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Abstract—A Metamaterial Terahertz perfect absorber is proposed in this letter. The structure
comprises Vanadium oxide (VO2) resonator hexagonal rings placed on top of a silicon dioxide (SiO2)
substrate in a concentric pattern on a metal ground layer, with 1THz and 6THz operating frequency.
Numerical studies are done by an electromagnetic solver. The results show almost perfect absorption,
with 112% average absorption at different incident polarization angles, in the range of 1.64 to 6.1THz.
The optimization is carried out on physical dimensions for maximum absorption results. The proposed
design can be used as a highly efficient absorber in applications like solar energy harvesting, cloaking,
sensing, imaging technology, and EMC projects.

1. INTRODUCTION

Terahertz technology has been influenced by the development in high-speed electronics and photonics [1–
4]. The effort to solve accurate process information at terahertz frequencies in RF-photonics has been
spurred. RF and optical waves often use dissimilar materials and device technologies. The optical
technology offers wavelength parallelism, low energy consumption, and high bandwidth. Terahertz
frequencies have very wide wireless applications in sensors [5, 6] and imaging. In the literature,
metamaterial-based devices have been proposed, such as polarization converters, filters, and absorbers.
Also, metamaterial absorber has many applications in stealth technology and imaging applications.
Multiple resonant and multi-layer structures have been reported in order to achieve broadband
absorption [7]. A dual-band metamaterial perfect absorber (MPA) for Ku band applications is reported
in [8], hypersensitized metamaterials based on a corona-shaped resonator for efficient detection of
glucose detailed in [9], and tunable left-hand characteristics in multi-nested square-split-ring enabled
metamaterials reported in [10]. Vanadium dioxide (VO2) changes from an insulator to a metal phase
and significant change in conductivity at about 340K. VO2 is an effective and suitable candidate to
achieve adjustable characteristics in the THz range [11–13].

This letter presents a Terahertz absorber consisting of three hexagonal vanadium dioxide rings,
a silicon dioxide dielectric, and a metal ground layer. The absorption bandwidth is about 115% at
4THz in the range of 1.64 to 6.10THz. The conductivity of VO2 changes from an insulating phase to
a metallic phase, when it varies from 200 S/m to 2× 105 S/m. The two absorption peaks in the electric
field distribution are simulated and analyzed.

2. ANALYSIS AND DESIGN

The geometry of the Terahertz absorber is shown in Figure 1. It consists of three VO2 hexagonal
resonance rings, a dielectric, and a metal ground. The unit cell periodicity is P = 30µm. Figure 1(a)
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Figure 1. Geometry and dimensions of the THz metamaterial absorber. (a) Vanadium oxide (VO2)
hexagons. (b) Silicon dioxide (SiO2) dielectric. (c) Metallic ground (Au). The parameter values are
L1 = 14µm, L2 = 10µm, L3 = 6µm, h1 = 9µm, h2 = 2µm, t1 = 0.2µm, A = 30µm, B = 30µm.

shows three equally spaced hexagonal rings with side lengths L1 = 14µm, L2 = 10µm, and L3 = 6µm,
respectively. The thickness of VO2 hexagonal ring t = 0.2µm. The optical characteristics of VO2 in
the Terahertz range are explained by the Drude model, which can be expressed as [14]

ε(ω) = ε∞ −
ω2
p

(ω2 + iγω)
(1)

where ϵ∞ = 12 is the high frequency dielectric permittivity, and y = 0.75 × 1013 rad/s is the collision
frequency. The plasma frequency ωp and conductivity σ can be expressed as

ω2
p(σ) =

σ

σ0
ω2
p(σ0) (2)

The ground metal is gold having thickness t = 2µm and conductivity σ = 4.56× 107 S/m. The perfect
matching layer (PML) boundary condition is set in the z-direction. The transmittance T (ω) is 0 when
t > δ (skin depth). Hence, the absorptance A(ω) is expressed as

A(ω) = 1−R(ω) = 1− |S11(ω)|2 (3)

where S11(ω) is the reflection coefficient, and R(ω) is the reflectance.

3. RESULTS AND DISCUSSION

The absorption and reflection plots are shown in Figure 2. The absorption bandwidth is around 115%
from 1.64THz to 6.10THz under normal incidence. Two absorption peaks are observed at 1.64THz
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Figure 2. VO2 with varying conductivity. (a) Absorbance. (b) Reflectance.
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and 6.10THz, respectively. The central frequency is 3.87THz. It is observed from Figure 2(b) that the
reflectance changes with varying conductivity (200 S/m to 2× 105 S/m) accordingly. This is due to the
change in VO2 permittivity with the change in conductivity. The comparison of absorption between
VO2-based absorbers is presented in Table 1.

Table 1. Comparison of absorption between different VO2 based absorbers.

References Absorption Percentage Range

[15] 0.33 > 90% 30%–100%

[16] 0.65 > 90% 30%–98%

[17] 0.52 > 90% 5%–100%

[18] 1.25 > 90% 15%–96%

[19] 1.23 > 90% 4%–100%

[20] 2.44 > 90% 3.4%–100%

[21] 2.45 > 90% 4%– 100%

Proposed Design 3.84 > 115% 3%–100%

The absorption varying with the SiO2 dielectric thickness is shown in Figure 3. The Reflectance
(R) and Absorbance (A) are simulated and compared both in HFSS and CST software as shown
in Figure 3(a). The dielectric thickness is 9µm, i.e., ≈ 1/4 of the center wavelength satisfies the
interference cancellation condition. The metamaterial absorber feasible processing steps include: (1)
Plasma Enhanced Chemical Vapor Deposition (PECVD) process can be used to deposit 9µm silicon
dioxide film. (2) DC magnetron sputtering can be used to deposit the VOx onto the dielectric silicon
dioxide film. (3) The photolithography process can be used to etch the surface of VO2.
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Figure 3. (a) Reflectance (R) vs Absorbance (A) simulation in HFSS and CST (b), (d) SiO2 with
varying dielectric thickness, (c) the colormap diagram of absorption spectrum of SiO2.
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Figure 4. (a) Absorption plot with different incident angle (θ0). (b) The colormap diagram of
absorption spectrum of SiO2.
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Figure 5. Parameter analysis by varying L1, L2, L3. (a), (c), (e) Reflectance. (b), (d), (f) Absorbance.
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The absorptions at different incident angles and the colormap diagram of polarization angles (θ0)
are plotted in Figure 4(a) and Figure 4(b), respectively. It is observed that the absorption decreases less
than 60% as the incident angle increases more than 70◦. The two absorption peaks of the electric field
distributions are located at 1.64THz and 6.10THz and are shown in Figure 5. The magnetic coupling
among the three hexagonal rings causes the maximum electric field distribution. Broadband absorption
occurs when the absorber’s two absorption peaks are widely separated. Thus, the multi-resonance
hexagonal ring structure is useful for ultra-wideband absorbers. Figure 5 shows the parameter analysis
of hexagonal ring side lengths L1, L2, and L3. In Figure 5(b), the absorption bandwidth increases
as the outer hexagonal side length L1 increases, but the efficiency decreases due to the weak coupling
effect between the outer and middle hexagonal rings. In Figure 5(d), the absorption bandwidth of
the absorber increases as the width becomes wider, but the total absorption efficiency decreases. In
Figure 5(f), the absorption efficiency increases as the size of the inner hexagonal ring side L3 increases.
It is observed from the above analysis that when the number of hexagonal rings increases, the absorption
efficiency increases initially and then decreases. The maximum absorption efficiency is achieved when
the hexagonal rings are three.

4. CONCLUSION

In this paper, an ultra-wideband THz absorber has been proposed. It consists of three VO2 hexagonal
rings, SiO2 dielectric, and a metal ground layer. The results show 115% absorbance, and THz
absorption bandwidth ranges from 1.64THz to 6.10THz with a center frequency of 3.87THz under
normal incidence. The conductivity of VO2 changes from 200 S/m to 2 × 105 S/m with a difference in
the temperature, which results in the absorption peak intensity adjusted continuously from 5% to 112%.
The wave-interference theory and impedance matching theory can be used to verify perfect absorption.
The absorption bandwidth has been optimized. The two absorption peaks’ electric field distribution
arises because of the coupling between adjacent rings. Also, the proposed absorber has polarization
insensitivity and wide-angle absorption. The THz absorber can be used in many applications like
modulators, sensors, solar energy harvesting, cloaking, sensing, imaging technology, and optic-electro
switches.
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