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Based on the phase change properties of vanadium dioxide (VO2), we propose a terahertz metamaterial absorber that can be switched flexibly between ultra-broadband and dual bands. The absorber consists of a resonator array above a conductive ground layer separated with a dielectric spacer, which includes four square-loop VO2 resonators and a crossed gold resonator in each unit cell. By changing the conductivity of VO2 through thermal control, the absorber can achieve the switching between ultra-broadband absorption and dual-band absorption. Simulation results show that at high temperature, the absorber realizes more than 90% absorption bandwidth in the range of 3.98 to 9.06 THz, which can be elucidated by the wave-interference theory and impedance matching theory. At low temperature, up to 95% of the dual-band absorption occurs at 5.95 and 6.95 THz, which originates the dipole mode and nonlocal surface-Bloch mode of metal resonators. In addition, the absorber has the advantages of polarization-independence and wide-angle absorption. Compared with previous studies, our design can switch between two absorption modes and its absorption performance is greatly improved. The proposed absorber design scheme is expected to expand terahertz devices and enable a variety of applications in the terahertz range, such as modulation, sensing, stealth, and switching devices.
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1 INTRODUCTION
Terahertz (THz) technology, usually in the frequency range from 0.1 to 10 THz, has a wide range of potential applications in the fields of sensing, imaging, and communication, due to its distinctive features such as high security, strong penetration, high temporal resolution and low background noise [1–5]. However, due to the lack of natural materials with strong responses to THz waves, the full development and utilization of THz technology are greatly limited. Over the past dozen years, through the design of artificial metamaterial, many novel phenomena have been brought from the visible to the microwave bands [6–9]. The size of metaatom can control the response frequency of metamaterial, which provides a tremendous impetus for the development of THz technology [10–13]. Various THz functional devices based on metamaterials have been proposed, such as THz filters [14–16], THz absorbers [17–19], and THz polarization converters [20–22]. Among these functional devices, THz metamaterial absorbers (TMAs), as one of the key elements in the THz detection system, have attracted much attention. With the advantages of strong absorption, thin thickness, and light mass, TMAs have potential applications in thermal emitters [23–25], photovoltaic cells [26–28], and stealth technologies [29–31].
The first demonstration of TMAs was achieved in 2008 [32]. Subsequently, various high-performance TMAs were proposed, including polarization-independent absorption [33, 34], multi-band absorption or broadband absorption [17, 35], high absorption under wide-angle incidence [36, 37], etc. Once the structural parameters are determined in these TMA schemes, the absorption performance of TMAs cannot be changed, greatly limiting their practical application. Recently, TMAs combining functional materials have been proposed, including semiconductors [17, 38], liquid crystals [39–41], graphene [42–44], and phase-change materials (PCMs) [45–47], achieving the tunability of TMAs, which meets the development needs of THz absorbers.
PCMs now are widely used for their fast and reversible switching between two atomic states, which can be triggered by heat, light or electricity. One of the most commonly used PCMs is vanadium dioxide (VO2). It exhibits reversible phase transition behavior between the insulator phase and the metallic phase [48], which facilitates allowing smaller effective lengths and reducing power consumption compared to other commonly used PCMs [47, 49]. The phase transition from insulator to metal can be tuned by increasing the temperature, accompanied by a steady increase in the conductivity of VO2 from 2 × 102 S/m to 2 × 105 S/m [50, 51]. Conversely, it can be tuned by cooling down, with the conductivity decreasing. Due to the flexibility of this electromagnetic characteristic modulation, some temperature-controlled tunable TMAs based on VO2 have been proposed [52–55]. However, these TMA schemes focus more on broadband absorption performance at high temperatures, with little absorption effect at low temperatures, resulting in a single functionality. Functionally switchable TMAs can greatly expand their own available scenarios, in line with current development trends to address the scarcity of THz devices.
Recently, some VO2-based TMAs integrated with PCMs or noble metals have been developed to achieve efficient absorption [43], beam steering [56], polarization conversion [21, 57], and electromagnetically induced transparency [58] at low temperatures. However, these designs increase the complexity of the structure or require simultaneous consideration of the phase transition conditions of other PCMs. Unlike previously reported studies, in this paper, we propose a TMA with simple structural design and polarization-independence that can be switched flexibly between ultra-broadband and dual bands by changing the conductivity of VO2 through thermal control. The TMA consists of a resonator array above a conductive ground layer separated with a dielectric spacer, which includes four square-loop VO2 resonators and a crossed gold (Au) resonator in each unit cell. When VO2 is in the completely metallic state at high temperature, the TMA realizes more than 90% absorption bandwidth in the range of 3.98 to 9.06 THz which can be elucidated by the wave-interference theory and impedance matching theory. At low temperature where VO2 is fully insulated, up to 95% of the dual-band absorption occurs at 5.95 and 6.95 THz, which originates the dipole mode and nonlocal surface-Bloch mode of metal resonators. Compared with previous studies, our design can switch between two absorption modes and its absorption performance is greatly improved. Meanwhile, the TMA has the advantages of simple structure, polarization-independence and wide-angle absorption. The proposed TMA design scheme is expected to expand THz devices and enable a variety of applications in the THz range, such as modulation, sensing, stealth, and switching devices.
2 DESIGN AND METHODS
The unit cell structure of the designed switchable TMA is shown in Figure 1. It consists of a resonator array above an Au conductive ground layer separated with a polyimide (PI) dielectric spacer, which includes four square-loop VO2 resonators and a crossed Au resonator. As shown in Figure 1A, the period of the unit cell structure is P. The thickness of the resonators is t1 for the Au resonator and t2 for the four VO2 resonators, respectively, and the thickness of the PI spacer is h. For the Au resonator, the length of the cross is l and the width is w, located in the middle of the resonator layer of each unit cell as shown in Figure 1B. Around it are four square-loop VO2 resonators. Their side length is P1, and the width of each side is w1. The spacing between the VO2 resonators in both x- and y-directions is d. The detailed structural parameters are set as: p = 40 μm, t1 = 0.1 μm, t2 = 0.2 μm, h = 6.4 μm, l = 12.5 μm, w = 1.1 μm, P1 = 11.7 μm, w1 = 1 μm, and d = 10.1 μm.
[image: Figure 1]FIGURE 1 | Schematic of the unit cell of the designed TMA under (A) the bird’s eye view and (B) the top view.
The electromagnetic response of the designed TMA is simulated by the finite element method (FEM). Periodic boundary conditions are applied in both x- and y-directions, and two perfectly matching layers are used in the z-direction to eliminate spurious reflections caused by any impedance mismatch at the two boundaries. In the simulation, the relative permittivity of PI is 3 with the loss angle tangent δ = 0.03 [59]. Due to the inherent loss of materials, it is helpful to improve the absorption performance of the designed TMA [60]. The relative permittivity of Au in the THz range can be described by the Drude dispersion model [61],
[image: image]
where the plasma frequency ωρ = 1.37 × 1016 rad/s, and the collision frequency γAu = 4.05 × 1013 rad/s [61]. Similarly, the dielectric dispersion of VO2 in the THz range can also be expressed by the Drude model but with Lorentz correction [46],
[image: image]
where ɛ∞ = 12 is the high-frequency contribution to the relative permittivity, and the collision frequency [image: image] rad/s [46]. The plasma frequency of VO2 is related to its conductivity σ, which can be expressed as [46],
[image: image]
where the fitted parameters σ0 = 3 × 105 S/m and ωρ(σ0) = 1.4 × 1015 rad/s can match the dispersion measured in the experiment [46]. There is a thermal hysteresis line for the change in conductivity of VO2, as shown in Figure 2. The conductivity of VO2 can change rapidly with temperature heating or cooling, regardless of the speed of environmental temperature changes with negligible commutation time [62]. When the temperature rises from 298 K to 358 K, the conductivity increases from 2 × 102 S/m to 2 × 105 S/m, corresponding to its phase transition from a complete insulator state to a fully metallic state [50, 51]. The phase transition is reversible. The opposite transition occurs when the temperature decreases, corresponding to a variation in conductivity between 2 × 105 S/m (358 K) to 2 × 102 S/m (298 K).
[image: Figure 2]FIGURE 2 | Conductivity of VO2 with temperature.
The absorbance A(ω), reflectance R(ω) and transmittance T(ω) can be calculated by the S-parameters obtained from the frequency domain solver in the FEM. The absorption equation can be expressed as,
[image: image]
where S11ω) represents the reflectivity, and S21ω) represents the transmissivity. In the simulation, the thickness of the conductive ground layer is greater than the skin depth of THz wave, resulting in a transmissivity of approximately 0. Thus, the absorbance A(ω) can be simplified as,
[image: image]
3 RESULTS AND DISCUSSION
The simulated absorption and reflection spectra of the designed TMA are shown in Figure 3. When in a high-temperature state (358 K), VO2 is in a completely metallic phase. At this time, the THz spectral response of the proposed TMA under normal incidence is shown in Figure 3A. The TMA has an absorption rate of more than 90% in the ultra-broadband range of 3.98 to 9.06 THz, with a bandwidth exceeding 5 THz. The THz spectral response of TMA under normal incidence at a temperature of 298 K (VO2 is in a complete insulator state) is shown in Figure 3B. The THz spectral response exhibits a dual-band high absorption with the absorption rates of 97.2% at 5.95 THz and 95.4% at 6.95 THz. With the phase transition of VO2, the TMA achieves the switching between ultra-broadband absorption and dual-band absorption. Moreover, the metaatom resonators in one unit cell are arranged in a two-dimensional symmetry, thus eliminating the polarization dependence of TMA on the incident THz wave. The results in Figures 3A, B can also confirm this point with TM polarization and TE polarization incident separately.
[image: Figure 3]FIGURE 3 | Reflection and absorption spectrums of the TMA at (A) high temperature (358 K) and (B) low temperature (298 K). (C) Real and (D) imaginary parts of the relative impedance between the TMA and the free space with VO2 conductivity 2 × 105 S/m (black line) and 2 × 102 S/m (red line).
The efficient absorption of TMA can be elucidated by the wave-interference theory and impedance matching theory. Obviously, in the absence of transmission, by minimizing the reflected waves through destructive interference, the absorption of TMA can be maximized. At this time, the effective permittivity and permeability of TMA can provide equivalent impedance to match the effective impedance in free space [63]. The relationship between absorption and relative impedance satisfies,
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where Z and Z0 are the effective impedances of the TMA and the free space, respectively, and ZR is the relative impedance between the TMA and the free space. When the impedances reach a perfect matching state, the real and imaginary parts of the relative impedance can be attained to 1 and 0. The calculated relative impedance results when the VO2 at 358 K (σ = 2 × 105 S/m) and 298 K (σ = 2 × 102 S/m) are shown in Figures 3C, D, respectively. When the real and imaginary parts of the relative impedance are around 1 and 0, respectively, the efficient absorption can be achieved, which corresponds to the state of impedance matching.
The absorption characteristics of our designed TMA are the combination of the absorption characteristics of Au and VO2 resonators when they exist independently. These VO2 resonators have different absorption characteristics at different temperatures, thus providing operability for the switching between broadband and dual-band absorption of our designed TMA. At the temperature where VO2 is in a completely metallic phase, the absorption performance of a metamaterial absorber composed solely of Au or VO2 resonators is shown in Figure 4A. It can be seen that the only VO2 resonators provide a broadband absorption from 4.07 to 8.37 THz with three absorption peaks at f1 = 4.63 THz, f2 = 6.21 THz and f3 = 7.54 THz, and a dual-band absorption is formed at f4 = 6.02 THz and f5 = 7.03 THz with only Au resonators. At the temperature where VO2 is in a complete insulator phase, it can be seen from Figure 4B that the absorption drops sharply with only VO2 resonators compared to the high temperature condition. But under this low temperature state, the absorption of the absorber composed of Au resonators remains unchanged. The absorption characteristics of our designed TMA is determined by the absorption characteristics of only Au and only VO2 resonators. Therefore, the absorption characteristics of the combination of Au and VO2 resonators can be switched between broadband and dual-band with the help of temperature control.
[image: Figure 4]FIGURE 4 | THz absorption spectra for TMA resonator array composed of hybrid VO2 and Au resonators (black line), only Au resonators (red line) and only VO2 resonators (blue line) at (A) high temperature (358 K) and (B) low temperature (298 K).
The broadband absorption effect of our proposed TMA is mainly provided by the VO2 resonators. To further explore the physical origin of the designed TMA, the electric field distributions at the three absorption peaks in the presence of only VO2 resonators are presented in Figure 5. Since our proposed TMA is polarization-independent, here, the electric field distributions are presented only under TM polarization incidence. It can be seen that the electric field distributions at f1 = 4.63 THz and f3 = 7.54 THz are similar with the positive charges concentrated on the left side of the square-loop and the negative charges concentrated on the right side. This indicates that both absorption peaks are caused by the excitation of electric dipole resonance, but the difference is that the intensity of charge accumulation is different. As for f2 = 6.21 THz, in a unit cell with four square-loops, negative charges are induced on the two loops on the left, while positive charges are induced on the right. This suggests a dipole resonance that occurs between two adjacent loops in the horizontal direction. The local electric field intensity can reach 106 V/m level, which can be explained by the coupled mode theory [64]. Therefore, electrical dipole resonances are responsible for all three absorption peaks and expand into broadband in the presence of only VO2 resonators.
[image: Figure 5]FIGURE 5 | Electric field distributions (x-y plane) at the three absorption peaks in the presence of only VO2 resonators in TMA. The peak frequencies are (A) f1 = 4.63 THz (B) f2 = 6.21 THz (C) f3 = 7.54 THz, respectively.
In the presence of only Au resonators, the electric field distributions and magnetic field distributions at the two resonant peaks are shown in Figure 6. From the electric field distributions in the x-y plane, it can be seen that the electric field distributions at the two frequencies f4 = 6.02 THz and f5 = 7.03 THz are similar. However, combining the distributions of electric and magnetic fields in the y-z plane, it can be seen that there are significant differences between the two resonance modes. In these two resonances, the f4 mode is a dark surface-Bloch mode related to the periodic constant [65]. If the period of the unit cell structure decreases to a certain value, the dark surface-Bloch mode resonance will disappear. In contrast, the electrical dipole resonance at the f5 mode does not disappear with the decrease of the period. Thus, the dual-band absorption originates the electrical dipole mode and nonlocal surface-Bloch mode of metal resonators at low temperature (298 K).
[image: Figure 6]FIGURE 6 | Electric field distributions and magnetic field distributions at the two resonant peaks in the presence of only Au resonators in TMA. The resonant peak frequencies are (A) f4 = 6.02 THz (top row) (B) f5 = 7.03 THz (bottom row), respectively. Left: electric field distributions (x-y plane), middle: electric field distributions (y-z plane), and right: magnetic field distributions (y-z plane).
The dependency of structural parameters is shown in Figure 7. Based on the designed parameters, each subgraph is obtained by ensuring that only one parameter is a variable. Among them, Figures 7A–D show the results obtained at the temperature of 358 K, while Figures 7E, F show the results obtained at 298 K. The simulation results show that the geometric parameters have a non-negligible influence on the absorption performance. Because our proposed TMA can be switch between ultra-broadband and dual-band, it is necessary to consider the influence of different parameters on the absorption rate at both low and high temperatures. Thus, the designed parameters are the optimized parameters obtained from our comprehensive consideration at both low and high temperature conditions.
[image: Figure 7]FIGURE 7 | Dependency of structural parameters. Among them, (A–D) are at the temperature of T = 358 K, and (E) and (F) are at the temperature of T = 298 K.
The conductivity of VO2 can vary with the temperature with a thermal hysteresis loop [62]. The change in conductivity caused by different temperatures leads to a change in the permittivity dispersion of VO2. The real and imaginary parts of the relative permittivity under different conductivities are shown in Figures 8A, B. Thus, our designed TMA has the performance of continuously adjustable absorption efficiency with temperature. The absorption performance of TMA under different conductivities is shown in Figure 8C, and the absorption performance under continuous conductivity changes is presented in Figure 8D. It can be clearly seen that as the conductivity changes, the absorption performance transitions between dual-band absorption and ultra-broadband absorption.
[image: Figure 8]FIGURE 8 | (A) Real and (B) imaginary parts of the relative permittivity of VO2 under different conductivities. (C) Absorption performance of TMA under different conductivities. (D) Absorption performance as a function of the operating frequency and conductivity of VO2.
Additionally, the broadband absorption spectra of TMA (at the temperature of 358 K) as a function of the operating frequency and incidence angle are discussed, under the incidence with TM and TE polarization states, respectively, as shown in Figures 9A, B, and the dual-band absorption spectra of TMA (at the temperature of 298 K) as a function of the operating frequency and incidence angle are shown in Figures 9C, D under the incidence with TM and TE polarization states, respectively. In Figures 9A, B, the red-highlighted area (within the black dashed line) indicates the broadband of angle-dependent absorption efficiency exceeding 80% level. It can be seen that the proposed TMA can work over a wide range of incident angles under both incidence cases with TM polarization state and TE polarization state. The frequency range of broadband absorption is basically unchanged. The effective working angles for broadband absorption with more than 80% absorption efficiency under oblique incidence can reach up to nearly 60° for TM polarization, and 50° for TE polarization. Due to the impedance mismatch and higher order scattering, the TMA broadband absorption tends to be deteriorated at a wider oblique incidence angle. In stark contrast, the dual-band absorption at 298 K is greatly affected by the incidence angle especially under TM polarization state, as shown in Figures 9C, D. However, in any case, there is a certain angle to meet the working conditions, which reduces the requirement for system alignment.
[image: Figure 9]FIGURE 9 | Broadband absorption spectra of TMA (at the temperature of 358 K) as a function of the operating frequency and incidence angle under the incidence with (A) TM and (B) TE polarization states, and dual-band absorption spectra of TMA (at the temperature of 298 K) as a function of the operating frequency and incidence angle under the incidence with (C) TM and (D) TE polarization states, respectively.
4 CONCLUSION
In conclusion, we have realized a TMA that can be switched flexibly between ultra-broadband and dual bands by changing the conductivity of VO2 through thermal control. The TMA comprises a resonator array above a conductive ground layer separated with a dielectric spacer, which includes four square-loop VO2 resonators and a crossed Au resonator in each unit cell. The TMA can achieve more than 90% absorption bandwidth in the range of 3.98 to 9.06 THz at high temperature (VO2 is in the completely metallic state), which can be elucidated by the wave-interference theory and impedance matching theory. At low temperature where VO2 is fully insulated, the TMA realizes a dual-band absorption with the absorption efficiency exceeding 95% at 5.95 and 6.95 THz, which originates the dipole mode and nonlocal surface-Bloch mode of metal resonators. The TMA has the advantage of polarization-independence, due to the two-dimensional symmetry of structural arrangement. In addition, the broadband absorbance can remain more than 80% over a wide range of incident angles, specifically up to nearly 60° for TM polarization, and 50° for TE polarization. Compared with previous studies, our design can switch between two absorption modes and its absorption performance is greatly improved. The proposed TMA design scheme is expected to expand THz devices and has many potential applications in the THz range, such as modulation, sensing, stealth, and switching devices.
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