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Abstract

:

The metasurfaces based on nanostructure film play an important role in many fields. Usually, the properties and functions of metasurfaces are limited by their structure. Once the metasurface samples are processed, their functions have already been restricted. The dual-function device designed in this work utilizes the phase transition characteristic of vanadium dioxide (VO2). The entire layer of VO2 film is inserted between the double metal micro-nano structure. When VO2 film is in the metallic state after phase change, an isotropic narrow absorber is obtained in the terahertz (THz) region, which consists of a top Z-shaped meta-atom, a middle dielectric layer, and a bottom VO2 film. By adjusting structure parameters of VO2 film, perfect absorption is realized at the frequency of 0.525 THz with the overall absorption beyond 91%. When VO2 is in insulating state, the top Z-shaped meta-atom will interact with the bottom Z-shaped structure, and the resonance coupling leads to the appearance of electromagnetically induced transparency (EIT). The designed metal-VO2 hybrid metamaterial opens possible avenues for switchable functionalities in a single device.
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1. Introduction


Diversification of optical system functions will greatly increase the complexity of itself, such as the bigger size, insertion loss, and economic cost. And the increase of elements will lead to an increase in optical distortion, system noise and measurement error. Integrating multiple modulation modes and functions into one device can provide new ideas. It can not only realize the diversity of functions, but also reduce the loss of the optical system. Metasurfaces are artificial micro-nano devices composed of a large number of periodic or non-periodic sub-wavelength structures arranged on a two-dimensional plane, which can deal with electromagnetic waves flexibly and realize many functions of traditional optical elements [1]. To realize the dynamic adjustment of the metasurface performance, the metasurface with phase change materials, Dirac semimetals, and graphene have been researched [1,2,3]. However, most active control metasurfaces have been reported as single-function devices, such as frequency control [4], filtering [5], or absorption [6,7]. There are few metasurfaces with more than two modulation modes or functions.



Vanadium dioxide (VO2) is a typical phase change material that exhibits a transition from an insulating dielectric state to a conducting metal state at a critical temperature of around 340 K, which plays a great role in the modulation of terahertz metasurfaces [8,9,10,11,12,13,14]. VO2 has advantages of the fast response [15], large modulation depth, and multiple modulation methods [16], such as optical pumping [17], thermal control [10,18] and extra electric fields [19,20]. It should be noted that VO2 in the air is easy to spontaneously oxidize into a more thermodynamically stable Vanadium pentoxide(V2O5), resulting in lost modulation characteristics. In practical applications, it is necessary to design an anti-reflection layer to block large area contact between VO2 and oxygen in the air [21,22]. In recent years, there have been many reports on the regulation of metasurface properties by VO2 materials. Most of the studies focus on the regulation of single function devices [23,24,25,26], while a few studies achieve multifunctional regulation [12,27,28]. Song et al. presented the bifunctional design of a broadband absorber and a broadband polarization converter [12]. Ding et al. proposed a metasurface switch between a wideband absorber and a reflective half wave plate [27]. Relevant applications include metamaterial absorber [29] realized in visible and near infrared bands, upper material photoluminescence forming absorber [30], absorption transmission measurement in closed environment [31] and nano-imprinted metasurface [32]. However, some proposed structure neglect to protect the VO2 materials from oxidation [12,26,27,28]. Also, some proposed structures [12,23,24,25,26,27,28] are relatively complex and hard to process. Similar optical systems have shown some possibilities for global environmental issues: photocatalyst [33], photocatalysis and subsequent decontamination [34], and light absorption after photocatalytic removal of nitric oxide (NO) [35].



The metamaterial absorber uses electromagnetic resonance to achieve impedance matching at the air-metamaterial interface, which almost completely absorbs the electromagnetic wave near the resonance frequency. Thus, the entire incident energy is limited to the metamaterial reflector, which means that reflection is minimal, as opposed to absorption. Therefore, due to the limitation of electromagnetic field energy in the metamaterial absorber [36], approximately zero reflection and absorption efficiency greater than 90% are achieved, with excellent performance such as flexible design and wide band. Tunable terahertz absorbers with active materials, such as graphene, vanadium dioxide, or other conductive oxides [37,38,39]. On the other hand, electromagnetic induced transparency (EIT) is a kind of abnormal transmission phenomenon based on mode coupling, which has great application potential in slow light effect and electromagnetic modulation [40,41,42,43]. Metasurface based on vanadium dioxide-metal composite structure has achieved the switchable EIT phenomenon. However, there is little reported work on combining the two functions, with the active material in these devices acting as a switch to turn a single function on and off. The integration of metasurfaces with a full range of functions over a wide band and the integration of absorption-transmission regulation of a single device has not been realized, thus limiting their potential applications to meet the demand for multifunctional electromagnetic device integration and high capacity and speed operation.



In this paper, we propose a dual function control device. The narrow-band absorption function and the electromagnetically induced transparency effect are integrated into the same metasurface, which realizes the flexible switching of two functions in one device. When VO2 is in the insulating state, the device will appear the electromagnetic induced transparency. When VO2 is in the metallic state, the device will show relatively perfect narrow-band absorption. Meanwhile, our design avoids the large area of contact between VO2 and air, thus protecting VO2 from oxidation. Besides, we can use the same mask plate to complete the processing of the upper and lower Z-shaped structures, thus saving the cost of production. This dual-functional metasurface promises great application prospects in terahertz field.




2. Methods


2.1. Structure Design


The structure and parameters of the metasurface designed in this work are shown in Figure 1, which consists of five layers. As shown in Figure 1a, the unit cell of the metasurface consists of a top Z-shaped enantiomeric meta-atom, a top dielectric layer, a vanadium dioxide film, a bottom symmetric Z structure and a bottom dielectric spacer (SiO2). Figure 1b,c show the side and top views of a unit cell of the structure, respectively. The thickness of the Au, top SiO2, VO2, bottom SiO2 are t4 = 200 nm, t3 = 15 μm, t2 = 0.5 μm, and t1 = 10 μm. The geometrical parameters of the unit cell, shown in Figure 1c, are set as follows: P = 200 μm, P1 = 150 μm, and w = 15 μm. The two layers of metal in the structure are made from the same Z-pattern through two lithographic processes. The preparation cost is greatly reduced by adopting the same Z mask version. This provides the possibility for large-scale industrial preparation.




2.2. Characterization


The numerical simulations were conducted using finite element methods in the frequency-domain. Unit cell boundary conditions were considered both in the x, y and z directions. The SiO2 was modeled as a lossless dielectric with a permitivity of ε = 3.8, while the Au structure was modeled as a lossy metal with a conductivity of σ = 4.56 × 107 S/m. The optical properties of VO2 in THz range is described by the Drude model [23,44,45], which is expressed by   ε ( ω ) =  ε ′  + i  ε  ″   =  ε ∞  −    ω ρ    2  ( σ )    ω 2  + i γ ω    , where    ε ′    represents the real part of the dielectric constant, i is an imaginary unit, which usually represents the strength of the material’s polarization with the external electric field.    ε  ″     represents the real part of the dielectric constant, which usually represents the loss of the material. In the expansion formula,    ε ∞    represents the maximum dielectric constant of the material under the high order limiting electromagnetic wave frequency. Within the range of THz, the value of this limiting dielectric constant is 12.  γ  representing the permittivity at high frequency, in this work,   γ = 5.75 ×   10   13      rad / s   .    ω ρ    2    ( σ )   is the angular frequency that varies depending on the electrical conductivity, can be approximately described as    ω ρ    2  ( σ ) =  σ   σ 0     ω ρ    2  (  σ 0  ) ,    ω ρ    2  ( σ ) =   n  e 2     ε 0  m *    , in which    σ 0  = 3 ×   10  5    S / m  ,    ω ρ  ( σ )   =   1.4 ×   10   15     rad / s  , m* is the effective mass, the carrier concentration is n. VO2 is modeled as a material with a conductivity of 200 S/m in the insulating state, and that with a conductivity of 2 × 105 S/m in the metallic state.





3. Results and Discussions


3.1. Electromagnetically Induced Transparency with VO2 in the Insulating State


When VO2 is in the insulating state, the device exhibits plasma-induced transparency, which can provide the basis for plasma sensing and symmetrical matching devices. When the conductivity of VO2 is 200 S/m, terahertz wave normally incident through the VO2 layer. The top Z-shaped enantiomeric meta-atom interacts with the bottom symmetric Z structure, presenting the characteristic of electromagnetically induced transparency, as shown in Figure 2. A sharp and large transmission window occurs at 0.458 THz, and the resonance dips of this structure are at 0.322 and 0.546 THz, respectively. At the same time, a small resonant dip and peak appear at 0.133 and 0.148 THz.



To get more insight into the physical origin of the characteristic curve, the surface current distributions of the proposed structures are analyzed. The single top Z structure exhibits a transmission resonance peak at 0.252 THz, and the single bottom one exhibits a resonance peak at 0.228 THz. The corresponding surface current distributions are shown in Figure 3a,b. The integrated distribution at 0.133 THz is shown in Figure 3c, the surface current direction of the bottom symmetric Z structure has little difference from the distribution in Figure 3b. However, the surface current direction of the top Z structure is obviously opposite to that of Figure 3a. After coupling, the surface current directions of the top and bottom Z-shaped enantiomeric structure are the same. The dipole-like oscillations of the enantiomer structure are enhanced by changing the surface current direction of the top Z structure, resulting in a small resonance dip. The surface current distribution at 0.148 THz is shown in Figure 3d, the surface current direction of the top Z structure is the same as that before coupling, while the surface current direction of the bottom symmetric Z structure is totally opposite. The change of the bottom metal structure enhances the electric dipole resonance of the top Z structure. However, the transmission of the whole structure increased by of the surface current intensity decreased, resulting in a small resonant peak in the characteristic curve. At a frequency of 0.322 THz, both the top and bottom Z structures resonate in the direction before coupling. The integrated structure generates a strong current distribution on the surface of the structure as shown in Figure 3e, resulting in a large resonance slope of 0.322 THz. At the frequency of 0.458 THz. The current is concentrated at the transverse bar of the Z-metal and forms a current cycle that produces a strong magnetic dipole in the dielectric layer [46]. We can find that in Figure 3f, the electric dipole and a magnetic dipole are formed at the same time, which lead to the transmissibility of the structure enhanced at 0.458 THz, forming an electromagnetic induced transparency peak. As the incident light band increases, it can be found that the magnetic dipoles in the dielectric layer gradually disappear, and the top and bottom Z structures continue to resonate in the direction before strong coupling. As shown in Figure 3g, a strong current distribution is generated on the surface of the underlying structure at a frequency of 0.546 THz, which also results in a large resonance slope.




3.2. Narrow-Band Absorption with VO2 in the Metallic State


In recent years, metamaterial absorber has attracted great attention. In this design, the top gold Z-shaped meta-atom, the middle SiO2 spacer, and the bottom VO2 film formed a typical metallic pattern-insulator-metallic film configuration when VO2 is in the metallic state. The absorptance can be obtained by   A ( ω ) = 1 − R ( ω ) − T ( ω )  = 1  −      S  11      2  −      S  21      2   , where   A ( ω )  ,   R ( ω )   and   T ( ω )   are absorptance, reflectance and transmittance, respectively. Due to the conductivity of VO2 set as 2 × 105 S/m in the metallic state, the transmittance   T ( ω )   is about 0. Therefore, the absorptance is simplified as   A ( ω )  = 1  −      S  11      2   . This designed narrow-band absorber has a near-perfect absorption peak located at 0.525 THz with absorptance of 91%, as shown in Figure 4.



In order to analyze the physical mechanism of the absorber, the effective impedance is calculated by the formula   z =    z 1     z 0    =     μ ( ω )   ε ( ω )     =     ( 1 +  S  11     2  ) −  S  21     2    ( 1 −  S  11     2  ) −  S  21     2       , where    z 1    is the impedance of the absorber,    z 0    is the impedance of the free space,   μ ( ω )   is the effective permittivity,   ε ( ω )   is the effective permeability and S is the S parameter [47]. The effective impedance will change with permittivity and permeability values. When the permittivity is equal to the permeability, that is z = 1, the impedance of the absorber is equal to the impedance of the free space, indicating that the impedance of the absorber and the free space are perfectly matched. The distribution of impedance z is obtained according to the calculation, as shown in Figure 5a,b. The real part of the device impedance is close to 1 and the imaginary part is close to 0 at normal incidence. It is confirmed that the device achieves nearly perfect absorption at 0.525 THz.



The electric field and surface current distribution on the surface of Z-shaped meta-atom and VO2 layer were analyzed, as shown in Figure 6. At the frequency of 0.525 THz, the positive and negative electric field centers of the Z-shaped meta-atom had the same intensity. The electric field is distributed on both sides of each metal strip, showing strong electric dipole resonance, as shown in Figure 6a. The corresponding electric field on the surface of VO2 film was calculated at the same time, as shown in Figure 6b. This electric field distribution is caused by the antiparallel electric field distribution. The antiparallel resonance generated an electric dipole moment between the top Z-shaped meta-atom and bottom VO2 film. It interacted strongly with incident terahertz waves, resulting in a perfect absorption peak at 0.525 THz. Figure 6c shows that the current is directed from one end to the other. The current intensity is concentrated in the center of the three parts of the Z-shaped meta-atom and does not form a current loop. This phenomenon further indicates that the resonance of Z-shaped metal absorber is caused by electric dipole resonance.



The absorption spectra of the absorber with different polarization angles for TM and TE polarization are calculated at normal incident. At TM polarization, the absorptance is relatively high with the polarization angle of 0–60°, as shown in Figure 7a. When the polarization angle is greater than 60°, the absorptance decreases gradually. At TE polarization, the absorptance is almost zero when the polarization angle is 0°. When the angle is greater than 60°, the absorption rate increases gradually as shown in Figure 7b. When the polarization angle is 0°, the electric field of the absorber is effectively excited by electromagnetic field parallel to the TM. When the polarization angle is greater than 60°, the parallel component of the electromagnetic weaken, resulting in a weak coupling between the electromagnetic field and the metasurface. When the polarization angle gradually changes to 90°, the electric dipole resonance is fully excited by electromagnetic waves parallel to the TE polarization, realizing the change of absorptance from TM mode to TE mode. When the polarization angle gradually increases to 90°, the electric dipole resonance is fully excited by electromagnetic waves parallel to the direction of TE polarization, realizing the change from TM mode to TE mode.



In practice, perfect ideal plane waves rarely exist. The direction of the incident terahertz wave is random. Therefore, the influences of different incident angles on the absorption performance are further discussed in Figure 8. For TM polarization incidence, as shown in Figure 8a, the absorptance maintains stability with the incidence angle. The structure exhibits great absorptance in the range of 0–80°. It is shown that the electromagnetic field is continuously and effectively confined in the dielectric layer with the increase of the incidence angle. Therefore, the absorber is not sensitive to the polarization angle. For TE polarization incidence, as shown in Figure 8b, the absorber has almost no absorption. The results show that the absorber is insensitive to TE and TM polarization in a wide range of incident angles, which indicates that the metasurface has strong practicability.





4. Conclusions


In conclusion, a switchable bifunctional metasurface with efficient terahertz absorption and electromagnetically induced transparency is proposed and studied. The cell structure of the device combines the double-layer Z-shaped meta-atoms with the VO2 film at the bottom to achieve flexible switching between the two states. When VO2 is in the insulating state and transparent to terahertz wave, the analysis shows that the electromagnetically induced transparency is caused by the coupling effect between the double-layer Z-shaped structure. The coupling effect excites second-order dark mode resonance modes and generates effective magnetic dipole oscillations in the dielectric layer. The electric dipole and the magnetic dipole work together, and the metasurface forms an electromagnetically induced transparency peak at 0.458 THz (the maximum transmittance reaches 80%). The distribution of electric and magnetic fields indicates that the broadband EIT effect is the mismatch and hybridization of two coupled bright modes supported by metasurfaces, realized by frequency. During the VO2 phase transition with increasing conductivity, the metasurface gradually closes the EIT window and begins to absorb incident terahertz waves. When VO2 is in a completely metallic state, the component operates as an almost perfect absorber, with a total absorption rate exceeding 91%. On the other hand, broadband near-perfect absorption results from strong excitation and the superposition of two resonances within the MIM cavity. The key geometric parameters that affect the performance of metasurfaces have been studied, further clarifying the design flexibility of metasurfaces. This versatile tunable phase-change device can add value to potential terahertz applications such as intelligent modulators, slow light devices, and imaging coding. The design principles can also be extended to other infrared and optical devices with switchable and diverse functions.
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Figure 1. (a) Schematic of the unit cell of the dual-functional metasurface. (b) Side view and parameters. (c) The top view and parameters. 
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Figure 2. Under TE wave incidence, Characteristic curve of electromagnetically induced transparency when VO2 is in the insulating state. 
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Figure 3. Surface current distributions of the proposed structures. (a) Single top Z-shaped meta-atom. (b) Bottom symmetric Z structure. (c–g) Integrated metasurface at 0.133, 0.148, 0.322, 0.458 and 0.546 THz, respectively. 
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Figure 4. Simulated reflectance and absorptance of the designed system at normal incidence when VO2 is in the metallic state. 
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Figure 5. (a) The real part and (b) the imaginary part of the relative impedance of the device when the VO2 conductivity is 2 × 105 S/m. 
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Figure 6. Electric field and surface current distribution of Z-type absorber at 0.525 THz. (a) Electric field distribution on the surface of Z-shaped meta-atom; (b) Electric field distribution on the surface of VO2 layer; (c) Current distribution on the surface of Z-shaped meta-atom. 






Figure 6. Electric field and surface current distribution of Z-type absorber at 0.525 THz. (a) Electric field distribution on the surface of Z-shaped meta-atom; (b) Electric field distribution on the surface of VO2 layer; (c) Current distribution on the surface of Z-shaped meta-atom.



[image: Coatings 13 00816 g006]







[image: Coatings 13 00816 g007 550] 





Figure 7. Absorption spectra of the absorber with different polarization angles at 0.525 THz for (a) TM polarization, (b) TE polarization. 
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Figure 8. Absorption spectra of the absorber with different incident angles for (a) TM polarization, (b) TE polarization. 
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