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Abstract: In this paper, a metasurface Terahertz absorber based on the fractal technology of a
graphene geometry resonator to realize ultra-wideband, ultrathin, adjustable double-layer cross-
fractal formation is introduced. This paper proposes a dynamically tuned graphene absorbing
material. The structure is composed of one- to four-level-fractal graphene pattern layers, MgF, layers
and metal reflective layers to form a two-sided mirror of an asymmetric Fabry—Perot cavity. To con-
fine the terahertz electromagnetic wave, four different fractals are integrated into a supercell, and the
coupling and superposition of adjacent resonant cavities form a broadband high-absorption absorber.
Using finite element-based full-wave electromagnetic simulation software to simulate the response
frequency of 0.4-2.0 THz, we found that the absorber achieves a broadband 1.26 THz range (absorp-
tion > 80%) and a relative bandwidth of 106.8%. By adjusting the Fermi energy, it can realize free
switching and expand to wider broadband terahertz absorption, by adjusting the polarization angle
(P) from 0 to 90° to prove that the structure is not sensitive to polarization, the absorber provides a
60° large angle of incidence, polarization for TE and TM the absorption pattern remains basically
the same. Compared with the previous work, our proposed structure uses fractal technology to
expand the bandwidth and provide dynamic adjustable characteristics with great degrees of freedom.
The appearance of the fractal structure reduces the difficulty of actual processing.
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1. Introduction

The terahertz (THz) or T-ray region of the electromagnetic spectra is defined as the
region between infrared (IR) light and microwave radiation, ranging from 100 GHz to
10 THz. This region lacks natural materials with valuable electromagnetic properties and
is extremely precious [1,2]. The technological advancement in the field of terahertz has
brought many potential applications, which can be used for medical and security imaging,
sensors, biological sensing, wireless communication and intracellular protein composition
analysis [3-9]. Metamaterials are generally periodic structures composed of sub-wavelength
micro-nano structural units. This structure breaks through the diffraction limit of traditional
optics and produces a series of peculiar optical phenomena including negative refraction.
Invisibility cloaks [10], chiral optics [11], gradient metasurfaces [12] and other fields play an
important role, and absorbing metamaterials have become an important branch in the appli-
cation of metamaterials. After Landy [13] and others first proposed a thin and nearly perfect
absorbing metamaterial in 2008, metamaterial absorbers began to flourish [14-18]. In many
practical application scenarios, such as photoelectric detection, military stealth, radar and
communication technology, there is a need for absorbing materials with broadband absorp-
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tion. Afterwards, researchers turned their attention to dual-frequency, multifrequency and
broadband [19-21] research on the absorbing metamaterials.

Graphene is the thinnest 2D material found so far. Graphene has the characteristics of
small thickness, high elasticity and durability, and low loss. It exhibits metallic properties
when certain conditions are met and becomes one of the most promising materials [22-24].
Graphene supports surface plasmon polaritons (SPPs) in the middle, far infrared, and the
terahertz bands, so graphene-based metasurfaces are expected to be candidates for perfect
absorption of terahertz waves. More importantly, compared with the traditional metal
metamaterial structure, the surface conductivity of graphene varies with Fermi energy,
which can be dynamically adjusted by applying a bias voltage or chemical doping to
achieve tunable absorption. The emergence of graphene provides an ideal material that
can replace metal structures [25-27].

Fractal theory is closely related to many research fields with a wide range of appli-
cations, and the fractal phenomenon of self-similarity will exist. Traditionally, all cells
of the fractal have the same geometric shape, the same size, and the same arrangement
direction, which are derived from the space filling of the fractal structure and are on the
same plane, which reduces the difficulty of processing [28,29]. However, fractal is a kind of
similar shape between its components and the whole. It can be said to be a tangible fractal
structure in the traditional sense or a similar intangible fractal structure in a statistical
sense [30]. The fractal metamaterial technology that uses fractal structure to realize the char-
acteristics of metamaterials is an emerging technology. The fractal structure can be used
to construct cells with metamaterial properties. Compared with traditional metamaterial
cells, fractal metamaterials also have the advantages of miniaturization, ultra-wideband,
high absorption, and multiple resonances. Based on the frequency shift of different fractal
series and multiple resonant frequency bands, by integrating different fractal resonators
into a supercell, the coupling and superposition of adjacent resonators obtains the desired
ultra-wideband response [31-33]. Although from the perspective of absorption characteris-
tics, the existing fractal terahertz absorbers based on metal metamaterials have excellent
absorption characteristics, due to the limitations of the fixed characteristics of the com-
monly used metal metamaterials, they will absorb the function of the wave device, which is
single, does not have the flexibility of tunability, and cannot adapt to various complex appli-
cation scenarios. Based on this, we numerically demonstrate an ultra-wideband, ultrathin,
and adjustable metasurface terahertz absorber using the concept of fractal supercells.

In this work, the structure we designed is composed of a one- to four-level fractal
graphene pattern layer, MgF, layer and metal reflective layer. Based on this structure,
we mainly integrate two layers of four different fractal structures into a supercell, so a
broadband high-absorption absorber is formed. Therefore, our device provides dynamic
adjustable characteristics with a great degree of freedom, and our proposed absorber can
realize an ultra-wideband, ultrathin, and adjustable planar metasurface terahertz absorber.
Using simulation software to simulate the response frequency of 0.4-2.0 THz, we found
that the absorber achieves a broadband 1.26 THz range (absorption > 80%), where the
center frequency f. = 1.18 THz and the relative bandwidth is 106.8%, achieving broadband
absorption by optimizing each fractal structure. In addition, each level of fractal struc-
ture we design presents a periodic symmetry pattern, the polarization angle () is tuned
from 0 to 90°, which means that the structure isn’t sensitive to the polarization angles.
The oblique angle can be incident at a large angle up to 60° for both TE and TM polariza-
tions is achieved.Compared with the previously reported fractal terahertz metamaterial
absorbing materials, the structure we designed has the advantages of easy realization,
low cost, miniaturized manufacturing and adjustable degree of freedom, which is useful
for future terahertz detectors, terahertz communications and other emerging the realization
of terahertz technology is particularly important.
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2. Materials and Methods

The metamaterial absorber we propose is composed of a fractal graphene pattern layer,
an MgF, layer and an ideal electrical conductor (equivalent to the ground plane of the metal
reflective layer), as shown in Figure 1b,d. As the dielectric layer, the selected dielectric
spacer material is MgF, the relative dielectric constant ¢; = 1.9 [34] and the thickness of
tn =45 pm. The structure we designed underwent resonant increased cross by four-level
fractals. As shown in Figure 1a, starting from the one-level fractal, each level of fractal
is based on the original basis with a proportional increase of a self-similar shape, this is
equivalent to increasing the effective length to the original size, and then arranging the
positions according to the simulation optimization. The resonance frequency also shows
a red shift with the increase of the fractal series [33,35]. In order to ensure that the width
setting does not affect the four-level fractal, the width of all resonator lines is set to 3.6 pm,
which is also to ensure the beauty of the grading four-level fractal. That is, L1 = 45 pm,
Ly =15um, L3 =7.5 um, Ly = 3.75 um, w = 3.6 pm. The length of the three-level fractal is
slightly increased to 48.6 um, which is L; + w, and the length of the four-level fractal is
48.75 pm, which is L1 + L4. For our design, the Fermi energy of the top layer graphene
corresponds to 1 eV.
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Figure 1. Fractal supercell absorber. (a) The evolution of the cross fractal from one to four-level fractals. The three-level

and four-level fractals are optimized structures. (b) Structure diagram of a tunable broadband terahertz absorber based on

fractal technology graphene. (c) Supercell synthesized by one- to four-level fractals. (d) Side of supercell absorber.

In the bottom layer, the size and arrangement of the cross shape embedded in the MgF,
dielectric layer are consistent with the first layer, as shown in Figure 1b. After repeated
experiments, in order to obtain the best performance, the embedded graphene cross fractal
is placed below the top layer (MgF, dielectric layer/air interface) at a distance of f; = 12 um,
that is, the distance from the ground is 33 pm in Figure 1d. The Fermi energy of the bottom
layer is the same as that of the top layer, which is 1 eV. There are two reasons for the same
size, arrangement and size of the two layers: first, the top layer has the best absorption
rate, and the bottom layer is still the best absorption after being embedded in the dielectric
layer when the Fermi energy is 1 eV; second, the same size can reduce the complexity
of manufacturing and simulation and reduce process difficulties. Because it is arranged
periodically, no matter where the fractal is placed, it has no great effect. Considering the
complexity of the three-level and four-level fractal design, it is placed in a diagonal position,
that is, a clockwise four-one-three-two level fractal arrangement, as shown in Figure 1c.



Nanomaterials 2021, 11, 269

40f13

Since graphene is transparent, in order to obtain a high absorption rate based on the
mutual effect of adjacent cells, we optimized the structure to obtain a period of Q; = 50 pm.
The supercell period Q = 100 pm, and the graphene thickness is t; = 0.5 nm.

The conductivity of graphene is provided by the Kubo equation, and the Kubo equa-
tion determines the intraband and interband transitions by both [36,37]:

Ug(w/ He, T, T) = Ointra 1 inter (1)
2k3Te E¢ i
: = In(2 h 2
Gintra = — g X In(2coshop o) X 2 @)
2 w
e w 4w © H(Q)— H(%)
Tinter = E X |:H(2) +l X ? X /0 _4()2de:| (3)

Here, H(Q)) = sinh(lz%)/ {cos(k T) + Cosh<k T)} , and kg is Boltzmann’s con-
stant, h = h/2m is the reduced Planck’s constant, / is the Planck’s constant, T is the
Kelvin temperature, w is frequency of the electromagnetic wave, ¢ is the elementary
charge, i = 10*cm?/V, the Fermi energy of graphene E £ and Fermi velocity vy = 10°m/s,
T=uE f / evj% is the carrier relaxation time.

In the terahertz band, the conductivity of graphene is mainly provided by the intra-
band transport of carriers, while the inter-band transport is suppressed. At this time,
the above calculation formula for graphene conductivity is simplified as:

EzEf 1
og(w) = p— X

w+it! @

In addition, electrical conductivity will directly affect the characteristics of surface
plasmon polariton (SPP) excitation.

It can be seen from formula Equation (5) that the conductivity affects the dielectric
constant of the graphene film. Graphene is an ultra-thin film with a certain equivalent
dielectric constant:
iog(w)

=1
gg(w) + el

®)
Therefore, it can be flexibly manipulated using applied voltage, temperature, car-
rier concentration, etc., which can be obtained by creating subwavelength composite
materials, where ¢, is the dielectric constant of the vacuum and t; = 0.5 nm is the thick-
ness of the graphene. The wavelength of electromagnetic waves is much greater than
the thickness of graphene, which is a boundary condition that can be used in transition
simulation.
The Fermi energy of graphene mainly depends on the carrier concentration ns, by
the equation:
E f= hv f X A/ TNg (6)

Here n; is the carrier concentration. Bias voltage and chemical doping can change the
carrier concentration, but it is proportional to the bias voltage applied to the graphene layer
and ¢, is the relative permittivity of the dielectric layer, H is the thickness of the dielectric
layer. Equation (7) gives a specific conversion relationship:

E4€E
ng = eIJO X |Vbiused| )

The above theory fully demonstrates that the absorbing material applies bias voltage
or chemical doping to achieve dynamic adjustment, so as to achieve the purpose of tunable
absorption. This process qualitatively changes the frequency of surface plasmon polariton
(SPP) excitation characteristics, thereby affecting the absorption the operating frequency of
the wave material.
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In order to evaluate the function of the double-layer graphene terahertz absorber
we designed, we performed numerical simulations using the electromagnetic simulation
software based on the finite element method. In the simulation, a cell in the periodic
structure is taken as the calculation object, the boundary conditions of the periodic cell in the
Xand Y directions are selected, and the Z direction is set as the open boundary condition.

The absorptance A(w) formula can be written as:

A (w)=1-T(w) —R(w) 8)

where T(w) and R(w) are the transmission coefficient and reflection coefficient, respectively,
and the absorptivity is obtained by using simulation software, selecting the frequency
domain solver, and deriving the absorptivity and S parameters. It can be seen from
Equation (8) that, by reducing the transmission and reflection coefficients, higher absorption
spectra can be obtained. The ideal electrical conductor in the simulation software is
used as a thin metal film reflective layer ground plane to minimize the transmission
coefficient. The result shows that the transmission coefficient of the metal layer is zero,
A (w)=1—R(w).

3. Results and Discussions
3.1. Narrow Band Absorption of Top and Bottom Two Levels of Fractal

Using the parameters of the structure diagram shown in Figure 1, a single cross-shaped
fractal array is simulated to obtain its corresponding resonance frequency, Figure 2a shows
the top levels of the fractal spectra and Figure 2b shows the bottom levels of the fractal
spectra. It can be seen from Figure 2a that with the increase of the fractal order, the resonant
frequency of the first peak of the fractal has a significant red shift [33,35]. It can be seen
from Figure 2a that the first maximum absorption peaks of the cross one- to four-level
fractals are respectively located at: 1.05 THz, 0.89 THz, 0.74 THz, 0.63 THz, but it is worth
noting that the three-level fractal (green curve) has a second formant at 1.68 THz, and the
four-level fractal (red curve) has at 1.37 THz a second resonance peak.
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Figure 2. One-level to four-level cross fractal narrow-band absorption spectra: (a) top, (b) bottom.

0.0

The bottom layer is composed of graphene fractal structures with the same size,
the same arrangement, and the same Fermi energy. Figure 2b shows the resonance absorp-
tion spectra obtained by the bottom one- to four-level cross fractals. Figure 2a,b roughly
shows a relatively similar trend, but they are not consistent in resonance frequency. It can be
seen from Figure 2b that the first maximum absorption peaks of the cross one- to four-level
fractals appear at 0.92 THz, 0.77 THz, 0.66 THz, 0.55 THz, and similarly, for the three-level
fractal (green curve) and the four-level fractal (red curve), there are second resonance peaks
at 1.45 THz and 1.17 THz respectively. It can be seen from Figure 1b that the graphene
cross fractal is embedded in the MgF, dielectric layer rather than at the boundary, and the
reflection-enhancing response has a small effect on the cross fractal. According to the
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analysis of Figure 2a,b, theoretically inferred, the broadband range (absorption > 60%) of
the double-layer absorber we designed is from 0.5 THz to 1.8 THz.

3.2. Broadband Absorption

Through the research of cross fractal absorbers at all levels, we have learned the basic
principles of suppressing reflections. However, the narrow absorption bandwidth severely
inhibits the application of the absorber, so expanding the bandwidth has become the focus
of our work. In the next step, we combine one- to four-level fractals of cross fractals into
the supercell structure in Figure 1c to achieve broadband absorption, and show the not
optimized structure and the optimized top, bottom, and combined layer absorption spectra
the results are shown in Figure 3. As we all know, a fractal is a kind of similar shape
between its components and the whole. It can be said to be a tangible fractal structure in
the traditional sense or a similar intangible fractal structure in a statistical sense [30]. In the
initial stage, we designed the structure to start from a one-level fractal and a two-level
fractal is placed on itself when reduced by one third under a one-level fractal. Similarly,
three-level fractal is reduced by one sixth under the one-level fractal. It is placed on itself
and the four-level fractal can be deduced by analogy. That is, each level of fractal adds a
self-similar and proportionally arranged shape on the original basis, which is equivalent
to increasing the effective length from the original size. The unoptimized cross fractal
structure is shown in Figure 3 (yellow curve). From the absorption curve, it can be seen
that the bandwidth and high absorption cannot be formed in the multifrequency range
of 0.72-0.85 THz, 1.1-1.33 THz. After that, the data structure was optimized by multiple
simulations, and the position of the cross three-level fractal and four-level fractal was
adjusted under the condition of the same size, as shown in Figure 4a, which is the old
three-level fractal optimization. Figure 4b is the optimized three-level fractal. The top
and bottom positions of the three-level fractal are placed at the ratio of L/2.17, and the
left and right positions are placed at the ratio of L/5. The adjustment part is shown as
the white dotted line in Figure 4b. Figure 4c is the four-level fractal before optimization,
and Figure 4d is the four-level fractal after optimization. The top and bottom positions
of the four-level fractal are placed at the ratio of L/1.96, and the left and right positions
are placed at the ratio of L/5.6. The adjustment part is shown as the white dotted line
in Figure 4d.

1.0

Absorptivity
= o
=) > -]

e
=

e Top

0.2 e Bottom
Unoptimized
/ e Combined
u 0.5 1.0 1.5 2.0
Frequency(THz)

Figure 3. The unoptimized structure and the optimized absorption spectra of the top, bottom and
combined layers after optimization. The yellow curve shows the broadband response before the
structure is optimized, the red curve shows the broadband response of only the top layer, and the
green curve shows the broadband response of only the bottom layer. Using the two-layer structure at
the same time, a combined broadband response is obtained, as shown in the purple curve.
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Figure 4. Three-level and four-level fractals, self-similar structures and optimized structures are placed in equal proportions.

(a) The old three-level fractal structure. (b) The optimized three-level fractal structure. (c) The old four-level fractal structure.

(d) The optimized four-level fractal structure.

The optimized structure diagram is shown in Figure 1a, and the absorption simulation
result is shown in Figure 3 (purple curve). It can be seen from Figure 3 that the top layer
cross fractal (red curve) after combination has higher absorption spectra in the range of 0.55-
1.76 TH, which is more than 60% consistent with the combination layer, and, as is discussed
in Figure 2a,b, the crossover frequency of each graded cross-shaped resonance frequency
(0.5-1.8 THz) is almost the same. We found that the absorber achieves (absorption > 80%)
in the range of 0.55-1.81 THz. We calculated (FWHM) Af to be 1.26 THz, where the center
frequency f. = 1.18 THz, using Af /f. to calculate the relative bandwidth 106.8%.

We attribute the bandwidth and high absorption changes formed by the combination
of various fractals to the cross fractal coupling that affects the resonance frequency, which is
better than the bandwidth and absorption of the fractal alone. In the same way, the bottom
cross fractal in Figure 3 (green curve) also shows a continuous high broadband absorption
exceeding 70% in the 0.8-0.95 THz and 1.14-1.64 THz segments. Although the top and
bottom cross fractals have the same size and position arrangement, due to the influence of
the dielectric layer MgF, the absorption rate is relatively low in some wavebands, and the
absorption resonance will also be inconsistent. This frequency range is almost the same as
the resonant frequency of each graded cross shape discussed in Figure 2b, but there will be
some deviations due to the cross-shaped coupling, but this is not an influencing factor.

3.3. E-Fields of Broadband Absorption in the Top and Bottom Layers

In order to better study the broadband absorption of the absorber, we use numerical
analysis to further discuss the 2D electric field distribution of the resonance absorption
spectra of seven high-frequency E-field distributed in two layers within a certain terahertz
range, and the selected frequencies are respectively 0.58, 0.70, 0.86, 1.06, 1.28, 1.50 and
1.69 THz. Figure 5a—g corresponds to the seven resonant absorption spectra of the top
layer cross-shaped two-dimensional E-field, and Figure 5h-n corresponds to the seven
bottom layer resonant absorption spectra of the cross-shaped two-dimensional E-field.
In order to ensure the consistency of data comparison, all electric field distributions are on
the same standardized scale. It can be seen from Figure 2a,b that there are two resonance
peaks in the three-level and four-level fractal. The P1 peak (0.58 THz) is mainly caused by
the first resonance peak of the top and bottom three- and four-level fractals. For the P2
peak (0.70 THz), P3 peak (0.86 THz), P4 peak (1.06 THz), the electrical response is more
complicated, and it is affected by the top and bottom layers and multiple fractals, or by
the coupling and superposition of adjacent resonance peaks. No single layer or single
fractal plays a leading role. For the P5 peak (1.28 THz) resonance is only caused by the
action of the top and bottom four-level fractals, and the electric field intensity is higher than
the other three levels. For the P6 peak (1.50 THz) and P7 peak (1.69 THz), the resonance
is mainly caused by the three-level and four-level fractal effects, and the one-level and
two-level fractals have no obvious effect on the P6 and P7 peak. To sum up, it has strong
resonance in the 0.4-2 THz terahertz band is mainly caused by the interaction, coupling
and superposition between the fractals.
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Figure 5. The cross fractals of the top (a—g) and bottom (h-n) layers of the absorption spectra
correspond to the E- field profiles for broadband peaks.

3.4. Fermi Energy

After the structure is fixed, the properties of the metal are also fixed, and the ap-
pearance of graphene has changed the status quo. As a controllable material, graphene
can be dynamically adjusted by applying a bias voltage or chemical doping. It can be
adjusted as a whole or locally. It achieves dynamic adjustment of the working frequency
and intensity of narrowband and broadband absorption, making the metamaterial there
is more freedom [19]. Figure 6 shows the simulated absorption spectra at different Fermi
energy. With the adjustment of the Fermi energy, the bandwidth and absorption efficiency
are significantly improved from 0.2 eV to 1 eV.

3.5. The Thickness of Dielectric Layer

In order to better test the performance of our designed absorber, the influence of the
absorption spectra of the top and bottom (¢, t,,) MgF, dielectric layers of the structure with
different thicknesses was studied, and the results are shown in Figure 7. The simulation
experiment shows that the best absorption performance can be obtained when ¢, = 45 pm
and t; = 12 pm. It can be seen from Figure 7a that f; does not change significantly between
11-15 pm, but at 0.6-0.9 THz, t; = 12 um has a good absorption effect, and the bandwidth
is relatively large when t; = 12 um, and we can see t; = 12 um has the best absorption effect.
Figure 7b shows that with the increase of the dielectric t,, layer, the absorption becomes
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better and better. Under certain other conditions, when t,;, = 45 pm, a better absorption
bandwidth and high absorption rate can be obtained.

1.0¢

4
%

Absorptivity
=3
a

04
o (.2¢V
0.2 —().4eV
s ().6eV
0.8eV
—— 1.0eV
0.0
0.5 1.0 1.5 2.0
Frequency(THz)

Figure 6. The absorption spectra when the Fermi energy of graphene is 0.2-1 eV under certain other
parameters.
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Figure 7. Absorbance of structures with different thicknesses. (a) Single-layer dielectric when
Q =100 pm, and t,; = 45 pm (b) Double-layer dielectric thickness when Q = 100 pm, and ¢; = 12 um.

3.6. Polarization and Incidence Angle Dependence

In addition to analyzing the influence of the electric field and the dielectric layer,
a good standard for measuring the absorber is that its polarization and incident angle are
not sensitive. Therefore, we used the simulation software to perform a numerical simulation
to check our absorbing structure at different polarizations and oblique incidence angles.
Figure 8a is a numerical simulation of the supercell structure of the absorption spectra at
different polarization angles (®). It can be seen from Figure 8a that the absorption of the
tuning polarization angles (®) from 0 to 90° remains unchanged for the TE and TM modes.
The results show that, because our absorbing structure is periodic symmetric, under normal
incident conditions, the absorption is completely independent of polarization, which means
that it is insensitive to the polarization angle. In practical applications, the incident light
is usually irradiated at an oblique incident angle. We simulate the oblique incident angle
from 0 to 60°, and the absorption modes of TE and TM polarization are basically consistent.
Figure 8b shows TE polarization, the E-field is always perpendicular to the incident plane.
Figure 8c shows TM polarization, and its magnetic field is always perpendicular to the
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References

incident surface. The results show that our structure is a highly optimized TE and TM
polarized wave incident at a large angle, with good absorption performance and stable
working bandwidth.
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Figure 8. Numerical simulation of the polarization and oblique incidence of the supercell absorber.
(a)Absorption spectra with different polarization angles (® = 0-90°), the polarization angles range
from TE polarization (0°) to TM polarization (90°). (b,c) 0 to 60° oblique incident angle for TE
incidence and TM incidence.

4. Conclusions

In summary, we propose a metasurface terahertz absorber based on fractal technology
graphene geometric resonator to achieve ultra-wideband, ultrathin, adjustable double-
layer cross fractal formation. We designed the device to achieve (absorption > 80%) in
the range of 0.55 THz to 1.81 THz, where the center frequency f. = 1.18 THz, and the
relative bandwidth 106.8%. Studies have shown that considering the dielectric thickness
and electric field strength, there is a higher absorption efficiency, which proves that the
absorber we designed is insensitive to polarization angles and large angles of 0 to 60°.
According to the bias voltage and chemical doping changes the characteristics of the Fermi
energy of graphene, it effectively controls the absorption strength and resonance frequency
of the metamaterial absorber, and realizes the dynamic tuning of the metamaterial absorber,
which has obvious advantages compared with the traditional metal metamaterial structure.
This has important application prospects in optical communication, transformation optics
and optical imaging.
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