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Abstract

:

As promising building blocks for functional materials and devices, metasurfaces have gained widespread attention in recent years due to their unique electromagnetic (EM) properties, as well as subwavelength footprints. However, current designs based on discrete unit cells often suffer from low working efficiencies, narrow operation bandwidths, and fixed EM functionalities. Here, by employing the superior performance of a continuous metasurface, combined with the reconfigurable properties of a phase change material (PCM), a dual-functional meta-grating is proposed in the infrared region, which can achieve a broadband polarization conversion of over 90% when the PCM is in an amorphous state, and a perfect EM absorption larger than 91% when the PCM changes to a crystalline state. Moreover, by arranging the meta-grating to form a quasi-continuous metasurface, subsequent simulations indicated that the designed device exhibited an ultralow specular reflectivity below 10% and a tunable thermal emissivity from 14.5% to 91%. It is believed that the proposed devices with reconfigurable EM responses have great potential in the field of emissivity control and infrared camouflage.
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1. Introduction


Recently, metasurfaces, the planar version of metamaterials, have attracted widespread attention, owing to their large degree of freedom for manipulating electromagnetic (EM) waves at subwavelength scale [1,2,3,4]. By introducing localized interactions between meta atoms and EM waves, full vectorial control of light can be achieved, in terms of amplitude, phase, and polarization, which enables many fascinating applications, including anomalous beam deflection [5], sub-diffraction imaging [6,7], perfect EM absorption [8,9,10], and meta-holography [11,12,13], to name but a few. Since metasurfaces possess exotic properties that natural materials do not have, they can also realize counterintuitive functionalities such as carpet cloaking [14,15] and daytime radiative cooling [16,17]. These landmark achievements for EM wave engineering have laid the foundation for the upcoming Engineering Optics 2.0. [18,19]



Although great progress has been made in the field of metasurfaces, traditional metasurface devices are often limited by low working efficiencies and narrow operation bandwidths, due to the resonant nature of discrete meta atoms, which hinder their practical applications [20,21]. In order to further enhance the performance of metasurfaces, a potential solution is to employ continuous or quasi-continuous meta atoms to replace their discrete counterparts. Therefore, a subwavelength version of traditional diffractive grating, called meta-grating, has been proposed to further improve the working bandwidth and efficiency. Previously reported works have demonstrated that by properly designing meta-gratings based on different physical mechanisms, highly efficient broadband manipulation of EM waves can be achieved [22,23,24,25]. Furthermore, it has also been proved that more functionalities can be realized by moving meta-gratings towards their streamlined counterparts [26]. For example, Huang et al. achieved a perfect broadband beam deflection using a continuous metasurface composed of trapezoidal antennas [27]. Yuan et al. proposed a kind of nanoarc metasurface that can achieve broadband high-efficiency beam splitting and meta-holograms [28]. Luo et al. established the theory of catenary electromagnetics, which linked the catenary functions to the inner physics of metasurfaces and explicitly explained the advantages of continuous meta-gratings [26]. In addition, his group has designed a variety of high performance continuous or quasi-continuous metasurface devices that can achieve vortex beam generation [29,30], airy beam generation [20,31], coherent absorption [32], sub-diffractive imaging [33], and wide field-of-view imaging [34]. Although the above mentioned works further improved the performance of metasurfaces, how to integrate more functionalities and achieve reconfigurable devices is still challenging.



Here, by combining a high performance meta-grating with a tunable phase change material (PCM), Ge2Sb2Te5 alloy (GST-225, simply GST hereafter), a reconfigurable device with a simple geometry is proposed, which works in the infrared region. To further illustrate this issue, Figure 1 depicts a schematic of the proposed device. It can be inferred from Figure 1a that the device can achieve polarization conversion for both linear and circular incidences when the GST is in amorphous state (A-state). In this case, the right-handed polarized (RCP) and transverse electric (TE) polarized incidence can be efficiently converted to their left-handed polarized (LCP) and transverse magnetic (TM) counterparts, respectively, and vice versa. When tuning the crystallization level to a crystalline state (C-state) by outer stimuli, the device will behave as a perfect absorber, regardless of the incident polarizations, as shown in Figure 1b. It should be mentioned that although previously reported works based on PCM have achieved reconfigurable devices with various functionalities, they could only modulate one aspect of the EM wave, such as changing the absorption peak or altering the implemented phase [35,36,37,38,39,40,41,42]. Whereas, the presented device can manipulate the polarization and amplitude in two crystallization levels, which may enable more fascinating applications in optics and photonics.




2. Design Principles and Simulation Results


Figure 2a depicts a conceptual illustration of the unit cell, composed of a silicon (Si) grating, GST spacer, and Au reflective layer. Corresponding geometrical parameters are given in the figure caption. Considering the symmetry of the proposed device, a finite element method in CST Microwave Studio was employed to obtain the simulated results, with unit cell boundaries in the xy directions, and the open boundary in the z direction. In the simulation process, the permittivities of the GST were adopted from measured results in a previous work [37]. The real part and imaginal part of the permittivities of amorphous and crystalline GST within 26 to 32 THz are shown in Figure 2b,c. It can be inferred that when the GST is in an A-state it is an ideal dielectric material with no loss, while it behaves as a semiconductor with considerable loss when it changes to a C-state. The permittivity of Si was obtained from Palik [43], and the permittivity of Au was described by Drude’s model [36].


   ε  A u   =  ε ∞  −    ω p 2    ω ( ω + i γ )    



(1)




where the plasma frequency ωp and collision frequency γ are chosen to be 1.32 × 1016 rad/s and 131.8 THz, respectively. ε∞ is the relative permittivity when the frequency is infinite and is set as 9.1. Figure 2d shows the simulated results under circularly incidence when the GST is in an A-state. The reflected amplitude of the cross-polarized component above 90% ranges from 26 to 29.2 THz. Since the Au reflectivity is thick enough to prevent transmission, the absorption A can be calculated by


  A = 1 −  r  c o  2  −  r  c r  2   



(2)




where rco and rcr are the co- and cross-polarized amplitudes, respectively. Thus, the corresponding absorption is shown in Figure 2e, which is below 14.5% from 26 to 29.2 THz. It should be mentioned that although the results were obtained under a circularly polarized incidence, the proposed device can achieve the same polarization conversion performance under a linearly polarized incidence when the azimuthal angle between the electric vector of the incidence wave and the main axis of the meta-grating is 45°, as shown in Figure 1a [36]. Therefore, the presented meta-grating in the A-state can be treated as a highly-efficient broadband polarization convertor for both circular and linear polarizations. The simulated results when the crystallization level of the GST changed to the C-state are shown in Figure 2f,g. It can be inferred that the reflected amplitudes for both co- and cross-polarized components were less than 30% from 28.1 to 32 THz, and the corresponding absorption was larger than 91%. In this case, the device behaves as a perfect broadband absorber, with ultra-low reflection. Therefore, the above mentioned meta-grating can perform as a dual-mode reconfigurable device, with two distinct functionalities, in terms of polarization and amplitude control.



To explore the physical origin of the proposed device at different crystallization levels, Figure 3 depicts the simulated results under a linearly polarized incidence at 29 THz. The directions of the electric vector for the TE and TM incidence are labelled in the insets of Figure 3a,b, respectively. Obviously, a strong localized resonance can be observed as shown in Figure 3a under the TE incidence, while the interaction between the meta-grating and incident TM wave in Figure 3b is much weaker than that in Figure 3a. Therefore, due to the resonant differences in these two cases, relative phase differences, ∆P, between TE and TM polarizations can be obtained. To further demonstrate this issue, Figure 3c shows the simulated phase responses. It can be inferred that ∆P is about π from 26 to 29.2 THz (the gray region depicts ∆P = π ± 0.1π). Thus, the corresponding polarization conversion efficiency is near unity in this case. Moreover, in order to shed light onto the absorption mechanism of the proposed meta-grating when the GST is in the C-state, simulated energy flows of magnetic and electric fields under TE and TM polarized incidence are shown in Figure 3d,e, respectively. The circumfluence of the magnetic field in Figure 3d demonstrates the existence of multiple electric dipoles, and the current loop of the electric field in Figure 3e indicates the existence of a magnetic dipole. Therefore, the absorption mechanism for the TE and TM incidence can be explained by electric dipole resonance and magnetic dipole resonance, respectively. The simulated absorptions for both cases are shown in Figure 3f, and the absorption bandwidth under a TM incidence is larger than that under a TE incidence, which demonstrates the typical features of magnetic (broadband) and electric (narrowband) resonances [21].



A potential application for the proposed meta-grating is to achieve an ultralow specular reflection and tunable emissivity in broad wavebands, as shown in Figure 4a. As such, a quasi-continuous device was designed with a chessboard-like configuration, consisting of orthogonally arranged meta-gratings [44]. When the GST is in A-state, according to the theory of geometric phase (also known as Pancharatnam–Berry phase) [45], the proposed meta-grating can be treated as a highly efficient phase retarder, since the cross-polarized amplitude is much larger than its co-polarized counterpart. In this case, the reflected phase for a crossed polarized wave is twice the orientation angle of the meta-grating. Therefore, the reflected beam will be guided in well defined directions, with low specular reflection, due to the orthogonally arranged adjacent pixels. According to Kirchhoff’s law of thermal radiation that the directional spectral emittance is equal to the directional spectral absorption [46], the emissivity in this case is lower than 14.5%, as shown in Figure 2e. When the GST is in C-state, since the meta-grating can effectively absorb the EM waves, the proposed symmetric chess-board structure can achieve a polarization independent absorption, with ultralow reflection. Differently from the former A-state performance, the emissivity can reach up to 91% in this case. Therefore, the proposed quasi-continuous device can serve as an infrared invisible metasurface, with tunable thermal emission properties. To further demonstrate this, subsequent full-wave simulations were performed to validate the performance of the designed metasurface, and the simulated results are shown in Figure 4b–e. The time domain solver of CST Microwave Studio was employed for the simulations, with periodic boundaries in the xy directions and open boundary in the z direction. To simplify the case and without a loss of generality, n was chosen as n = 5 for the simulation. It can be inferred from Figure 4b that the reflected wave is redirected in four diagonal directions, and the reflection along the specular direction can hardly be observed. Figure 4c depicts the farfield scattering patterns when the GST is in C-state, and ultralow reflection in all directions can be observed due to the highly absorptive nature of the meta-gratings. In fact, since the linearly polarized incidence can be decomposed into two circularly polarized incidences with opposite handedness, but the same amplitude, similar performances as in Figure 4b,c can be achieved for arbitrary polarization incidences, due to the fourfold geometrical symmetry of the device. For comparison, Figure 4d shows corresponding results of an unpatterned gold plate, with the same dimensions as the proposed metasurface. It is obvious that the specular reflectivities for the metasurface in both A- and C-states are much smaller than for the metallic plate. To further demonstrate the broadband performance of the proposed quasi-continuous device, Figure 4e shows the simulated specular reflectivity for the above-mentioned three cases, from 26 to 32 THz. It can be inferred that the specular reflectivity for the metallic plate is near unity in broadband, while a significant reduction of reflection for the metasurface can be observed. When the GST is in A-state, the average specular reflectivity below 10% ranges from 26 to 28.3 THz, and the emissivity of the device is below 14.5%. Furthermore, when the GST is in C-state, the average specular reflectivity below 10% ranges from 26 to 32 THz, and the emissivity of the device is above 91%. It can be observed that the operation bandwidths of the quasi-continuous metasurface in A-state (26 to 29.2 THz) and C-state (28.1 to 32 THz) slightly deviate from the performance of the meta-grating (26 to 28.3 THz for A-state, 26 to 32 THz for C-state) in Figure 2, which can be explained by the mutual coupling between adjacent orthogonal pixels, which further enhanced the absorption, but reduced the polarization conversion ratio (PCR).



To further demonstrate the superior performance of the continuous unit cell, Figure 5 depicts the design and performance with different geometric parameters for comparison. As shown in Figure 5a, the geometric parameters such as P, w, and the thicknesses of the materials are the same as those in Figure 2a. Figure 5b shows the simulated reflected amplitudes under circularly polarized incidence when l changes from 2.8 to 5.8 μm, with 1 μm as an interval. It can be inferred that the cross polarized components, when l = 3.8 μm, are much smaller than the other three cases, due to the fact that such a unit cell is isotropic with l ≈ w. Additionally, when l = 5.8 μm (l = P), the proposed unit cell can achieve higher polarization conversion efficiency and wider operation bandwidth than in other cases. In this case, the unit cell with l = P is the same as that in Figure 2a with a continuous profile. To further demonstrate this issue, Figure 5c shows the frequency dependent PCR for the above four cases. Obviously, the performance with l = 5.8 μm is better than the other cases, with a higher PCR value and broader bandwidth. It should be mentioned that although the PCR value for l = 4.8 μm is comparable to that with l = 5.8 μm, the absorption in the former case is much larger. The average absorption for l = 4.8 μm is larger than 22.7%, and the corresponding absorption is less than 14.5% for l = 5.8 μm. Therefore, the above analysis further demonstrates that the proposed continuous unit cell possesses a higher working efficiency, wider operation bandwidth, and lower Ohmic loss than its discrete counterpart.




3. Conclusions


Except for the aforementioned application in Figure 4, the proposed meta-grating can be designed to achieve arbitrary phase engineering, such as beam deflection, focusing, and holography in A-state, based on geometric phase by simply rotating the meta-gratings to meet the required phase distributions. While broadband perfect absorption can still be realized when the GST changes to C-state. Moreover, although subsequent experiments were not performed in the presented work, many related works have proven that the fabrication of the designed metasurfaces can be implemented with a low cost and high precision [47,48]. Previous works also demonstrated that the crystallization and re-amorphization of GST can be successfully achieved by several methods [49,50,51], such as thermal annealing, electrical stimulus, and laser pulse illumination. Furthermore, inspired by previous streamlined surfaces, the proposed meta-grating can be treated as a potential supplement in the field of catenary electromagnetics.



In summary, we have proposed a simple yet powerful design methodology for reconfigurable meta-gratings in the infrared region. By combining the superior performance of a continuous structure with tunable PCMs, the designed broadband dual-mode device has the capability of achieving efficient polarization conversion, with an average efficiency over 90% and perfect EM absorption over 91%, when the GST is at different crystallization levels. Moreover, the performance comparison between the proposed unit cell and its discrete counterparts further proved that the continuous meta-grating exhibits a higher working efficiency, wider operation bandwidth, and lower Ohmic loss. We believe that the proposed reconfigurable device with a simple geometry has great potential for practical applications in beam steering, encrypted information storage, and thermal emission control.







Author Contributions


Conceptualization, Y.H. and L.L.; methodology, Y.H.; software, Y.H.; validation, Y.H., T.X. and Z.X.; formal analysis, investigation, resources, data curation, writing—original draft preparation, Y.H., J.Z., Y.S.; writing—review and editing, supervision, M.T. and W.C.; visualization, K.L.; project administration, funding acquisition, L.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Opening Foundation of State Key Laboratory of Optical Technologies on Nano-Fabrication and Micro-Engineering and Sichuan Science and Technology Program (2018JY0439). T.X. is grateful for the support from the China Scholarship Council (CSC).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yu, N.; Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 2014, 13, 139–150. [Google Scholar] [CrossRef]

	



Hsiao, H.-H.; Chu, C.H.; Tsai, D.P. Fundamentals and Applications of Metasurfaces. Small Methods 2017, 1, 1600064. [Google Scholar] [CrossRef]

	



Luo, X. Principles of electromagnetic waves in metasurfaces. Sci. China Ser. G Phys. Mech. Astron. 2015, 58, 1–18. [Google Scholar] [CrossRef]

	



Lin, J.; Wang, D.; Si, G. Recent Progress on Plasmonic Metasurfaces. Opto-Electron. Eng. 2017, 44, 289–296. [Google Scholar]

	



Yu, N.; Genevet, P.; Kats, M.A.; Aieta, F.; Tetienne, J.-P.; Capasso, F.; Gaburro, Z. Light Propagation with Phase Discontinuities: Generalized Laws of Reflection and Refraction. Science 2011, 334, 333–337. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.T.; Zhu, A.Y.; Sanjeev, V.; Khorasaninejad, M.; Shi, Z.; Lee, E.; Capasso, F. A broadband achromatic metalens for focusing and imaging in the visible. Nat. Nanotechnol. 2018, 13, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wu, P.C.; Su, V.-C.; Lai, Y.-C.; Chen, M.-K.; Kuo, H.Y.; Chen, B.H.; Chen, Y.H.; Huang, T.-T.; Wang, J.-H.; et al. A broadband achromatic metalens in the visible. Nat. Nanotechnol. 2018, 13, 227–232. [Google Scholar] [CrossRef]

	



Huang, Y.; Liu, L.; Pu, M.; Li, X.; Ma, X.; Luo, X. A refractory metamaterial absorber for ultra-broadband, omnidirectional and polarization-independent absorption in the UV-NIR spectrum. Nanoscale 2018, 10, 8298–8303. [Google Scholar] [CrossRef]

	



Huang, Y.; Luo, J.; Pu, M.; Guo, Y.; Zhao, Z.; Ma, X.; Li, X.; Luo, X. Catenary Electromagnetics for Ultra-Broadband Lightweight Absorbers and Large-Scale Flat Antennas. Adv. Sci. 2019, 6, 1801691. [Google Scholar] [CrossRef] [PubMed]

	



Cao, T.; Wei, C.-W.; Simpson, R.E.; Zhang, L.; Cryan, M.J. Broadband Polarization-Independent Perfect Absorber Using a Phase-Change Metamaterial at Visible Frequencies. Sci. Rep. 2014, 4, 3955. [Google Scholar] [CrossRef]

	



Zheng, G.; Mühlenbernd, H.; Kenney, M.; Li, G.; Zentgraf, T.; Zhang, S. Metasurface holograms reaching 80% efficiency. Nat. Nanotechnol. 2015, 10, 308–312. [Google Scholar] [CrossRef]

	



Bao, Y.; Yu, Y.; Xu, H.; Guo, C.; Li, J.; Sun, S.; Zhou, Z.-K.; Qiu, C.-W.; Wang, X.-H. Full-colour nanoprint-hologram synchronous metasurface with arbitrary hue-saturation-brightness control. Light. Sci. Appl. 2019, 8, 1–10. [Google Scholar] [CrossRef]

	



Li, X.; Chen, L.; Li, Y.; Zhang, X.; Pu, M.; Zhao, Z.; Ma, X.; Wang, Y.; Hong, M.; Luo, X. Multicolor 3D meta-holography by broadband plasmonic modulation. Sci. Adv. 2016, 2, e1601102. [Google Scholar] [CrossRef]

	



Yang, Y.; Jing, L.; Zheng, B.; Yihao, Y.; Yin, W.; Liqiao, J.; Soukoulis, C.M.; Chen, H. Full-Polarization 3D Metasurface Cloak with Preserved Amplitude and Phase. Adv. Mater. 2016, 28, 6866–6871. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Pu, M.; Zhang, F.; Luo, J.; Li, X.; Ma, X.; Luo, X. Broadband Functional Metasurfaces: Achieving Nonlinear Phase Generation toward Achromatic Surface Cloaking and Lensing. Adv. Opt. Mater. 2019, 7, 1801480. [Google Scholar] [CrossRef]

	



Raman, A.P.; Anoma, M.A.; Zhu, L.; Rephaeli, E.; Fan, S. Passive radiative cooling below ambient air temperature under direct sunlight. Nature 2014, 515, 540–544. [Google Scholar] [CrossRef] [PubMed]

	



You, P.; Li, X.; Huang, Y.; Ma, X.; Pu, M.; Guo, Y.; Luo, X. High-Performance Multilayer Radiative Cooling Films Designed with Flexible Hybrid Optimization Strategy. Materials 2020, 13, 2885. [Google Scholar] [CrossRef]

	



Luo, X. Engineering Optics 2.0: A Revolution in Optical Materials, Devices, and Systems. ACS Photonics 2018, 5, 4724–4738. [Google Scholar] [CrossRef]

	



Luo, X. Subwavelength Artificial Structures: Opening a New Era for Engineering Optics. Adv. Mater. 2019, 31, e1804680. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Huang, Y.; Li, X.; Pu, M.; Gao, P.; Jin, J.; Ma, X.; Luo, X. Polarization-Controlled Broadband Accelerating Beams Generation by Single Catenary-Shaped Metasurface. Adv. Opt. Mater. 2019, 7, 1900503. [Google Scholar] [CrossRef]

	



Yu, P.; Besteiro, L.V.; Huang, Y.; Wu, J.; Fu, L.; Tan, H.H.; Jagadish, C.; Wiederrecht, G.P.; Govorov, A.O.; Wang, Z. Broadband Metamaterial Absorbers. Adv. Opt. Mater. 2019, 7, 1800995. [Google Scholar] [CrossRef]

	



Khorasaninejad, M.; Capasso, F. Broadband Multifunctional Efficient Meta-Gratings Based on Dielectric Waveguide Phase Shifters. Nano Lett. 2015, 15, 6709–6715. [Google Scholar] [CrossRef]

	



Ranjbar, A.; Grbic, A. Broadband, Multiband, and Multifunctional All-Dielectric Metasurfaces. Phys. Rev. Appl. 2019, 11, 054066. [Google Scholar] [CrossRef]

	



Fang, B.; Li, H.; Zhu, S.; Li, T. Second-harmonic generation and manipulation in lithium niobate slab waveguides by grating metasurfaces. Photonics Res. 2020, 8, 1296. [Google Scholar] [CrossRef]

	



Shaltout, A.M.; Kim, J.; Boltasseva, A.; Shalaev, V.M.; Kildishev, A.V. Ultrathin and multicolour optical cavities with embedded metasurfaces. Nat. Commun. 2018, 9, 1–7. [Google Scholar] [CrossRef]

	



Luo, X.; Pu, M.; Guo, Y.; Li, X.; Zhang, F.; Ma, X. Catenary Functions Meet Electromagnetic Waves: Opportunities and Promises. Adv. Opt. Mater. 2020, 8, 202001194. [Google Scholar] [CrossRef]

	



Li, Z.; Huang, L.; Lu, K.; Sun, Y.; Min, L. Continuous metasurface for high-performance anomalous reflection. Appl. Phys. Express 2014, 7, 112001. [Google Scholar] [CrossRef]

	



Wang, D.; Hwang, Y.; Dai, Y.; Si, G.; Wei, S.; Choi, D.; Gómez, D.E.; Mitchell, A.; Lin, J.; Yuan, X. Broadband High-Efficiency Chiral Splitters and Holograms from Dielectric Nanoarc Metasurfaces. Small 2019, 15, e1900483. [Google Scholar] [CrossRef]

	



Pu, M.; Li, X.; Ma, X.; Wang, Y.; Zhao, Z.; Wang, C.; Hu, C.; Gao, P.; Huang, C.; Ren, H.; et al. Catenary optics for achromatic generation of perfect optical angular momentum. Sci. Adv. 2015, 1, e1500396. [Google Scholar] [CrossRef]

	



Guo, Y.; Pu, M.; Zhao, Z.; Wang, Y.; Jin, J.; Gao, P.; Li, X.; Ma, X.; Luo, X. Merging Geometric Phase and Plasmon Retardation Phase in Continuously Shaped Metasurfaces for Arbitrary Orbital Angular Momentum Generation. ACS Photonics 2016, 3, 2022–2029. [Google Scholar] [CrossRef]

	



Zhang, F.; Zeng, Q.; Pu, M.; Wang, Y.; Guo, Y.; Li, X.; Ma, X.; Luo, X. Broadband and high-efficiency accelerating beam generation by dielectric catenary metasurfaces. Nanophotonics 2020, 9, 2829–2837. [Google Scholar] [CrossRef]

	



Li, X.; Pu, M.; Wang, Y.; Ma, X.; Li, Y.; Gao, H.; Zhao, Z.; Gao, P.; Wang, C.; Luo, X. Dynamic Control of the Extraordinary Optical Scattering in Semicontinuous 2D Metamaterials. Adv. Opt. Mater. 2016, 4, 659–663. [Google Scholar] [CrossRef]

	



Pu, M.; Li, X.; Guo, Y.; Ma, X.; Luo, X. Nanoapertures with ordered rotations: Symmetry transformation and wide-angle flat lensing. Opt. Express 2017, 25, 31471–31477. [Google Scholar] [CrossRef]

	



Zhang, F.; Pu, M.; Li, X.; Ma, X.; Guo, Y.; Gao, P.; Yu, H.; Gu, M.; Luo, X. Extreme-Angle Silicon Infrared Optics Enabled by Streamlined Surfaces. Adv. Mater. 2021, 33, 2008157. [Google Scholar] [CrossRef]

	



Nemati, A.; Wang, Q.; Hong, M.; Teng, J. Tunable and reconfigurable metasurfaces and metadevices. Opto-Electron. Adv. 2018, 1, 180009. [Google Scholar] [CrossRef]

	



Zhang, M.; Pu, M.; Zhang, F.; Guo, Y.; He, Q.; Ma, X.; Huang, Y.; Li, X.; Yu, H.; Luo, X. Plasmonic Metasurfaces for Switchable Photonic Spin-Orbit Interactions Based on Phase Change Materials. Adv. Sci. 2018, 5, 1800835. [Google Scholar] [CrossRef]

	



Zhang, F.; Xie, X.; Pu, M.; Guo, Y.; Ma, X.; Li, X.; Luo, J.; He, Q.; Yu, H.; Luo, X. Multistate Switching of Photonic Angular Momentum Coupling in Phase-Change Metadevices. Adv. Mater. 2020, 32, e1908194. [Google Scholar] [CrossRef] [PubMed]

	



Choi, C.; Lee, S.; Mun, S.; Lee, G.; Sung, J.; Yun, H.; Yang, J.; Kim, H.; Hwang, C.; Lee, B. Metasurface with Nanostructured Ge 2 Sb 2 Te 5 as a Platform for Broadband-Operating Wavefront Switch. Adv. Opt. Mater. 2019, 7, 1900171. [Google Scholar] [CrossRef]

	



Cao, T.; Wei, C.; Simpson, R.E.; Zhang, L.; Cryan, M.J. Fast Tuning of Double Fano Resonance Using A Phase-Change Metamaterial under Low Power Intensity. Sci. Rep. 2014, 4, 4463. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Z.; Yang, X.; Shen, F.; Zhou, Q.; Gao, J.; Guo, K. Active-Tuning and Polarization-Independent Absorber and Sensor in the Infrared Region Based on the Phase Change Material of Ge2Sb2Te5 (GST). Sci. Rep. 2018, 8, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Cao, T.; Wei, C.; Mao, L. Numerical study of achiral phase-change metamaterials for ultrafast tuning of giant circular conversion dichroism. Sci. Rep. 2015, 5, 14666. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Z.; Zou, H.; Zheng, X.; Ling, X.; Wang, L. A tunable reflective polarization converter based on hybrid metamaterial. Opt. Quantum Electron. 2017, 49, 401. [Google Scholar] [CrossRef]

	



Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: Cambridge, MA, USA, 1998; Volume 3, ISBN 0-12-544423-0. [Google Scholar]

	



Xie, X.; Li, X.; Pu, M.; Ma, X.; Liu, K.; Guo, Y.; Luo, X. Plasmonic Metasurfaces for Simultaneous Thermal Infrared Invisibility and Holographic Illusion. Adv. Funct. Mater. 2018, 28, 1706673. [Google Scholar] [CrossRef]

	



Huang, Y.; Xiao, T.; Xie, Z.; Zheng, J.; Su, Y.; Chen, W.; Liu, K.; Tang, M.; Müller-Buschbaum, P.; Li, L. Single-Layered Reflective Metasurface Achieving Simultaneous Spin-Selective Perfect Absorption and Efficient Wavefront Manipulation. Adv. Opt. Mater. 2021, 9, 2001663. [Google Scholar] [CrossRef]

	



Greffet, J.-J.; Nieto-Vesperinas, M. Field theory for generalized bidirectional reflectivity: Derivation of Helmholtz’s reciprocity principle and Kirchhoff’s law. J. Opt. Soc. Am. A 1998, 15, 2735–2744. [Google Scholar] [CrossRef]

	



Yuan, J.; Luo, J.; Zhang, M.; Pu, M.; Li, X.; Zhao, Z.; Luo, X. An Ultrabroadband THz Absorber Based on Structured Doped Silicon with Antireflection Techniques. IEEE Photonics J. 2018, 10, 1–10. [Google Scholar] [CrossRef]

	



Zhang, F.; Pu, M.; Li, X.; Gao, P.; Ma, X.; Luo, J.; Yu, H.; Luo, X. All-Dielectric Metasurfaces for Simultaneous Giant Circular Asymmetric Transmission and Wavefront Shaping Based on Asymmetric Photonic Spin-Orbit Interactions. Adv. Funct. Mater. 2017, 27, 1704295. [Google Scholar] [CrossRef]

	



Wang, Q.; Rogers, E.T.F.; Gholipour, B.; Wang, C.-M.; Yuan, G.; Teng, J.; Zheludev, N.I. Optically reconfigurable metasurfaces and photonic devices based on phase change materials. Nat. Photonics 2016, 10, 60–65. [Google Scholar] [CrossRef]

	



Michel, A.-K.U.; Zalden, P.E.; Chigrin, D.N.; Wuttig, M.; Lindenberg, A.M.; Taubner, T. Reversible Optical Switching of Infrared Antenna Resonances with Ultrathin Phase-Change Layers Using Femtosecond Laser Pulses. ACS Photonics 2014, 1, 833–839. [Google Scholar] [CrossRef]

	



Hosseini, P.; Wright, C.D.; Bhaskaran, H. An optoelectronic framework enabled by low-dimensional phase-change films. Nature 2014, 511, 206–211. [Google Scholar] [CrossRef]








[image: Materials 14 02212 g001 550] 





Figure 1. The schematic diagram of the proposed meta-grating. It can achieve broadband polarization conversion when the PCM is in amorphous state (a), and perfect EM absorption when the PCM changes to a crystalline state (b). The bottom insets in (a) depict the azimuthal angle between the electric vector of the EM wave and the main axis of the meta-grating. The crystallization levels of GST in (a,b) do not represent the real molecular structures. 
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Figure 2. The schematic diagram of the unit cell and simulated performance of the device. (a) The three dimensional (top) and section view (bottom) of the unit cell. The corresponding geometrical parameters are P = 5.8 μm, w = 3.77 μm (filling ratio 0.65), h = 2 μm, and t = 0.3 μm. (b,c) Measured real part of permittivities ε1 (b), and imaginal part ε2 (c) of the amorphous and crystalline GST (a-GST and c-GST). (d,e) Reflected amplitude of the cross- and co-polarized components under circularly polarized incidence (d), and the corresponding absorption (e) when the GST is in A-state. (f,g) Reflected amplitude of the cross- and co-polarized components under circularly polarized incidence (f), and the corresponding absorption (g) when the GST is in C-state. 
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Figure 3. Simulated results under a linearly polarized incidence at 29 THz. (a,b) Simulated normalized electric field distributions under TE and TM polarized incidence in A-state. (c) Relative phase differences between TE and TM polarizations. (d,e) Simulated energy flows of magnetic (d), and electric (e) fields under a TE and TM polarized incidence in C-state. (f) Absorption performance for TE and TM incidence. The insets in (a,b) define the polarization direction of the TE and TM incidences. 
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Figure 4. The performance of the quasi-continuous meta-grating. (a) Schematic diagram of the chessboard-like meta-grating. Each pixel marked with dotted lines consists of n strips of the meta-grating. (b) Farfield scattering patterns when the GST is in A-state at 26.2 THz. (c) Farfield scattering patterns when the GST is in C-state at 29 THz. (d) Farfield scattering patterns for a metallic plate at 29 THz. The insets in (b,d) are the corresponding three-dimensional scattering patterns. (e) Simulated specular reflectivities of the quasi-continuous meta-grating and the metallic plate for a linear polarized incidence. 
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Figure 5. The design and performance with different geometric parameters. (a) The schematic diagram of the unit cell. P, w, and the thicknesses of the materials are the same as those in Figure 2a. (b) Simulated reflected amplitudes with different values of l. The solid and dotted lines are the cross- and co-polarized results respectively. (c) Corresponding PCR with different values of l. 
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