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Abstract: In this paper, we proposed a tunable graphene-based metamaterial absorber
(MA) at dual terahertz band to achieve perfect absorption. The electric field intensity
distributions of demonstrated structure is illustrated to explain the origin of two absorption
peaks. Simulation result shows the proposed MA owning polarization-insensitive property
and wide incident angle tolerance. An inversion algorithm is used to extract the equivalent
impedance and explore the physical mechanism of multiple-peak absorption. The equiv-
alent impedance is explored through algorithm when the Fermi energy level alters, conse-
quently the variation of resonant frequency of corresponding absorption peak is determined.
Simultaneously, the resonant frequencies of absorption peaks can be adjusted by changing
the geometric parameters of the graphene. Furthermore, we adapt the proposed structure
into reversely designed pattern, achieving similar characteristic of dual-band absorption
peaks and tunability. Thus, our work provides new insight and useful design guidance to
various tunable multiple band terahertz metamaterial perfect-absorbers.

Index Terms: Perfect absorber, inversion algorithm, reverse pattern, graphene-based meta-
material, terahertz.

1. Introduction
Metamaterials, burgeoning artificial materials which are composed of subwavelength unit cells,
have engaged many scientists’ interests because of its special properties which differ from usual
natural materials. It can achieve negative permittivity by periodic metal-dielectric arrays [1]–[3]. As
one of promising applications, metamaterial absorbers (MA) had attracted considerable numbers
of researchers to pay their attention on it, ascribing to its marvellous performance and convenient
tunability, and abosrbers within the terahertz (THz) radiation frequency range are in high demand.
Terahertz radiation frequency domain ranges from 0.1 to 10 THz, and it has extensive applications
in many fields such as imaging, sensing, communications and detection [4]–[7]. Since the primary
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theoretical and experimental demonstration metamaterial absorber (MA) was achieved by Landy et
al. in 2008 [8], [9], numerous MAs had been designed with different metamaterials and structures.
One of the most important features of MAs is that its operating frequencies can be tuned by
modifying the geometric or material parameters, which makes MAs widely applied in various actual
devices such as sensors [10], filters [11], switch [12], solar photovoltaic devices [13] and so on.
Recently, researchers had made great efforts to obtain multi-band or broadband MAs [14]–[17],
simultaneously try to achieve perfect aborsption[18]–[20]. Among those metamaterials, graphene
as a two-dimensional hexagonal grid of carbon atoms, has gained lots of attention owing to its
unique chemical and optical properties. By adjusting the bias voltage, the Fermi energy of graphene
could be easily changed [21], [22], and that feature makes graphene-based metamaterial the
most potential material to fabricate the tunable MA compared with other metamaterials. Moreover,
graphene has a wide absorption frequency domain which could range from THz to microwave
regions [23], [24]. Therefore, many graphene-based MAs which operate in THz range had been
demonstrated and simulated in recent years.

Being Inspired by those previous works, we propose a graphene-based tunable dual-band
terahertz metamaterial absorber that achieves perfect absorption in this paper. It’s composed of
a polyethylene cyclic olefin copolymer (Topas) dielectric layer with monolayer graphene on the top
surface and a base structure using gold as a ground plane that reflects electromagnetic waves.
Graphene on the surface is designed in shape of a cross, overlapping a circle at its center. The
proposed structure is simulated by the commercial finite element method (FEM) in order to acquire
precise result of perfect absorption peaks. As a consequence, two absorption peaks with the both
absorption rate higher than 99.26% are demonstrated, and the resonant frequencies locate at
3.81THz and 7.36THz respectively. The frequencies of two absorption peaks can be regulated by
changing the geometry parameters or the chemical potential of the graphene, simultaneously the
proposed structure gives polarization-insensitive performance and wide incident angle tolerance.
We present theoretical results by using the updated inverse parameter extraction method with
certain parameters in order to have a better understanding of the inherent regularity of the multiple
absorption peaks, and the theoretical computing results are accurately coincide with the simulation
data. To further extend the model, we also simulated the reversely designed pattern of the graphene
on the surface. Comparing with the proposed graphene structure, the similar multiple absorption
peaks and features of tunability are explored under the reversely designed pattern, and these
characteristics make the coincidence of the resonant frequencies of reversely designed pattern
and original one possible.

2. Design of the Absorber and Simulation Results
As Fig. 1(a) illustrates the three-dimensional structure of the graphene-based absorber, the main
body of the proposed structure is made by two parts: blue layer with thickness of d represents a
dielectric layer made by Topas which has a relative permittivity of 2.35 [25], and yellow layer with
thickness of dg stands for substrate using gold as full reflection substrate. Brown part lying on
the upper surface of the dielectric layer Topas represents the graphene strip, and the thickness of
monolayer graphene is about 0.34 nm. Thus, the graphene on the top surface can be regarded
as two-dimensional surface with isotropic surface conductivity. The two-dimensional structure of
graphene strip and its geometric parameters is shown in Fig. 1(b). The whole structure can be
divided into completely same unit cells which are placed as periodic array. Viewing from the
top of the unit cell, it’s in a square shape with the length of periodicity P. Two same rectangle
graphene strips with length l and width w are placed orthogonally like a cross at the center of the
square, overlapping a circle graphene strip with radius R. The incident THz wave is indicated in
the figure as well, as it propagates along Z axis in the incident XZ plane, and the whole structure
is investigated under periodic boundary conditions in the x-axis and y-axis directions.Therefore ,
the normal transverse electric (TE) can be considered as electric field along the x axis and the
transverse magnetic (TM) can be regarded as electric field along the y axis. A possible fabrication
processes is provided as follows: First, gold is evaporated onto one sides of the Topas by electron
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Fig. 1. (a-b)The Schematic of the proposed MA structure. (a) The three-dimensional structure of the
proposed graphene-based tunable dual-band terahertz metamaterial absorber. (b) The top view of
the unit cell and the detail parameters of graphenestrip. The Parameters here are set as: P=4.6μm,
d=18μm, dg=1μm, w =0.24μm, R=0.9μm, l =1.6μm.

beam evaporation. Then, a large scale graphene sheet grown on copper can be transferred on
the Topas layer by the wet transfer technique. At last, the graphene pattern is defined and the
redundant region is removed by using oxygen plasma and electron-beam lithography (EBL).

The graphene on the surface can be simulated by setting the surface current density, as the
surface conductivity of graphene can be acquired from Kubo formula [26]–[28]:

σ (ω)gra =σ (ω)inter+σ (ω)intra = 2e2kBT
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Where σ (ω)inter and σ (ω)intra are the interband and intraband transition contributions of the
graphene, and kB, ћ, e represent the Boltzmann constant, reduced Plank constant, electron charge
respectively. ω is the angular frequency of the incident terahertz wave, Ef is the Fermi energy level
of graphene, τ is the electron-phonon relaxation time, and T represents the ambient temperature
of Kelvin. As the operating frequency of the proposed MA locates mainly in THz range and the
MA works at room temperature (T = 300K), the condition Ef �ћω and Ef �kBT is fulfilled.
Consequently, the Kubo formula can be simplified to a Drude-like equation [29]–[31]:

σ (ω)gra = e2Ef

π�2

i
(ω + i/τ )

(2)

Where the τ = μEf /(ev2 F), Ef is set to 0.5 eV, vf denotes the graphene Fermi velocity with the
value of 1 × 106m·s-1, and μ = 30000 cm2V-1S-1 is the media carrier mobility [32].

The absorptance spectrum of the proposed absorber under normal transverse electric (TE)
and transverse magnetic (TM) polarized incident wave is shown in Fig. 2(a). The resonant
frequencies of the absorber are identical under TE and TM polarized incident wave, with
the first absorption peak locating at 3.80 THz and the second absorption peak locating at
7.36 THz. To further investigate the emergence of dual absorption peak, we divide the original
shape of graphene into two individual parts and study their absorption properties respectively.
Fig. 2(b) shows the result of each individual part. Single resonant frequency of circle-shape
graphene locates at 6.50 THz, while the cross-shape graphene emerge with double resonant
frequencies at 2.48 THz and 6.84 THz. Besides, and both parts give identical resonant frequency
under TE and TM polarized incident wave. When these two individual parts merged, the circle part
enhances the absorption of the second resonant frequency of the cross part, simultaneously the
new structure resonate with new frequencies.
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Fig. 2. (a) The simulated absorptance spectra for the MA in Fig. 1 under normal TE and TM polarized
incident waves. (b) Absorptance spectra for individual parts under TE and TM incident waves.

Fig. 3. The absorption spectra of varied polarization angles.

Fig. 3 give further extension of the absorption variation when the polarization incidence angle
changes, and it illustrates that the proposed MA gives polarization-insensitive performance. As
the pattern of graphene on the top surface is centrosymmetric, the absorptance spectra remain
unchanged when the polarization angle of the incident wave alters.

To better illustrate how individual parts influence the absorption of the proposed structure and
why the proposed structure is polarization-insensitive, the electric field intensity distributions (|E|)
under TE and TM incidence are depicted in Fig. 4 at 3.80 THz and 7.36 THz, respectively. For the
first absorption peak at 3.80 THz under TE incidence, the localized surface plasmon resonance is
induced and mainly restricted surrounding the edge of horizontal rectangle graphene stirp as shown
in Fig. 4(a). While in Fig. 4(b), under TM incidence at 3.80 THz, the localized surface plasmon
resonance is mainly induced around the edge of vertical rectangle graphene strip. Fig. 4(c) and
(d) show the electric field intensity at 7.36 THz under TE and TM incidence, respectively. At 7.36
THz, the localized surface plasmon resonance is mostly concentrated at the edge of circle part
graphene strip, along with a little contribution from the edge of rectangle part. Comparing the
electric field intensity distributions under TE and TM incidence at 7.36 THz. Actually, the electric
field intensity distribution under TM incidence can be considered as the 90° rotation of distribution
under TE incidence. Thus, when the polarization angle of incident wave changes as Fig. 3 shown
, the electric field intensity distribution is actually the rotation of same angle, and it explains the
cause of polarization-insensitive performance.
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Fig. 4. (a–d) The electric field intensity distributions (|E|) of proposed MA from the top view of the unit
cell. At 3.80THz: (a) TE incidence (b) TM incidence. At 7.36 THz: (c) TE incidence (d) TM incidence.

Fig. 5. (a) Lateral view of the unit cell of MA. (b) The equivalent theoretical analysis model of MA. Gray
parts represent surrounding outer layers,while the light blue part stands for uniform layer simplified from
MA.

3. Theoretical Analysis
To give further explanation about the physical mechanism of the phenomenon, an inversion algo-
rithm is applied to extract the normalized impedance of the multiple-peak absorber. The proposed
MA can be regarded as a uniform layer with magnetoconductivity μ1 and permittivity ε1, and it’s
surrounded by outer layer, as shown in Fig. 5(b).

Considering the common working condition of the MA, the outer layer is set as air, with magne-
toconductivity μ0 and permittivity ε0. The THz incident wave which propagates along the Z-axis is
reckoned in the model. Therefore, the electromagnetic field strength in any conductive medium can
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be expressed as [33]: ⎧⎨
⎩

Ex = Ex0 · e− j kz

Ey = k
μω

· Ex0 · e− j kz (3)

We set the primary incident wave to be TM polarized, with amplitude Ex0 = 1. Consequently,
when TM wave propagates in layer 1, the electromagnetic field strength can be written as:{

Ex1 = e− j k1z + �1e jk1z

Ey1 = k1
ωμ0

e− j k1x − �1e jk1z (4)

Then the TM wave propagates through the interface of the layer 1 and layer 2, the electromag-
netic field strength in layer 2 can be written as:{

Ex2 = τ1e− j k2z + τ1�2e jk2z

Ey2 = k2
ωμ1

(
τ1e− j k2x − τ1�2e jk2z

) (5)

At last, when TM wave enters the layer 3, the electromagnetic field strength can be written as:{
Ex3 = τ1τ2e− j k3z

Ey3 = k3
ωμ0

τ1τ2e− j k3z (6)

Where k1 = k3 = k0 is the wave number in vacuum, k2 = nk0 is the wave number in the relative
medium. �1 and τ 1 represent the reflection and transmission coefficients respectively, between
layer 1 and layer 2. While �2 and τ2 stand for the reflection and transmission coefficients between
layer 2 and layer 3.

We set the interface of layer 1 and layer 2 to be the X-Y plane, that means Z = 0. According to
the boundary conditions encountered by the electromagnetic wave at the discontinuous interface
where Z = 0, we can obtain:{

Ex1 = Ex2

Ey1 = Ey2
⇒

{
1 + �1 = τ1 + τ1�2

k1 (1 − �1) = k2
μr

(τ1 − τ1�2)
(7)

And because the thickness of layer 2 is d, the Z coordinate of the interface between layer 2 and
layer 3 is d. Therefore, we get:{

Ex2 = Ex3

Ey2 = Ey3
⇒

{
τ1e− j k2d + τ1�2e jk2d = τ1τ2e− j k3d

k2
μr

(
τ1e− j k2d − τ1�2e jk2d

) = k3τ1τ2e− j k3d (8)

Taking all the conditions above into consideration, the scattering parameters can be expressed
as: ⎧⎪⎨

⎪⎩
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1
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Where �1 = (Z−1)/(Z + 1). Besides, S21 = 0 because we use gold as a full reflection plane in
the structure of MA. Basing on the selection of sign [34], [35], We finally obtain:

Z = ±
√√√√ (1 + S11)2 − S2

21

(1 − S11)2 − S2
21

= 1 + S11

1 − S11
(10)

To maximize the absorption of proposed MA, the reflection should be minimum. Which means,
the normalized impedance of proposed MA should be close enough to the impedance of free space.
Closer the real part of the normalized impedance to unity and the imaginary part to vanishing,
greater the absorptance of structure could be.

To give intuitive expression of the relation between the normalized impedance and absorptance,
the mathematical consequence of normalized impedance and simulation result of absorptance

Vol. 13, No. 3, June 2021 4800312



IEEE Photonics Journal Tunable Terahertz Perfect-Absorbers

Fig. 6. Normalized impedance obtained by inversion algorithm and absorptance curve.

Fig. 7. Variation of normalized impedance when Fermi energy level changes.

are both depicted in Fig. 6. Both resonant absorption peaks coincide at the frequency where the
real part of the normalized impedance approaches 1. The value of normalized impedance are
1.0892+0.1524j and 0.9359+0.1529j, at 3.80 THz and 7.36 THz respectively. The exploration
of normalized impedance is vital when optimize the structure of the MA and figure out potential
absorption peaks. The normalized impedance varies when the Fermi energy level of the graphene
changes, and use the relation between normalized impedance and absorption peaks, the resonant
frequency of absorption peak can be predicted with different values of Fermi energy levels.

As shown in Fig. 7, the resonant frequencies of real part and the imaginary part of normal-
ized impedance appear blue shifted when the Fermi energy level increasing, simultaneously the
maximum value of real part which corresponding to the second absorption peak raises rapidly.
Using the theoretical analysis we had proved above, two lines are drawn at where the real part
of normalized impedance values one and the image part values zero , to indicate the potential
locations of absorption peaks when the Fermi energy level varies. Therefore, we predict that the
resonant frequency of the absorption peak would also appear blue shifted when the Fermi energy
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Fig. 8. (a–c) The absortance spectra variation analysis by changing l, R and w, respectively. (d) The
absortance spectra variation analysis by changing incident angle. Only single parameter changes and
others are set as default.

level increases, and the altered frequencies are determined according to the theoretical analysis.
The prediction is confirmed in the next section with further explanation and more details.

4. Absorptance Variation Analysis
The resonant frequencies of dual absorption peaks can be changed by adjusting the geometric
parameters of graphene on the top surface of MA. The changed absorptance spectra are illustrated
in Fig. 8, with variation of geometric parameters and incident angle.

Fig. 8(a) shows the variation of absortance curve when l changes. As l increasing from 1.4 μm
to 1.8 μm, both two absorption peaks appears red-shifted, The first resonant frequency varies
from 4.54 THz to 3.24 THz, with the absorptance value floating from 0.756 to 0.993. While the
second resonant frequency changes slightly form 7.08 THz to 7.74 THz when l increasing, and
the absorptance value drops marginally from 0.999 to 0.943. However, the absorption peaks
change in a different way when R alters. As shown in Fig. 8(b), when R varying form 0.7 μm
to1.1 μm, the first resonant frequency appears blue-shifted while the second resonant frequency
appears red-shifted. Compare to Fig. 8(a), the variation of absorptance value mainly happens on
the second resonant frequency which floating from 0.840 to 0.993, while absorptance value of
the first resonant frequency changes a little. Fig. 8(c) shows the alteration of absorptance spectra
when the parameter w increasing. Both two resonant frequencies appears blue-shifted, but the
variation of second absorption peak is greater than the first absorption peak, while the absorptance
values are almost unchanged. From the electric field intensity distribution illustrated in Fig. 4 and
the exploration mentioned above, the relationship between geometric changing and absorptance
variation could be explained. The emergence of first absorption peak is mainly caused by the
cross part while the second absorption peak is caused by circle part. Thus, when the parameter
l of rectangle graphene strip’s length changes, the variation would mainly act on the absorption
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Fig. 9. (a) Fermi energy level variation analysis. (b) The carry mobility variation analysis.

peak corresponding to the rectangle part, which is the first absorption peak. However, because
the circle part has the function of enhancing another slight absorption peak caused by cross part,
it also influence the resonant frequency of cross part when the parameter R of circle graphene
part’s radius changes. As the value of R keeps raising, the cross part of graphene would finally
merge with circle part, and the whole structure remains a circle graphene pattern. From the view
of absorptance spectra, two absorption peaks would combine into single peak as R increasing.
The absorption spectra are depicted in Fig. 8 (d) when the angle of incident wave changes. The
proposed MA shows a wide incident angle tolerance, when the incident angle scanning form 0° to
70°, the absorption spectra is almost unchanged. As incident angle increasing from 70° to 90°, the
absorption peak gradually vanish.

Excepting for changing the geometric parameters, the absorption vary when the chemical poten-
tial of graphene alters as well. Fig. 9(a) depicts the variation of absorptance spectra when changing
the Fermi energy level of the graphene. In the previous section, we use the inversion algorithm
to analyse the normalized impedance and predicted that when Fermi energy level increases,
the resonant frequencies would perform blue-shifted. The simulation data coincide exactly with
the theoretical prediction, as the first resonant frequency varies from 3.64 THz to 3.94 THz while the
second varies from 7.06 THz to 7.65 THz. The absorptance spectra variation caused by changing
the carry mobility is shown in Fig. 9(b) as well. As the value of carry mobility μ increase from
10000 to 30000, absorptance value of two peaks both raise. But when μ increasing from 30000 to
50000, both absorption peaks starts to decline and the first peak dropping faster than the second
one. Thus, only when μ is around 30000 cm 2 V −1 S −1 does the proposed structure achieve
perfect absorption.

Moreover, we explore the reversely designed pattern of the graphene strip on the top surface
of proposed MA [36], and the structure is shown in Fig. 10(a) and (b). In comparison with original
structure shown in Fig. 1, now the entire top surface is covered with graphene, while the place
which used to cover with graphene strip is hollowed.

As shown in Fig. 11(a), the simulation result of the reversely designed pattern gives dual-band
absorption peak and polarization-insensitive performance which is similar to the characteristics of
original pattern. Simultaneously, two resonant frequencies give relatively high absorptance which
values of 0.997 at 4.57 THz and 0.954 at 7.90 THz respectively. Because the graphene placement
of reverse pattern differ from the initial proposed pattern, the resonant frequencies would certainly
display discrepancy between two structures.

The electric field intensity distributions (|E|) under TE and TM incidence are shown in Fig. 11 at
two absorption peaks respectively. As we obtain the regularity from Fig. 4 that the localized surface
plasmon resonance is mainly restricted surrounding the edge of graphene, it’s the same for the
reversely designed pattern. However, since the graphene becomes the reversely designed pattern,
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Fig. 10. (a–b) The reversely designed structure of the proposed MA. (a) The three-dimensional
structure of reversely designed structure. (b) The top view of the unit cell of the reversely designed
pattern. All the detail parameters are set as default.

Fig. 11. (a) Absorptance spectra of reversely designed pattern. (b–e) The electric field intensity
distributions of the reversely designed pattern from the top view of the unit cell. At 4.57THz: (a) TE
incidence (b) TM incidence; At 7.90 THz: (c) TE incidence (d) TM incidence.

the existence of graphene at the edge becomes inverse as well. Fig. 11(b) and (c) shows the first
absorption peak at 4.57 THz under TE and TM polarization incidence, respectively. Comparing
with Fig. 4, the hollow in the graphene of reversely designed pattern cause the discontinuity
in the electric field intensity distribution between bilateral graphene edges. Under TE incidence
at 4.57 THz, the localized surface plasmon resonance is almost equally distributed around the
vertical rectilinear edge and the curvy edge of graphene, as illustrated in Fig. 11(b). The electric
field intensity distribution under TM incidence can be acquired by rotating 90° from the figure of
TE incidence, and this peculiarity resemble the original structure. Fig. 11(d) and (e) depicts the
second absorption peak at 7.90 THz under TE and TM polarization incidence respectively, and the
localized surface plasmon resonance is restricted mainly at the intersection of rectilinear edge and
the curve edge. From the exploration about the proposed MA above, similar tunability on geometric
variation and Fermi energy level alteration can be ascertained. Thus, the resonant frequencies of
the reversely designed pattern can be precisely regulated to coincide the resonant frequencies of
original pattern, and Fig. 12 illustrates the result of adjustment. Although the frequency location
of absorption peaks is accurately corresponded, the value of absorptance would be partly sacri-
ficed due to the parameters’ variation. From Fig. 9(b) we know altering the carry mobility μ can
regulate the absorptance value without changing the frequencies location of absorption peaks. As
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Fig. 12. (a) The absorptance spectra of original pattern and adjusted reversely designed pattern. The
parameters of adjusted reverse pattern are E f = 0.45 eVand μ=23200 cm2/(V·s). (b) The absorptance
spectra of carry mobility variation under adjusted reverse pattern.

Fig. 12(b) depicts the absorptance spectra of carry mobility variation under the reverse pattern, two
absorption peaks present contrary changing tendency when μ increasing. Therefore, the adjusted
reverse pattern couldn’t reach perfect absorption at both absorption peaks. To let the trend of
spectra under the regulated structure close to the original pattern, we chose the appropriate μ to
make the absorptance value of two peaks close.

5. Conclusion
In summary, the graphene-based tunable dual-band terahertz metamaterial modulator with perfect
absorption has be demonstrated. The absorpatance spectra shows polarization-insensitive perfor-
mance and wide incident angle tolerance. Two absorption peaks can be adjusted to the expected
frequencies by altering the geometric parameters and chemical potential of the graphene. The
inversion algorithm is carried out to explore the physical mechanism of two absorption peaks
by computing the normalized impedance, and further relation between normalized impedance
and absorption peak is used to predict the variation of resonant frequency when the Fermi
energy level changes. Moreover, we give the reversely designed pattern of the graphene structure,
finding the same polarization-insensitive performance and dual absorption peaks, with relatively
high absorptance value but shifted resonant frequencies. Similar features of absorptance spectra
variation by changing geometric parameters and chemical potential are unveiled, which give us the
access to regulating the resonant frequencies of original pattern and reversely designed pattern co-
incided. Therefore, this work provides useful solution and perspective in tunable high-performance
multi-band terahertz absorber design.
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