in the bandwidth, and the plus sign (+)
represents an increase in the bandwidth.

structural parameter L (µm) W (µm) h (µm)
11.4 11.6 11.8 12 12.4 6 6.5 7.3 14.7 16 17

bandwidth deviation (%) −7.97 −5.79 −3.98 −1.8 +1.81 −9.05 −4.34 +2.9 +2.17 −7.9 −15.21
structural parameter d (µm) s (µm)

35 36 37 39 40 2.1 2.4 2.7 3.3 3.6 3.9
bandwidth deviation (%) −1.44 −1.08 −0.72 0 −0.72 +0.36 −0.72 −0.36 −0.36 0 +1.08
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structure without square-shaped graphene sheets, without cross-shaped
graphene sheet, and with only one square-shaped graphene sheet are
also simulated and shown in Fig. 4(a). Broadband absorption is ob-
served for the structure without the cross-shaped graphene sheet and
with only one square-shaped graphene sheet; the bandwidth of about
1.8 THz, which is narrower than that of the proposed broadband MA.
For the structure without square-shaped graphene sheets, the highest
absorptivity is only about 77% over the entire frequency range. When
replacing the patterned-graphene layer in the proposed MA with the
gold (thickness of 50 nm) layer with the same geometry, we also in-
vestigated the absorption performance and the result is shown in
Fig. 4(a). In this case, the gold material was used in both the top re-
sonator layer and the bottom ground layer. By comparison, we found
that the absorptivity is much lower (only about 20%) in this case than
the structure with patterned-graphene layer, which indicates the sig-
nificantly importance of the existence of the graphene material in the
proposed MA.

The broadband absorbance phenomenon of the proposed structure
can be understood by the effective medium theory [30]. As shown in
Fig. 4(b), we investigated the real and imaginary parts of the effective
impedance of the proposed MA in the studied frequency band using the
following equation [46,50]:
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− −
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where S11 and S21 are the S-parameters of the proposed MA struc-
ture that are obtained from the simulation in CST Microwave Studio. It
is shown that, in the broadband frequency range of 2.1–4.86 THz, the
real and imaginary parts of the effective impedance approximate 1 and
0, respectively. This result indicates excellent impedance matching
between the proposed MA and the free space. Therefore, near-perfect
absorption of the proposed MA is achieved in this frequency band.

We plot the surface loss density of the patterned graphene layer at
the two resonance frequencies to illustrate the importance of the pat-
terned graphene layer in the proposed MA (see Fig. 5). The CST si-
mulation shows that for the incident electromagnetic waves, the surface
loss occurs only in the patterned graphene layer. In other words, at the
resonance frequencies, the surface loss density occurs primarily in the
square-shaped graphene sheets. It is also found that the strength of the
surface loss density is higher in the cross-shaped graphene sheet at the
resonance frequency of 4.29 THz. In summary, the patterned graphene
layer absorbs most of the incident energy in the proposed MA structure,
and broadband absorption of more than 90% is obtained.

The electric field and the surface current distributions of the pro-
posed MA at the frequencies corresponding to two absorption peaks are
plotted in Fig. 6 and Fig. 7, respectively, to disclose the absorption

Fig. 3. Numerical calculation results of the (a) real part and (b) imaginary part of the surface impedance of the graphene film at different chemical potentials. The
relaxation time is fixed at 0.1 ps. The temperature (T) is 300 K.

Fig. 4. Absorption spectra for various MAs and the extracted effective input impedance (Z) of the proposed MA. (a) The black sold line and the red dashed line
represent the absorption spectra of the proposed broadband MA under TE and TM polarization, respectively. The blue dash-dot line and the purple short dash-dot line
represent the absorption spectra of the structure without the cross-shaped graphene or square-shaped graphene sheet, respectively. The magenta short dashed line
represents the absorption spectra of the structure with only a square-shaped graphene sheet. The period of this structure is p = 20 µm and the length of the square
graphene anywhere in the structure is 12.2 µm. The absorption spectra of the metamaterial consisted of the square- and cross-shaped Au resonator structure is
represented by the light-blue dash-dot-dot curve. (b) Real and imaginary parts of the extracted Z of the proposed MA. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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mechanism of the proposed MA. As shown in Fig. 6, the electric field
occurs primarily near the edges of square-shaped graphene sheets and
longitudinal cross-shaped graphene sheet at the resonance frequency of
2.45 THz, indicating local resonance of the electric field. Strong electric
dipole resonance is excited at the certain edges of the patterned gra-
phene layer [51]. At the resonance frequency of 4.29 THz, the electric
field has a lower amplitude and cover the entire surface of the patterned
graphene layer. This result indicates that the incident electromagnetic
wave excites the localized surface plasmon resonance of the graphene.
This finding is in agreement with that reported in [52]. We will verify
this result in the subsequent investigation of the surface current dis-
tribution.

The surface current distribution of the proposed MA is shown in
Fig. 7. At the resonance frequency of 2.45 THz, the surface current on
the square-shaped graphene sheets and longitudinal cross-shaped gra-
phene sheet are opposite to those on the bottom gold layer, which is
attributed to excitations of the magnetic dipole resonance [53]. In
contrast, the surface current on the transverse cross-shaped graphene
sheet is the same as that on the bottom gold layer, which indicates a
lack of magnetic dipole resonance. Therefore, we conclude that the
perfect absorption at low resonance frequency results from the electric
and magnetic dipole resonances in specific parts of the proposed
structure. At 4.29 THz, the surface current on the entire patterned
graphene layer is always the same as that on the bottom gold layer,
verifying the excitation of the localized surface plasmon resonance of
the graphene. This result is different from the above-mentioned mag-
netic dipole resonance and matches the results reported in [52].
Therefore, the surface plasmon resonance of the graphene has a sig-
nificant effect on the absorption performance of the proposed at the
high resonance frequency. Furthermore, for the proposed structure,

Fig. 5. Surface loss density of the patterned graphene layer at (a) 2.45 THz and
(b) 4.29 THz; the surface loss density is normalized to 1 × 109 W/m2.

Fig. 6. Electric field distributions of the patterned graphene layer at the re-
sonance frequencies of (a) 2.45 THz and (b) 4.29 THz, respectively.

Fig. 7. Surface current distributions of the proposed absorber on (a1), (a2) the patterned graphene layer and (b1), (b2) the bottom gold layer at resonance frequencies
of 2.45 THz and 4.29 THz, respectively.
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patterned-graphene layer, dielectric spacer layer, and bottom gold layer
form the Fabry-Perot (FP) resonator. The physical mechanism of the
improvement on absorption is due to increased light-matter interaction
with the multiple reflection in the FP resonator. The multiple reflected
waves coherently cancel out each other, leading to the enhanced ab-
sorption.

4. Tunability, highly film quality of graphene, and insensitivity

Graphene, as a tunable material, can be used for amplitude tuning in
the terahertz band. The chemical potential/conductivity of the gra-
phene can be adjusted by varying the applied voltage, which is
achieved by using an ion-gel-gated device, as shown in Fig. 1(b). The
proposed structure thus can exhibit different spectral performances. We
further investigated the dynamic tunability of the proposed MA; the
results are shown in Fig. 8(a). By varying the chemical potential of the
patterned graphene from 1 eV to 0 eV, we were able to dynamically
switch the performance of the proposed structure from absorption to
reflection in the entire operation frequency band. As shown in Fig. 8(a),
the highest absorptivity of the designed structure increased with an
increase in the chemical potential of the graphene. As shown in the
inset of Fig. 8(a), in the range of the chemical potential of graphene
from 0.7 eV to 0.9 eV, the absorptivity of the proposed structure is
maintained above 90% at broad bandwidth. When the chemical

potential of the graphene is greater than 0.9 eV or less than 0.7 eV, the
proposed structure still has broadband characteristic, but the absorp-
tivity is lower. In particular, when no voltage is applied to the graphene
layer, i.e., the chemical potential of the graphene is 0, the absorptivity
of the proposed structure is only 11%. This result demonstrates that the
proposed structure can be switched to a broadband reflector with a
reflectance of more than 89%. As a result of the dynamic tunability of
the graphene, the proposed structure can be flexible switched to act as
an absorber or reflector, enabling a broad applications as electro-optic
switches and modulators.

Then the relaxation time (τ) of the graphene layer is investigated
because it is highly related to the quality of the graphene [54]. As
shown in Fig. 8(b), it can be seen that the bandwidth of the proposed
MA will slightly narrower with the τ decreases within 50%. And in this
case, the absorptivity remains over 90% in the entire broadband region.
However, at some point, it can be seen that the absorptivity slightly
decreases as the τ increases within 50%. The bandwidth remains broad
with the little lower absorptivity. Based on the simulation results, we
use τ= 0.1 ps in this paper. It is worth noting that the changes of τ have
little influence on the performance of the proposed broadband MA,
which indicates the strong robustness of the proposed design to fabri-
cation imperfection of the graphene film.

The absorption contour map of the proposed MA as a function of the
frequency and polarization angles is shown in Fig. 9. It can be inferred

Fig. 8. (a) Absorption spectra of the designed MA structure with different chemical potentials of the graphene (0 eV to 1 eV). (b) The absorption spectra as a function
of graphene relaxation time. The other parameters are unchanged.

Fig. 9. Simulated absorption spectra of the proposed MA under normal incidence for different polarization angles from 0° to 90°: 0° is the TE mode and 90° is the TM
mode.
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that the bandwidth of the proposed MA remains highly consistent as the
polarization angles varies from 0° to 90° with a step width of 10°. As the
incident THz wave polarization changes from TE to TM mode, the
proposed MA exhibits polarization independence, which is attributed to
the symmetry of the unit cell.

We further investigated the incident angle dependence of our pro-
posed structure. The absorption spectra of the proposed MA under
oblique incidence in the TE and TM modes are shown in Fig. 10. In the
TE mode, (Fig. 10(a)), the peak absorption is higher than 90% with
incidence angle up to 60°. When the incidence angle up to 30°, two
absorption peaks occur and the absorption peak in high-frequency ex-
hibits a blue shift with an increase in the incidence angle. The band-
width of the proposed MA remains up to 2.1 THz with absorptivity
higher than 75% over a wide range of incidence angles up to 60°. In the
TM mode, it is observed that the proposed MA has stable absorption
bandwidth over a wide range of incidence angle up to 70°. As the in-
cident angle increases from 0° to 60°, the absorption bandwidth remains
2.7 THz with absorptivity higher than 80%, which indicates excellent
incidence angle insensitivity of the proposed MA structure. The ex-
cellent incidence angle stability is owing to the tightly confined surface
plasmon resonances of the patterned-graphene, which is insensitive to
the incidence angle.

We also compared the bandwidth, ABW, and the thickness of the
structure with other results reported for graphene-based THz MAs (see
Table 2). The comparison results indicated that the proposed MA ex-
hibits broader bandwidth with perfect absorptivity. Although the ABW
of the proposed MA does not show the highest value, our proposed
structure demonstrates a superior overall performance in broadband
MA design. In addition, the proposed MA is thinner than most of other
MAs.

5. Conclusion

In summary, we proposed and numerically analyzed a THz MA with
a patterned graphene layer to take advantage of the electric and mag-
netic dipole resonances and surface plasmon resonance. The impedance
of the graphene film is calculated and an ECM is developed. The si-
mulation results show that the bandwidth of the proposed absorber is

up to 2.76 THz with two absorption peaks under normal incidence at
the chemical potential of graphene of 0.9 eV. The proposed structure
can be dynamically tuned to act as an absorber or reflector by changing
the chemical potential of the graphene from 1 eV to 0 eV using sol–gel
top gating method. The results indicate the excellent dynamic tunability
of the designed structure. Due to the symmetry of the unit cell, the MA
exhibits polarization independence. Under oblique incidence, the ab-
sorptivity of the absorber is more than 90% over a wide range of in-
cidence angles up to 60° for the TE and TM modes. Small changes in the
structural parameters result in bandwidth deviations of the proposed
MA less than 10%, indicating outstanding parameter tolerance of the
proposed structure. We analyzed the absorption mechanism of the MA
based on the surface loss density, electric field, and surface current
characteristics. We believe that the proposed absorber based a single-
layer graphene sheet enables ease of fabrication and will provide the
high flexibility for designing patterned graphene-based broadband
tunable MAs. These devices are suitable for many promising applica-
tions, such as tunable sensors, filters and photovoltaic devices.
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