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Abstract: A polarization-insensitive broadband terahertz absorber based on single-layer graphene
metasurface has been designed and simulated, in which the graphene metasurface is composed
of isolated circular patches. After simulation and optimization, the absorption bandwidth of this
absorber with more than 90% absorptance is up to 2 THz. The simulation results demonstrate
that the broadband absorption can be achieved by combining the localized surface plasmon (LSP)
resonances on the graphene patches and the resonances caused by the coupling between them. The
absorption bandwidth can be changed by changing the chemical potential of graphene and the
structural parameters. Due to the symmetrical configuration, the proposed absorber is completely
insensitive to polarization and have the characteristics of wide angle oblique incidence that they
can achieve broadband absorption with 70% absorptance in the range of incident angle from 0° to
50° for both TE and TM polarized waves. The flexible and simple design, polarization insensitive,
wide-angle incident, broadband and high absorption properties make it possible for our proposed
absorber to have promising applications in terahertz detection, imaging and cloaking objects.
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1. Introduction

Terahertz (THz) [1] wave usually refers to the electromagnetic wave in the frequency
range of 0.1-10 THz (wavelength of 3 mm to 30 um). The THz band is located between the
microwave and infrared regions in the electromagnetic spectrum, it has been historically
known as the “THz gap” due to the lack of efficient emitters and receivers operating in this
regime at ambient temperature. However, a series of recent breakthroughs have helped
to bridge this gap [2,3], to the point that nowadays it is a field of intense and multidis-
ciplinary research with many applications coming into reality in numerous sectors, like
chemistry, biomedicine, astronomy, national defense, security inspection, remote sensing
and wireless communications [4-9]. The focus on this spectrally rich region is attributed
to the highly coherent and non-ionizing nature of THz radiation, wide unallocated fre-
quency bands, distinctive wavelengths and their penetration through a significant depth
of dielectric materials. To fully exploit the potential of THz wave, THz devices that can
efficiently manipulate the phase, amplitude and polarization of THz waves are required
for the above-mentioned myriad of applications. Therefore, THz devices such as splitters,
filters, absorbers, modulators, encoders, switches, polarizers and lens have been studied
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intensively in the THz regime [10-13]. In recent decades, a considerable effort has been
made to develop THz devices using metasurfaces, which have attracted much attention
because of their special physical properties and important applications in electromagnetic
wave manipulation. Along with the urgent need for practical applications, this research
field will be further developed in depth in the future.

The study of THz absorbers is critical to realize many potential THz applications,
including imaging, detection and stealth technology [14-16]. The mechanism of the ab-
sorber is to reduce the reflection and transmission of the incident wave as much as possible,
and the electromagnetic energy is dissipated mainly in the form of electric loss and mag-
netic loss. Researchers have done a number of work on the absorbers, especially the
metamaterial-based THz absorbers. The first perfect absorber based on metamaterial was
proposed by Landy et al. [17] in 2008, which consists of a sandwich structure of metal
resonant ring, dielectric substrate and metal wire and can achieve perfect absorption in
specific frequencies based on LC resonance of the resonant ring. After that, Hou-Tong
Chen [18] proposed a perfect THz absorber with sandwich structure, but the bottom layer
replaced the metal wire with a whole metal plate, which could nearly perfectly reflect
electromagnetic waves, so now the similar three-layer absorbers employ the metal plate
directly. In addition, metal square rings, circular split rings and composite metamaterials
structures are presented to attain double narrow band, multi narrow band and broadband
absorption, and rotational symmetry structures are proposed to achieve polarization in-
dependent characteristic [19-25]. However, the traditional absorbers are made of metal
materials that have no tunable flexibility, which limits the practical applications of the
devices. Considering different systems and device flexibility, it is very necessary to de-
velop tunable THz devices. In recent decades, a considerable effort has been made to
develop tunable THz devices using different materials. Combining metasurfaces with
doped semiconductors to achieve electric control of THz wave transmissions is one of
the earliest methods to construct THz devices [26]. Then, photoinduced THz devices
based on metasurface-bulk semiconductor hybrid structure with phase modulation was
developed [27]. Later, the tunable characteristics of phase transition materials such as
VO; films and organic ferroelectrics were applied to thermally and optically control THz
devices [28,29]. Furthermore, graphene and other two-dimensional materials were applied
in tunable THz devices [30,31].

Graphene, a two-dimensional honeycomb material [32], composed of a single layer of
tightly packing carbon atoms, which can support surface plasmons in the mid-infrared and
THz bands [33,34]. Combining with its excellent mechanical and electromagnetic tunable
properties, graphene has become one of the most promising materials for tunable THz
absorbers. The conductivity and carrier mobility of graphene can be dynamically adjusted
by chemical doping or electrostatic doping [35,36], so as to realize the dynamic tunability of
the absorption frequency. Based on this fact, the THz absorption in graphene sheet has been
widely studied both theoretically and experimentally [37,38]. However, from the results
in the literature, it is very difficult to achieve more than 90% absorptance in a broadband
with unpatterned graphene. At present, a variety of types of THz absorbers based on
graphene periodic patterns have been demonstrated, such as graphene disks, ribbons, cross
shaped, circular splitting rings, square loops, fishnets, anti-dots and other structures have
realized the perfect absorption of THz waves [39-47]. Furthermore, in order to achieve the
effect of broadband absorption, absorbers composed of metasurface with hybrid patterned
graphene have been proposed. For example, Y. Li et al. [48] proposed an absorber with
graphene rings and disks in periodically staggered arrangement, which provides a good
reference for broadband absorber design. L. Ye et al. [49] proposed an absorber with electric-
connected hybrid square/disk/loop patterned graphene metasurface. These absorbers are
all based on single-layered graphene arrays, which can be easily fabricated by the chemical
vapor deposition (CVD) and lithography techniques [50,51]. However, considering the
influence of fabrication accuracy caused by complex patterns, it is recommended to use
simple structures in graphene absorber design. Besides, multilayer graphene structures
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have been proposed to acquire better capacity, Rishi Mishra et al. [52] designed a hybrid,
tunable multilayered THz absorber integrating with cascaded graphene frequency selective
surfaces (FSSs) and dielectric layers, which has extremely high absorptance over a wide
frequency range, but the manufacturing process of these multilayer structures is difficult.
Based on the existing research results, in this paper we proposed a broadband THz
absorber with simpler structure and more convenient fabrication. It uses the sandwich
structure mentioned above and only relies on the metasurface of single-layer circular
graphene patches to obtain broadband absorption, and the maximum bandwidth of 90%
absorptance can reach 2 THz. Furthermore, the proposed absorber is insensitive to polar-
ization and has weak dependence on incident angle. It still has high bandwidth absorption
for wide range of incident angle under TE and TM polarized wave incidence conditions.
First, the structural design and theoretical analysis of the proposed absorber are intro-
duced in this paper. Next, COMSOL Multiphysics software is used for modeling and
numerical simulation. The principle of broadband absorption is analyzed by electric field
distributions, and the polarization insensitivity of the absorber is verified. Meanwhile,
the broadband absorption of the absorber is explained by impedance matching according
to the effective medium theory. Then, the influence of structural parameters and chemical
potential on the absorption properties are further studied, so as to obtain the optimized
structural parameters. Finally, the effects of different incident angles on the absorption
sensitivity under TE and TM polarized waves incidence are studied and discussed.

2. Design of Structure

The proposed broadband THz absorber is based on isolated circular graphene patches
with different radii in periodically staggered arrangement, and its three-dimensional
structure is illustrated in Figure 1a. The absorber is a three-layer structure consisting
of circular graphene patches at the top, the middle dielectric substrate and a grounded
metal plate at the bottom. Figure 1b shows the top view of one unit cell, showing that the
graphene patches on the top layer has two radii, 7; and r,, respectively, and the period of
the unit cell is p. The dielectric substrate is polyethylene cyclic olefifin copolymer Topas
with a relative permittivity of 2.35 and thickness of d.

(@) ®

Y
< ~

£ Unit Cell >

Figure 1. (a) The three-dimensional structure schematic diagram of the proposed absorber, it is based
on isolated circular graphene patches with different radii in periodically staggered arrangement.
(b) The top view of one unit cell. d is the substrate thickness, r; and r; are the radii of the patches
with two sizes, and p represents the period of the unit cell.

As a two-dimensional planar material, graphene can be characterized by surface
conductivity. The surface conductivity ¢ of graphene is composed of two parts: the conduc-
tivity Ointra contributed by the electron photon scattering in the band and the conductivity
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Tinter contributed by the interband transition of carriers, and it can be expressed by Kubo
formula when the magnetic field is neglected [53,54],
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where f;(&, e, T) = (3(5”“)/ kT 4 1) is the Fermi-Dirac distribution, w is the angular

frequency, I' is the scattering rate, and I' = (2T)7l (7 is the electron relaxation time), ¢ is
the electron kinetic energy, . is the chemical potential, kp is the Boltzmann constant, T
is the absolute temperature, e is the electron charge and 7 is the reduced Planck constant.
The analytical solution of intraband conductivity of graphene can be obtained by calculating
the integral on the right side of Equation (1),
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In the low THz frequency band and at room temperature, the interband conduc-
tivity is far less than the intraband conductivity, so the graphene conductivity ¢ can be
approximately expressed as
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It can be seen from the above formula that the conductivity of graphene depends on
the frequency, scattering rate, temperature and chemical potential. The chemical potential
depends on the carrier density and can be controlled by gate voltage, electric field, magnetic
field and/or chemical doping [55].

In this study, COMSOL Multiphysics software was used to carry out the numerical
simulations to verify the performance of the device. The frequency domain solver is used
in the simulation, the boundary of x and y directions is set as periodic boundary and the
port perpendicular to z direction is set as Floquet port. Because the thickness of graphene
is only 0.35 nm, the amount of mesh computing is heavy and the calculation speed is very
slow, graphene is modeled as a surface current boundary with the thickness of 0 to improve
the simulation efficiency. Then, the surface current density of graphene can be expressed
by its surface conductivity: | = ¢ * E. We set the ambient temperature at 300 K, the value of
T and y. as 0.1 ps [56,57] and 0.75 eV, respectively, and dimensional parameters of design
are as follows: p =40 um, d = 21 pum, ry = 13 pm, rp = 10 pm. According to the previous
analysis, it is known that the bottom metal plate acts as a perfect reflective layer in the
structure. In simulation, the metal plate is equivalent to the ideal conductor boundary,
but in actual processing, its thickness is greater than the skin depth of the THz wave in
order to fully reflect the incident wave. The absorptance of an absorber can be expressed as
A =1— T —R, where T = |S,|? represents the transmittance and R = |Sy;|? represents
the reflectance. Due to the bottom metal can close to perfectly reflect the incident wave,
that is, T =~ 0, therefore, the absorptance of the device can be expressed as A = 1 — R.
Obviously, the performance of the device is only determined by the reflection coefficient,
so it is necessary to reduce the reflection to improve the absorptance. We assume that the
incident plane electromagnetic wave propagates along the z direction and the electric field
vector is in the x direction.
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3. Results and Discussion

To study the broadband absorption properties of THz, three different graphene pat-
terns were simulated, including a graphene circular patch located only at the center of
square unit cell (larger disk array), quarter of graphene circular patches located at the
four vertices of square unit cell (smaller disk array) and the structure proposed in this
paper combined the above two (hybrid disk array). Their absorptances are compared as
shown in Figure 2. The simulation results show that the smaller disk array presents a single
narrower absorption band with a peak at ~2.45 THz, while the larger disk array presents a
broader absorption band with relatively higher absorptance. They provide 90% absorption
bandwidth of 0.62 THz and 1.4 THz, respectively, with the corresponding frequency ranges
from 2.15 THz to 2.77 THz and from 1.43 THz to 2.87 THz. By combining these two struc-
tures, the 90% absorption bandwidth can be significantly increased to 2 THz, ranging from
1.34 THz to 3.36 THz. There are two absorption peaks at 1.55 THz and 3.0 THz, both have
absorptance above 99%. For the hybrid disk array, although the absorptance at the center
frequency (about 2.3 THz) decreases slightly, the absorption bandwidth is greatly increased
and the overall absorption is still considerable, so this sacrifice is worth the effort.

= 07 A I O U I
= 0.6 i

<03

15 2 25 3 35
Frequency/THz

Figure 2. The absorptance of different graphene patterns, such as larger disk array (red dot), smaller
disk array (blue dash-dot), and hybrid disk array (orange solid).

All the above simulations were performed under TE polarized waves with normal
incidence. The polarization insensitivity is very important for an absorber in many cases.
The structure of the designed absorber is rotationally symmetric, so it has equivalent reso-
nance structure for incident TE and TM polarized THz waves, that is, it is independent of
polarization. Figure 3 displays the relationship between the absorptance and the polariza-
tion angle in the case of normal incidence. Obviously, when the polarization angle increases
from 0° to 90°, the absorptance of the absorber is completely coincident, indicating that the
absorber has perfect polarization insensitive characteristics, which well verifies that the
simulation results are in good agreement with the design principles.

In order to understand the working mechanism of the absorber, we observed the
electric field distributions at some selected frequencies which have been specially marked
in Figure 2. As shown in Figure 4a, for the smaller disk array, when it works at the resonant
frequency 2.45 THz, the electric field is mainly distributed on the surface of graphene disks,
which means that the incident waves excite localized surface plasma (LSP) resonances
and result in an absorption peak. As shown in Figure 4b,c, for the larger disk array, when
it works at a higher frequency 2.6 THz, the electric field distribution is similar to the
above mentioned LSP mode; when it works at a lower frequency 1.9 THz, the electric field
is mainly distributed at the edges of graphene disks, which means that there are extra
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resonances caused by the coupling between the graphene disks. Because when the center
distance is fixed, the larger the radius, the smaller the spacing, and the easier the coupling
occurs between them, so we think the coupling is the main reason why the larger disk array
presents a broader absorption band. The LSP and coupling modes correspond to the higher
and lower frequencies, respectively. This should be a way to improve the bandwidth.
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Figure 3. The dependence of the absorptance on the polarization angle in the case of normal incidence.

Then, we observed the electric field distributions at different frequencies for the hybrid
disk array in both the x-y and x-z plane. As shown in Figure 4d—f, when it works at a
higher frequency 3.0 THz, the LSP mode is dominant; when it works at a lower frequency
1.55 THz, the coupling mode is dominant; when it works at the center frequency 2.3 THz,
both modes exist, but neither is more dominant than the other. These results are consistent
with the above analysis. In order to understand these three cases more clearly, the cross
section plots of electric field distributions in the x-z plane are given in Figure 4g—i, with the
corresponding x-z cross section shown in Figure 4j. It can be seen that as the frequency
increases from 1.55 THz to 3.0 THz, the electric field gradually distributes from the edges
to the whole disk, which further verify our analysis. Furthermore, because the the hybrid
disk array is a combination of the larger and smaller disk arrays, along with the increase
of graphene area, the disk spacing becomes smaller compared with the above two arrays,
both the LSP mode and the coupling mode are enhanced, thus the absorption bandwidth is
significantly expanded.

All the above observations are based on TE polarized wave incidence. Due to the
symmetry of the absorber structure, the electric field distributions are the same for TE
and TM polarized THz waves at the same frequency, there is only a 90 degree rotation
symmetry difference between them.
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2.45 THz

T—'x 1.55 THz

2.3 THz 3.0 THz

Figure 4. The electric field distributions under TE polarized waves. (a) The electric field distribution at 2.45 THz for the

smaller disk array in x-y plane; (b,c) The electric field distributions at 1.9 THz and 2.6 THz for the larger disk array in x-y
plane; (d—£,g-i) are the electric field distributions at 1.55 THz, 2.3 THz and 3.0 THz for the hybrid disk array in x-y plane
and x-z plane, respectively; (j) indicates the cross section in x-z plane.

The absorption phenomenon can be interpreted through the effective medium theory.
As the underlying metal acts as a perfect reflective layer, resulting in T = |Sy|>~ 0,
the relationship between effective impedance and absorptance is as follows [58]:

Z— 7
Z-l—ZO

(6)

2 2
A:1—R(w):1—’ :1—‘Zr !

Z, +1

where Z is the effective impedance, Z is the free space impedance and Z, = Z/Z is the
relative impedance between the proposed absorber and the free space. It can be retrieved
from the complex frequency dependent reflection and transmission coefficients using the
following formula [58,59]:

(1451)* - Sn®
Z, = 5 > (7)
(1—511)" =Sz
As shown in Figure 5, the blue solid curve and blue dot curve represent the real part
Re(Z,) and the imaginary part Im(Z,) of the relative impedance Z,, respectively. The results
reveal that Re(Z,) is close to 1 and Im(Z,) is close to 0 between 1.3 THz and 3.4 THz,
implying that Z nearly matches the impedance of free space. Therefore, a broadband
absorption with high absorptance is achieved owing to the small reflectance and complete
lack of transmission of the absorber in that frequency range.
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Figure 5. The relative impedance of the absorber in the case of normal incidence.

In order to further analyze the principle of broadband absorption, we make geometric
parametric sweep analysis and discussion on the proposed absorber under the condition of
normal incidence, and the results are shown in Figure 6. Figure 6a displays the effect of
substrate thickness d on the absorption properties. It can be seen that with the increase of
d, the absorption bandwidth decreases and the center frequency experiences a red shift.
When d increases from 15 um to 21 um, the two absorption peaks rise significantly, so
the absorption performance becomes better. When d continues to increase from 21 pm
to 27 um, the two absorption peaks both decrease. Considering bandwidth and absorp-
tion performance together, d has an optimal value 21 um. This is because the impedance
matching condition for eliminating reflection on the graphene surface is dependent on the
thickness of the dielectric material, so the absorption is sensitive to the thickness of the
dielectric. Figure 6b,c gives the effects of the two radii of the graphene circular patches
on the frequency characteristics with all other parameters remaining the same as before.
The results show that with the increase of r1 or r;, the lower frequency resonant point has
an obvious red shift, while the higher frequency resonant point is blue-shifted slightly,
and both absorption peaks maintain high absorptance. The reason is that when the radius
gets larger, the spacing between each two adjacent patches gets smaller, so the coupling
effect gets stronger, which is related to the lower frequency resonance. Meanwhile, larger
radius means larger graphene area ratio, which is related to the higher frequency resonance.
The superposition of these two different resonances leads to broadband absorption and a
center frequency valley between the two peaks at both ends. Figure 6d shows the effect
of the unit cell period p. As the period p decreases from 45 um to 34 um, the absorption
bandwidth increases, but the absorptance near the center frequency decreases significantly.
Decreasing the period p leads to smaller spacing and larger graphene area ratio, so the
variation of the absorption characteristics is similar to that of increasing rq and r,. With con-
sideration of the performance of the absorption bandwidth and the absorptance intensity of
the absorber, we finally optimized the size parameters as follows: d = 21 um, r; = 13 pm,
72 = 10 um, p = 40 um.

In order to study the effect of the chemical potential of graphene, absorptance under
different chemical potentials are plotted in Figure 7. When the chemical potential increases
from 0.35 eV to 0.75 eV, the absorptance and absorption bandwidth increase gradually,
so the absorption performance becomes better. When the chemical potential continues
to increase from 0.75 eV to 1.35 eV, the absorption bandwidth increase and the center
frequency has a blue shift, but the overall absorption significantly deteriorates, especially
in the low frequency band. This phenomenon can also be explained by the impedance
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matching theory. We have compared the relative impedance under different chemical
potentials. When yu. = 0.75 eV, the real and imaginary parts of relative impedance are
closest to 1 and 0 respectively in the broadband absorption range, which means that the
impedance under this chemical potential matches that of free space best. From Figure 7,
we can also notice that with the increase of j, the higher frequency resonance point has an
obvious blue shift, which leads to the absorption bandwidth increase. The reason is that
with the increase of y., equivalent inductance of the structure decreases, resulting in an
increased resonance frequency [60]. So considering bandwidth and absorption performance

together, y. has an optimal value 0.75 eV.
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Figure 6. The simulation of absorptance of the absorber for geometric parameter sweep. (a) The
results with different thickness d of the substrate; (b) the results with different radius r; of the larger
disks; (c) the results with different radius r; of the smaller disks; (d) the results with different period p.
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Figure 7. The simulated absorptance of the absorber for different chemical potentials.



Nanomaterials 2021, 11, 2709

10 of 13

Finally, we analyze the influence of incident angle on the absorption characteristics of
the proposed absorber. All the above simulations were carried out in the case of normal
incidence, in which case the TE and TM polarized waves were equivalent because of the
symmetry of the structure. However, in practical applications, the absorption characteristics
of the absorber for oblique incident wave are more meaningful. Therefore, we analyzed
the absorption performance of TE and TM polarized waves at different incident angles.
Figure 8 shows the absorptance of the absorber under TE and TM polarized waves as a
function of frequency and incident angle. Under TE polarized wave incidence, with the
increase of incident angle, the absorptance at both the lower frequency resonance and the
higher frequency resonance is still very high, but that near the center frequency is obviously
weakened. Under TM polarized wave incidence, the absorptance remains stable when the
incident angle is within 50°. When the incident wave is greater than 50°, the absorption
bandwidth gradually decreases and the absorptance at the higher frequency resonance
is weakened. In short, for both TE or TM polarized waves incidence, the absorber is
polarization insensitive in the case of at a small incident angle. When the incident angle is
in the range of 0° to 50°, the absorptance is greater than 70% within the operating frequency
range, which ensures the device has a good performance with broad incident angle. This
can be explained by the close correlation between near-unity absorption and graphene
plasmon resonance, we can say the absorber is not very sensitive to the incident angle.
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Figure 8. The simulated absorptance of the proposed absorber vary with frequency and oblique
incident angle under TE (a) and TM (b) polarized waves incidence.

4. Conclusions

In summary, a polarization-insensitive broadband THz absorber based on single-layer
graphene circular patches is proposed in this work. Numerical simulation results demon-
strate that the optimized absorber has a bandwidth of 2 THz for over 90% absorptance,
ranging from 1.34 THz to 3.36 THz. In addition, due to the rotational symmetry of the
device structure, the absorber has perfect polarization independence, which has been veri-
fied by simulation. Moreover, it can achieve broadband absorption with absorptance up to
70% both at TE and TM polarized waves under wide angle incidence, ranging from 0° to
50°. Furthermore, note that by changing the chemical potential, the absorption bandwidth
and absorptance of the absorber can be adjusted so as to achieve different absorption
performance of the absorber. Not only does this absorber have excellent performance, but it
also has the advantages of simple structure and easy processing. Benefiting from these
advantages and promising performance, it can develop many potential applications in
various fields, such as THz detection, imaging and cloaking objects and others.
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