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A tunable metamaterial absorber (MA) with dual-broadband and high absorption properties at terahertz (THz) fre-
quencies is designed in this work. The MA consists of a periodic array of flower-like monolayer graphene patterns at top,
a SiO, dielectric spacer in middle, and a gold ground plane at the bottom. The simulation results demonstrate that the
designed MA has two wide absorption bands with an absorption of over 90% in frequency ranges of 0.68 THz-1.63 THz
and 3.34 THz—4.08 THz, and the corresponding relative bandwidths reach 82.3% and 20%, respectively. The peak absorp-
tivity of the absorber can be dynamically controlled from less than 10% to nearly 100% by adjusting the graphene chemical
potential from 0 eV to 0.9 eV. Furthermore, the designed absorber is polarization-insensitive and has good robustness to
incident angles. Such a high-performance MA has broad application prospects in THz imaging, modulating, filtering, etc.

Keywords: metamaterial, graphene, absorber, terahertz

PACS: 61.48.Gh, 42.50.Gy, 42.25.Bs, 78.67.Pt

1. Introduction

Metamaterials are comprised of periodically or non-
periodically arranged artificial subwavelength structures and
exhibit the remarkable physical properties not observed in
nature, such as high refractive index and negative refractive
index.!:?] These properties have been utilized to achieve some
new functions, like superlensing,*# invisibility cloaking,!>-S!
and perfect absorption.!”-8! In recent years, more and more at-
tention has been paid to metamaterial-based perfect absorbers
since they not only possess the advantages of high absorption,
design flexibility, and thin thickness, but also have promis-
ing application prospects in thermal emitters,®! sensors,!1%!1]
stealth technology,!'”) and images.!"3! Since Landy et al.
first proposed and experimentally demonstrated a perfect mi-
crowave MA composed of a metal split-ring resonator and a

H4] various kinds

metal wire separated by a dielectric spacer,
of MAs have been proposed to obtain single-band, dual-band,
multiband, and broadband perfect light absorptions, and their
working frequency ranges have been moved from initial mi-

[7-16] However,

crowave to infrared, THz, and visible regions.
these MAs are constructed mainly by using metallic metama-
terial structures; consequently, their absorption properties are
difficult to tune, which leads to a lack of flexibility.

Graphene, as a new kind of two-dimensional (2D) nano-

material composed of a monolayer carbon atom densely ar-

DOI: 10.1088/1674-1056/ac0794

ranged in a honeycomb crystal lattice,!!'”) is considered to be
the one of the most promising materials due to its unique and
intriguing physical properties. For instance, the electrical con-
ductivity of graphene can be dynamically tuned by adjust-
ing its chemical potential via external gate voltage or chemi-

18,191 Recently, many tunable MAs with structured

cal doping.!
and nonstructured graphene have been presented.?*->’ How-
ever, most of them still exhibit narrow absorption bandwidth,
which greatly hinders their practical applications in some
fields, such as stealth technology. To increase the absorption
bandwidth, several design approaches have been proposed, in-
cluding coplanar multiple structured graphene patterns in one-

[28-33] stacked multilayer graphene patterns,340]

unit cell,
and hybrid graphene-metal or dielectric patterns.*1-5% Al-
though these approaches can solve the above problems, they
still have some shortcomings, such as complicated fabrication
processes, complex structures.

In this work, we present a tunable dual-broadband meta-
material absorber based on a simple monolayer graphene pat-
tern in the THz region. Compared with the above-mentioned
graphene-based broadband MAs, our proposed MA possesses
the characteristics of dual-band, broadband, and simple geo-
metric structure besides the polarization-insensitive and wide-
angle high absorption. The simulated results indicate that the

proposed MA has two wide absorption bands, i.e., 0.68 THz—
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1.63 THz and 3.34 THz—4.08 THz in which bands both ab-
sorptions reach over 90%, and the corresponding relative
bandwidths are 82.3% and 20%, respectively. Additionally,
the peak absorptivity of the proposed MA can be changed by
tuning the chemical potential of graphene. The impedance
matching theory is employed to understand the physical ori-
gin of the proposed MA. The electrical field, magnetic field,
and surface current distributions are also presented to further
understand the physical origin of this absorber. Finally, the in-
fluences of geometric parameters and incident angles on its
absorption performance are also studied. Our results may
provide an alternative way to achieve dual-broadband tunable
metamaterial devices in THz or other frequency ranges.

2. Methods

Figure 1 displays a schematic diagram of one unit cell of
the array of the proposed MA, which consists of a single-layer
flower-like graphene pattern and an ultra-thin metallic ground
film, separated by a loss-free SiO, dielectric layer with a thick-
ness of = 32 um and a relative permittivity of &€ = 3.9.1%]
The flower-like graphene pattern is composed of four iden-
tical elliptical disks, which is also a 45° rotating cross-like.
The major axis length of the elliptical disk is [ = 19.5 um,
and the minor axis length is m = 9.25 pm. The period of
the unit cell is p = 30 um. The bottom metallic plane is of
gold, and has a thickness of d = 0.5 pm and an electrical con-
ductivity of ¢ = 4.09 x 107 S/m.[?! The surface conductivity
(og) of graphene can be gained from the well-known Kubo
formula>!]

ieszT U,
- € 4 9In(e Me/kBT 4
Oe(®) nh(w+it!) {kBT-i_ n(e +1)

e [zw —ﬁ(wﬂ’f‘l)} |
2 || +h(w+it 1)

4rh
where e is the electron charge, T is the temperature, @ is the ra-

6]

dian frequency, and 7 is the electron—phonon relaxation time.
And kg, %, and y. are the Boltzmann constant, the reduced
Planck constant (i = h/2x), and the chemical potential, re-
spectively. According to Eq. (1), the surface conductivity (o)
of graphene can be tuned by changing the chemical poten-
tial .. And the chemical potential y. can be dynamically
controlled by the ion-gel top gating method®! as shown in
Fig. 1(b).

The optical properties of the proposed MA are investi-
gated numerically by using the frequency domain solver in
CST Microwave Studio, where the unit cell boundary condi-
tion is arranged in the x and y directions of the unit cell under
the open boundary condition in the z direction. The single-
layer graphene sheet is modelled as an equivalent 2D sur-

face impedance layer with Z, = 1/0, and zero thickness.!3*-3!]

Throughout this paper, the temperature (7") and the electron—
phonon relaxation time (7) are set to be 300 K and 0.13 ps, re-
spectively. The chemical potential (i) is initially assumed to
be 0.9 eV. The absorption A(®) of the proposed MA is calcu-
lated from A(@) = 1 —R(®) — T (o), where R(®) = |S;1 (@)|?
and T(w) = |S1(®)|? are the reflection and transmission, re-
spectively, Si; (@) and Sy (@) are the frequency-dependent S-
parameters, which can be obtained by the CST Microwave
Studio simulation. The transmission T (@) can be ignored
since the gold ground film is so thick that it interrupts the
transmitted THz wave. In practice, a single-layer and larger-
area graphene film can be grown by using an optimized liquid-
precursor chemical vapor deposition method, and the flower-
like pattern can be fabricated by electron beam lithography and
oxygen plasma etching.[>?]

— P
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(b)

Il graphene
B sio,
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Fig. 1. Schematic diagram of (a) unit cell of proposed MA and (b) top-gate
structure tuning graphene chemical potential.

3. Results and discussion

The calculated absorption, transmission and reflection
spectra of the proposed MA under normal incidence for both
TE (the electric field is parallel to the x axis) mode and TM
(the electric field is parallel to the y axis) mode as displayed
in Fig. 2(a). The transmission is nearly zero. The absorp-
tion spectra for TE mode and TM mode are the same. It is
clear that the proposed MA has four perfect absorption peaks
at 0.80 (f1), 1.47 (f2), 3.58 (f3), and 3.87 THz (f4) with ab-
sorption rates of 98.68%, 96.51%, 97.78%, and 97.94%, re-
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spectively. The four absorption peaks together construct two
broad absorption bands. The relative bandwidths of the two
bands over 90% absorption rate are about 82.3% and 20% in
the frequency ranges of 0.68 THz—1.63 THz and 3.34 THz—
4.08 THz with central frequencies of 1.155 THz and 3.71 THz,
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@ T(TM)
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respectively.*?] Figure 2(b) shows the color map of the ab-
sorption spectra with the polarization angle ¢ increasing 0° to
90°.
cellent polarization-independent property due to the fourfold

It can be seen that the proposed MA possesses an ex-

rotational symmetry of the designed structure.
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Fig. 2. (a) Transmission, reflection, and absorption spectra of proposed MA. (b) Absorption of proposed MA versus frequency and polarization angle
@. Absorption spectra of proposed MA with different losses from (c) dielectric spacer and (d) metallic ground plan.

Next, we investigate the influences of the loss from the di-
electric spacer and the metallic ground plane on the absorption
spectra of the proposed MA. As shown in Fig. 2(c), we can see
that when increasing the dielectric loss tangent (tand) from
0 to 0.02, the absorption spectra remain almost unchanged.
The magnitude change of the electrical conductivity from the
metallic ground plane also does not influence the absorption
spectra, as shown in Fig. 2(d). These results indicate that the
energy of incident THz radiation is almost dissipated in the
structured graphene layer, and thus having more choices for
dielectric and metal materials.

The physical mechanism of the dual-broadband perfect
absorption can be interpreted by the impedance matching the-

ory. According to the impedance matching theory, the effec-
tive impedance (Z) of the proposed MA can be calculated by
the expression >3]

. \/<1+s“<w>>2—s21<w>2 o

(1+5811(@))? + S21 ()

where Si;(w) and S;;(®) are respectively the complex-
amplitude reflection and transmission coefficients when THz
wave is normally incident on the proposed MA. Figure 3
shows the real part and imaginary part of the effective
impedance Z. It is obvious that the real part is close to 1 and
the imaginary part approaches to zero in the frequency ranges
of 0.68 THz-1.63 THz and 3.34 THz—4.08 THz. It means that

126101-3



Chin. Phys. B Vol. 30, No. 12 (2021) 126101

the impedance between the proposed MA and the free space
nearly matches with each other. Therefore, a dual-broadband
absorber with high absorption is achieved due to the low re-
flection and nearly zero transmission of the proposed MA in
these two frequency ranges.

To gain an insight into the physical origin of the dual-
broadband absorption, the electric field (|E|) distributions on
the x—y plane at four near-perfect absorption peaks for TE
mode are plotted in Figs. 4(a)-4(d). For modes f; and f5,
the strong electric fields are assembled mainly at the upper
end and lower end of the graphene pattern (along the x-axis
direction): a small fraction on the left side and right side of
the graphene pattern (see Figs. 4(a) and 4(b)). In contrast,
the strong electric fields in modes f3 and f4 are concentrated
mainly on the edges except for the ends of the graphene pat-
tern (see Figs. 4(c) and 4(d)). The total absorption of the elec-
tromagnetic energy inside graphene can be evaluated by the
following equation:

A(w) = og” /S |E|*dsS, 3)

where ® is the angular frequency, €” is the imaginary part
of the graphene permittivity, E is the electric field inside

graphene, and S is the surface area of the graphene.[*! Ac-
cording to Eq. (3), one can see that the electromagnetic energy
loss is mainly dissipated in the graphene layer, further imply-
ing that the proposed graphene structure plays an important
role in enhancing absorption.

3 T 1.0
s Col —0.8
: B l’ :
E , Dol :
g 1 N A L e R i EEIE B
' —0.6 3
g Al BN ' e
RN/ AR T
% B ' / \\ ) —0.4 é
g -1 A |
— ' ’ —
2 T L
_ ol ——absorption ! A —0.2
—Re(Z2) )
-/ ----Im(Z) e 7]
- | | | | | | | |
3 1 2 3 4 v

Frequency (THz)

Fig. 3. Curves of effective impedance (Z) of proposed MA, with blue solid
line and blue dash line representing Re (Z) and Im (Z), respectively, and red
dash line referring to absorption spectrum which is presented for contrast.

Fig. 4. Distributions of [(a)—~(d)] electric field (|E|), [(al)—~(d1)] z-component electric field (E;), and [(a2)—(d2)] surface current for proposed MA at

absorption peak frequencies of [(a)-(a2)] 0.80 THz, [(b)—(b2)] 1.47 THz

Furthermore, the z-component electric field (E;) and sur-
face current distributions at these absorption peak frequen-
cies are provided as shown in Figs. 4(al)-4(d1l) and 4(a2)-
4(d2), respectively. The distribution of E, in mode f; is

, [(c)—(c2)] 3.58 THz, and [(d)—(d2)] 3.87 THz, respectively.

similar to that of |E| in Fig. 4(a). Opposite charges gather
mainly on the upper and lower end of the graphene pattern
(see Fig. 4(al)), indicating excitation of loop current in the
surface of the graphene pattern. It can be seen from Fig. 4(a2)
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that the surface current flows from upper end to lower end
along the major axis direction of the elliptical disk. Thus, this
kind of resonance mode is attributed to LC resonance of the
graphene pattern. Unlike the mode f;, the opposite charges
in mode f, concentrate mainly on the upper and lower half
of the graphene pattern (see Fig. 4(b1)). The surface current
flows from upper elliptical disk to lower one on the same side
of the graphene pattern (see Figs. 4(b2)). It indicates that the
mode f> is due to dipole resonance of the graphene pattern.
For mode f3, its E; distribution is also similar to that of |E| in
Fig. 4(cl). The surface charges are accumulated on the edges
except for the ends of the graphene pattern. Thus, this kind
of resonance mode also originates from dipole response of the
graphene pattern. Similarly, for mode fz, its E (see Fig. 4(d1))
is also similar to that of the mode f3 in Fig. 4(c1). Thus, mode
fa is also attributed to the dipole response of the graphene pat-
tern. From Figs. 4(c2) and 4(d2), it can be seen that the surface
current flows along the major-axis direction of elliptical disk
for mode f3, but it flows along the minor-axis direction for
mode f4. It means that the effective length of mode f3 is larger
than that of mode f, so the resonance frequency of mode f3
is lower than that of mode f;.

Additionally, from the magnetic field distributions of the
y—z plane (x = 0) at the four absorption peak frequencies, the
physical mechanism of the dual-broadband absorption can be
understood as shown in Fig. 5. From Figs. 5(a)-5(d), one sees
that the magnetic field is distributed in the loss-free SiO, di-
electric layer. The magnetic field distribution strongly attests

1541 Also, one can see

to the existence of the magnetic dipole.
from Fig. 5(a) that strong magnetic field assembles on the left
gap and the right gap of the graphene pattern, which further
confirms that the mode f; is due to the LC resonance.>> From
the above analysis, we can see that the combination of LC,
dipole, and magnetic responses can produce dual-broadband
perfect absorption. Although the conclusion is discussed un-
der TE mode, a similar situation appears at TM mode and the
physical origin of dual-broadband absorption is precisely the
same.

v

z

'@'@'-
—— — d dlo

Fig. 5. Distributions of magnetic field on y—z plane (x = 0) for proposed MA
at absorption peak frequencies of (a) 0.80 THz, (b) 1.47 THz, (c) 3.58 THz,
and (d) 3.87 THz respectively.

To further understand the physical origin of the proposed
MA, we discuss the influence of geometric parameters on ab-
sorption spectra. Figures 6(a) and 6(b) show the absorption

spectra of the proposed MA with different lengths of major
axis (/) and minor axis (m) of the elliptical graphene disk, re-
spectively. As shown in Fig. 6(a), as [ increases from 15.5 um
to 19.5 um, the resonance frequencies of the first absorption
band decrease to different degrees and the absorptivity of the
first absorption band is also sensitive to the change of the /,
while the frequency and absorption of the second absorption
band have only a slight change, for which the reason is that
the electric field of the first absorption band is more sensitive
to the / than that of the second absorption band. For minor axis
length m varying from 9.25 pm to 6.25 pm, it can be found
from Fig. 6(b) that the resonance frequency of the first absorp-
tion band has an opposite change trend with the decrease of
m, while the absorptivity of the first absorption band is insen-
sitive to the change of m. However, for the second absorption
band, the absorptivity decreases sharply, and it becomes a nar-
row absorption band since the mode f1 gradually disappears
with the decrease of m, fow which the reason is that the elec-
tric fields of the second absorption band accumulate mainly on
the both sides of the elliptical graphene disk (along the minor
axis direction); its absorption is sensitive to the change of m.
Figure 6(c) shows the influence of period (p) on the absorp-
tion spectrum. It can be seen from Fig. 6(c) that when the p
increases from 30 um to 38 pwm, the bandwidths of the two ab-
sorption bands decrease but the peak absorptivities increase.
That is because the changes of the p can influence the interac-
tion with adjacent cells. From Fig. 6(d), it is found that when
the thickness of dielectric layer (¢) increases from 30 pum to
34 pm, the two absorption bands are red-shifted and the peak
absorptivities change to different degrees since the change of
the ¢ influences the relative impedance of the absorber. And
it indicates that the ¢ designed as 32 um is better to achieve
broadband high absorption performance for the whole struc-
ture. These results demonstrate that the geometric parameters
of the proposed graphene structure directly determine the fre-
quency and absorptivity of the proposed MA to a certain ex-
tent. However, the two broad absorption bands always remain
over 90% as the geometric parameters are varied in a certain
range. According to the discussion above, we can conclude
that our dual-broadband absorber has high fabrication toler-
ance.

The effect of chemical potential . on absorption spectra
is shown in Fig. 7. When the chemical potential ({i.) increases
from 0 eV to 0.9 eV, the peak absorptivity can be turned from
27.78% to nearly 100% for the first absorption band, and from
7.67% to nearly 100% for the second absorption band. Fur-
thermore, the tunable absorption characteristics of the pro-
posed MA are the same under the TE mode and TM mode.
Therefore, the proposed MA has broad application prospects
in dynamic modulators, switchers and other THz components.
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Fig. 6. Dependence of absorption spectra of proposed MA on (a) major axis length / , (b) minor axis length m of the elliptical graphene disk, (c) period

p, and (d) thickness of SiO, dielectric layer ¢.
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Fig. 7. Absorption spectra and colormap with chemical potential ranging from 0 eV to 0.9 eV for (a) TE mode and TM (b) mode under normal incidence,

respectively.

The wide-angle characteristic is very important for prac-
tical applications of absorbers, and the absorption should be
as robust as possible over a wide range of incident angles. To
investigate the angle dependence of the absorber, the depen-
dence of the absorption spectra on the incident angle (6) for
TE mode and TM mode are shown in Fig. 8. It is clear that the
absorber shows a prominent absorption performance with rel-

atively stable absorption and bandwidth over a wide range of

incident angle for the TE mode and the TM mode. For the first
absorption band, the absorption is over 80% in a frequency
range of 0.71 THz-1.70 THz even at 40° for TE mode and
at 60° for TM mode, respectively. For the second absorption
band, the absorption remains over 80% in a frequency range
of 3.48 THz—4.16 THz until the incident angle increases up
to 40° for TE mode and to 50° for TM mode. It implies that

the proposed MA shows a good absorption performance with
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a wide incident angles for the TE mode and the TM mode.
Now, we come to evaluate the performance of the pro-
posed MA and compare it with other recent published broad-
band THz absorbers (see Table 1). Compared with the given
graphene-based broadband MAs, our presented MA has at
least two merits: one of them is that our absorber is not
only simple in design, but also avoids some disadvantages,
such as large unit size, complicated geometric structure and
fabrication process, and the other is that the relative band-
width of the first absorption band is 82.3% with an absorp-
tion over 90%, which is even larger than those with sin-

(a) 80 1.0
0.8
60
0.6
40
0.4
20
0.2
0 0

Frequency (THz

Incident angle (°)

gle broadband structures [>931:33:37:39:42:441 anqd dual broadband
structure. ’®l Comparing with the second absorption band of
the dual-broadband graphene-based MA,*3-%1 our proposed
structure also exhibits good absorption performance includ-
ing relative absorption bandwidth (over 90% absorption) and
peak absorption rate. Compared with the broadband THz ab-
sorbers based on vertically aligned carbon nanotubes and 3D
MXene,[57’581 our absorber has a relative narrow bandwidth,
but it has an ultrathin thickness which is conducive to the de-

velopment of miniaturized and integrated THz devices.

by 80 1.0
‘ 0.8
0.6
_ 0.4
0.2

1 2 3 4 0

Frequency (THz)

Incident angle (°)

Fig. 8. Absorption of proposed MA with incident angle 6 ranging from 0° to 80° for (a) TE mode and (b) TM modes (. = 0.9 eV).

Table 1. Comparison of proposed absorber with published broadband THz absorbers..

References Type Absorption (%) Relative bandwidth (%) Structure
[28] broad >90 84.5 coplanar multiple substructures
[29] broad >90 333 coplanar multiple substructures
[30] broad >90 90.5 coplanar multiple substructures
[31] broad >90 81.44 coplanar multiple substructures
[32] broad >90 90.32 coplanar multiple substructures
[33] broad >90 79.2 coplanar multiple substructures
[34] broad >90 84.6 multi-layer structures
[35] broad >90 140 multi-layer structures
[37] broad >90 254 multi-layer structures
[38] broad >90 88.88 multi-layer structures
[39] broad >90 124 multi-layer structures
[42] broad >90 65.8 hybrid graphene-metal structure
[43] dual broad >80 97.8, 31 hybrid graphene-dielectric structure
[44] broad >90 66.7 hybrid graphene-metal structure
[45] broad >90 61 hybrid graphenesemimetal structure
[56] dual broad >95 31.2,10.5 an asymmetric structure
[57] broad >90 187.1 vertically aligned carbon nanotubes
[58] broad >90 163.63 3D MXene/GO foam

This work dual broad >90 82.3, 20 a symmetric structure

4. Conclusion

In this work, a simple graphene pattern is proposed to
realize a tunable THz MA with dual-broadband and high ab-
sorption. It consists of a flower-like graphene pattern array and

a gold ground plane separated by a thin SiO, dielectric spacer.

Simulation results show that the two relative bandwidths with
over 90% absorption are 82.3% and 20% in the frequency
ranges of 0.68 THz—1.63 THz and 3.34 THz—4.08 THz, re-
spectively. By modifying the chemical potential of graphene,
the peak absorptivity can be turned from 27.78% to nearly

126101-7
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100% for the first absorption band, and from 7.67% to nearly

100% for the second absorption band. Furthermore, the pro-

posed MA is insensitive to polarization angle and maintains

stable absorption performance well for the TE mode and the

TM mode over a wide range of incident angles. The proposed

MA may serve as a potential candidate in THz modulators and

detectors, etc.
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