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We design a four-band terahertz metamaterial absorber that relied on the block Dirac semi-metal (BDS). It is composed
of a Dirac material layer, a gold reflecting layer, and a photonic crystal slab (PCS) medium layer. This structure achieved
perfect absorption of over 97% at 4.06 THz, 6.15 THz, and 8.16 THz. The high absorption can be explained by the
localized surface plasmon resonance (LSPR). And this conclusion can be proved by the detailed design of the surface
structure. Moreover, the resonant frequency of the device can be dynamically tuned by changing the Fermi energy of the
BDS. Due to the advantages such as high absorption, adjustable resonance, and anti-interference of incident angle and
polarization mode, the Dirac semi-metal perfect absorber (DSPA) has great potential value in fields such as biochemical
sensing, information communication, and nondestructive detection.

Keywords: metamaterials, terahertz, block Dirac semi-metal, localized surface plasmon resonance
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1. Introduction

Metamaterials have properties of negative permittivity
and negative permeability.[!! At present, the properties of elec-
tromagnetic stealth and negative refractive index of metama-
terials have been successfully verified.[>* Since Landy et
al. first reported metamaterials based on perfect absorbers
in 2008,0! there are many applications for metamaterial ab-
sorbers in different spectral ranges, such as sensors, infrared
detectors, and other devices.[®7! Researches on metamaterial
absorbents based on the plasmon element theory have been
quite extensive.'®! In 2010, Hao et al. reported an ultra-thin,
wide-angle metamaterial optical frequency absorber.!'?) Yao
et al. proposed an absorber with a periodic pattern-elliptic disk
graphene structure.!'!! However, it requires high processing
technology, which limits its wide application. At present, to
avoid the disadvantage of the three-dimensional (3D) struc-
ture of metamaterials in the loss, scientists put forward the
concept of metasurfaces,['2-13 and achieved some success-
ful research results in high-efficiency metasurfaces,!!%~18! but
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three-dimensional block metamaterials still have its unique ad-
vantages.

U9 can be viewed as a 3D

The 3D Dirac semi-metals
graphene analog, its status can be converted between dielec-
tric response and metallic properties by adjusting Er.?"! When
the electron frequency in BDS is consistent with the frequency
of incident light, the surface plasmon polaritons (SPPs)?!]
will be excited. By changing Er through adjusting the ex-
tra bias voltage, the BDS of permittivity functions can be

adjusted.[??>-24

In this paper, a DSPA is designed, which is composed of
BDS array superposition on the metal layer and insulator sup-
port material. The results obtained from CST Microwave Stu-
dio show that there are three perfect absorption peaks above
97%. These three absorption peaks can be reasonably ex-
plained by the LSPR coupling of the BDS structure. Our ab-
sorber has more advantages in practical application due to its

simpler structure and better polarization angle adaptability.
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2. Structure and design

The absorber consists of the BDS layer, PCS layer, and
gold (Au) layer, in which the BDS layer is composed of four
semi-elliptic columns and a central cylinder (3D model and
top view are shown in Figs. 1(a) and 1(b). We used the fi-
nite element method (FEM) solver based on CST Microwave
Studio to analyze the simulation results and used a Fermi
level Eg = 65 meV for BDS. The refractive index of PCS is
n = 3.416. The absorber adopts the polarization form of the
incident plane wave k along the direction of the —z axis and
the electric field £ along the direction of the x axis. The pa-
rameters in sequence as follows: a = 3.24 um, b = 1.08 um,
D =3.6 um, h; =0.375 um, hy =2.25 pum, h3 = 0.1 um, and

the periods P, = P, =9 um.
T E
H
k

(a)

(b)

Fig. 1. (a) The multi-peak DSPA 3D diagram and (b) the plan of DSPA in
the x—y plane.

According to the Kubo model in stochastic phase approx-
imation theory, when horizontal operations are not considered
and in the low-temperature limit 7 < Ef, the approximate ex-
pression of local dynamic conductivity ¢ of BDS can be ob-
tained as
& ghke

Re(o(Q))=+-"1

Q0(Q-2), (1)

2 okp [4 4E?
Im(o(g))z%%[a—gln<ﬁﬂ, )

where kg = Ep/hvp is the Fermi momentum, vg & ¢/300 is the
Fermi velocity. Considering the Drude damping

Q = ho/Ep+iht ! /EF,
the carrier mobility t can control scattering rate

ﬁT_l = VF/(kFIJ')a & = EC/EF)

where E. stands for the cut-off energy when the Dirac spec-
trum starts to become nonlinear, g = 40 is the degeneracy
factor.>] Applying the two-band model, we obtain the per-
mittivity of BDS[20]

e=g+ic/we, 3)

where &, = 1.

3. Results and discussion

There is almost no transmission in the absorber (T = 0)
because gold is thick enough. We only need to calculate the
reflectivity (R), and then define the absorptivity A'?’! by using
1—-R.

The optical response comparison of two polarization
modes (TE and TM polarizations) at 65-meV energy is ob-
tained in Fig. 2(a). The resonance frequencies are fr; =
4.06 THz, fro = 6.15 THz, frz = 8.16 THz, and fr4 =
9.76 THz, corresponding to multimode absorption with ab-
sorption rates of 98%, 97.7%, 99.99%, and 71%. The absorp-
tion spectra are highly coincident under the two polarizations,
which are determined by the rotational symmetry of the ab-
sorber. Also, we have studied the relationship between LSPR
and incident angles in different polarization modes (TE and
TM modes) by constantly scanning from 0° to 80° in Figs. 2(b)
and 2(c). We can see that the absorber has good incident angle
tolerance characteristics. Besides, there is a good robustness
characteristic in Fig. 2(b). As for TE polarization, the absorp-
tion spectrum begins to fade and become sharp at a higher in-
cidence angle. Based on the LSPR theory, the magnetic field
tangential component decreases as the incidence angle 6 in-
creases, which ultimately leads to the weakening and disap-
pearance of resonance. A similar process also occurs in TM
mode. The increased frequency range of the absorption band
in TM mode and the occurrence of a partial blue shift can be
considered as the occurrence of a partial parasitic resonance.

Based on the LSPR, the absorption enhancement can be
studied by the surface electric field distribution at the reso-
nance frequency. We calculated the electric field distribution at
three resonant frequencies with an absorption intensity greater
than 97%.

Figures 3(a)-3(c) show the surface electric field intensity
distribution at the resonant frequencies of 4.06 THz, 6.15 THz,
and 8.16 THz. The electric field is concentrated at the long
axis boundary of the semi-ellipse in the x direction at reso-
nance fri. At resonant mode fgro, the electric field is bound
in the y direction of the central Dirac disk. At mode fr3, the
electric field constraint region is at the boundary of the short
axis of the BDS semi-ellipse in the y direction. With the in-
crease of frequency, the coupling region of the electric field at
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the interface between BDS and the medium is different, which
indicates that the excitation of multiple modes is caused by
the difference of surface BDS structural regions, and they are
independent of each other. From the maximum value of the
local electric field, the regional electric field will also increase
under the higher resonance mode. We can conclude that the
coupling effect between Dirac semi-metal and the electric field
is stronger at high frequencies due to LSPR.
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Fig. 2. (a) TE and TM absorption spectra, (b) the relationship between LSPR
and incident angle in TE mode, (c) the relationship between LSPR and inci-
dent angle in TM mode.
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Fig. 3. The electric field distribution in the x—y plane at three resonant
frequencies: (a) 4.06 THz, (b) 6.15 THz, (c) 8.16 THz with an absorption
intensity greater than 97%. The dotted line is the boundary between BDS
and PCS.
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Fig. 4. (a) The structure drawing after eliminating the BDS semi-ellipse in
the x direction, (b) the structure drawing after eliminating the BDS central
cylinder. (c) the DASP absorption spectrum of lacking BDS semi-ellipse in
the x direction, (d) the DASP absorption spectrum of lacking BDS central
cylinder.
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To better analyze the coupling between the absorber and
the plane wave, we conducted a more detailed study on the
specific effect of the Dirac array structure on the surface of the
absorber on the electromagnetic energy absorption. Therefore,
the arrays composed of Dirac circle and semi-ellipse were se-
lectively retained and their absorption spectra were explored.

In Figs. 4(a) and 4(b), the structural schematic plots of
BDS semi-ellipse and central cylinder eliminating in the TE
polarization direction are shown respectively. In Fig. 4(c) we
obtained the wave absorption of the absorber without the x-
direction BDS ellipse through the software CST simulation
numerical simulation. We define it as case 1. When a pair
of symmetric semi-elliptical BDS structures in the x direc-
tion is not introduced, the absorption spectrum of this ab-
sorber is much different from the original spectrum shown in
Fig. 2(a). In TE mode, the electric resonance no longer oc-
curs at 4.06 THz, and the original modes R2 and R3 still ex-
ist. On the contrary, in TM mode, the electric resonance near
8.16 THz almost disappears, while the original modes R1 and
R2 still appear. This inconsistency can be attributed to the
destruction of the original rotational symmetry with the disap-
pearance of the x-direction semi-elliptical symmetry array.

Figure 4(d) is the normal incident spectrum of the other
case in which only the semi-elliptical cylindrical BDS struc-
ture around is retained while the central cylinder is not placed,
which is defined as case 2. It is observed that the original
R2 has disappeared in both TE and TM polarizations, and the
two main resonance modes, R1 and R3, still exist. This phe-
nomenon can be judged as the disappearance of R2 resonance
due to the absence of central cylinder support.

In Figs. 5(a) and 5(b), it can be seen that the absorption of
LSPR does not occur because the electric field E direction of
TE is consistent with the direction x and there is no support of
semi-elliptical structure in the direction x at R1 = 4.06 THz.
In TM polarization, the direction of the electric field is con-
sistent with the positive y direction, so the structure provides
suitable LSPR conditions. Figures 5(c) and 5(d) show that the
perfect absorber at 8.16 THz is influenced by the —y mag-
netic resonance. In the case of TE polarization, the magnetic
field still produces a resonance effect in the —y direction of
the BDS layer. Since the y-direction BDS semi-ellipse struc-
ture always exists, the strong absorption of plane waves can be
generated. As the magnetic field H is in the x direction, there
is no LSPR resonance structure corresponding to it in the x di-
rection, so strong plasmon resonance will not occur under TM
polarization. In conclusion, the results in Figs. 5(a)-5(d) are
completely consistent with those in Fig. 4(c).

On the other hand, in Figs. 5(e)-5(f), the structure of ro-
tational symmetry is very obvious. In the absence of a cen-
tral BDS surface cylinder, the absorber’s absorbing capacity at
6.15 THz was significantly reduced. This result proved that

the R2 resonance in Figs. 2(a) and 3(b) is mainly caused by
the central Dirac cylinder structure.

We know that the conductivity is a function of the Fermi
energy from Egs. (1) and (2). Therefore, the dynamic con-
ductivity distribution of BDS can be affected by adjusting the
Fermi energy of BDS, and then its dielectric constant can be
changed. Finally, the resonance absorption state based on
LSPR can be adjusted.

Fig. 5. (a)-(b) Surface electric field distribution at 4.06 THz under TE
and Tm polarizations in case 1, (c)—(d) surface electric field distribution at
8.16 THz under TM and Tm polarizations in case 1, (e)—(f) surface electric
field distribution at 6.15 THz in case 2.

The spectral response at five different Eg, 50 meV, i.e.,
55 meV, 60 meV, 65 meV, and 70 meV, is shown in Fig. 6(a).
In Fig. 6(b), it can be seen that the trends are similar for the
three modes. The absorption intensity increases first and then
decreases under the condition of increasing Fermi level. The
reason is that the impedance relationship between the absorber
and the free space presents a process of first approaching and
then alienating with the increase of Fermi energy.[8! The R2
mode still maintains a high absorption of more than 91.7%,
while the resonance absorption of R1 and R3 modes is greatly
improved in the range of 50 meV to 70 meV. With EF increas-
ing, absorption modes have different degrees of blue shift. As
shown in Fig. 6(c), the blue shift of the three modes is similar
as the Fermi energy increases from 50 meV to 70 meV, and the
average offset is 1.476 THz. The reason of blue sheft can be
explained by LC model.[*®! As the Fermi level increases, the
effective index ngp, for BDS decreases, which ultimately leads
to an increase in the resonance frequency. The above calcu-
lations fully illustrate the tunable characteristics of the device
we designed.
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Fig. 6. (a) Absorption spectra corresponding to the absorber at different BDS
Fermi levels, (b) the absorption intensity varies with the Fermi level, (c) the
shift of the three resonant frequencies with the increase of Fermi level.

4. Conclusion

We have explored a special perfect absorber relied on the
Our results show that at Eg = 65 meV, three
perfect absorption modes of over 97% can be achieved. The

Dirac array.

multi-peak absorption can be attributed to the LSPR excited.
The resonance mode of the absorber is the result of the interac-
tion between the cylinder and the semi-elliptical cylinder com-
posed of BDS. As EF increases, the spectral response of the ab-

sorber has different degrees of blue shift. Due to its advanced
features such as adjustable absorption peak, simple structure,
and incident angle tolerability, it possesses good prospects in
biochemical sensing, THz wave communication, and environ-
mental monitoring.
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