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Dynamical control of terahertz metadevices and integration of versatile functions are highly desired due to increasing practical demands. Here, we propose a multifunctional photosensitive Si hybrid metastructure consisting of twisted split-ring resonator pairs that could empower multi-state polarization switching and object-recognized imaging. The theoretical and simulated results show that inverse complete modulation of cross-polarized components could be realized via tuning the conductivity of the Si-bridge. The calculated ellipticity indicates that our metadevices possess the ability to convert linearly polarized light into left-hand circular-polarized or right-hand circular-polarized waves, as well as left-hand circular-polarized or right-hand circular-polarized into linearly polarized states. Combined with these properties, mono-parameter amplitude imaging and amplitude-phase synergistic encryption imaging are accomplished. Our research provides a new strategy to develop reconfigurable and multifunctional components in the terahertz regime.
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1 INTRODUCTION
Metasurfaces, as artificially designed structures with fascinating capabilities for manipulating light-matter interactions, have attracted much attention owing to their extraordinary properties not achievable in natural materials [1–4]. In the terahertz (THz) range, metasurfaces can achieve the effective regulation of optical characteristics, including amplitude, phase, frequency, and polarization [5–8]. Polarization is not only a degree of freedom in modulation of electromagnetic waves but also an ideal information carrier for imaging, sensing, communication, and spectroscopy systems [9–13]. Currently, single- or multi-layer wire-grid schemes [14, 15], chiral metasurfaces [16], all-dielectric metamaterials [17], and split-ring resonator (SRR) arrays [8, 18–20] are often used to fulfill polarization control of THz waves [21–26]. Herein, SRRs presented exotic spectral responses through geometric optimization, possessing simultaneously magnetic and electrical resonances as well as magnetoelectric coupling [27, 28]. These excellent performances lay the foundation for polarization investigations in SRR-based devices. In recent years, the development of metadevices that can dynamically regulate optical behaviors has gradually earned intensive concerns due to the advantages of reconfigurability in various application fields. Integrating metasurfaces with dielectric tunable materials is a well-accepted approach to realize controllable THz wave polarization engineering [29–31]. For instance, a governable polarization rotator has been presented in a hybrid graphene metadevice via applying different bias voltages to adjust the Fermi energy of graphene [32]. The phase transition material has also been used to design the hybrid metastructure with broadband absorption and enhanced polarization conversion efficiency [33, 34]. In addition, it is reported that the active composite metasurfaces integrated with semiconductor Si and Ge can be utilized to implement ultrafast polarization switching [35, 36]. These excellent investigations mainly focus on converting the incident LP wave into its cross-polarized mode or a single circularly polarized light. However, there is a lack of studies on multifunctional and miniaturized metamaterials that involve the switching of multiple THz wave polarization states. In addition, traditional imaging based on polarization is mainly operated by using a single-parameter amplitude. The multi-parameter synergistic effect of amplitude and phase is more important in encryption imaging and information acquisition.
In this work, to achieve the switching of multiple polarization states of the THz wave and expand application scenarios, we theoretically and simulationally demonstrate the hybrid twisted SRR pair metadevices with cross-polarization conversion capacity and inverse reconfigurability. Using the photosensitive conductivity of the embedded Si-bridge, the dynamical and full modulation of the cross-polarized component is realized. The results exhibit that our metadevices are capable of converting LP light into LCP or RCP waves, as well as LCP or RCP into LP states. Moreover, the indirect amplitude-dependent imaging and direct amplitude–phase synergistic imaging can be achieved. The designed hybrid metadevices exhibit great advantages in the manipulation of polarization switching and provide a novel tactic for encryption imaging in the THz region.
2 STRUCTURE DESIGN AND THEORY CALCULATION
The unit cells of the designed hybrid metadevices, composed of twisted SRR pairs with the integration of a tunable photosensitive Si-bridge, are illustrated in Figure 1. The substrate is sapphire with a thickness of 500 μm and a dielectric permittivity of 11.7. The spacing s between two SRRs is 2 μm for device 1 and device 3 and 0 μm for device 2 and device 4, respectively. The Si-bridge, indicated by the blue area, is embedded in the 4 μm-wide gap. Based on these predefined settings, the finite-element simulation method is carried out using the commercial software COMSOL Multiphysics. A unit cell is selected as the simulation domain, and the periodic conditions are imposed on the surrounding boundaries. The top port in the air and the bottom port in the substrate are used for light excitation and output, respectively. Here, Au is considered a perfect electric conductor. An LP plane wave propagating along the z-direction is normally incident to the proposed metasurface. In the experiment, metastructures can be fabricated on a silicon-on-sapphire wafer composed of a 600 nm-thick intrinsic epitaxial Si layer formed on a sapphire substrate [6, 35, 37]. First, the patterning of the Si-bridge can be realized by a photolithography method combined with reactive ion etching. Next, the second-round photolithography, followed by deposition and lift-off steps, is carried out to define the periodic metallic surfaces aligned between patterned Si-bridges. After fabrication, the devices can be measured by using the optical pump terahertz-probe system [38].
[image: Figure 1]FIGURE 1 | Schematic unit cells of the proposed hybrid metadevices from device 1 to device 4 with geometric parameters specified: Ax = 72 µm, Ay = 48 µm, w = 4 µm, g = 4 µm, d = 200 nm, h = 600 nm, and a the arm length of the SRR.
To explore the polarization characteristics of twisted SRR pairs, we plot the simulated transmission spectra for hybrid structures without the Si-bridge in Figure 2. These curves represent co-polarized transmission txx and cross-polarized tyx of metastructures (where a is fixed at 24 μm) with the incident field linearly polarized in the x-direction. The features of device 1 in Figure 2A indicate the emergence of considerable cross-polarized components and resonance splitting windows. Figure 2B shows the enhanced resonance splitting accompanied by a broad tyx band of device 2. For device 3 and device 4, it is worth highlighting that the transmission curve of txx is a flat line with the quenched tyx component, as shown in Figures 2C, D. In order to fully understand the polarization capability of our metastructure, the transmission spectra for device 1 with increased arm lengths of SRR are demonstrated in Figure 2E. It is found that the splitting window manifests a red-shift behavior, and the transmission of txx and tyx slightly decreases. Then, we theoretically clarify the polarization response mechanism. Here, the twisted SRRs can be treated as two lumped RLC resonators having mutual inductance L12. The excited currents can be expressed as [18, 39]
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where the subscripts “1” and “2” represent the left and right SRR, respectively, Ein is the electric field of the incident THz wave, and g is the gap dimension. Moreover, C1 = C2 = C, R1 = R2 = R, and L1 = L2 = L are the capacitance, resistance, and inductance of twisted SRRs. We can derive the induced circulating currents as follows:
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where ω is the angular frequency of the input THz wave. The excited electric dipoles can be deduced as [image: image]. Hence, the corresponding electric field formula is expressed by [image: image], leading [image: image] and [image: image].
[image: Figure 2]FIGURE 2 | Simulated co- and cross-polarized transmission spectra of four hybrid metastructures without the Si-bridge for (A) device 1, (B) device 2, (C) device 3, and (D) device 4, respectively. (E, F) Simulated transmission curves and the corresponding theoretical amplitude spectra of Ex and Ey for device 1 with the increased a.
The curves of radiated field amplitude for the excited dipoles are calculated in Figure 2F. The radiation amplitude Ex results from the electric dipole directly excited by the incident THz wave at the left SRR. The Ey component comes from the electric dipole at the right SRR indirectly excited via the magnetic near-field coupling [18]. The theoretical amplitude responses are consistent with the aforementioned simulated transmission behaviors in Figure 2E, while the corresponding parameters are listed in Table 1. Therefore, we can conclude that the flat lineshape of txx in Figures 2C, D is caused by the breaking of the directly excited resonance mode with the introduction of a 4 μm gap in the bottom of the left SRR. The quenching of the cross-polarized tyx component is ascribed to the annihilation of magnetic near-field coupling between the twisted SRRs.
TABLE 1 | Theoretical parameters used in the RLC model.
[image: Table 1]3 RESULTS AND DISCUSSION
Moreover, realizing the reconfigurability of polarization converters is vital for the exploration of miniatured and multifunctional hybrid metadevices. In Figure 3A, we plot the transmission spectra for device 1 with different conductivities of the Si-bridge. When the conductivity is 0 S/m, the lineshapes of txx and tyx are consistent with those in Figure 2A, which indicates that the Si-bridge acts as an insulator. Increasing the conductivity from 500 to 50,000 S/m, the transmission responses vary dramatically, accompanied by the annihilation of the tyx component and resonance splitting window. These changes are due to that the Si-bridge with a high conductivity behaves like a metal to connect the top gap of the left SRR and weakens the LC mode, which suppresses the resonance coupling of two SRRs. In Figure 3B, the spectra of device 2 with a wider band show a similar evolution trend, but the resonance frequencies are different from those of device 1. These distinguishable resonance features especially marked with two vertical dotted and dashed lines could provide more selective channels for multifunctional imaging applications that will be discussed later. The tyx components and the resonance splitting windows of device 3 in Figure 3C gradually recover from the quenched state as the conductivity increases. This recovery arises from the reconstruction of the resonance coupling between two SRRs when the Si-bridge has a higher conductivity. It is noticeable that the tunable reappearance of the cross-polarized component for device 3 corresponds to an inverse evolution process in device 1. As can be seen in Figures 3B, D, the inverse behaviors of the polarization conversion also exist in device 2 and device 4. We can deduce that the inverse and full modulation of the cross-polarized components can be achieved by tuning the conductivity of the Si-bridge. The corresponding phase distributions φxx for txx and φyx for tyx components with the conductivity of the Si-bridge at 0 and 500,000 S/m are depicted in the bottom panels.
[image: Figure 3]FIGURE 3 | (A–D) Transmission responses of four hybrid metadevices for co-polarized and cross-polarized components with conductivities of the Si-bridge varying from 0 to 500,000 S/m. The bottom panels are the corresponding phase distributions at 0 and 500,000 S/m, respectively.
It is known that the polarization state of the output light can be modulated by the amplitude ratio and phase lag between the co- and the cross-polarized components. Hence, we introduce four Stokes parameters [8] to numerically elucidate the output states of the THz wave. Those parameters are [image: image], [image: image], [image: image], and [image: image], where [image: image] is the phase difference ([image: image]). Then, we can calculate [image: image] and [image: image], where [image: image] and [image: image] represent the polarization azimuth angle and ellipticity, respectively. Here, [image: image]45°≤ [image: image] ≤45° represents the elliptically (0° for linear polarization, 45° for a perfect RCP, and [image: image]45° for a perfect LCP) polarized state. We plot the ellipticity spectra with the x-polarized incidence in Figure 4. When the conductivity of the Si-bridge is 0 S/m, the ellipticity of device 1 is [image: image]35° at 0.78 THz. This value tends to be 0° as the conductivity increases. Combined with [image: image] and [image: image], the corresponding polarization states for 0 S/m and 500,000 S/m are shown in the inset of Figure 4A, clearly showing a conversion from an LCP to an LP wave. Similarly, there is also a significant ellipticity modulation for device 2 from [image: image]34°–0° at 0.70 THz in Figure 4B. The calculated results reveal that device 1 and device 2 could work as tunable polarizers like the quarter wave plates. On the contrary, as demonstrated in Figures 4C, D, the ellipticity is tailored from 0° to [image: image]35° at 0.78 THz for device 3 and from 0° to [image: image]34° at 0.70 THz for device 4. Thus, device 3 and device 4 are capable of converting an LP wave to LCP light with increased conductivity of the Si-bridge.
[image: Figure 4]FIGURE 4 | (A–D) Ellipticity of output polarization wave as a function of conductivities for four hybrid metadevices (insets: the switching of polarization states at given frequencies).
Considering the anisotropic properties of our twisted SRR metadevices, we further study the transmission responses for device 2 and device 4 with the y-polarized incident THz wave. At the Si-bridge conductivity of 0 S/m, the red lines in Figure 5A exhibit that the polarization conversion capability and resonance splitting window of device 2 are still retained. As the conductivity increases to 2500 S/m, the co-polarized tyy component decreases and is accompanied by the gradual disappearance of the splitting window. From 10,000 S/m to 500,000 S/m, the txy component is quenched. These phenomena stem from the suppression of resonance coupling between two SRRs. Different from the x-polarized incidence, the co-polarized spectra at the higher conductivity only have an apparent dip induced by LC resonance, which is confirmed by the simulated circular current and highly concentrated electric field around the right gap (not shown). Intriguingly, the cross-polarized components in Figures 5A, B and their evolution process are completely identical. Furthermore, the transmission evolution of device 4 in Figure 5B is also an inverse process compared to device 2, which fully indicates that even after adjusting the polarized direction of the incident THz wave, our metadevice can still work as an inverse and controllable polarizer. As shown in Figures 5C, D, we calculate the ellipticity curves based on Stokes parameters. The ellipticity is from 27° to 0° at 0.80 THz for device 2 with the increased conductivity. These modulation results confirm that these devices could realize the conversion from an RCP wave to LP light. Under the same operating frequency, device 4 achieves conversion from an LP state to RCP wave. The aforementioned reconfigurable polarization states are shown in the insets. Combined with these observations, we can conclude that our metadevices possess the ability to convert LP light into LCP or RCP waves, as well as LCP or RCP into LP states.
[image: Figure 5]FIGURE 5 | Simulated co- and cross-polarized transmission spectra for hybrid metadevices based on (A) device 2 and (B) device 4 against conductivities of the Si-bridge with the y-polarized incident THz wave. (C, D) The corresponding ellipticity of output polarization wave.
To broaden the multi-scenario application, especially in the THz imaging, with the obtained polarization characteristics, we design the H-shape and pentagram target patterns composed of mutually perpendicular metallic gratings, as shown in Figures 6A, B. The width of the Au wire is 2 μm, and its duty ratio is 1:1. It is known that the THz waves with the polarized direction perpendicular to the grating could pass through the structure, while the waves with the parallel polarized direction were reflected [15]. Hence, the left target grating could permit transmission of the txx component and hinder the transmission of the tyx component. The right part has the opposite properties. So, the active control of txx and tyx components lays the foundation for dynamical imaging of the target patterns. Here, we select two representative frequencies of 0.76 and 0.82 THz marked by the black and red dotted lines in Figure 3A for device 1 to demonstrate the imaging function, as shown in Figure 6C. At the conductivity of 0 S/m, the transmission at the marked frequencies has a minimum value of txx and a maximum value of tyx. As the conductivity is 500,000 S/m, the txx value is the largest, and the tyx value is reduced to 0. Specifically, the higher transmission values correspond to the higher visibility of these target images. Therefore, the visibility of the left half of the H-shape imaged by device 1 at 0.76 THz gradually becomes clear, while the right half becomes blurry and finally invisible at 100,000 S/m. The erasure conductivity at 0.82 THz needs to increase to 500,000 S/m, which shows the frequency-dependent imaging modulation susceptibility. Figure 6D exhibits similar imaging properties for pentagram targets at the selected frequencies of 0.68 and 0.78 THz indicated in Figure 3B for device 2. According to the inverse evolution process between the transmission curves in Figures 3A, C, the imaging in Figure 6E for device 3 also shows the inverse evolution feature compared to Figures 6C, 6D, F. Thus, this amplitude-based imaging depends on frequency selection. It can be seen that the tunable co- and cross-polarized amplitude components can empower the indirect imaging of target patterns, which is one strategy in meta-based imaging.
[image: Figure 6]FIGURE 6 | (A, B) Schematics of the designed patterns H shape and pentagram for polarization-dependent imaging. (C–F) The visibility evolution of the target patterns at given frequencies with different conductivities of the Si-bridge.
Actually, phase as an important physical quantity can provide valuable information. Hence, combined with amplitude and phase, we propose a novel approach to illustrate the ellipticity-dependent direct imaging, as shown in Figure 7. Two planar arrays are designed to construct T- and E-shape, where the regions with letters are composed of metastructure. For instance, in Figure 7A, with the structure of device 2, according to the calculated maximum ellipticity in Figures 4B, 5B, at 0.7 THz, the T-shape is clearly imaged and becomes invisible at 100,000 S/m under the x-polarized incident THz wave. With the y-polarized incidence, at 0.8 THz, the E-shape is invisible when the conductivity is 500,000 S/m. Apparently, the imaging susceptibility based on device 2 under the x-polarized incidence is more vulnerable than that under the y-polarized incidence. As can be seen from Figure 7B, if those target regions are replaced by the structure of device 4, the imaging process exhibits the inverse evolution trend. Specifically, the E-shape appears at 2500 S/m, but this appearance of the T-shape occurs at 100,000 S/m, showing that the former exhibits the larger sensitivity to the y-polarized incidence. It is worth emphasizing that the ellipticity-dependent direct imaging is operated based on the amplitude–phase synergistic effect, which facilitates encryption imaging and information security.
[image: Figure 7]FIGURE 7 | Schematics of the T shape and E shape composed of the unit cells of device 2 and device 4 for active ellipticity-dependent imaging. (A, B) The imaging process of the target patterns with the x-polarized and y-polarized incident THz waves at given frequencies by varying the conductivity of the Si-bridge.
As we know, polarization conversion efficiency is an important index to assess the performance of polarizers. To improve this efficiency, some research studies have involved the use of all-dielectric metamaterials or reflective metadevices [25, 30]. In addition, the introduction of two-layer orthogonal metallic gratings having the Fabry–Perot cavity in our metadevice is also an effective method, which is verified by our further numerical simulations (not shown).
4 CONCLUSION
In summary, we demonstrated a hybrid twisted SRR metadevice with polarization conversion capability and clarified the response mechanism using a coupled resonator model. Combined with the photosensitive conductivity of the Si-bridge, the inverse and reconfigurable modulation of the cross-polarized component can be implemented. The results indicate that our metadevices can function as tunable linear-to-circular and circular-to-linear polarizers. Based on these inverse polarization switching performances, amplitude-dependent indirect imaging and amplitude-phase synergistic imaging can be achieved. Our proposed hybrid metadevices can not only realize the switching of multiple polarization states of the THz wave but also exhibit great application potential in the development of future encryption imaging and information security in the THz regime.
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