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A B S T R A C T

In this paper, a triple-band terahertz metamaterial absorber (MA) based on buck Dirac semimetals (BDSs) is
proposed, which consists of a windmill-shaped element in a square ring layer, a dielectric layer, and a BDSs
layer. The MA unit cell is investigated at normal and oblique incidence angle for both transverse electric (TE)
and transverse magnetic (TM) polarizations. The simulation results show that the MA has three high absorption
peaks at 0.80 THz, 1.72 THz, and 3.38 THz. The corresponding peak absorbance are 99.43%, 99.92% and
99.58%, respectively. Moreover, the absorption peaks of MA can be tuned by adjusting the Fermi energy of the
BDSs. And the density of electric field, the magnetic field, and surface current distributions of the MA are given
to reveal the absorption mechanism. According to the simulation results, the designed MA not only has high
absorbance, but also insensitive to polarizations. Hence it is favorable for various applications, such as terahertz
detecting, radar stealth and bio-chemical sensor.

Introduction

Metamaterial absorbers (MAs) is a kind of subwavelength periodic
material which is designed and manufactured manually. In 2008 years,
Landy et al [1] first proposed and demonstrated a kind of single-band
MA, which has a near unit of absorbance. Subsequently, the scholars
from all over the world began to do research on MAs and metasurfaces
[2,3], mainly involving broadband and narrow-band MAs from micro-
wave [4,5], terahertz wave [6–8], infrared wave [9] to visible light
[10,11]. The MAs have widely potential applications in many fields,
such as electromagnetic cloaking [12], electromagnetic absorption
[13], sensor [14], solar cell [15], stealth [16] and so on. In the study of
MAs, theory of transmission lines, multi-reflection interference theory
and impedance matching are used to analyze and design the MAs,
qualitatively. Then, the finite element simulation software is usually
adopted to design and optimize the structure of MA. After that, the
designed MA will be verified through experiments.

Generally, there are two kinds of design methods to achieve multi-
bandwidth MA, one is to place multiple absorption units with different
resonant frequencies on the same plane of the MA unit, and the other is
to place absorption units with different resonant frequencies on dif-
ferent planes. However, the first method will cause the size of the MA
unit to be large, which will shadow the scene of its application. The
second way will increase the difficulty of fabrication processing.

Although, many non-tunable one-bandwidth, dual-bandwidth and
triple-band of MAs [17,18] have been reported, the triple-band MAs are
rarely reported. Moreover, the MAs designed with traditional metal
material (such as gold and silver) have fixed absorption spectrum, and
the absorption spectrum of the MAs cannot be tuned unless the geo-
metry of the MAs is carefully optimized.

Bulk Dirac semimetals (BDSs) is a kind of novel state three-dimen-
sional (3D) quantum material (such as Cd3As2, Na3Bi, etc.) [19,20], and
the electronic band structures of BDSs has linear dispersion character-
istics in the 3D momentum space direction. The permittivity functions
of BDSs can be dynamically tuned by changing its Fermi level (EF)
through alkaline surface doping or bias voltage [21,22]. The BDSs has
ultra-high mobility, high magneto resistance, and other exotic electrical
and optical properties, therefore, the BDSs also called “3D graphene”.
The BDSs has attracted great interests among international scholars.

Comparing to monoatomic layer graphene material, the BDSs ma-
terials are more stable against environmental conditions and techno-
logical factors changes. What’s more, the carrier mobility of BDSs is
much higher than graphene, for the crystalline symmetry prevention
against gap formation in BDSs [23]. The BDSs has very-high electron
mobility up to 9× 106 cm2 V−1 s−1 at 5 K [24], and the electron
mobility of graphene is 2× 105 cm2 V−1 s−1 at 5 K [25], merely. Be-
cause of the excellent properties of BDSs, it has potentially applications
in many fields, such as photonics and plasmonic. In recent years, many
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scholars have reported some research results based on BDSs in tunable
MA [26,27], plasmon-induced transparency (EIT) [28], and so on.

The BDSs show a metallic response at frequencies lower than Fermi
energy, and a dielectric response becomes dominated at higher fre-
quencies. Because the BDSs shows metallic property at the THz fre-
quencies, so it may be more convenient than graphene to design a
tunable MA for the BDSs, which can be served as reflection layer of MA.

In this paper, a triple-band terahertz MA based on BDSs is presented,
which consists of a windmill-shaped element in a square ring layer, a
dielectric layer and a BDSs layer. The MA unit cell is investigated at
normal and oblique incidence angles for both TE and TM polarizations.
The simulation results show that the MA has three high absorption
peaks (greater than 99%), and the absorption peaks can be tuned by
adjusting the EF of BDSs. The density of electric field, magnetic field
and surface current distributions of the MA are given to reveal the
absorption mechanism. Furthermore, numerical simulation is per-
formed to explain the relationship of the absorbance and the thickness
of dielectric, incidence angle, EF, and the imaginary part k of dielectric.

Structure design and simulation

The schematic structure of proposed MA and the direction of TE/TM
polarizations incident wave are illustrated in Fig. 1. The finite element
method based on commercial software COMSOL Multiphysics 5.3a [29]
is used to optimize the structure of MA, and the geometry parameters of
MA are shown as in Table 1. The absorption layer is gold, whose con-
ductivity is δ=4.56× 107 S/m and the thickness (h12) is 0.2 μm. The
thickness (h1) of the BDSs layer is set to 20 μm, which is enough to
make sure BDSs layer is opaque. Hence, the transmission of the MA is
totally eliminated, and the dynamic conductivity of BDSs is described
with Eqs. (1) and (2). The polyimide is selected as dielectric layer of
MA, and the refractive index (RI) and thickness (h2) are
n=3*(1+0.06*i) [30] and 8 µm, respectively.

In order to make the MA unit cell equivalent to periodic array, the
MA unit cell boundary and ports are set as Floquet periodic boundary
and periodic ports, respectively, as shown in Fig. 1(a). The absorption
spectrum of MA can be written as 1-R(ω)-T(ω)= 1-|S11|2-|S21|2 [31]. In
this paper, the absorption spectrum of MA becomes A(ω)= 1-R
(ω)= 1-|S11|2, for the existence of BDSs layer.

The dynamic conductivity of the BDSs is obtained by using the Kubo
formalism in random-phase approximation theory at the long-wave-
length limit. The real and imaginary parts of dynamic conductivity of
the BDSs can be expressed as [32]:
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where G(E)= n(-E)-n(E), n(E) is the Fermi distribution function,
kF=EF/ℏνF is the Fermi momentum, EF is the Fermi level, νF=106m/s
is the Fermi velocity, Ω= ℏω/EF, ε=E/EF, εc= Ec/EF (Ec=3 is the
cutoff energy beyond which the Dirac spectrum is no longer linear), e is
the electron charge, and g is the degeneracy actor (g= 4 for Na3Bi or
Cd3As2).

According to Eqs. (1) and (2), we calculated the σ(Ω) of the BDSs as
shown in Fig. 2. The real (a) and the imaginary (b) parts of the σ(Ω) are
as a function of the normalized frequency Ω= ℏω/EF, where g=4,
εc= 3 and νF= 106m/s. As shows in Fig. 2(a). When the Ω is less-than
2, the real parts of the σ(Ω) is equal to 0 and a leaping increase appears
at Ω=2. The imaginary parts of σ(Ω) intersect at one point at
Ω=1.23, and at Ω=2 the imaginary parts of σ(Ω) has a undershoot.

Fig. 3 shows the permittivity of the BDSs, it is obviously that the
permittivity of the BDSs is very sensitive to the Fermi level EF. As the EF
increases, both the real and imaginary parts of the permittivity are
dramatically increase. The dynamic conductivity of the BDSs has two
parts, one is interband conductivity and other is intraband conductivity.
For the one-band mode, it can be considered as the interband con-
ductivity, so the permittivity (ɛ) of the BDSs is obtained as follows [33]:

= +ε ε iσ ωε/b 0 (3)

where εb is the effective dielectric constant of background and ε0 is the
permittivity of vacuum. For Cd3As2 or Na3Bi, εb= 13, and this value
will be used in the following calculations.

According to the theory of transmission line, the equivalent circuit
model [34,35] of the proposed MA is extracted and presented in Fig. 4.
In the structure of proposed MA, the BDSs layer is placed at the back of
the MA to ensure the zero transmission. In the analysis of transmission
line model, the BDSs layer can be regarded as a short-circuit device
because of its zero characteristic impedance.

Fig. 4(a) shows the parasitic parameters of the MA, it is clearly that
the MA has three LC loops. Therefore, the MA has three absorption
peaks, and the general equivalent circuit model of MA is depicted in

(a) (b) (c)

Fig. 1. The schematic diagram of proposed MA unit cell: (a) periodic structure of MA, (b) perspective view (with TE/TM polarizations direction along x/y axis), (c)
top view.

Table 1
The geometry parameters of MA.

W/L D D1 D2 D3

70 µm 6 µm 14.75 µm 26.5 µm 4 µm
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Fig. 4(b). The impedance ZAL of absorption layer can be expressed as:
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where s= jω; ω=2πf; i= 1, 2, 3.
The impedance Zd of dielectric layer with thickness h2 can be
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where η0 is free space characteristic impedance, k0 is wavenumber, and
d is the dielectric thickness.

Based on the calculation of ZAL and Zd, the impedance Zin of MA can
be computed by the relation below,
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When the input impedance (Zin) of MA matches with the free space
characteristic impedance (Z0), the reflectance of MA become to be zero.

The equivalent circuit components shown in Table 2 are calculated
by using the geometry parameters shown in Table 1. The equivalent
circuit model of the MA is simulated by using the PSPICE, and Fig. 5.
shows the simulation results of PSPICE and COMSOL. It is obvious that

the equivalent circuit absorption spectrum of MA has good consistent
with COMSOL. The simulation results indicate that the extracted
equivalent circuit model is very effective for the proposed MA.

Results and discussion

For the sake of illustrating the performance and operating principle
of the proposed MA, the optical response, effective impedance, the
density of electric field, magnetic field and surface current of the pro-
posed MA are presented. The TE and TM polarizations absorption
spectrum of MA are provided in Fig. 6(a). The presented MA has three
high absorption peaks at 0.8 THz, 1.72 THz and 3.38 THz, and the
corresponding absorbance are 99.43% 99.92% 99.58%, respectively.
Significantly, under the TE and TM polarizations absorption spectrum
of MA are almost identical, which means the presented MA is not
sensitive to incident TE and TM polarizations electromagnetic wave.
The designed tunable triple-band MA’s structure has symmetry on the x
axis and y axis, therefore, the MA is not sensitive to incident TE and TM
polarizations electromagnetic wave.

According to the theory of transmission line, the effective im-
pedance of MA can be extracted from S parameters. Fig. 6(b). shows the
effective impedance of MA, the red line and green line are the real part
and imaginary part of the impedance of MA, respectively. On the basis
of the principle of impedance match theory, when the effective im-
pedance of the MA matches the intrinsic impedance of the vacuum, the
reflectance (R(ω)) of the MA will be going to be zero. Therefore, the
A(ω) of MA is going to be close to 1. The impedance equation [36] is
expressed as

(a) (b)

Fig. 2. The real (a) and the imaginary (b) parts of the σ(Ω) are as a function of the normalized frequency Ω = ℏω/EF at different EF.

(a) (b)

Fig. 3. The real (a) and the imaginary (b) parts of the permittivity of the BDSs at different EF.
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herein, the S21 and S11 represents the transmission and reflection
coefficient, respectively.

As shown in Fig. 6(a) the absorption peaks of MA is distributed at
0.80 THz, 1.72 THz and 3.38 THz, respectively. Comparing Fig. 6(a)
and (b) the absorption peaks of MA happens when the magnitude ef-
fective impedance is closed to 1, and the phenomenon also verified the
validity of impedance matching theory.

In order to reveal the mechanism of MA has multi-band and high
absorbance, the density of electric field, magnetic field and surface
current (with arrows) distributions of MA at 0.80 THz, 1.72 THz and
3.38 THz are provided in Fig. 7. In Fig. 7 we can observe the excitation
of the electric dipole on the ring: in mode 1, charges of opposite signs
accumulate at the top and bottom ends of the outer ring and the electric
field is mainly distributed at the upper and lower ends of the outer ring.
The density of magnetic field and surface current have the same dis-
tribution on both sides of the ring.

From analyzing the distributions of the electric field, magnetic field
and surface currents density, the electric dipole resonant mode of the
MA is distinguished: 0.80 THz corresponds to the outer ring's resonance
frequency, 1.72 THz corresponds to the windmill-shaped elements re-
sonance frequency and 3.38 THz corresponds to the secondary resonant
frequency of large ring and windmill-shaped elements. The high
strength electric dipole resonance results in the high absorbance of MA.
It should be mentioned that the mode of electric dipole corresponds to
the three loops of the LC equivalent circuit.

The LC circuit model can be used to explain the resonant mode of

(a) (b)

Fig. 4. (a). The structure of proposed MA, (b) the equivalent circuit model of MA.

Table 2
The equivalent circuit components (R, L, and C) values of MA.

Parameters Value Parameters Value

R1 265Ω L1 14.52 pH
R2 151Ω L2 6.48 pH
R3 79Ω L3 3.48 pH
C1 14.52 aF R11 8.31 MΩ
C2 6.4 aF R22 6.27 MΩ
C3 3.48 aF R33 3.72 MΩ

Fig. 5. Comparison of the simulation results between PSPICE and COMSOL.

(b)(a)

Fig. 6. (a) The absorption spectrum of MA at TE/TM polarizations, (b) The extracted effective impedance of the proposed MA.
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Mode1 (0.80THz) Mode2 (1.72THz) Mode3 (3.38THz)

The density 
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Fig. 7. The density of electric field, magnetic field and surface current distributions of the three absorption peaks of the MA.

(a) (b)

Fig. 8. (a) The absorption spectrum for different thickness of the absorption layer, (b) The scanning absorption spectrum under different thickness of absorption
layer.
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MA, and the potential resonant frequency of MA can be obtained by
analyzing the equivalent resonance loop of MA. The resonant frequency
equation is as follows [30]

= ∝f
π L

1
2

1
LC

2 (10)

where C and L is the total parasitic capacitance and inductance of
equivalent resonance loop, respectively. Eq. (10) suggests that the re-
sonant frequency (f) of MA is inversely proportional to the parasitic C
and L of equivalent resonance loop.

The three resonant modes of MA corresponding to the three ab-
sorption peaks of absorption spectrum. Fig. 7. shows that the density of
electric field, magnetic field and surface current (with arrows) dis-
tributions of each resonant modes of MA, and with the frequency in-
creasing the density of electric field, magnetic field and surface current
distributions change from the outer large ring to the windmill-shaped
element to the large ring and windmill-shaped element.

We have further investigated the effects of the MA’s parameters on
the stability of absorption spectrum of the MA, such as: the thickness of
dielectric layer and absorption layer, the changes in the polarization
angle, etc. The effect of absorption layer thickness (h12) on the MA
absorption spectrum is shown as Fig. 8. The thickness of absorption
layer is increasing from 0.2[μm] to 0.5[μm], and the absorbance and
the frequency of three absorption peaks almost have no change. It
means that the thickness of the absorption layer almost does not affect
the stability of the MA. Fig. 8(b) provided the scanning absorption
spectrum under different thickness of absorption layer.

Fig. 9 offered the absorption spectrum under different thickness of
dielectric layer (h2), the thickness of dielectric layer changed from
7.6[μm] to 8.4[μm]. It can be clearly seen from Fig. 9(a) that the ab-
sorbance of MA is always close to 1 with the increasing of the thickness
of dielectric layer, and the first two absorption peaks are hardly affected
by the thickness of dielectric layer, but the third absorption peak has a
slight change (red-shift). Fig. 9(b) provided the scanning absorption
spectrum in different thickness of dielectric layer.

We also investigated the absorption stability of the MA under the
changes of incident angle. At the normal incidence, the incidence
electromagnetic wave along the z direction is 0°. Fig. 10. offered the
scanning absorption spectrum with the incident angle from 0° to 60° in
TE and TM polarizations. We note that the three absorption peaks of
MA are closed to 1 in the normal incidence, and the first two absorption
peaks maximum absorbance decreases slightly with the angle in-
creasing. However, the third absorption peak appear some sonant wa-
velength and maximum absorbance decreases along with the incident
angle increasing. The designed triple-band MA’s structure has

symmetry on the x axis and y axis, therefore, the MA has wide incident
angles absorbance for TE and TM polarizations.

According to the public reports, most of MAs are designed to have a
fixed frequency and the tunable MA [37–39] is now becoming a hot
research field. If the absorption peaks of non-tunable MAs need to be
changed to adapt to new application requirements, the geometric
parameters of MA’s must be carefully re-optimized. As mentioned
above, the surface conductivity and EF of BDSs can be dynamically
tunable through alkaline surface doping or bias voltage. By changing
the bias voltage of BDSs, the plasmonic resonant frequencies of the
BDSs will be change.

Fig. 11(a). shows the absorption spectrum in different EF
(55–85meV) of BDSs layer, and Fig. 11(b) is the corresponding scan-
ning absorption spectrum. It can be seen from Fig. 11(a) that the tun-
able ability of the third absorption peaks is better than the first two
absorption peaks, and the specific frequency adjustment information of
the three absorption peaks are shown in Table 3. Therefore, the ab-
sorption peaks of MA can be adjusted by simply varying the bias voltage
of BDSs.

Finally, the dependence of imaginary part k of the dielectric layer
on the MA absorption spectrum is studied. Fig. 12 shows the simulation
absorption spectrum in different k (0–0.09) of dielectric layer. From
analyzing the absorption spectrum, the majority of THz radiation is

(b)(a)

Fig. 9. (a) The absorption spectrum for different thickness of the dielectric layer, (b) The scanning absorption spectrum under different thickness of dielectric layer.

Fig. 10. The simulation scanning absorption spectrum with different incident
angles under TE/TM polarizations.
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absorbed by the absorption and BDSs layer as an oscillating electric
current, and the rest of THz radiation is absorbed by the dielectric layer.

Conclusions

In this paper, a triple-band terahertz MA based on BDSs is proposed,
which consists of a windmill-shaped element in a square ring layer, a
dielectric layer and a BDSs layer. The MA unit cell is investigated at
normal and oblique incidence angles for both TE and TM polarizations.
The simulation results show that the MA has three high absorption
peaks at 0.80 THz, 1.72 THz and 3.38 THz, and the corresponding
absorbance are 99.43%, 99.92% and 99.58%, respectively. The ab-
sorption peaks of MA can be tuned by adjusting the EF of the BDSs. The
density of electric field, magnetic field and surface current distributions

of the MA are also given to reveal the absorption mechanism.
Furthermore, the numerical simulations is used to explain the re-
lationships of the absorbance and the thickness of dielectric, incidence
angle, EF , and the imaginary parts of dielectric. The designed MA not
only has high absorbance but also insensitive to polarizations, which is
favorable for various applications, such as terahertz detecting, radar
stealth and bio-chemical sensor.
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