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Vanadium Dioxide-Dirac Semi-Metal Hybrid Metamaterial
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Abstract

Objective Terahertz absorbers have become hot due to their widely applications in sensing, detection, and other
fields. Metamaterials are a type of artificial composite material which are composed of sub-wavelength micro-units
arranged in a specific period. They have many excellent physical properties that natural materials do not have.
Although these metamaterial-based absorbers can achieve a perfect absorption by designing different resonator
shapes, but it is difficult to adjust the absorption performances once the structure is manufactured, which hinders the
potential of a metamaterial absorber in practical applications. Therefore, combining functional materials with
metamaterial devices to form absorbers with tunable characteristics is more and more important. Vanadium dioxide
(VO,) is a kind of reversible phase change material, which can transform from an insulator to a metallic state at
about 340 K when the conductivity changes by 4-5 orders of magnitude, so VO, is also widely used in optical devices.
Moreover, one can change the relative permittivities of three-dimensional bulk Dirac semi-metals (BDSs), also
known as 3D graphene, by adjusting their Fermi level energies. In this paper, a single-/dual-band switchable
terahertz absorber based on VO,-BDSs hybrid metamaterials is proposed, which uses the reversible phase transition
characteristics of VO, to realize the conversion between single-/dual-band functions. Moreover, the value and
position of the absorption peak can be achieved by changing the Fermi level energy of BDSs.

Methods The proposed absorber consists of five layers: VO, resonance layer, upper TOPAS dielectric layer 1,
middle BDSs resonance layer, lower TOPAS dielectric layer 2, and metal substrate (Fig. 1). The VO, resonance
layer and the BDSs resonance layer are composed of a rectangular film and a split ring, respectively. In modeling and
simulation, we select the frequency domain solver in CST Microwave Studio. For the boundary condition setting, we
set the unit cell in both « and y directions, and apply the open boundary condition to the z direction. To ensure the
accuracy of the simulation, we use an adaptive grid setting. The amplitude spectra of reflectance, transmittance, and
absorbance before and after VO, phase transition are first obtained by simulation. Then, we introduce the impedance
matching theory to verify the absorption mechanism of the absorber. The electric field distribution of the resonant
structure is simulated to clarify the physical mechanism of the terahertz wave absorber before and after VO, phase
transition. After that, the influences of the TOPAS layer thickness and the Fermi level energy of BDSs on the
absorber are investigated. Finally, the influence of incident polarization angle on the proposed absorber is analyzed.

Results and Discussions When the conductivity of VO, is 10 S/m (when VO, is in the insulating state, VO, is
equivalent to being in the "OFF” state) and the Fermi level energy of BDSs is set to 160 meV, the proposed
metasurface acts as a dual-band perfect absorber. The reflectance has two valley points in the frequency range of
0-4 THz with the absorptance reaches the peak point at the same frequencies. The resonance frequency points
corresponding to the two peak points are 0.97 THz and 3.152 THz, respectively. The absorptivities at 0.97 THz and
3.152 THz are 99.3% and 99.7%, respectively, indicating that an almost perfect absorptivity is achieved at these
two resonance frequency points (Fig. 3(a)). The electric field distributions of two resonant frequency points at peak
1 and peak 2 are analyzed. When VO, is in the insulating state, the reasons for perfect absorption at these two
resonance frequency points are dipole resonance (for peak 1) and electric quadrupole resonance (for peak 2), as
shown in Fig. 4. When the conductivity of VO, is 200000 S/m (when VO, is in the metal state, VO, is in the "ON”
state) and the Fermi level energy is 160 meV, the metasurface behaves as a single-band perfect absorber. There is
only one peak point at 4.246 THz with absorptivity reaches to 98% (Fig. 5(a)). We further analyze the electric
field distributions on the middle layer and the top structure at the resonance frequency of 4.246 THz when VO, is in
the metallic state, which indicates that surface plasmon resonance can enhance the absorptivity of the proposed
absorber (Fig. 6). In addition, the effects of the thickness of TOPAS dielectric layer (Fig. 7), Fermi level energy
(Fig. 8) and the incident polarization angle (Figs. 9 and 10) on the absorptivity are analyzed. When VO, is in the
insulating state, the dual-band metamaterial absorber can maintain absorptivity above 90% in a wide range of
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incidence angle of 0°~50°. When VO, is in the metallic state, the same absorption frequency band can be maintained
with the incident angle is lower than 20°, and the resonance frequency point has a clear blue shift as the angle

increases.

Conclusions A single-/dual-band switchable terahertz absorber based on VO,-BDSs hybrid metamaterial is
demonstrated through numerical simulations. When VO, is in the insulating state and the Fermi level energy of BDSs
is 160 meV, two absorption peaks appear at 0.97 THz and 3. 152 THz with absorptivity of 99.3% and 99.7%,
respectively. When VO, is in the metallic state and the Fermi level energy remains unchanged, the absorber has an
absorption peak at 4.246 THz with the value exceeding 98 % . By using the phase change characteristics of VO,, the
proposed hybrid metamaterial can switch the absorber from single band to dual band. Due to the existence of BDSs,
it is found that the resonance frequency points show a blue shift as the Fermi level energy increases. In order to
verify the potential of the proposed metasurface in practical applications, the sensitivity of incident polarization angle
is also investigated. Numerical results show that the absorptivity of the proposed absorber remains 90 % under large
incident angles. The method proposed in this work has potential applications in switching, sensing, and modulation.
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