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We have numerically demonstrated a tunable broadband metamaterial absorber (MA) by introducing a graphene
pattern and a gold disk, of which the bandwidth is up to 3.4 THz. When the chemical potential of graphene
changes from 0 eV to 0.5 eV, the proposed MA structure can also be used as a modulator with the minimum and
maximum modulate depth being about 69.5% and 92.5%, respectively. By tuning the relaxation time of the
graphene from 0.1 ps to 0.5 ps, several obvious absorption peaks will occur in the broad and flat absorption band,
which will deteriorate the broadband absorption characteristics and make it show a trend of multi-band ab-
sorption characteristics. To further increase the absorption bandwidth, a new graphene pattern and an additional
gold disk are added into the proposed MA structure to form a new type of MA structure. Simulation result shows
that the newly designed MA structure can achieve a wider absorption bandwidth of more than 4.0 THz.
Meanwhile, it still has the performance of excellent modulation characteristic, polarization insensitive and wide
tolerance of incident angles. All these optimal characteristics of the proposed MA structures will undoubtedly
benefit the use of metamaterial absorber, high speed communication, terahertz detection devices, optoelectronic

devices and so on.

1. Introduction

Many of the electromagnetic properties possessed by metamaterials
which do not exist in nature, are superior to those natural materials,
such as negative refraction [1,2] sensing [3,4], detection [5], perfect
lens [6,7] and so on. Therefore, electromagnetic metamaterial equip-
ment are widely used in various light bands, such as microwave [8,9],
millimeter wave [10], terahertz (THz) [11], near-infrared and visible
frequencies [12,13], and so on. Among the extensive research content,
metamaterial absorbers (MA) have been a hot spot in recent years. For
example, Tao et al. proposed a THz MA by bilayer metal resonant ring in
2008 [14], and the structure can achieve maximum absorption by
independently adjusting the electrical permittivity and magnetic
permeability. In Ref. [15], researchers designed a type of MA to achieve
multi-band absorbing which consists of three multi-gap split-ring reso-
nators with different radii and ring widths. In Ref. [16], four narrow
absorption bands in THz frequency domain are demonstrated in a MA
consisted of three metallic layers. In Ref. [17], MA composed of
double-layer copper square ring is designed, and an absorption rate of
more than 93% can be achieved. And a similar copper ring array

structured MA has also been proposed and perfect three-band absorption
in the microwave frequency band is obtained [18]. In Ref. [19] in 2018,
an ultra-broadband infrared perfect absorber was experimentally
demonstrated based on the coupled plasmonic-photonic micro-cavities,
which was fabricated on the template of a non-close-packed colloidal
crystal.

A lot of research works have confirmed that most MAs are due to the
strong surface plasmon resonance (SPR), which is the result of coupling
between the incident light and the free electrons at the interface be-
tween dielectric medium and metal. The SPR produced at the interface
can convert the incident energy into confined surface plasmonic polar-
itons (SPP) and then capture or dissipate it in the structure. Therefore,
the electric resonance and magnetic resonance coming from propagating
surface plasmon resonance (PSPR) and localized surface plasmon reso-
nance (LSPR) together with the Fabry-Perot (FP) resonance are all the
issues that will dominate the absorption [20]. However, the perfor-
mance of metal-based MAs will be fixed due to the stable conductivity of
the metal and the unalterable geometry structure after fabrication,
which seriously hinders their practical application. Therefore, the
application of MA with adjustable conductivity or with dynamically
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tunable functions is strongly desired. Interestingly, many functionally
tunable materials such as vanadium dioxide (VO3), molybdenum di-
sulfide (MoS3), black phosphorus (BP) and graphene have been pro-
posed in the design of MAs in recent years. For example, in Ref. [21],
researchers proposed a sandwich nanostructured MA composed of a VO,
film, a SiO, layer and a metal cross array, of which the absorption can be
increased from 20% to 95% by tuning the conductivity of VO,. In
research work [22], a polarization-independent and wide-angle MoS5--
based absorber is proposed, and the broadband absorber can be changed
to be multiband absorber by changing the thickness of dielectric sub-
strate. In Ref. [23], a MA composed of a monolayer black phosphorus
(BP) is proposed, which can achieve perfect absorption under the con-
dition of critical coupling. Among the novel functional materials
mentioned above, graphene is composed of a single layer of honeycomb
carbon atoms, which can be fabricated through quite mature processing
and manufacturing technologies. Graphene has high carrier mobility at
room temperature and is widely used in optical, electrical and thermal
area. Graphene can also support SPR when it is applied to construct
optoelectronic devices in terahertz, near infrared, and microwave fre-
quency bands. Among the reported literatures, graphene-based THz MAs
have attracted increasing numbers of researchers’ concern in developing
MA devices with better performance. It is known that the absorption of a
single graphene sheet is only about 2.3% [24,25], therefore, in order to
enhance the absorption of graphene, a large number of different gra-
phene patterns are designed to excite electromagnetic resonances based
on SPPs. For example, in Ref. [26], the authors constructed a perfect MA
using graphene micro-ribbons and verified the accuracy of the results
with the F-P cavity model. An MA structure based on graphene strip
arrays or disk arrays was designed and perfect dual-band absorption was
achieved [27], and the dual-band absorption was also achieved in a type
of MA composed of both graphene disk and strip structure [28]. In
Ref. [29], the authors achieved perfect absorption of dual-band and
tri-band absorption by using different widths of graphene strips, but the
asymmetry of the MA structure makes it very sensitive to the polariza-
tion angle. Moreover, a four-band ideal absorber using monolayer gra-
phene are proposed based on critical coupling and guided resonance
[30], and other types of multi-band perfect absorbers consist of different
graphene patterns were designed in Refs. [31-34]. Apart from those
single-band and multi-band graphene based MAs, in Ref. [35], an
ultra-broadband multilayers graphene based MA was proposed, of
which asymmetric graphene patterns with different chemical potential
were applied to generate high-order plasmon modes, and with the help
of destructive interference between the quadrapolar modes and the
dipolar ones, ultra-broadband absorption was achieved. In research
work [36], a periodically sinusoidally-patterned graphene pattern was
used to realize the broadband absorption. Meanwhile, in order to obtain
more tunability, hybrid materials with different properties have been
applied to realize multifunctional tunable MA. For example, a switch-
able broadband THz spatial modulator composed of graphene and VO,
was proposed [37], which can achieve modulation depth (MD) of 84.8%
under absorption mode and of 59.2% under transmission mode. A
bifunctional MA composed of graphene and VO, was also been proposed
to achieve broadband or narrowband absorption [38] by adjusting the
relaxation time of graphene from 0.1 ps to 1 ps. However, many reported
MAs have the disadvantage of narrower absorption bandwidth. There-
fore, broadband tunable perfect MAs using graphene and other func-
tional materials are still a current research hot spot, and it is necessary to
design more tunable broadband THz MAs with more excellent perfor-
mance based on graphene and other tunable materials as well as their
combinations.

Generally, broadband absorption can be obtained through stacking
multilayered structure or constructing patterns with different sizes in a
same metasurface. In this work, a compound MA structure is designed,
of which the top layer is a hybrid structure of graphene pattern and gold
disk, the middle spacer layer is polyethylene cyclic olefin copolymer
(Topas), and the bottom layer is a gold ground plate. It is found that
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Fig. 1. (a) 3D schematic diagram of the proposed broadband MA structure, (b)
top view of a unit cell of the proposed MA structure, (c) schematic view of top
gate structure tuning graphene chemical potential. The incident electromag-
netic wave, material and parameters are also shown in the figure.

cutting out different numbers of slits (from zero to four) in the graphene
will lead to the different degrees of absorption effect, and the broadband
absorption can be achieved by cutting out four symmetrically distrib-
uted slits. As a result, based on the enhanced field confinement around
the nano-slits and the field hybridization between different parts of the
structure, broadband absorption was well achieved using a type of
simple structure based on the periodically patterned graphene and gold
disk. When the chemical potential of graphene was adjusted from 0 eV to
0.5 eV, besides the narrowing absorption bandwidth, the proposed MA
structure can also be used as a modulator with minimum and maximum
MD of 69.5% and 92.7%, respectively. At the same time, when the
relaxation time of graphene is adjusted from 0.1 ps to 0.5 ps, together
with the decrease of absorption bandwidth, the proposed MA structure
can even realize the transition from broadband absorption to multi-band
absorption. In addition, it is found that by adding a new combination of
graphene pattern and gold disk to the top layer of the MA structure, the
absorption bandwidth can be further broadened to near 4.0 THz with the
minimum and maximum MD of 70.57% and 91.5%, respectively.
Meanwhile, properties of dynamically adjustability, wide-angle inci-
dence and polarization insensitivity are also achieved. In order to carry
out the research, the electromagnetic simulation software CST based on
finite integration technology is adopted. Periodic boundary condition is
set along the x-axis and y-axis, while the z-axis is set as open (add space).
Owing to the excellent absorption performance of the proposed MA
structure, it not only has potential application value in providing ideas
for the design of more broadband THz MA, but also in the area of high-
speed intelligent detection devices of THz and optoelectronic devices.

2. Structure and method

The 3D schematic diagram of the proposed tunable broadband MA
structure is shown in Fig. 1. In the THz frequency range, the permittivity
of Topas is ¢ = 2.35 [36,39,40], the conductivity of gold is oa, =
4.561 x 107S/m [41]. To be noted is that although dielectric losses are
helpful to enhance the absorption in some MAs [42], we neglect the
losses of dielectric medium Topas in this paper, because we have found
during the design process that its influence on the overall absorption
performance is not very clear. The optimized geometric parameters are
setas P = 8um, Ty = 0.2um, Ty = 8um,R; = 3.8um,Ry = 1.7um,a =
2.7um,L = 3.6um,s = 0.2um, and whose meanings are shown in Fig. 1
(a) and (b). Although the optimization of parameters can be achieved by
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Fig. 2. Possible fabrication process/step for the realization of the proposed

metamaterial absorber.

various methods, such as convolutional neural network, deep learning
model [43], for simplicity, the built-in tool of CST was applied to the
optimized geometric parameters in this paper.

The proposed structure can be fabricated with the state-of-art nano-
fabrication technology, as shown in Fig. 2. At first, gold can be grown by
using electron beam evaporation or thermal evaporation system onto a
thick enough silicon substrate. Then a thick layer of Topas spacer layer
can be formed by the processes of spin-coating and curing on the gold
ground. At the same time, a large scale single-layer graphene sheet has
been grown on the copper by the quite mature chemical vapor deposi-
tion method. Therefore, the second step is to transfer the graphene sheet
onto the Topas layer with Raman measurements being used to ensure
that the single-layer graphene is produced. At third, a thin gold layer can
be deposited on the top by the same method. Finally, the gold disk can be
fabricated with conventional optical lithography technology, and the
complex graphene pattern can be obtained by electron beam lithog-
raphy, reactive ion etching or oxygen plasma etching systems through
removing the redundant region [44-47]. In addition, in order to adjust
the chemical potential dynamically by applying an external gate
voltage, a layer of transparent ion-gel can be further coated onto the
whole structure with gold bars evaporated at specific locations acting as
electrodes of source, drain and gate voltages, as shown in Fig. 1(c).

During simulation, graphene is modeled as a zero-thickness 2D ma-
terial, of which 6 = Ginra + Gincer is its surface conductivity, and it can be
described by the Kubo formula [48-50].
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where o is the radian frequency, . is the chemical potential of gra-
phene, T = 300K is the temperature, I = (2¢)"" is the phenomenolog-
ical scattering rate and 7 is the relaxation time, which is set as 0.1 ps at
the initial stage. Besides, e, 7 and K represent the charge of an electron,
the reduced Plank’s constant, and the Boltzmann’s constant, respec-
tively. The conductivity of graphene can be dynamically adjusted by
changing the chemical potential y., which can be controlled by adding
an electrode after covering a layer of ionic gel on the top of the structure
without affecting the overall absorption performance. To dynamically
adjusting the chemical potential of the graphene, schematic diagram
shown in Fig. 1(c) is widely applied [51-55]. In terms of [51], the
ion-gel layer can be chemically prepared to yield a high capacitance of
C = 2.45uF/cm? with low absorption. Then the chemical potential could
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Fig. 3. (a) Real and (b) imaginary part of the surface conductivity of the gra-
phene as functions of the working frequencies and the chemical potentials.
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Fig. 4. Simplified principle diagram of the multiple reflection interference
theory (MRIT) for a classic three-layer MA structure.

be effectively tuned from 0.2 to 0.8 eV by applying a top gate bias
voltage according to y, = Avp\/an, where vy = 106 m/s is the Fermi
velocity, and the carrier density n = CVpg/e, where Vpg is the gate bias
voltage. Similarly, one can also obtain the relationship between the
chemical potential of graphene and the gate voltage in terms Refs.
[52-55], and so on. From Fig. 3(a) and (b), one can clearly see that both
of the real and imaginary parts of the graphene conductivity increase
with the increase of the chemical potential for a fixed frequency within
the frequency range of 2-10 THz.

In this paper, the absorption rate of the proposed MA structure can be

expressed byA =1 — ‘r|2 - ‘t\z, wherer = S;; and t = S,1, which can be

obtained directly from numerical simulation. Owing to the fact that the
thickness of the bottom gold plate is larger than its largest skin depth,

the transmission is zero (So; = 0) and thus we have A = 1 — r\z. In

addition, it is well-known that perfect absorption occurs when the
impedance of the MA structure matches with that of the free space. The
normalized effective surface impedance of an MA with a gold ground
plate can be expressed as

(145u)° =83, _1+Su
1-8,)° -8, 1-8u
( )" =8

When S;; and S; are both zero, the normalized surface impedance
Z(f) =1, which means that the impedance matching condition between
the free-space and the MA is achieved, thus perfect absorption can be
obtained. Meanwhile, multiple reflection interference theory (MRIT) is
also often used to verify the simulation results, which is proposed firstly
by H. T. Chen in 2010 [56]. The principle diagram of MRIT is shown in
Fig. 4. After multi times of reflection and transmission at the interfaces
between layer 1 and layer 2, and between layer 2 and layer 3, the overall
reflection coefficient can be expressed as:

3)

z(f) =

T12T21 exp(ZIﬁd)

=R, —
" T T TR, exp(2iBd)

C)

where ¢ is the incident angle and ¢, is the corresponding refractive
angle. The reflection and transmission coefficients at different interfaces
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and along different directions are Ry; = ry1ett, Tip = ty2e#12 Ty =
to1€i%21, Ry = ri2e2 and Ry3 = — 1, respectively. The phase shift in
the Topas layer can be represented by § = ,/ggkod, where ky is the wave
number in the free space, and d = t/cos(¢, ). When the incident angle ¢
is zero, namely, for the normally propagating incident light, d = t is
satisfied.

3. Simulation and discussion

First, by selecting the chemical potential as 0.5 eV, we simulate the
absorption spectrum of the proposed MA and its decomposed structure
with the parameters given in the above section, and the simulation re-
sults are shown in Fig. 5(a). The black solid curve is the absorption
spectrum of the proposed MA, and the blue, pink, green and wine curves
are the absorption spectrum for the case of having only gold disk (AD),
only graphene disk (GD), graphene disk with four slits and both gold
disk and graphene disk, respectively. It can be found that the absorption
is very bad if only gold disk is used because the resonance is not effec-
tively excited at this time and the incident light are reflected, as shown
by the blue curve. If only graphene disk is used, as shown by the pink
curve, the absorption performance is improved compared to the case of
gold disk, which means that resonance with a certain intensity occurs,
leading to the weaker broadband absorption with an absorption peak
located at about 2.77 THz. As further attempts, cases of graphene disk
with four slits and combining gold disk and graphene disk are consid-
ered, as shown by the green and wine curves. It is clear that cutting four
slits is helpful to increase to absorption intensity, but reduces the
bandwidth. However, the combination of gold disk and graphene disk
can greatly increase the absorption intensity without significantly
changing the bandwidth, and under this circumstance, a near unity
absorption peak occurs at about 3.24 THz together with the clearly
enhanced absorption at high frequencies. It is these four simple cases
that inspired us propose the MA structure shown in Fig. 1, namely,
combining the graphene disk with four slits and the gold disk together to
simultaneously increase the overall absorption intensity and broaden
the bandwidth. One can find from the black curve that broadband nearly
perfect absorption is indeed achieved and the absorption is larger than
90% within the frequency range from 4.6 THz to 8 THz with the ab-
sorption bandwidth being close to 3.4 THz. In brief, we can conclude

that the perfect broadband absorption is achieved by making the full use
of the hybridization effect between the SPR excited on the graphene disk
and gold disk, while the four slits on graphene can further enhance the
hybridization and coupling, leading to the broadband nearly perfect
absorption. In addition, due to the coupling interaction, when the
broadband absorption spectrum is formed, the low frequency resonance
shows an obvious blueshift. Next, we have analytically calculated the
absorption using MRIT, as shown by the red dotted curve, and it is
obvious that the MRIT result can maintain good consistency with the
simulation result, which also verifies the accuracy of our study. Mean-
while, this also indicates that the top combined layer, the spacer layer
and the gold ground layer can form a Fabry-Perot (FP) resonator. The
multiple reflection will occur in the FP resonator, and the reflected
waves will interfere destructively with each other at the top layer,
enhancing the overall absorption performance. Fig. 5(b) represents the
calculated normalized impedance of the proposed MA. The black and
red solid curves represent the real and imaginary part of the impedance
calculated directly through Eq. (3), and the green and black dotted
curves are obtained by parameter retrieval theory according to Refs.
[57,58], and it is obvious that the two results agree well with each other.
When the real part of the normalized impedance is close to 1 and the
imaginary part is close to 0 in the considered frequency band, nearly
perfect impedance matching condition is achieved, and nearly perfect
absorption is obtained. One can really find from Fig. 5(b) that the
impedance matching condition is well satisfied within the frequency
range of about 4.6-8 THz, which means the nearly perfect absorption
and is in accordance with the result shown in Fig. 5(a). Fig. 5(c) is the
equivalent circuit model of the proposed MA, where the bottom gold
layer can be considered as a short circuit and Z; = jZgtan(;T2) is
impedance of Topas layer with thickness T, f, is the propagation con-
stant of the propagating light waves in the Topas layer and Z3 = Z/+/€q
with Z, being the free space impedance. The overall input impedance of
the proposed MA can be seen as the parallel connection. Z;,Z, and Z,,
namely
1 1 1 1

z, 777" 7, 2

where Z; =R, +jwLg +1/joC; and Zy = Ry + joLy + 1/jwCy  are
respectively the impedance of gold disk and graphene pattern, which
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Fig. 6. Absorption spectra when (a) no slit, (b) one slit, (c) two slits, (d) three slits, and (e) four slits are cut out in the graphene under normally incident TE and TM
wave, while (f) is the case of no gold disk but with four slits in the graphene. Inset is the corresponding MA structure and the color map is the corresponding electric

field distribution of Ez at the frequency where the absorption is maximum.

can be retrieved by numerical simulation and analytical calculation. The
resistance, the inductance and the capacitance are related to the
inherent characteristics of gold disk and graphene pattern as well as the
dimensions of the different parts of the proposed MA. Then the corre-
sponding absorption of the proposed MA can be written as:

2

Re(Zy) — Zo

6
Re(Zi,) + Z ©

A=1-)/P=1-ISy)=1-

According to Ref. [59], the imaginary part of the input impedance
must be equal to zero at the resonant frequencies where the absorption is
maximum, and the resonant frequency can be described by f = 1/
27vLC, where L and C are respectively the total equivalent inductance
and capacitance. Therefore, the absorption performance of the proposed
MA is mainly determined by the relevant parameters of the graphene
pattern and the gold disk.

Then, we discuss the mechanism of the broadband absorption
property as well as the realizing process of the broadband absorption. At
the beginning, let us consider the case when the top layer is composed of

stacked gold disk and graphene disk, and the simulation result is shown
in Fig. 6(a). It is clear that due to the symmetry of the structure, for the
normally incident TE (the electric field component is along y-direction)
and TM (the magnetic field component is along y-direction) light, the
two absorption spectral lines are coincided with each other, however,
the effect of broadband absorption is not well achieved. At the absorp-
tion peak and along the direction of the incident electric field, stronger
dipolar resonance can be excited on the graphene disk at first for both TE
and TM incident light due to the excitation of SPPs at the ends of gra-
phene disk. Next, the confined electric field from SPR on the graphene
disk will further excite the SPPs at the edges of the gold disk through
near field coupling, forming the dipole distribution. And then hybridi-
zation will be produced between the SPR on the gold disk and the SPR on
the graphene disk. It is this hybridization that results in the rearrange-
ment of the distribution of the electric fields along the graphene disk. As
aresult, the in-phase hybridization leads to the low frequency near unity
absorption, while the out-of-phase hybridization clearly enhanced the
absorption at high frequencies. Meanwhile, it also indicates that the
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strong absorption at low frequency is mainly determined by the gra-
phene disk, and at the higher frequencies, SPRs on gold disk together
with its coupling interaction with those on the graphene disk play a vital
role. It is obvious that either the dipolar resonance excited at the edges
of gold disk or the multipole resonance along the edges of graphene is
LSPR, and it is the LSPR [20,42] that confines the electric field of the
incident light to the top layer of the proposed MA, dominating the ab-
sorption of a larger part of the field energy. Meanwhile, due to the
thicker Topas spacer layer, coupling between the top layer and the
bottom gold layer is relatively weak. Therefore, magnetic resonance
excited in the spacer layer is also very weak, and simulation showed that
weaker magnetic field only distributed around the top layer. In fact, the
perfectly consistent analytical result from MRIT can also prove this, as
shown in Fig. 5(a), because one of the prerequisites for using MRIT is the
very weak coupling between the upper and lower layers of the designed
MA structure. In addition, simulation results also showed that PSPR
excited at the interface of the Topas layer and the bottom gold layer was
also weaker because the wave vector of diffraction waves coming from
the top layer did not well match that of SPR along this interface.
Therefore, the following discussion will mainly focus on the upper layer.
Nevertheless, both of the very weak magnetic fields and the PSPR still
have some slight effects on the overall absorption enhancement.
Inspired by Ref. [34], introducing a nano-slit in the graphene disk
can increase the number of absorption peaks, and then the superposition
of nearby absorption peaks can be used to achieve broadband absorp-
tion. Therefore, to achieve broadband absorption based in the proposed
MA, at first, we cut out one slit in the graphene along x-direction, where
the length and width of the slit are L = 3.6ym and s = 0.2um, respec-
tively, and the simulation result is shown in Fig. 6(b). One can find that
the broadband absorption characteristics have been greatly improved
for TE light except some blueshift in the absorption peak. And at this
time, due to the existence of nano-slit on the graphene, the distribution
of the electric fields was clearly changed. Not only the electric fields
confined on the graphene edges are strongly enhanced, but also a part of
electric fields are confined around the nano-slit. Therefore, with the blue
shift of the low frequency absorption peak, the overall absorption per-
formance is also largely enhanced, and the frequency range of absorp-
tion rate larger than 80% is up to about 4.85-7.04 THz. For TM light, the
change is not clear compared with Fig. 6(a). According to this, as shown
in Fig. 6(c), two parallel slits with the same size are cut out from the
graphene on both sides of the gold disk along x-direction. As a result and
it is interesting that the broadband near unity absorption characteristic
for TE light is indeed realized. It can be seen that the frequency range of
absorption rate exceeding 90% is extended to about 4.6-8.0 THz, and
the bandwidth is up to 3.4 THz. According to electric field distribution
corresponding to the two absorption peaks in the broad absorption
frequency band, the two slits on the graphene confine a lot of electric
fields due to the excited plasmonic resonance along the edges of the slits.
In addition, there are also some electric fields that are strongly confined
around the edge of the graphene disk. However, due to the hybridization
and coupling interaction of SPPs among the gold disk, the graphene slits
and the graphene disk itself, the electric field distribution along the gold
disk is suppressed. Nevertheless, the gold disk still plays a vital role to
the formation of broadband absorption. In brief, the strong absorption at
low frequency side is mainly dominated by the electric fields confined
along the graphene disk. With the increase of frequency, the effect of
graphene slits increases gradually. Due to the hybridization of SPRs, the
electric field distribution changes significantly, which dramatically
enhanced the absorption at the high frequency, forming the broadband
absorption. However, for TM light, the broadband absorption is still not
ideal. To improve the broadband absorption characteristic of TM light,
one more slit is cut out along y-direction. As shown in Fig. 6(d), the
absorption characteristic of TM light indeed have been greatly
improved, and at the same time, the broad absorption band for TE light
becomes more flatter than that in Fig. 6(c) because more electric field is
captured by the newly added slit on the graphene. At last, we add the
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Fig. 7. Distribution of electric field at (a) 6.3 THz and (b) 7.3 THz where the
absorption is maximum, at (c) 3.8 THz and (d) 8.8 THz where the absorption is
50%, and at (e) 2 THz and (f) 10 THz which is respectively the lower and upper
limits of the considered frequency range.

fourth slit on the graphene, as shown in Fig. 6(e), the broadband ab-
sorption for TM light is obtained, and the absorption spectral line of both
TE and TM light are coincided with each other due to the symmetry of
the MA structure. The frequency range with absorption rate over 90%
for both TE and TM light is 4.6-8.0 THz, and the absorption bandwidth
is as high as 3.4 THz. If we choose 80% absorption rate as the criterion,
the absorption frequency range is about 4.2-8.2 THz, and the bandwidth
will reach 4 THz. The distribution of the electric field at the two ab-
sorption peaks are shown in the inset for TE light, and for TM light, it is
exactly the result of TE light rotating 90°. At last, to demonstrate the
contribution of the gold disk to the overall absorption, the case where
there is no gold disk while four nano-slits are cut out from the graphene
disk is simulated. As shown in Fig. 6(f), the broadband absorption is
collapsed and the electric field confined on the top layer of the proposed
MA also becomes weak, which reveals that the gold disk can indeed
enhance the overall absorption performance of the proposed MA struc-
ture, and the enhancement of the broadband absorption largely comes
from the hybridization and the coupling interaction among the SPRs
excited on the gold disk, on the graphene and around the nano-slits in
the graphene. Consequently, we choose the combination of gold disk
and graphene disk with four symmetrically distributed slits as the top
layer of the proposed MA to carry out the following research, and due to
its characteristic of rotational symmetry, we only consider the case of TE
incident light.

In order to further understand the physical mechanism of the
structure more clearly, as shown in Fig. 7, we plot the electric field
distribution of the proposed MA structure shown in Fig. 1(a) at the
frequencies of 6.3 THz and 7.3 THz where the absorption rate is
maximum, at the frequencies of 3.8 THz and 8.8 THz where the ab-
sorption rate is 50%, and at the frequencies of 2 THz and 10 THz which
are the upper and lower limits of the considered frequency range. From
Fig. 7, we can visually compare the difference in the electric distribu-
tion. As shown in Fig. 7(a) at 6.3 THz, (c) at 3.8 THz and (e) at 2 THz, the
electric field distribution is mainly concentrated around the upper and
lower slits with the field intensity decreasing gradually. The confined
electric field is originated from the fundamental SPR along edges of the
slit. At the frequency of 6.3 THz, there are some weaker electric fields
that are also distributed around the left and right slits on the graphene,
which is the higher order SPR and is helpful to enhance the overall
absorption. And the electric field on the gold disk is suppressed probably
because the out-of-phase distribution of the electric field around the slits
and at the edge of the gold disk, which can also be found in terms of
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Fig. 8. Absorption spectra as a function of (a) Ry, (b) Rz, (c) L, and (d) s under
normally incident TE polarized light, and the other parameters are same as
those in Fig. 5.

Fig. 6(a) and (f). As shown in Fig. 7(b) at 7.3 THz, (d) at 8.8 THz and (f)
at 10 THz, the electric field distribution is mainly concentrated at the
upper and lower edges of the graphene disk and around the upper and
lower slits on graphene with the field intensity decreasing gradually, and
the electric field confined around the gold disk is also canceled. In brief,
the broadband near perfect absorption mainly comes from three aspects.
The first one is the LSPR excited along the edge of the graphene disk and
the gold disk, the second one is the LSPR excited around the slits in the
graphene, and the third one can be understood as the hybrid interaction
among the SPR around the graphene slits, along the edge of gold disk
and along the edge of graphene disk.

Taking into account the actual fabrication process and potential
tunable ability, the impact of parameter changes on the absorption
performance must also be carefully discussed. At first, we discuss the
effect of radius of the top graphene disk R; on the overall absorption, as
shown in Fig. 8(a). It is obvious that the broad absorption band shows a
trend of slight redshift when R; increases from 3.6um to 4.0um, because
not only the effective resonant length of LSPR on graphene disk is
increased, but also the coupling interaction between the adjacent unit
cell will also enhance. At second, the influence of the radius of the gold
disk is discussed. It can be found from Fig. 8(b) that when R, increases
from 1.5um to 1.9um, the broad absorption band shows a trend of
blueshift and the absorption strength is decreased. Because with the
increasing R, the hybridization of SPPs between the gold disk and the
graphene slits will weaken the overall electric fields confined on the top
layer. Therefore, besides the decreased absorption intensity, the total
equivalent inductance and capacitance will both decrease, resulting in
the blueshift of the absorption band. At the same time, imperfect
impedance matching together with the increased ohmic loss will also
lead to the decrease of the absorption intensity and the broadening of
the absorption band. Next, as shown in Fig. 8(c), it can be clearly seen
that the length of the slit L has little influence on the position of the
broad absorption band, which can be interpreted through the field dis-
tribution shown in Fig. 6(e), and simulations have shown that the field
distribution has no clear change when the slit length is slightly changed.
But if it is too long, the absorption intensity at low frequency will
decrease due to the increasing radiation loss, so we choose L = 3.6um as
the optimal value in this paper. At last, as shown in Fig. 8(d), it is
obvious that the width of the slits have more effects on the absorption
property than it length. With the increase of slit width, the broad ab-
sorption band will have an obvious blueshift, and the absorption in-
tensity will also decrease. The physical reason can also be found in terms
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Fig. 9. (a) Absorption spectrum under different polarization angles. Absorption
spectrum under different incident angles for (b) TE and (c) TM polarized inci-
dent light. The other parameters are same as those in Fig. 5.

of the field distribution shown in Fig. 6(e). Simulation results have
shown that with the increase of the width of nano-slits, the electric field
confined on the top layer, especially around the nano-slits at high fre-
quency, will become weak gradually. As a result, the induced capaci-
tance and inductance will also decrease, leading to the blueshift of the
absorption band. Meanwhile, the weakened resonance together with the
impedance mismatch lead to the reduction of the absorption intensity. In
brief, some slight changes of the geometry parameters will not have
remarkable effect on the overall broadband absorption characteristics of
the proposed MA, which means the bigger tolerance in real fabricating.

As mentioned above, the MA proposed in this work will be inde-
pendent of the polarization direction of the normally incident light
because it is rotational symmetric, which can be further verified, as
simulated in Fig. 9(a). In addition, for a wider range of application fields,
the absorption performance under variable incident angles is also
needed to be discussed with the optimal structure parameters mentioned
above. The absorption spectra with different incident angles for TE and
TM polarized wave are shown in Fig. 9(b) and (c). For TE light, one can
find that the broad absorption band can be maintained at a high level
when the incident angle increases from 0° to55°. When the incident
angles continue to increase to larger than 55°, the high frequency side of
the broad absorption band will exhibit a trend of blueshift, and the broad
absorption band begins to collapse rapidly when the incident angle is
further increased. This is because that as the incident angle continue to
increase, the incident light will gradually become grazing incidence,
resulting in the decrease of the interaction between the incident light
and the proposed MA. As a result, the LSPR excited on the top layer of
the proposed MA can no longer be maintained at the stronger states, and
at the same time, the parasitic resonance and the diffraction will also
increase, which are all the reasons for the change of the absorption
performance shown in Fig. 9(b). As for the TM case shown in Fig. 9(c),
the broad absorption band will keep stable when the incident angle is
below 45°. As the incident angles continue to increase, the broad ab-
sorption band will become narrower together with the decline of the
absorption intensity. It is worth nothing that the absorption rate can be
maintained at a higher value when the incident angle is below 60°, and
it will drop sharply when the incident angle is larger than 70°. This is
because that with the increase of incident angles, the electric field en-
ergy projected onto the top layer of the proposed MA will decrease
gradually. When the incident angle is too large, the electric field is not
strong enough to excite SPP on the top layer of the MA structure, so the
absorption will decrease rapidly. Nevertheless, the range of incident
angles is still relatively wide, therefore, the excellent absorption
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Fig. 10. (a) Absorbance spectra under different chemical potentials 4, (b) modulation depth when y, is switched from 0 eV to 0.5 eV, and (c) absorbance spectra

under different relaxation time 7.

characteristic of wide incident angles and polarization insensitivity will
make the proposed MA have potential application values in many areas,
such as energy harvest, high speed communication, information storage,
stealth materials and so on.

One of the reasons why graphene is widely used in various meta-
material devices is that its conductivity can be adjusted dynamically
through changing the chemical potential by different methods. There-
fore, we next study the dynamically tunable broadband absorption
characteristics of the proposed MA structure by adjusting the chemical
potential of graphene from 0 eV to 0.6 eV, and the simulation result is
shown in Fig. 10(a). It can be clearly seen that when the chemical po-
tential of graphene is 0 eV, the absorption spectrum of the proposed MA
structure for TE incident light is less than 20%. But as the chemical
potential continues to increase from 0.3 eV to 0.6 eV, together with the
blueshift of the absorption spectrum, the broadband absorption char-
acteristic is exhibited with the intensity of the broad absorption band
gradually increasing to larger than 90%. When the chemical potential is
0.5 eV, nearly perfect broadband absorption is achieved due to the
perfect impedance matching between the MA and the free space.
Considering a potential application, taking use of the absorption char-
acteristicunder 0 eVand 0.5 eV, the proposed MA can be used as a THz
switch or a THz modulator. Since the maximum absorption rate is less
than 20% when the chemical potential of graphene is 0 eV, therefore, it
can be regarded as the off-state. On the contrary, the absorption rate is
close to 100% when the chemical potential of graphene is 0.5 eV and it
can be referred to as the on-state. As a result, we can obtain better
switching characteristics within a broad frequency range from 4.6 THz
to 8 THz through switching the chemical potential between 0 eV and 0.5
eV under the controlling of external gate voltage. Meanwhile, as a
modulator, the modulation depth (MD) can be defined as p, = (Aon —
Aofr) /Aon, Where A,y and A, are respectively the absorption of on-state
and off-state. The calculated absorption MD is shown in Fig. 10(b). It can
be found that the minimum absorption MD is about 69.5% at 3 THz and
the maximum absorption MD is about 92.7% at 8.18 THz. Therefore, the
proposed MA structure indeed demonstrates good modulation

characteristic for the incident light, which have potentials in many
dynamically tunable THz metamaterial devices not limited to MAs. In
fact, it is well-known that weak absorption means strong reflection and
vice versa. Therefore, when the chemical potential is 0 eV, the proposed
metamaterial device can act as a THz reflector, which is also a potential
application aspect. To be noted is that, in terms of the above mentioned
relationship between the graphene chemical potentials and the gate
voltages, the required gate voltage corresponding to the considered
graphene chemical potentials of 0 eV, 0.3 eV, 0.4 eV, 0.5 eV, and 0.6 eV
can be calculated as 0 V, 0.4 V, 0.77 V, 1.2V, and 1.73 V, respectively,
which is easy to be manipulated in practical experiments. Simulation
result shown in Fig. 10(c) is the absorption spectra under different
graphene relaxation time. It is obvious that as the relaxation time in-
creases from 0.1 psto 0.2 ps, the flat broad absorption band begins to
fluctuate. And when the relaxation time is increased tor = 0.5 ps, three
absorption peaks occur in the broad absorption band, indicating a trend
of transition from broadband absorption to multiband absorption. The
reason why the proposed MA structure can achieve broadband absorp-
tion with higher absorption intensity at relaxation time 7 = 0.1 ps and
u. = 0.5 eV is that the carrier concentration relative to the plasmonic
oscillation approaches saturation at this time and under the overall
parameter conditions mentioned in this paper. When the graphene
relaxation time is changed, a part of the energy will be reflected,
resulting in a decrease in the absorption intensity together with the
narrower absorption band.

To further increase the absorption band of the proposed MA struc-
ture, one method is to increase the number of functional layers, and the
other one is to change the pattern shape of the current resonant layer on
top of the Topas layer to generate more resonant effect. Here, as an
exploratory research, the second method is chosen to increase the ab-
sorption bandwidth. It is worth nothing that both of the two methods
will increase the difficulty of fabrication, but it is also achievable by the
state-of-art fabrication technology. Inspired by the aforementioned
research result, it is known that the use of gold disk together with the
graphene pattern beneath the gold disk can effectively and efficiently
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Fig. 11. (a) Schematic diagram of the newly designed MA structure, (b) top view of a unit cell of the newly designed MA structure, and (c) comparison of the
absorption spectra between the two MA structures, the black solid curve and the pink dotted curve are simulated result and the MRIT result for the newly designed
MA structure, respectively, while the red solid curve is the simulated result of the MA structure shown in Fig. 1.)



Y. Lv et al.

1.0 ’3%1.0 ® 1.0
I r Max(pa)=91.5%
08 < 09} o 08
15 o, | 15
‘3206 2 206
2ot = 0.8 &
204 15) 004
el ﬁ 071 i B
<02 =" < 02
i 3 Mln(pA) 70.57% 822
0.0 206 N L1 0.0
SO S e T8 9 10 2

Physica E: Low-dimensional Systems and Nanostructures 140 (2022) 115142

J(THz)

Fig. 12. (a) Absorbance spectra under different chemical potentials . for the newly designed MA structure, (b) modulation depth when 4, is switched from 0 eV to
0.5 eV, and (c) absorbance spectra under different relaxation time 7.

45 1

- 0.8

2 i

g 30

= 0.6
(@ £

® 15 04

N

.E 0.2

=]

£ o 0

o
w o

23 45 6 7 8 910

f(THz)

o
w» S

Absorption

(b)

S = 0.96 THz/RIU

w N =

<

—
w

<
Incident angle (°)
~

(=

0

2 3 45 6 7

o =
(=]

©

w
(=]

—
W

8 9 10

Incident angle (°)
N

<

2 3 45 6 7

e
=N

Absorption
N
S~

=
S}

8 9 10

-n=133
—n=141
-n=147
-n=163

10

f(THz) f(THz)

Fig. 13. (a) Absorbance spectrum under different polarization angle, (b)
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enhance the overall absorption performance. Therefore, we try to add a
new combination of gold disk and graphene pattern into the proposed
MA structure, and the newly designed MA structure is shown in Fig. 11
(a). The graphene pattern is formed by cutting off four quarter circles
with radius Rs from a square graphene patch with side length 21, where
I = P/4. The radius of the newly added gold disk is R4 = R3/ 2, itis on
the top of the graphene pattern, as shown in Fig. 11(b). Other parame-
ters are the same as those mentioned above except for R3 = 1.8um. It
can be found from Fig. 11(c) that the absorption bandwidth is indeed
broadened from 4.6-8 THz to about 4-8 THz compared with the original
MA structure. The result calculated by MRIT (pink dotted curve) also
agrees well with the simulation result.

The tunable broadband absorber performance of the newly designed
MA structure is also discussed. As the chemical potential of graphene
changes from 0 eVt00.6 eV, the change trend of the absorption band is
similar to that mentioned in Fig. 10, namely, the absorption bandwidth
will broaden with the increase of graphene chemical potential, as shown
in Fig. 12(a). Meanwhile, it can be seen from Fig. 12(b) that the newly
designed MA structure still has excellent modulation characteristics, of
which the maximum and minimum modulation depth (MD) is 91.5%
and 70.57%, respectively. Furthermore, increasing the relaxation time
of graphene from 0.1 psto 0.5 ps will also lead to the deterioration of
the broadband absorption characteristics, resulting in the fluctuation of
the flat absorption band and the decrease of the overall absorption in-
tensity, as shown in Fig. 12(c).

It is worth nothing that the newly designed MA structure is still a
rotational symmetric structure, therefore, it also has the characteristic of
polarization insensitive, which can be verified from Fig. 13(a). The in-
fluence of the incident angle on its absorption characteristics for TE and

8 9 2
Jf(THz) n
Fig. 14. (a) Absorption spectra as a function of refractive index when the
samples to be detected are coated on the top of the MA structure shown in
Fig. 1, and (b) dependence of the frequency on the refractive index n of the

sample to be detected when the absorption is 80%. (c) and (d) are the same
results for the MA structure shown in Fig. 11.

TM incident light is shown in Fig. 13(b) and (c) respectively. It can be
clearly seen that when the incident angle is below 45°, the absorption
bandwidth can still keep unchanged for both TE and TM incident light,
which is also similar to those shown in Fig. 9.

Furthermore, considering one of the potential applications of the
proposed MA structures, we also simulated the sensing performances.
The samples to be detected and their refractive indices are selected as
water (n = 1.33), ethylene glycol (n = 1.41), glycerin (n = 1.47), and
carbon disulfide (n = 1.63). During simulation, samples with thickness
of 3um are covered on top of the proposed MA structures and the
sensitivity is defined as S = Af/An, which shows the change of fre-
quencies resulted from the change of refractive index. For the MA
structure shown in Fig. 1, as shown in Fig. 14(a), it is obvious that the
absorption spectra will redshift with the increase of the sample’s
refractive index. For simplicity, we only draw the transmission spectra
of the high-frequency side, and there is a similar trend on the low-
frequency side. The clear redshift of the absorption spectra indicates
that the absorption performance of the proposed MA is sensitive to the
refractive index of the covered sample, which shows the possible
application of refractive index sensing to measure the refractive index of
the sample to be detected which is covered onto the MA structure. The
calculated result shown in Fig. 14(b) demonstrates that when we select
80% as the absorption intensity, the corresponding frequency will
change linearly with the increase of the refractive index of the samples.
Meanwhile, the calculated sensitivity is up to about 0.96THz/RIU,
which is high enough for the potential application [60]. Then the
sensing property of the structure shown in Fig. 11 is also studied, and the
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Table 1
Comparison with some reported literatures.
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References Absorption frequency band when RAB when Thickness (um) Maximum MD S (THz/RIU)
A>90% A>97% A =90% A =97%

[21] 0.39-0.72 THz 0.43-0.68 THz 60% 45% 70.5 - -

[36] 1.27-2.59 THz 2.0-2.45 THz 68% 20% 26.5 - -

[37] 1.48-2.79 THz 1.75-2.59 THz 61% 39% 27.04 84.8% -

[38] 1.05-2.35 THz 1.15-1.42 THz 76% 21% 24.8 - -

[40] 1.38-3.4 THz 2.9-3.3 THz 84.5% 13% 21.5 - -

This work (Fig. 1) 4.6-8.0 THz 4.9-7.7 THz 54% 44% 8.4 92.7% 0.96

This work (Fig. 11) 4.0-8.0 THz 4.4-7.8 THz 67% 56% 8.4 91.5% 0.95

results are shown in Fig. 14(c) and (d), which show similar phenomena
as those shown in Fig. 14(a) and (b).

Finally, comparison between the results of the proposed absorber
structure and some recently published works presented in the field of
broadband absorbers are summarized in Table 1, where the absorption
bandwidth with absorption coefficient larger than 90% and 97%, the
relative absorption bandwidth (RAB) when the absorption coefficients
are respectively 90% and 97%, the overall thickness of the studied
metamaterial absorbers, maximum modulation depth (MD), and sensi-
tivity as a refractive sensor (S) are demonstrated. It is clear that the
proposed structure not only has more compact structure size, wider
absorption band and more advantageous RAB simultaneously, but also
has larger MD and acceptable sensitivity, which makes the proposed
metamaterial absorber have more potential application values in sub-
wavelength optoelectronic devices.

4. Conclusion

In conclusion, we have proposed a broadband MA containing both
graphene pattern and gold disk, which can realize broadband absorption
characteristics with the bandwidth as wide as 3.4 THz. By adding a new
combination of graphene pattern and gold disk to the same layer of the
MA structure, the newly designed MA structure can achieve wider ab-
sorption bandwidth. Compared with the initially proposed MA struc-
ture, the bandwidth of the newly designed MA structure is up to 4 THz.
At the same time, both of the two MA structures have better modulation
characteristics of the maximum/minimum modulation depth 92.7%/
69.5% and 91.5%,/70.57% when the chemical potential of graphene is
switched from 0 eV to 0.5 eV. Meanwhile, both of the two MA structures
have the absorption characteristics of dynamically tunable, polarization
insensitive and wide angle incidence. In addition, the proposed MA
structures also shows the good property for the potential application of
THz modulator, THz switch and THz refractive index sensing. Therefore,
the MA proposed in this paper will have great potential application
value in energy absorbers, high speed intelligent detection devices,
modulators, and optoelectronics in THz frequency range.
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