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Abstract

:

Metamaterials with their customized properties enable us to efficiently manipulate the polarization states of electromagnetic waves with flexible approaches, which is of great significance in various realms. However, most current metamaterial-based polarization controllers can only realize single function, which has extremely hindered the expansion of their applications. Here, we experimentally demonstrate highly efficient and multifunctional polarization conversion effects using metagrating by integrating single-structure metallic meta-atoms into the dielectric gratings. Benefiting from the combined advantages of the gratings and the metamaterials, the considered metagrating can operate in transmission and reflection modes simultaneously, acting as a high-performance and wide-angle quarter-wave or half-wave plate with distinct functions in different frequency bands. This metagrating structure is scalable to other frequency ranges and may provide opportunities to design compact multifunctional optical polarization control devices.
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1. Introduction


As one of the key properties of an electromagnetic wave, polarization has numerous fascinating applications in the scientific research area as well as our daily life. However, limited by the intrinsic electromagnetic properties of natural materials, the conventional polarization control devices often suffer from bulky configurations, low efficiencies, and narrow working bandwidths [1], which extremely hinders their potential applications. In addition, to comply with the trend of integration and miniaturization of the electromagnetic system, integration of multiple diversified functionalities into a single and compact device has attracted increasing attention.



In recent years, the development of metamaterials opened new opportunities to efficiently manipulate electromagnetic waves [2,3,4,5,6]. With well-designed meta-atoms, metamaterials exhibit an incomparable superiority in achieving giant anisotropy or chirality which is much larger than that of natural materials [7,8,9,10,11], making it possible to control electromagnetic wave polarizations with sub-wavelength profiles [7,10,12,13,14]. On this basis, various promising ultra-compact polarization controllers based on metamaterials have been proposed, such as polarization rotators [15,16,17,18], quarter-wave plates [19,20,21,22], half-wave plates [23,24,25], asymmetric transmission devices [26,27,28], and chiral mirrors [29,30,31,32]. Despite the great progress, most of the aforementioned metamaterial-based polarization controllers possess single functionality only, which inevitably restricts the application flexibilities to some degree. Recently, considerable efforts have been devoted to integrating multiple functionalities into a single meta-device [31,33,34,35,36], and some multifunctional polarization controllers, such as multi-modal reflective metasurface polarization generator [37], metasurface with absorption and polarization conversion functions [38], metasurface with reconfigurable conversions of reflection, transmission, and polarization states [39], have been demonstrated. Additionally, some previous papers have concluded that grating structures can also realize multiple polarization conversions [40,41,42]. In spite of the described advantages, some of these polarization controllers need to integrate multifarious complex supercells to accomplish multi-functionalities [37], which are unfavorable to the structure design and fabrication process. Additionally, limited by the current design concept, these multifunctional polarization controllers work in single reflective or transmissive mode merely [37,38,39,40,41,42], and to date, a multifunctional polarization controller that can operate in dual modes, which may find important applications in multipath systems, has not yet been obtained. Thus, efficiently integrating multiple distinct polarization conversion functions and dual operating modes into a single polarization controller composed of simple geometric structures is meaningful and still a challenge.



More recently, metagratings with excellent performances have been proposed to efficiently manipulate electromagnetic waves. For instance, Khorasaninejad et al. demonstrated that a metagrating composed of dielectric ridge waveguides can realize broadband and efficient routing (splitting and bending) into a single diffraction order and additional polarization beam splitter capabilities [43]. In another study, Ra’di et al. proposed a metagrating consisting of periodic arrays of anisotropic inclusions to control the wave front with unitary efficiency [44]. However, manipulating the polarization state of the electromagnetic waves via metagratings has not yet been reported. Inspired by the concept of metagratings, in this paper we propose a new route to manipulate the polarization state and amplitude of electromagnetic waves with an anisotropic metagrating which is obtained through the combination of metallic metamaterial and dielectric grating. Furthermore, by delicately designing the anisotropic meta-atoms, the unique metagrating is capable of realizing polarization-sensitive phase responses and can efficiently work in the transmission and reflection modes simultaneously. Both of the simulation and experimental results showed that multiple high-efficiency diversified functionalities, including linear polarization rotator, circular polarizer, circular polarization converter, and chirality preserving mirror, are integrated into this single sub-wavelength meta-device. Moreover, the corresponding efficient polarization conversion behaviors in different frequency bands are all insensitive to the incident angle of electromagnetic waves. Such a multifunctional metagrating will provide greater flexibility in a variety of practical applications where polarization controllers are involved.




2. Theory and Structure Design


When an anisotropic structure with the principal axis along u- and v-axis directions, for instance, a typical metal grating shown in Figure 1a, is illuminated by a plane wave propagating along w-axis with the polarization orientation of 45° with respect to u-axis direction, the reflected and transmitted electric fields can be written as:


EouEov=a00bEiuEiv=aEiuαExp(iβ)Eiv,



(1)




where a and b are the reflection and transmission coefficients of the anisotropic structure along u- and v-axis, respectively, and the ratio of α = |b|/|a| is defined as the amplitude ratio. β is the phase difference between the two principal axes. For a perfect polarization converter, the value of α should be equal to 1 and the value of β should be ±π/2 for the quarter-wave plate and ±π for the half-wave plate.



Due to the dispersion, β may achieve ±π/2 and ±π at different wavelengths, thereby a single device can exhibit multifunctional polarization conversion as both quarter-wave and half-wave plates [40,41]. However, such multifunctional wave plates are only able to operate within a narrow band due to the dispersion nature.



In this work, we choose the grating structure to achieve multiple polarization conversion because of its simultaneous control of phases and amplitudes capabilities [40,41,42,45]. Benefiting from the concept of metamaterials, we are able to control α, β, and even operating modes through a more flexible approach by integrating artificial meta-atoms into conventional gratings. Here, as shown in Figure 1b, we propose a sub-wavelength metagrating composed of single wheel-like unit cells as an example. Figure 1c exhibits the detailed geometrical structure of the unit cell. The bilayer metallic patterns are connected by a metallization hole with the diameter of 0.6 mm. The structural parameters of the unit cell are as follows: p = 12 mm, s = 6 mm, r1 = 5.9 mm, r2 = 3.5mm, w = 0.5 mm, h = 3 mm, and θ = 10°. The metal cladding is copper with the thickness of 0.035 mm and conductivity of σ = 5.8 × 107 S/m. The dielectric substrate is Teflon with a relative permittivity of 2.2 + 0.001 × i. Figure 1d shows the photograph of the fabricated metagrating structure, which is composed of 33 layers of slats each consisting of 16 wheel-like unit cells.




3. Results and Discussion


In order to get the electromagnetic properties of the proposed metagrating, both of the simulations and experiments were carried out. The simulations were achieved with the commercial finite element software CST Microwave Studio (CST2018, Computer Simulation Technology GmbH). In the simulations, unit cell boundary conditions were used in the u- and v-axis directions, while open boundary conditions were employed in the w-axis direction. The experimental data was obtained using a network analyzer (AV3629, 41st institute of CETC, Qingdao, China) with two broadband linearly polarized horn antennas in an anechoic chamber.



Since the considered metagrating can work in the transmission and reflection modes at the same time, we first studied the transmission mode of the metagrating in the frequency range of 5.5 GHz to 8.0 GHz. Figure 2 shows the transmittance, amplitude ratio, and phase difference of the proposed metagrating as the linearly polarized incident waves are u- and v-polarizations. In this paper, the first subscript m in Tmn/Rmn represents the polarization state of the transmitted and reflected wave, while the second one n represents the incident wave. As shown in Figure 2a, the co-polarization spectrum (Tvv) of v-polarization incident waves shows there are three peaks with high transmittance occurring on the co-polarization spectrum (Tvv) of v-polarization incident waves. For the u-polarization incident waves, the metagrating will operate similarly as a regular wire-grid metallic grating, which enables a high transmittance for the linearly incident waves with the polarization plane perpendicular to its wire line direction [18,46], leading to a high co-polarization transmittance (Tuu) over 0.95 in the whole frequency range. Since the transmittance of Tuu and Tvv, are close to each other around the frequencies of 6.1 GHz, 7.1 GHz, and 7.9 GHz, the amplitude ratios αT = Tvv/Tuu in Figure 2c are close to 1 around the corresponding frequencies, which is important to ensure a perfect quarter-wave or half-wave plate performance. Figure 2e portrays the transmission phase difference βT between u- and v-axis (βT = φvv − φuu). It is obvious that the phase difference βT can be varied in a large dynamic range covering from 0 to 2π. And it can also be found that around the frequencies of 5.8 GHz, 6.4 GHz, 7.1 GHz, and 7.9 GHz, the phase differences are approximately about π/2, π, 3π/2, and π/2, respectively, which implies that the metagrating is able to function as a transmission-type half-wave or quarter-wave plate at the selected frequencies. The experimental results of the proposed metagrating are shown in Figure 2b,d,f, respectively, which show good agreement with simulations.



In Figure 3, we illustrate the results of the considered metagrating in the case of x- and y-polarized wave incidence. It is significant that in Figure 3a the co-polarization and cross-polarization transmission spectra for the x- and y-polarized incident waves are completely coincident, i.e., Txx = Tyy and Tyx = Txy. This phenomenon can be attributed to the unit cell that is mirror symmetry with respect to the plane x + y = 0 (uow plane) [23]. In the frequency range from 5.8 GHz to 7.1 GHz, the cross-polarized waves account for the majority of transmitted waves, and the highest transmittance of the cross-polarization rise up to 0.87 at 6.2 GHz, which means that as an x(y)-polarized incident wave passes through the proposed metagrating, the transmitted wave is mainly transformed into y(x)-polarized wave around this frequency. While in the frequency range of 7.1 GHz to 7.9 GHz, the co-polarized waves dominate the transmitted waves, and the highest transmittance is 0.75 at 7.8 GHz. As for the intersections of co-polarization and cross-polarization transmission curves, the metagrating will work as a quarter-wave plate. According to the phase differences βT shown in Figure 2e,f, in the frequency vicinity of 5.8 GHz, 7.1 GHz, and 7.9 GHz, the transmitted waves are left-handed (right-handed), right-handed (left-handed), and left-handed (right-handed) circular polarizations with the transmittance over 0.78 for an x(y)-polarized incident wave, respectively. Particularly, the transmittance of the right-handed circularly polarization wave is nearly close to 1 at 7.1 GHz, indicating a perfect linear-to-circular polarization conversion effect. In Figure 3c, the polarization conversion ratio (PCR), which is defined as PCR = Tcross/(Tcross + Tco), is used to characterize the polarization conversion efficiency of the metagrating. It shows that the PCR is larger than 0.9 between 6.1 GHz and 6.8 GHz and reaches its maximum value of 0.99 at 6.4 GHz, where the metagrating will operate as a nearly perfect half-wave plate. The experimentally measured results are respectively plotted in Figure 3b,d, which exhibit similar phenomena as the simulations in spite of the slight deviations. According to the aforementioned results, the proposed metagrating is capable of acting as a high-performance multiband transmission-type wave plate.



Between 10.0 GHz and 15.0 GHz, the intriguing metagrating will operate in reflective mode. Figure 4 plots the results of the proposed metagrating for u- and v-polarized wave incidence. In Figure 4a,b, it is seen that the metagrating can realize high reflection for both of u- and v-polarized incident waves, with the simulated (experimental) reflectance of Ruu and Rvv 0.85 (0.83) from 10.0 GHz to 14.5 GHz. The corresponding results of the amplitude ratios αR are shown in Figure 4c,d, separately. Obviously, the values of αR are approximately 1 in this frequency range. Additionally, it can be found from Figure 4e,f, that the phase differences of reflection waves along the two principal axes are roughly maintained π in the frequency range of 10.0 GHz to 14.5 GHz. And the features mentioned above enable the metagrating to act as a broadband reflection-type half-wave plate with high efficiency.



Figure 5 shows the reflective spectra and the corresponding PCR of the designed metagrating for the x- and y-polarized incident waves. As shown in Figure 5a,b, the co-polarization and cross-polarization reflection spectra for the x-polarized incident wave are as same as those of y-polarized incident wave, respectively. In the frequency range of 10.0 GHz to 14.3 GHz (the relative bandwidth is about 35.4%), the reflectance of cross-polarization reflection spectra, Ryx and Rxy, are larger than 0.9, while those of the co-polarization reflection spectra, Rxx and Ryy, are less than 0.03. This fact reveals that, for an x(y)-polarized incident wave, the reflected wave will be efficiently converted to be y(x)-polarized wave. In Figure 5c,d, we further calculate the PCR of the reflection waves of the metagrating. It is significant that both of the simulated and measured PCR are over 0.95 from 10.0 GHz to 14.3 GHz, exhibiting a nearly perfect reflective cross-polarization conversion effect. Therefore, the considered metagrating is able to work as a high-performance reflection-type half-wave plate in a broad bandwidth.



The electromagnetic properties of the metagrating for the linearly polarized waves at oblique incidence were also studied, as shown in Figure 6. Figure 6a shows the influences of incident angle on the cross-polarization spectra, co-polarization spectra, and PCR of the metagrating in transmission mode for the x-polarized incident wave. Owing to the isotropic design of the unit cell, our metagrating shows consistent performance as the incident angle varies within a large range. As the incident angle increases, the transmittance of co-polarization and cross-polarization transmission at 5.8 GHz and 7.9 GHz both slightly increase, while a slight reduction phenomenon occurs at 7.1 GHz. Despite all this, the considered metagrating can still work well as an excellent quarter-wave plate with high transmittance over 0.8 at these frequencies even if the incident angle rises up to 40°. Additionally, it is worth noting that the variation of incident angle has almost no effect on the maximum transmittance at 6.2 GHz, and the corresponding PCR remain as high as 0.95 when the incident angle is 60°, implying a highly efficient and wide-angle half-wave plate function. In Figure 6b, it is seen that the co-polarized reflectance increases slightly as the incident angle increases, while the cross-polarized reflectance gradually decreases. In spite of the decrement, the cross-polarized reflectance is still larger than 0.8 from 10 GHz to 13.8 GHz as the incident angle is 40°, simultaneously accompanied by a PCR over 0.9. Hence, the broadband and efficient reflective cross-polarization conversion effect of the metagrating is insensitive to the incident angle of the x-polarized wave. In the case of y-polarization incidence, a similar polarization conversion of the transmission can also be observed, although the transmittance of the right-handed circularly polarized wave was decreased at around 5.8 GHz. More interestingly, the reflection mode of the metagrating exhibits a much stronger cross-polarization conversion with a wider bandwidth and a lager range of angle invariance in comparison to the case of x-polarization incidence, as shown in Figure 6c,d. Thus, the intriguing metagrating can function as a dual operating mode, high-performance, and multiple functional wave plate regardless of the incident angle, which exhibits more flexibility than the previous metamaterial-based wave plates [15,16,17,23,25].



As the designed metagrating is anisotropic, it can also operate for the circularly polarized wave incidence indeed. For the circular polarization basis, the circularly polarized transmission and reflection coefficients can be respectively obtained via the linear ones by the following equations [2,30]:


t++t+−t−+t−−=12txx+tyy+i(txy−tyx)txx−tyy−i(txy+tyx)txx−tyy+i(txy+tyx)txx+tyy−i(txy−tyx)



(2)






r++r+−r−+r−−=12rxx+ryy+i(rxy−ryx)rxx−ryy−i(rxy+ryx)rxx−ryy+i(rxy+ryx)rxx+ryy−i(rxy−ryx)



(3)







Here, the subscripts ‘+’ and ‘–’ represent the clockwise and counterclockwise circularly polarized waves when separately observed along +z direction. As the wave vectors are in opposite directions for transmitted and reflected circularly polarized waves, one should notice that each reflection component of the circularly polarized waves has different physical meaning compared with the transmission case. Thus, the transmission coefficients are defined as tRR=t++, tLL=t−−, tLR=t−+, tRL=t+−, while the reflection coefficients are defined as rLR=r++, rRR=r−+, rLL=r+−, rRL=r−−. Additionally, tRR, tRL, rRR, and rRL represent the right-handed circularly polarized (RCP) waves, while tLL, tLR, rLL, and rLR indicate the left-handed circularly polarized (LCP) waves.



According to the transmittance in Figure 3a and the reflectance in Figure 5a, we can easily deduce that the transmission and reflection coefficients satisfy the relationships of txx=tyy, tyx=txy,  rxx=ryy, and ryx=rxy at normal incidence, thus the Equations (2) and (3) can be further simplified as:


t++t+−t−+t−−=txx−itxyitxytxx,



(4)






r++r+−r−+r−−=rxx−irxyirxyrxx.



(5)







Namely, the transmittance and reflectance of the circularly polarized wave satisfy TLL=TRR=Txx,  TRL=TLR=Tyx,  RLL=RRR=Rxy,  RRL=RLR=Rxx.



In Figure 7, we illustrate the simulated results of the metagrating for the circularly polarized waves at normal incidence. It is obvious that the transmittance and PCR spectra for the circularly polarized incident waves shown in Figure 7a,b, respectively, are completely the same as the ones in Figure 3. These phenomena can be well explained by Equations (2) and (4). It should be noted that, for the LCP (RCP) incident waves, the transmitted waves are x(y)-polarized, RCP (LCP), y(x)-polarized, and x(y)-polarized at 5.8 GHz, 6.4 GHz, 7.1 GHz, and 7.9 GHz, respectively. Figure 7c plots the reflectance spectra of the proposed metagrating. It can be found that as a circularly polarized wave is incident on the metagrating, the co-polarization reflectance ( RLL or RRR) is larger than 0.9 from 10.1 GHz to 14.3 GHz, while the cross-polarization reflectance ( RRL or RLR) is less than 0.03. That is to say, our design can function as a nearly perfect chirality preserving mirror in a broad bandwidth, consequently leading to a very low PCR of less than 0.03, as shown in Figure 7d.



Figure 8 shows the influences of incident angle on the electromagnetic properties of the proposed metagrating in the case of circular polarization incidence. It can be seen in Figure 8a–c, that in transmission mode the operating frequencies generate slight blue shifts as the incident angle increases. Although the values of the cross-polarization transmittance gradually reduce as the incident angle increases, the highest transmittance of the cross-polarization can still be maintained over about 0.8 when the incident angle increases to 40°, simultaneously accompanied by a high PCR larger than 0.9. In Figure 8d–f, it is shown that the effects of incident angle on the co-polarization and cross-polarization reflectance spectra are inappreciable. And the lowest value of co-polarization reflectance is still over about 0.9 in the frequency range of 10.0 GHz to 14.3 GHz even when the incident angle is 40°, while the cross-polarization reflectance is no more than 0.05 with the corresponding PCR being less than 0.05. The aforementioned results further confirm that the proposed metagrating can also act as a dual-mode, wide-angle, and multifunctional wave plate with high-efficiency for the circularly polarized incident waves.




4. Conclusions


In summary, we have proposed an effective way to achieve multifunctional polarization manipulation by a metagrating consisting of periodically arranged meta-atoms inside dielectric gratings. As a proof-of-concept experiment, we have designed and fabricated a sub-wavelength metagrating that consists of wheel-like meta-atoms. The metagrating works in both transmission and reflection modes efficiently. The phase differences between the two principal axes are monotonically altering with the frequencies in transmission mode covering a large dynamic range from 0 to 2π, while they are approximately kept at about π in a broad bandwidth region in reflective mode. Our measurements show that the metagrating can work as a dual-mode, high-efficiency, and multifunctional wave plate to realize various functions including linear-to-circular polarization conversion, linear or circular cross-polarization conversion, and chirality preserving mirror in different frequency bands simultaneously accompanied by a large angular invariance. Such versatile functionalities provide great flexibilities for optical polarization control devices. The design of metagrating can be extended to other frequency ranges as a compact optical polarization controller in the applications of telecommunications, radar detections, and optical devices.







Author Contributions


Conceptualization and methodology, K.S., R.J., J.Z. and X.Z.; data analysis, K.S., R.J., W.Z. and J.Z.; investigation, C.D., W.H., H.L., Y.G., Y.T. and Y.L.; software, K.S., R.J., D.S., C.D. and W.Z.; writing—original draft preparation, K.S., R.J. and J.Z.; writing—review and editing, K.S., R.J., J.Z. and X.Z.




Funding


This research was funded by the National Natural Science Foundation of China (Grant Nos. 61601375, 61805204, 11874301, 11674267 and 61701303); Natural Science Basic Research Plan in Shaanxi Province of China (Grant Nos. 2018JQ1036 and 2017JM1009); Fundamental Research Funds for the Central Universities (Grant Nos. 3102016ZY029, 3102017OQD076, 3102017jghk02004 and 3102017zy015); KRISS grant GP2018-0023; AOARD grant FA2386-18-1-4104 funded by the U.S. government (AFOSR/AOARD).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Born, M.; Wolf, E. Principles of Optics, 7th ed.; Cambridge University Press: Cambridge, UK, 1999; pp. 109–132. [Google Scholar]

	



Zhou, J.; Dong, J.; Wang, B.; Koschny, T.; Kafesaki, M.; Soukoulis, C.M. Negative refractive index due to chirality. Phys. Rev. B 2009, 79, 121104. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhou, J.; Park, Y.S.; Rho, J.; Singh, R.; Nam, S.; Azad, A.K.; Chen, H.T.; Yin, X.; Taylor, A.J.; et al. Photoinduced handedness switching in terahertz chiral metamolecules. Nat. Commun. 2012, 3, 942. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Wang, L.; Zhao, M.; Chen, J.; Zhang, A.; Xu, Z. Transparent metasurface for generating microwave vortex beams with cross-polarization conversion. Materials 2018, 11, 2448. [Google Scholar] [CrossRef] [PubMed]

	



Qin, F.; Ding, L.; Zhang, L.; Monticone, F.; Chum, C.C.; Deng, J.; Mei, S.; Li, Y.; Teng, J.; Hong, M.; et al. Hybrid bilayer plasmonic metasurface efficiently manipulates visible light. Sci. Adv. 2016, 2, e1501168. [Google Scholar] [CrossRef] [PubMed]

	



Song, K.; Ding, C.; Su, Z.; Liu, Y.; Luo, C.; Zhao, X.; Bhattarai, K.; Zhou, J. Planar composite chiral metamaterial with broadband dispersionless polarization rotation and high transmission. J. Appl. Phys. 2016, 120, 245102. [Google Scholar] [CrossRef]

	



Hao, J.; Yuan, Y.; Ran, L.; Jiang, T.; Kong, J.; Chan, C.; Zhou, L. Manipulating electromagnetic wave polarizations by anisotropic metamaterials. Phys. Rev. Lett. 2007, 99, 063908. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Chowdhury, D.R.; Zhao, R.; Azad, A.K.; Chen, H.; Soukoulis, C.M.; Taylor, A.J.; O’Hara, J.F. Terahertz chiral metamaterials with giant and dynamically tunable optical activity. Phys. Rev. B 2012, 86, 035448. [Google Scholar] [CrossRef]

	



Yang, J.; Cheng, Y.; Ge, C.; Gong, R. Broadband polarization conversion metasurface based on metal cut-wire structure for radar cross section reduction. Materials 2018, 11, 626. [Google Scholar] [CrossRef]

	



Baimuratov, A.S.; Pereziabova, T.P.; Zhu, W.; Leonov, M.Y.; Baranov, A.V.; Fedorov, A.V.; Rukhlenko, I.D. Optical anisotropy of topologically distorted semiconductor nanocrystals. Nano Lett. 2017, 17, 5514–5520. [Google Scholar] [CrossRef]

	



Song, K.; Liu, Y.; Fu, Q.; Zhao, X.; Luo, C.; Zhu, W. 90° polarization rotator with rotation angle independent of substrate permittivity and incident angles using a composite chiral metamaterial. Opt. Express 2013, 21, 7439–7446. [Google Scholar] [CrossRef]

	



Zhao, R.; Zhang, L.; Zhou, J.; Koschny, T.; Soukoulis, C.M. Conjugated gammadion chiral metamaterial with uniaxial optical activity and negative refractive index. Phys. Rev. B 2011, 83, 035105. [Google Scholar] [CrossRef]

	



Deng, L.; Zhang, Y.; Zhu, J.; Zhang, C. Wide-band circularly polarized reflectarray using graphene-based Pancharatnam-Berry phase unit-cells for terahertz communication. Materials 2018, 11, 956. [Google Scholar] [CrossRef] [PubMed]

	



Song, K.; Su, Z.; Wang, M.; Silva, S.; Bhattarai, K.; Ding, C.; Liu, Y.; Luo, C.; Zhao, X.; Zhou, J. Broadband angle- and permittivity-insensitive nondispersive optical activity based on planar chiral metamaterials. Sci. Rep. 2017, 7, 10730. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.; He, S. 90° polarization rotator using a bilayered chiral metamaterial with giant optical activity. Appl. Phys. Lett. 2010, 96, 203501. [Google Scholar] [CrossRef]

	



Mutlu, M.; Ozbay, E. A transparent 90° polarization rotator by combining chirality and electromagnetic wave tunneling. Appl. Phys. Lett. 2012, 100, 051909. [Google Scholar] [CrossRef]

	



Song, K.; Zhao, X.; Liu, Y.; Fu, Q.; Luo, C. A frequency-tunable 90°-polarization rotation device using composite chiral metamaterials. Appl. Phys. Lett. 2013, 103, 101908. [Google Scholar] [CrossRef]

	



Fan, R.; Zhou, Y.; Ren, X.; Peng, R.; Jiang, S.; Xu, D.; Xiong, X.; Huang, X.; Wang, M. Freely tunable broadband polarization rotator for terahertz waves. Adv. Mater. 2015, 27, 1201–1206. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Belkin, M.A.; Alù, A. Twisted optical metamaterials for planarized ultrathin broadband circular polarizers. Nat. Commun. 2012, 3, 870. [Google Scholar] [CrossRef] [PubMed]

	



Yu, N.; Aieta, F.; Genevet, P.; Kats, M.A.; Gaburro, Z.; Capasso, F. A broadband, background-free quarterwave plate based on plasmonic metasurfaces. Nano Lett. 2012, 12, 6328–6333. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Xiong, X.; Hu, Y.; Hu, Y.; Ma, G.; Peng, R.; Sun, C.; Wang, M. Controlling the polarization state of light with a dispersion-free metastructure. Phys. Rev. X 2014, 4, 021026. [Google Scholar] [CrossRef]

	



Ji, R.; Wang, S.; Liu, X.; Guo, H.; Lu, W. Hybrid helix metamaterials for giant and ultrawide circular dichroism. ACS Photonics 2016, 3, 2368–2374. [Google Scholar] [CrossRef]

	



Wu, X.; Meng, Y.; Wang, L.; Tian, J.; Dai, S.; Wen, W. Anisotropic metasurface with near-unity circular polarization conversion. Appl. Phys. Lett. 2016, 108, 183502. [Google Scholar] [CrossRef]

	



Liu, Z.; Li, Z.; Liu, Z.; Cheng, H.; Liu, W.; Tang, C.; Gu, C.; Li, J.; Chen, H.; Chen, S.; et al. Single-layer plasmonic metasurface half-wave plates with wavelength-independent polarization conversion angle. ACS Photonics 2017, 4, 2061–2069. [Google Scholar] [CrossRef]

	



Song, K.; Su, Z.; Silva, S.; Fowler, C.; Ding, C.; Ji, R.; Liu, Y.; Zhao, X.; Zhou, J. Broadband and high-efficiency transmissive-type nondispersive polarization conversion meta-device. Opt. Mater. Express 2018, 8, 2430–2438. [Google Scholar] [CrossRef]

	



Rogacheva, A.V.; Fedotov, V.A.; Schwanecke, A.S.; Zheludev, N.I. Asymmetric propagation of electromagnetic waves through a planar chiral structure. Phys. Rev. Lett. 2006, 97, 177401. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu, M.; Akosman, A.E.; Serebryannikov, A.E.; Ozbay, E. Asymmetric transmission of linearly polarized waves and polarization angle dependent wave rotation using a chiral metamaterial. Opt. Express 2011, 19, 14290–14299. [Google Scholar] [CrossRef] [PubMed]

	



Song, K.; Liu, Y.; Luo, C.; Zhao, X. High-efficiency broadband and multiband cross-polarization conversion using chiral metamaterial. J. Phys. D Appl. Phys. 2014, 47, 505104. [Google Scholar] [CrossRef]

	



Plum, E.; Zheludev, N.I. Chiral mirrors. Appl. Phys. Lett. 2015, 106, 221901. [Google Scholar] [CrossRef]

	



Wang, Z.; Jia, H.; Yao, K.; Cai, W.; Chen, H.; Liu, Y. Circular dichroism metamirrors with near-perfect extinction. ACS Photonics 2016, 3, 2096–2101. [Google Scholar] [CrossRef]

	



Jing, L.; Wang, Z.; Maturi, R.; Zheng, B.; Wang, H.; Yang, Y.; Shen, L.; Hao, R.; Yin, W.; Li, E.; et al. Gradient chiral metamirrors for spin-selective anomalous reflection. Laser Photonics Rev. 2017, 11, 1700115. [Google Scholar] [CrossRef]

	



Kang, L.; Rodrigues, S.P.; Taghinejad, M.; Lan, S.; Lee, K.T.; Liu, Y.; Werner, D.H.; Urbas, A.; Cai, W. Preserving spin states upon reflection: Linear and nonlinear responses of a chiral meta-mirror. Nano Lett. 2017, 17, 7102–7109. [Google Scholar] [CrossRef] [PubMed]

	



Cai, T.; Tang, S.; Wang, G.; Xu, H.; Sun, S.; He, Q.; Zhou, L. High-performance bifunctional metasurfaces in transmission and reflection geometries. Adv. Opt. Mater. 2017, 5, 1600506. [Google Scholar] [CrossRef]

	



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]

	



Li, Y.; Cai, B.; Cheng, Q.; Cui, T. Isotropic holographic metasurfaces for dual-functional radiations without mutual interferences. Adv. Funct. Mater. 2016, 26, 29–35. [Google Scholar] [CrossRef]

	



Cong, L.; Pitchappa, P.; Wu, Y.; Ke, L.; Lee, C.; Singh, N.; Yang, H.; Singh, R. Active multifunctional microelectromechanical system metadevices: Applications in polarization control, wavefront deflection, and holograms. Adv. Opt. Mater. 2017, 5, 1600716. [Google Scholar] [CrossRef]

	



Wu, P.C.; Tsai, W.Y.; Chen, W.T.; Huang, Y.W.; Chen, T.Y.; Chen, J.W.; Liao, C.Y.; Chu, C.H.; Sun, G.; Tsai, D.P. Versatile polarization generation with an aluminum plasmonic metasurface. Nano Lett. 2016, 17, 445–452. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Wei, X.; Yu, P.; Li, Z.; Liu, Z.; Li, J.; Chen, S.; Tian, J. Integrating polarization conversion and nearly perfect absorption with multifunctional metasurfaces. Appl. Phys. Lett. 2017, 110, 171903. [Google Scholar] [CrossRef]

	



Tao, Z.; Wan, X.; Pan, B.; Cui, T. Reconfigurable conversions of reflection, transmission, and polarization states using active metasurface. Appl. Phys. Lett. 2017, 110, 121901. [Google Scholar] [CrossRef]

	



Hu, J.; Lin, Y.; Zhao, X.; Zhu, A.; Xu, C.; Zhu, X.; Guo, P.; Cao, B.; Wang, C. All-metal flexible large-area multiband waveplate. Opt. Express 2017, 25, 8245–8254. [Google Scholar] [CrossRef]

	



Kravchenko, A.; Shevchenko, A.; Ovchinnikov, V.; Grahn, P.; Kaivola, M. Fabrication and characterization of a large-area metal nano-grid wave plate. Appl. Phys. Lett. 2013, 103, 033111. [Google Scholar] [CrossRef]

	



Lin, M.Y.; Tsai, T.H.; Kang, Y.L.; Chen, Y.C.; Huang, Y.H.; Chen, Y.J.; Fang, X.; Lin, H.Y.; Choi, W.K.; Wang, L.A.; et al. Design and fabrication of birefringent nano-grating structure for circularly polarized light emission. Opt. Express 2014, 22, 7388–7398. [Google Scholar] [CrossRef] [PubMed]

	



Khorasaninejad, M.; Capasso, F. Broadband multifunctional efficient meta-gratings based on dielectric waveguide phase shifters. Nano Lett. 2015, 15, 6709–6715. [Google Scholar] [CrossRef] [PubMed]

	



Ra’di, Y.; Sounas, D.L.; Alù, A. Metagratings: Beyond the limits of graded metasurfaces for wave front control. Phys. Rev. Lett. 2017, 119, 067404. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu, M.; Akosman, A.E.; Kurt, G.; Gokkavas, M.; Ozbay, E. Experimental realization of a high-contrast grating based broadband quarter-wave plate. Opt. Express 2012, 20, 27966–27973. [Google Scholar] [CrossRef] [PubMed]

	



Cong, L.; Cao, W.; Zhang, X.; Tian, Z.; Gu, J.; Singh, R.; Han, J.; Zhang, W. A perfect metamaterial polarization rotator. Appl. Phys. Lett. 2013, 103, 171107. [Google Scholar] [CrossRef]








[image: Materials 12 00623 g001 550]





Figure 1. Schematic diagram of (a) the metallic subwavelength grating, (b) the proposed metagrating, and (c) the unit cell of metagrating. The u- and v-axis are the two principal axes of the metagrating, respectively. The direction of the x(y)-axis is rotated by 45° with respect to the u(v)-axis. (d) Photograph of the experimental sample. 
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Figure 2. Simulation (left column) and experimental (right column) results of the proposed metagrating in the case of u- and v-polarization incidence. In this frequency region, the metamaterial operates in transmission mode. (a,b) Transmittance, (c,d) calculated amplitude ratio αT, (e,f) phase difference βT between u- and v-axis. 






Figure 2. Simulation (left column) and experimental (right column) results of the proposed metagrating in the case of u- and v-polarization incidence. In this frequency region, the metamaterial operates in transmission mode. (a,b) Transmittance, (c,d) calculated amplitude ratio αT, (e,f) phase difference βT between u- and v-axis.



[image: Materials 12 00623 g002]







[image: Materials 12 00623 g003 550]





Figure 3. Simulated (left column) and measured (right column) results of the designed metagrating for the x- and y-polarized incident waves in transmission mode. (a,b) Transmittance, (c,d) PCR. 
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Figure 4. Numerical (left column) and experimental (right column) results of the proposed metamaterial under u- and v-polarization incidence in the reflective frequency range. (a,b) Reflectance, (c,d) amplitude ratio αR, (e,f) phase difference βR between u- and v-axis. 
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Figure 5. Simulation (left column) and experimental (right column) results of the proposed metagrating for the x- and y-polarized incident waves in the reflective mode. (a,b) Reflectance, (c,d) PCR. 
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Figure 6. The effects of incident angle on the electromagnetic properties of the metagrating for the linearly polarized incident waves. The results of the metagrating in (a) transmission and (b) reflection modes under x-polarization incidence. The results of the metagrating in (c) transmission and (d) reflection modes under y-polarization incidence. At oblique incidence, the x- and y-polarization waves actually represent the TM and TE waves, respectively. In the simulations, the incident angle is increasingly tuned by a step of 5°. 
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Figure 7. Simulation results of the designed metagrating for the circularly polarized waves at normal incidence. (a) Transmittance and (b) PCR spectra in transmission mode, (c) reflectance and (d) PCR spectra in reflection mode. 
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Figure 8. Influences of incident angle on the electromagnetic properties of the metagrating in the case of circular polarization incidence. (a) Cross-polarization transmittance, (b) co-polarization transmittance, and (c) PCR in transmission mode; (d) cross-polarization reflectance, (e) co-polarization reflectance, and (f) PCR in reflection mode. 
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