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Abstract: Metamaterial absorbers have been widely studied in the past decade and their
performances have been incessantly improved in the practical applications. In this paper, we
present a broadband terahertz metamaterial absorber based on graphene-polyimide composite
structure, and the structure consists of a metal substrate and graphene layers with different sizes
separated by two polyimide dielectric layers. The simulation results show that the absorptance of
the absorber is greater than 90% in 0.86-3.54 THz with the fractional bandwidth of 121.8%. The
absorptance can be adjusted by changing the chemical potential of graphene. In addition, the
absorber is insensitive to polarization and still has robust tolerance for the oblique incidence.
The equivalent circuit model based on transmission line is introduced to analyze the physics of
the designed absorber and the results are in good agreement with the simulations. We believe
that the designed absorber is a potential competitive candidate in terahertz energy harvesting and
thermal emission.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metamaterials (MMs) are normally defined as a kind of composite material consisted of periodic
array of resonant structures with sub-wavelength dimensions, which can manifest some unphysical
electromagnetic (EM) performances compared with the natural materials [1]. In recent years,
MMs have been extensively applied in various fields of optical black hole [2], super lens [3],
polarization controlling [4,5], sensing [6], EM stealth [7,8], perfect absorption and so on [9,10].
Since the metamaterial absorber (MA) was firstly presented by Landy in 2008 [11]. MAs
are highly concerned because of the tremendous absorption ability and application prospects
[12—16]. Up to now, the focus of MAs is still on the performance of the bandwidth, polarization
insensitivity, oblique incidence and integration of geometry limits [17-22].

Terahertz technology has been applied in biomedicine [23,24], safety inspection [25] etc.
Particularly, many recent reports have placed high hopes on the application of terahertz waves in
6G communications [26,27]. Recently, terahertz MAs are proposed to be possibly applied in
ultra-high data rate short-path wireless communication in the field of communication [28]. They
also have wide application prospects in energy harvester [29], thermal emission [30], sensor
[31] and micro-bolometer [32]. Zhou Qihui et al. presented a tunable broadband terahertz MM
absorber based on graphene with transmission band, and its absorption can be tuned from 0.4 to
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0.9 in 0.5-1 THz [33]. Rishi Mishra et al. investigated a terahertz absorber loaded graphene
fractal frequency selective surface, which obtained a —10dB reflection coefficient bandwidth
of 2.66 THz [34]. Liu Zhongmin et al. proposed a broadband terahertz absorber with singular
graphene patches array and metal-backed dielectric substrate, of which the work absorption
bandwidth (absorption > 90%) is 0.47 - 1.47 THz with a relative bandwidth of 100% [35].
Yan Dexian et al. also achieved a broadband graphene-based tunable terahertz MA with the
absorptance larger than 90% in 0.65—-1.3 THz [36]. Zhou Runhua et al. designed a tunable
broadband terahertz absorber which is composed of graphene, silicon dioxide and vanadium
dioxide. The absorptivity of the absorber can be as high as 90% in a wide range of 0.65 THz
[37]. For the manufacturing of terahertz devices, since the size of the unit is much smaller than
the wavelength of the incident electromagnetic wave, the fabrication of terahertz devices usually
requires complicated and numerous steps and the use of high-cost equipment, such as equipment
with functions of focusing ion beams or lithography [38]. Although these devices can make
terahertz devices, they are time-consuming, complicated and costly. Therefore, the fabrication of
terahertz devices is still a challenge. Although the above-mentioned literatures all use different
methods to achieve broadband absorption in terahertz frequency, the MAs are still suffering from
the narrow relative bandwidth and awful oblique incidence, to some extent, which limits the
practical applications. It is still highly desirable to design ultra-wideband terahertz absorber with
excellent incident performance.

In this work, we present a broadband terahertz MA based on graphene-polyimide composite
structure. The absorptance of the MA in 0.86—3.54 THz band is greater than 90% with the fractal
bandwidth of 121.8%. The designed MA is insensitive to polarization and still shows excellent
oblique incidence robustness. Compared the previous works, our MA has the wider bandwidth
and incident angle (TM). The simulation results show that the absorptance can be adjusted with
changing the chemical potential of graphene layers. Our designed absorber has the applications
in terahertz energy harvesting and thermal emission.

2. Design and simulation

Figure 1 shows a structural unit cell of the designed MA. The MA is composed of three
graphene-polyimide composite layers, shown in Fig. 1(a). The first layer a nine-small square
pillars graphene-polyimide composite structure. The second layer is a graphene mesh-polyimide
layer, and the third layer is a common graphene-polyimide layer. The metal backboard of
gold (0 =4.561x107 S/m) with thickness of 1um is covered on the bottom for preventing the
transmission. The geometries in Fig. 1(b) are optimized as following: p= 118 um, w; =26 um,
wyp =37 um, h; =29.8 um, hy = 15.4 um and h3 =24 um. The thickness of the graphene on each
layer is 0.07 pm and the polyimide layer is modeled with &, = 3.5 and the tan ¢ = 0.0027.
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Fig. 1. Unit cell schematic of the broadband graphene terahertz absorber. (a)The three-
dimensional diagram of the MA. (b)The cross section of the MA.
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In the simulation, we carry out the simulation by using by the software CST Microwave Studio.
The reflectance and absorptance of the MA are simulated and calculated by using frequency
domain analyzer of tetrahedral grid. In the x and y axes, boundary conditions are set as unit cell.
An open boundary condition (open add space) is applied in the Z-max direction, and the Z-min
direction is set to be grounded (Et = 0).

3. Results and discussion

The absorptance is calculated asA=1-R-T =1 - 1S1112 = |S211%, where R and T are the
reflection and transmission, and S;; and S;, are the corresponding reflectance and transmittance.
The transmittance Si; is equal to zero due to that the thickness of gold plate is far thicker than
skin depth. Hence, absorptance of the MA is calculated by A =1 -R =1 —|S|; . To better
illustrate the role of each graphene layer, we simulate the absorption performance of the model
when only each graphene layer is left, as shown in Fig. 2(a). From the figure, the structure
cannot absorb electromagnetic waves without graphene, but once graphene is added, it can absorb
electromagnetic waves. When only the first, second and third graphene layers are added, their
absorption bands (absorptance greater than 0.9) are 1.6-2.2THz, 0.7-1.1THz and 2.3-3.1THz,
1.1-2.2THz, respectively. Figure 2(b) shows that this broadband absorption is not the simple
combination of graphene layers, but the broadband absorption obtained through the interaction
of three graphene layers.
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Fig. 2. Absorptance of (a)each graphene layer (b) every two graphene layers.

Figure 3(a) shows the reflectance and absorptance of the MA. We can see that the reflectance
is smaller than 0.3 in 0.86-3.54 THz, and the absorptance is greater than 0.9 in this frequency
regime. It is known that the perfect absorption will be realized when the equivalent impedance
of absorber is matching the impedance of the free space. Herein, we illustrate the equivalent
impedance of the MA in Fig. 3(b) to manifest the absorptive performance. It is clearly seen that
the real part and imaginary part of the equivalent impedance are nearly 1 and 0, respectively, at
the resonant peaks of 1.15 THz, 2.27 THz and 3.35 THz. In addition, the real part and imaginary
part of the equivalent impedance are around 1 and 0 in the working frequency scope of 0.86-3.54
THz, respectively. This means that the perfect absorption is achieved in 0.86-3.54 THz because
the equivalent impendence of MA is matching the impendence of the free space.

We also discuss the absorptance versus the incidence and polarization. From Fig. 4(a), we can
see that the absorptance is greater than 0.8 when the oblique incident angle 6 expands to 45°
under TE polarization, and the absorptance is still larger than 0.7 when the angle of incidence
reaches to 60°. This means that the designed MA has robust tolerance of the oblique incidence.
For the TM polarization, shown in Fig. 4(b), the tolerance of the absorptance is extremely better
than the TE polarization, and the absorptance is larger than 0.9 when the incident angle reaches
to 60°. Apparently, there are some differences between TE and TM polarizations existed under
oblique incidence from Fig. 4(a) and 4(b). This is because the dominant resonance of the MA
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Fig. 3. (a) Reflectance and absorptance (b) Real and imaginary parts of equivalent impedance
of the absorber.

is excited by the magnetic field, in other word, the MA is a magnetic resonant absorber. Thus,
the absorber has a very stable absorptance (A \gt 0.9 when 6=60°) under TM polarization
because of the magnetic field component for exciting the resonance is unchanged. However, the
component of magnetic field is gradually decreasing when the oblique incident angle increases
in TE polarization, which will lead to the absorptance gradually decreases [39]. Figure 4(c)
illustrates the absorptance with different polarizations, we can see that the absorptance is constant
with any polarizations due to the C4 design of the MA.
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Fig. 4. Absorptance (a)oblique incidence under TE polarization, (b)oblique incidence under
TM polarization, (c)under different polarization angles.

We perform the change of the absorptance with adjusting the thickness and periodical size
of the MA. Figures 5(a-c) show the influence of the thickness of each layer on the absorptance.
We simulate the absorptance with different thickness for each layer with the step of 2 um while
fixing other parameters shown. From Fig. 5(a), we can see that the thickness of the third layer
(h1) mainly influences the absorptance and bandwidth of the MA. With the increase of thickness
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of hy, for all resonance points, there is a red shift in the working frequency band. But the overall
absorptance is improved, especially between the first resonance point and the second resonance
point. When the thickness increases from 19 pum to 25 pum, the absorptance between the second
resonance point and the third resonance point gradually increases, but when it is above 25 um the
absorptance decreases. Figure 5(b) displays the influence of the thickness of the second layer (hy)
on the absorptance of the MA. It is found that there is a very small red shift at 0-2.25 THz and
an obvious red shift at 2.25-4 THz with the increase of the thickness of h,. The thickness of h;
almost effects on the absorptance below 2.25 THz, but the bandwidth becomes narrower and the
absorptance increases gradually with the increase of thickness above 2.25 THz. Compared with
Figs. 5(a-b), the third layer has the similar effect on the absorptance and bandwidth shown in
Fig. 5(c). As the thickness increases from 25 um to 33 um, the absorptance remains above 0.85
with the gentle vibration in 1.3-3.5 THz. The absorptance is almost not affected by the thickness
of h3 when the frequency is lower than 1.3THz. In addition, there is a slight influence on the
bandwidth, and the thickness of h3 corresponding to the minimum and maximum bandwidth is
25 pm and 27 pm, respectively. Herein, it should be clear that the effect of the first layer is the
opposite of the effect of the third layer, meaning that the absorptance is relatively lowest when
the thickness of h; is minimum, whereas the absorptance is relatively highest when the thickness
of hs is minimum. Figure 5(d) depicts the influence of the absorptance with the periodical size
of the MA from 110 pm to 130 um with the step of 4 um. The simulation result shows that the
bandwidth of the MA is unchanged but the absorptance is obviously improved with the increase
of the periodical size. The absorptance is above 0.9 in 0.86-3.54 THz, and the absorptance
reaches to 0.98 at three resonant frequencies of 1.15 THz, 2.27 THz and 3.35 THz, respectively.
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Fig. 5. Absorptance with different geometric parameters. (a) thickness of first layer, (b)
thickness of second layer, (c) thickness of third layer, (d) periodic geometry.

In what follows, we explore the influence of graphene layer on the absorptance of the MA.
We illustrate the absorptance with different thicknesses of graphene layer while fixing other
parameters in Fig. 6(a). We simulate the graphene layer thickness from 0.01 um and 0.09
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um with the step of 0.02 pm. It is shown that there is no effect on the absorptance with the
thickness of graphene layer. Additionally, we also investigate the influence of chemical potential
of graphene layer on the absorptance shown in Fig. 6(b). The absorptance of the absorber changes
between 0.15 and 1. Our research range is from 0.0 eV to 1.0 €V, and the absorptance of absorber
at different chemical potential is simulated and calculated at intervals of 0.1 eV in Fig. 6(b).
Combined with Fig. 6(c) and Fig. 6(d), for the designed absorber, the best absorption performance
can be achieved when the chemical potential is 0.9 eV. From Fig. 6(c), it illustrates that chemical
potential has a regular influence on resonance frequency. With the improvement of the chemical
potential of all graphene layers, the resonance frequencies of three resonance points show a
similar linear increase, which shows that the increase of chemical potential has little effect on the
absorption bandwidth of the absorber. Figure 6(d) reveals that the chemical potential will affect
the absorption performance at each resonance point. Therefore, the designed graphene-loaded
MA can be used as a dynamically tunable wave-absorbing device, which indicates that graphene
materials have a broader application prospect in the field of tunable devices.
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Fig. 6. Absorptance(a)different thickness of graphene layer, (b) different graphene chemical
potential; Relations between (c)resonant frequency and chemical potential, (d) absorptance
of resonant point and chemical potential.

In order to further explore and demonstrate the absorption mechanism of the MA, we illustrate
the distributions of electric field energy and magnetic field energy at three resonance points
of 1.15 THz, 2.27 THz and 3.35 THz, respectively. Figure 7 shows the electric field energy
distributions of each graphene layers at three resonance frequencies. At the resonance frequency
of 1.15 THz, the electric field energy is mostly distributed in graphene of the first layer (graphene
patches) and the horizontal stripes of graphene of the second layer (graphene mesh). At 2.27
THz, the electric field energy is mostly distributed in the vertical stripes of graphene mesh, and a
small part is distributed in graphene of the first graphene layer and the third graphene layer. At
3.35 THz, it has a similar distribution to that at 2.27 THz.
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Fig. 7. The electric field energy distribution at 1.15 THz, 2.27 THz and 3.35 THz,
respectively. (al-a3) first layer, (b1-b3) second layer, (c1-c3) third layer.

Figure 8 show the magnetic field energy distributions of graphene layers at three resonance
frequencies of 1.15 THz, 2.27 THz and 3.35 THz, respectively. At 1.15 THz, the magnetic field
energy distribution is strongest on a certain patch of the graphene patches and the vertical stripes
of the graphene mesh. At 2.27 THz, one patch on the first graphene layer has the strongest
magnetic field energy, while other patches have strong magnetic field energy. And the edge of
the second graphene layer is also distributed with strong magnetic field energy. Compared with
the other two resonance points, the magnetic field distribution at 3.35 THz is quite different.
There is strong magnetic field energy in the third graphene layer. In a word, the multi-layers of
graphene stimulate the several resonances in the working frequency band of the MA which can
absorb the EM wave.
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Fig. 8. The magnetic field energy distribution at 1.15 THz, 2.27 THz and 3.35 THz,
respectively. (al-a3) first layer, (b1-b3) second layer, (c1-c3) third layer.
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In order to better prove the excellent performance of the proposed MA, it is necessary to
make comparison for the performance of this MA with published graphene-based terahertz MA
(see Table I). The relative bandwidth (RB) is defined as RB = 2 X (fy — f.)/(fg + fr). Oblique
incidence robustness refers to the maximum incident angle that can be achieved when the
absorptance of the absorber is kept above 0.8. Compared with other graphene-based terahertz
absorbers, the designed absorber in this paper has the widest RB and excellent oblique incidence
robustness.

Ref. RB (%) BW(THz) Oblique Incidence Robustness (Absorptance > 0.8)
[33] 66.7 0.5-1 0°-45°(TE, TM)
[34] 110.4 1.08-3.74 0°-45°(TE,TM)
[35] 103.1 0.47-1.47 Not mentioned
[36] 66.7 0.65-1.53 0°-15°(TE,TM)
[37] 49.8 0.98-1.63 0°-50°(TE,TM)
[39] 84.5 1.34-34 0°-45°(TE),0°-60°(TM)
[40] 90.3 1.7-4.5 0°—40°(TE),0°-60°(TM)
[41] 93.3 0.8-2.2 Not mentioned
This work 121.8 0.86-3.54 0°-45°(TE),0°-65°(TM)

4. Equivalent circuit model

In this section, we introduce the equivalent circuit model which is based on transmission line (TL)
theory to illustrate the absorptance of the designed MA. The surface conductivity of graphene can
be divided into inter-band and intra-band contributions, and the total conductivity of graphene is
equal to the sum of them. The intra-band surface conductivity is calculated as [42]

2
e kpT | pe _
intra = — < 4 2In(e /Mt 4 1
Tintra ) hw [kBT n(e ) (D
The inter-band surface conductivity can be approximated for kT < |u|, wh as
)
—Jje 2|pe| — wh
o 1 2
Tinter anh n(2|#c| + oh (2)

The intra-band surface conductivity is dominant in the terahertz region, the complex conduc-

tivity can be expressed as [43]
o

g = ———— 3
Ointra 1+ jor 3
where w is angular frequency and
2
e“kpTt ( e _
= < 4 2In(e Mkt 4 4
preal Pac n(e ) “4)

In Eq. 4), e, kg, T, 7, h and p. are elementary charge, Boltzmann’s constant, temperature,
electro-phonon relaxation time, reduced Planck’s constant and chemical potential, respectively.
Herein, T is set to 300K, and 7 =0.1 ps.
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The complex impedance of the graphene patches array and the graphene mesh are evaluated as
[43,44]

7 - L wtD 1 ] 5)
4T D-go D=9~ wly
D ™D
Zg2=—+ja) (—+Leﬁ) (6)
80 80

In Eq. (5), D is the period of the graphene patches array, and g is the width of crack between
the patches (D>g). From Eq. (5), we mimic the graphene patches as a R-L-C series circuit, in
which the R and L are determined by surface conductivity of the graphene patches array. From
the literature [44], the graphene mesh attached to the surface of the dielectric layer should be
equivalent to an R-L series circuit as shown in Eq. (6). However, the graphene mesh in the
proposed absorber is embedded in the dielectric layer instead of attached to the surface of the
dielectric layer. Therefore, we added a parameter (Cy) related to medium to Eq. (6), and modified
Eq. (6) as

D ™™D 1
Zyp=—+jw|— +Lg|+ 7
g2 g0 Jw (ga_ eﬁ) joCy (7

From Eq. (7), we mimic the graphene mesh as a R-L-C series circuit. The C,y and L.y are
influenced by the geometry of the graphene patches. The Cof and L.y can be described by Eq. (8)
and Eq. (9). Where the &, is the relative dielectric constant of the material around graphene
patches [43,44].

Co = %eo(er + 1)D1In [csc (%)] ®)
Loy = DZ_F;O In [csc (;T‘g;)] ©

The complex impedance of the dielectric substrate is calculated as [45]
Za = jZ. tan(k,l) (10)

In Eq. (7), Z. = wp, [k, is the characteristic impedance of the dielectric substrate, in which

the k;, = , /kg - késinQG represents the propagation constant along z axis. / is the thickness of

the dielectric substrate. ko and k, = w+/u,&, are the wave number of the incident wave vector
in free space and the dielectric substrate, respectively. u, and &, are relative permeability and
relative dielectric coefficient of the dielectric substrate.

In Fig. 9, the equivalent circuit model of the designed absorber is introduced based on the
above theory and TL theory. To present equivalent circuit approach for the MA. As shown in

Y, Y, Ys Xa Ys Ys

. o
R1 R2 R3
L1 — -
port @2 1 c4 . (oi— Zo
cl T 3

LI
LN

_I

F}rsl layer Seéond layer 'l:hird layer

Fig. 9. Equivalent circuit of the absorber.
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Fig. 1(a), we recall generally the structure of the MA, and it consists of three graphene layers
separated by polyimide layers. The graphene of first layer is a graphene patches array, and it can
be equivalent to a R — L — C series circuit. The graphene of second layer is a graphene mesh, and
it also can be equivalent to a R — L — C series circuit. And the third layer is a complete graphene
sheet which can be equivalent to a R — L series circuit. Moreover, the dielectric substrates in the
first, second and third layers are equivalent to capacitors C2, C4 and CS5, respectively.
According to the circuit theory, the admittance analysis of each layer is as follows [45]:

1

- 11
"7 Ry +jwL; + 1/jwC) (in
Yy =jwC, (12)

1
Ys = 13
37 Ro +jwls + 1/jwCs (13)
Y4 = jwCy (14)

1
= 15
5 R; +jwls as)
Ys = jwCs (16)

Each layer is connected in parallel with each other, so the equivalent admittance of the MA is
expressed as:
Yn=Y1+Yo+ Y3+ Y4+ Y5+ Y (17)

The equivalent impedance of the MA is expressed as:

1
Zin = Y. (18)
The coeflicient of reflectance can be obtained by
Zin — Z4
_ Zin 0 (19)
Zm + Z()
The expression of absorptance is
A=1-T7 (20)

The reflection coefficient and absorptance of the circuit are simulated by ADS (Advanced
Design System 2016), and compared with that simulated by CST. From Fig. 10, the results
obtained by equivalent circuit are very close to those obtained by CST simulation.

(a) (b)

1.0 1.0
0.8} 0.8}
g 8
= 0.6F —=—CST gO.G - csT
© —e— ADS = —e— ADS
04t g04t
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00 1 1 1 1 1 1 1 00 1 1 n 1 1 1 I
0.0 05 1.0 15 2.0 25 3.0 35 4.0 0.0 05 1.0 15 20 25 3.0 35 4.0
Frequency(THz) Frequency(THz)

Fig. 10. (a) Reflectance comparison (b) Absorptance comparison.
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5. Conclusion

In summary, we propose a broadband terahertz metamaterial absorber based on graphene-
polyimide composite structure layer. The simulation results show that the absorptance of the
metamaterial absorber in 0.8-3.3 THz band is greater than 90%, and the absorption bandwidth is
about 2.5 THz. The MA is insensitive to polarization and still shows excellent oblique incidence
robustness. The loss of the middle dielectric layer of the absorber affects the performance of
the absorber, so we analyze the influence of the dielectric layer and the period of the MA. We
also discuss the influence of graphene from two angles because the resonance layer is made of
graphene. Finally, an equivalent circuit model for the MA is analytically investigated. The design
method of the absorber presented may find potential applications in terahertz energy harvesting
and thermal emission.
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