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Abstract
We demonstrated a triple-band terahertz wave absorber, which consists of umbrella-shaped graphene metasurface array and 
a gold ground plane separated by a high-resistivity dielectric layer. Simulated results show that the proposed absorber has 
three distinctive absorption peaks at frequencies 0.506 THz, 1.638 THz, and 2.687 THz with the absorption rates of 0.998, 
0.997, and 0.998, respectively. The terahertz absorber is valid to attain 0° ~ 60° range of incident angles for both transverse 
electric (TE) and transverse magnetic (TM) polarizations. For the graphene-based metasurface structures, the absorption 
curves can be tuned by controlling applied bias voltage. It is a promising candidate to design a high-performance absorber 
having the potential applications in bolometer, spectroscopic imaging, thermal detector, etc.

1  Introduction

Metamaterial-based terahertz wave absorbers may have 
promising potential areas such as bolometer, detector, and 
spectroscopic imaging because of their high performance 
and compact size [1–4]. However, once these devices are 
fabricated, their performance cannot be adjusted except for 
reconstructing the device geometric structures. It is unfa-
vorable for many potential applications. Recently, graphene-
based terahertz devices have attracted considerable interest 
because of their tenability [5–8]. Although with high absorp-
tivity, most of the existing graphene terahertz absorbers are 
single band, polarization sensitive, and narrow-incident-
angle response, which limits their potential applications 
in bolometer, spectroscopic imaging detection, thermal 
detector, etc. [9–13]. Polarization insensitive, multi-band, 
and wide-incident-angle response terahertz wave absorb-
ers are urgently desired. Here we report the multi-band 
graphene-based absorber using umbrella-shaped graphene 
metasurface array. The absorber exhibits three frequencies 
distinctive absorption peaks with near unity absorptivity 
for both TE and TM polarizations. Moreover, the presented 
graphene-based terahertz absorber has polarization insensi-
tivity, and a wide operating incident angle with more than 

0.995 absorption rate is up to 60°. These charming features 
make it a good candidate for potential applications such as 
bolometer, spectroscopic imaging, thermal detector, etc.

2 � Terahertz absorber design and analysis

Figure 1 shows schematic of the multi-band terahertz wave 
absorber as well as the propagation configurations of the inci-
dent terahertz wave. The proposed graphene-based absorber 
is made up of three layers. The top layer consists of an array 
of umbrella-shaped graphene metasurfaces, which is respon-
sible for electric response to the incident terahertz wave. The 
bottom metallic layer is a gold plane with a conductivity of 
σ = 4.56 × 107S/m and a thickness of d = 1 μm exciting anti-
parallel surface current to the top layer, which is responsible 
for the magnetic response. By using the commercial program 
CST Microwave StudioTM 2018, we performed computer opti-
mization of the proposed terahertz wave absorber and obtained 
the optimized structure parameters as follows: px= py= 50 μm, 
t = 41 μm, g = 5 μm, d = 1 μm, s = 20 μm, and h = 12 μm. The 
dielectric layer is silicon with electric permittivity ɛr = 11.9 
and loss tangent tanδ = 0.001. Both x- and y-directions of the 
unit cell are defined as periodic boundary conditions, and the 
z-direction is set as open boundary condition for the terahertz 
wave incidence and transmission. The incident wave was mod-
eled as a Floquet port in z-direction. S11 can be simulated by 
S-parameters from CST Microwave Studio simulation. Due to 
the gold ground plane, notice that no terahertz wave penetrates 
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the structure; therefore, the transmission of the absorber S21 
is close to 0 (i.e., T(ω) = |S21|2 = 0). The absorptivity of the 
absorber is defined as A(ω) = 1 − R(ω) − T(ω), where R(ω) and 
T(ω) are the reflectivity and transmissivity as functions of fre-
quency, respectively. Then the absorptivity of the presented 
terahertz absorber becomes A(ω) = 1 − R(ω) = 1 − |S11|2. The 
graphene’s surface conductivity can be well described by the 
Kubo formula as follows [14]
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where ω is the radian frequency, µc the chemical poten-
tial, Γ = 1/(2τ) the phenomenological scattering rate, τ 
the electron–phonon relaxation time, T the temperature 
of Kelvin, σintra and σinter the intra-band and inter-band 
transition, respectively, e the charge of an electron, ħ the 
reduced Plank’s constant, ξ energy of electrons, H(ξ,μc,T) 
the Fermi–Dirac distribution, and kB is the Boltzmann’s con-
stant. At room temperature T = 300 K, the Kubo equation is 
reduced to a Drude-like form, which is:

We simulated the absorptivity and reflectivity curves 
of the proposed umbrella-shaped graphene metasurface 
absorber with the optimized structure parameters (here, 
the chemical potential and the relaxation time of graphene 
metasurface are set as 0.7 eV and 0.1 ps, respectively.), 
as depicted in Fig. 2a. One can clearly see that there are 
three distinctive high absorption peaks (above 99.5%) at the 
frequencies of 0.506 THz, 1.638 THz, and 2.687 THz. To 
achieve perfect absorption, the normalized impedance of 
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�ℏ2
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Fig. 1   Schematic of the pro-
posed terahertz absorber con-
sisting of graphene metasurface 
and bottom gold film, separated 
by a silicon spacer. The geomet-
rical parameters of graphene-
based metasurface structures 
are px= py= 50 μm, t = 41 μm, 
g = 5 μm, d = 1 μm, s = 20 μm, 
h = 12 μm, respectively

Fig. 2   a Absorption and reflec-
tion spectra of the absorber b 
real and imaginary parts of the 
normalized surface impedance 
of the proposed absorber
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the presented absorber should match that of the free space 
(Z/Z0 = 1). The effective normalized impedance of our 
absorber can be described as [15]:

where S21 and S11 denote as transmittance and reflectance 
coefficient, respectively. The values of these scattering 
parameters can be obtained by numerical simulation using 
the CST Microwave Studio. Furthermore, according to 
Eq. (6), we calculate the effective normalized impedance 
of the absorber, as shown in Fig. 2b. The effective normal-
ized impedances are Z = 1.05 + 0.05i, Z = 1.01 − 0.03i, and 
Z = 1.03 + 0.01i at three resonance frequencies 0.506 THz, 
1.638 THz, and 2.687 THz, which are almost the same as 
the impedance of the free space. This indicates that the 
designed absorber realizes the impedance matching between 
the present absorber structure and free space. Obviously, 
the absorber exhibits complete absorption of the incident 
terahertz wave at three resonance frequencies.

Figure 3 depicts the electric fields on the top graphene 
layer at three absorption frequencies. The umbrella-shaped 
graphene metasurface’s sides that are parallel to the elec-
tric component of incident terahertz wave can couple with 
the electric field and supply electric dipole response, and 
then the surface charge oscillates along the umbrella-
shaped graphene metasurface sides driven by the external 
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electric field. From Fig. 3c and f, notice that the magnetic 
response between the top layer and bottom layer at fre-
quency 2.687 THz for 0.3 eV becomes stronger than the 
magnetic response of other chemical potential. But they are 
almost the same as the dipole electric response of the top 
umbrella-shaped graphene metasurfaces under three differ-
ent chemical potentials. Therefore, there are two peaks at 
frequency 2.687 THz for 0.3 eV chemical potential instead 
of one peak for other chemical potential. The surface cur-
rent distributions on top graphene pattern layer and bottom 
metallic layer of the terahertz absorber at absorption peaks 
(i.e., 0.506 THz, 1.638 THz, and 2.687 THz) are displayed in 
Fig. 4a–f. The magnetic component of the incident terahertz 
wave penetrates between the top umbrella-shaped graphene 
metasurface and the bottom metallic layers and generates 
anti-parallel surface current on the umbrella-shaped gra-
phene metasurfaces and the ground gold plane, leading to 
the magnetic coupling response. From Figs. 3 and 4, one can 
notice that the three absorption peaks of the absorber origi-
nate from the dipole electric response of the top umbrella-
shaped graphene metasurfaces and the magnetic response 
between the top and bottom layers.

We perform finite element method numerical simula-
tions to investigate the structure parameters influence on 
the terahertz wave absorber. Figure 5a shows the influence 
of the chemical potential values on the absorption spec-
tra of the proposed structure. As the graphene chemical 
potential increases from 0.3 eV to 0.8 eV, the amplitude 
of the three absorption peaks increases from 94 to 99.8%, 

Fig. 3   Electric field distribution on the top layer at the three absorption peaks (a ~ c) a f1 = 0.506 THz, b f2 = 1.638 THz, c f3 = 2.687 THz, and on 
the bottom layer (d ~ f), d f1 = 0.506 THz, e f2 = 1.638 THz, f f3 = 2.687 THz
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and the center frequencies of the absorption peaks have a 
slight blue shift. It can be observed that the absorptivity 
and the working center frequencies of the absorber can 
be effectively adjusted by manipulating the Fermi level 
of the umbrella-shaped graphene metasurfaces according 
to the actual applications without redesigning the device 
structure. As can be seen from Fig. 5b, with the increase 
in the relaxation time of the graphene metasurface τ from 
0.1 ps to 0.3 ps, the absorptivity of the terahertz absorber 
decreases gradually and three working center frequen-
cies of the absorber appear distinctive blue shift. As the 
relaxation time of graphene increases, carrier concentra-
tion decreases and impedance mismatch occurs. And then 
the absorptivity of the absorber decreases. Obviously, the 
relaxation time of the graphene metasurface τ needs to be 
set at 0.1 ps. Figure 5c shows the frequency behavior of 
the absorptivity for different silicon thickness of the geo-
metrical parameter t ranging from 36 μm to 46 μm. It is 
noted that three center frequencies of the absorption peaks 
have red shifting with the increase in silicon thickness t. 
But when t = 46 μm, the second absorption peak exhibits 
lower than 0.995. Thus, the silicon thickness of parameter 
t is set as 41 μm. We also calculate the absorption spectra 
of the absorber when the width of graphene microstrip 
of the parameter g varies from 4 to 6 μm (see Fig. 5d). 
It can be noted that the device exhibits three frequencies 
distinctive absorption peaks with near unity absorptivity 

for g = 5 μm. Therefore, the width of graphene microstrip 
of the parameter g is fixed as 5 μm.

According to the transmission line theory, the equivalent 
circuit model of the designed absorber is shown in Fig. 6. 
The reflectivity of the presented terahertz absorber can be 
calculated by:

where Zin is the input impedance of the transmission line, 
1∕Zin = 1∕Z1 + 1∕Zg , Z0 is the  impedance in free  space, 
Z0 = 377 Ω; Z1 is the impedance of intermediate dielectric 
s i l i c o n  l a y e r ,  z1 = jZt tan (kmt)  ,  zt = ��0∕km  , 
km =

√

k2
p
− k2

0
sin2 � , kp = �

√

�0�p , where μ0 is the vac-
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n1n2 − (n1 + n2))∕S21 , n1 and n2 are the refrac-
tive index of the air layer and the intermediate dielectric sili-
con layer, respectively. Here, S21 represents the transmission 
coefficient of terahertz wave through graphene image layer 
into intermediate silicon. According to the equation, we can 
obtain the real and imaginary parts of the surface impedance 
of the umbrella-shaped graphene metasurface array layer 
(see Fig. 7a). Figure 7b illustrates the comparison of the 
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Fig. 4   Surface current distributions on the top layer at the resonance 
points (a ~ c), a f1 = 0.506  THz, b f2 = 1.638  THz, c f3 = 2.687  THz, 
and on the bottom layer (d ~ f), d f1 = 0.506 THz, e f2 = 1.638 THz, f 

f3 = 2.687  THz at x–y plane and z = 0. (Here, arrows denote for the 
direction and color denote for the intensity)
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absorption spectra of the triple-band graphene metasurface 
absorber between the transmission line theory calculated 
(red dot curve) and the CST simulated (black curve) results. 

As shown in Fig. 7, the theory calculated (red dot curve) has 
three absorption peaks at frequencies 0.506 THz, 1.638 THz, 
and 2.687 THz with absorptivity of 0.998, 0.997, and 0.998, 
respectively, which agrees well with the simulation results 
as plotted in Fig. 7 (black curve). Figure 8a and b demon-
strates the robustness of the proposed absorber for both TE 
and TM polarizations under oblique incidence ranging from 
0° to 60°, respectively. It can be noted that the prominent 
triple band, polarization insensitive, and wide incident-angle 
working capabilities are demonstrated by these figures. From 
the figure, one sees that three frequencies absorption peaks 
exhibit near unity absorptivity for both TE and TM polariza-
tions. In addition, it can also be noted that the three center 
frequencies of the absorption peaks have a slight blue shift-
ing with the increase in incident angle.

Fig. 5   Absorption characteristics of the terahertz wave absorber for various chemical potential values of µc (a), relaxation time values of τ (b), Si 
thickness values of t (c), and width of graphene microstrip values of g (d)

Fig. 6   Equivalent circuit model of the designed absorber
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3 � Conclusion

In conclusion, we have demonstrated a tunable multi-band 
terahertz wave absorber based on graphene metasurface 
with three distinctive absorption peaks at three separated 
frequencies 0.506 THz, 1.638 THz, and 2.687 THz with 
the absorptivity of 0.998, 0.997, and 0.998, respectively. 
The results show that the triple absorptions of the designed 
graphene-based absorber remain near unity absorptivity 
as the terahertz wave incident angle range from 0° to 60°. 
Due to the charming features of multiband absorption, 
wide-angle response, compact size, polarization insensi-
tivity, and adjustability, the terahertz wave absorber is a 
promising candidate for bolometer, sensors, solar cells, 
etc.
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