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The metasurface-based superoscillatory lens has been demonstrated to be effective in finely tailoring the wavefront of light to generate focal spots beyond the diffraction limit in the far-field that is capable of improving the resolution of the imaging system. In this paper, an ultra-thin (0.055 λ0) metasurface-based superoscillatory lens (SOL) that can generate a sub-diffraction optical needle with a long focal depth is proposed, which is constructed by ultra-thin chiral unit cells containing two metal split-ring resonators (SRR) with a 90° twisted angle difference cladded on both sides of a 1.5 mm-thick dielectric substrate, with a high linear cross-polarized transmission coefficient around 0.9 and full phase control capability at 11 GHz. Full-wave simulation shows that SOL generates a sub-diffraction optical needle within 10.5–11.5 GHz. At the center frequency, the focal depth is 281 mm (10.3 λ0) within 105–386 mm, the full width at half maximum (FWHM) is 18.5 mm (0.68 λ0), about 0.7 times the diffraction limit, generally consistent with the theoretical result. The proposed ultra-thin chiral metasurface-based SOL holds great potential in integrating into practical imaging applications for its simple fabrication, high efficiency, and low-profile advantages.
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1 INTRODUCTION
Electromagnetic (EM) wave manipulation is an appealing research field for it is one of the key points to push forward the development of science and engineering. A Metasurface is a novel artificial thin two-dimensional artificial material consisting of subwavelength elements, which provides a powerful platform to manipulate the EM wave with high degrees of freedom (Holloway et al., 2012; Yu et al., 2013; Yu and Capasso, 2014). Thanks to the years of painstaking research of scientists, many great achievements have been obtained, such as orbital angular momentum (OAM) beam generators (Pu et al., 2015; Bi et al., 2018; Zhang et al., 2018; Wang Y. et al., 2020), vector vortex beam generators (Yue et al., 2016; Zuo et al., 2018; Zhuang et al., 2019; Bao et al., 2020), holograms (Zheng et al., 2015; Wang et al., 2018; Wang et al., 2019; Wang Z. et al., 2020; Ding et al., 2020), optical computation (Lin et al., 2018; Li et al., 2019; Abdollahramezani et al., 2020; Lou et al., 2020; Qian et al., 2020), reconfigurable metasurfaces (Ratni et al., 2018; Feng et al., 2020a; Feng et al., 2020b; Ratni et al., 2020; De Lustrac et al., 2021; Popov et al., 2021), multifunctional metasurfaces (Yuan et al., 2019; Zhang et al., 2019; Yuan et al., 2020a; Yuan et al., 2020b; Yuan et al., 2020c; Guan et al., 2020), and superoscillatory lens (Huang et al., 2014; Tang et al., 2015; Qin et al., 2017; Li et al., 2018; Li et al., 2021), etc. Besides, there are still many potential theories and applications that need to be unveiled and exploited.
Tailoring the wavefront is one of the typical applications of a metasurface (Yu et al., 2011; Yu et al., 2013), which is realized by arraying subwavelength elements with different phase and magnitude responses into a special layout. Compared to conventional optical devices, the metasurface modulates phase by subwavelength elements with abrupt phase, but the latter modulates phase through phase accumulation along the optical path, as a result, the profile of the metasurface can be greatly reduced. The key to tailoring the wavefront is to design subwavelength unit cells capable of full phase control. Up to now, abundant metasurfaces have been proposed to tailor the wavefront, they are commonly made of nano dielectric rods or dielectric and metal composites. For the latter, to enhance the transmittance and capability of phase control, unit cells commonly have to be the multilayer type in order to introduce both electric and magnetic resonance (Li et al., 2013; Luo et al., 2017; Zhang et al., 2019; Guan et al., 2020). Among them, chiral metasurfaces are typically applied to polarization conversion and wavefront tailoring (Cong et al., 2013; Grady et al., 2013; Ji et al., 2019; Xu et al., 2019; Fan and Cheng, 2020), a common similarity of them is that a linear polarization incident wave can be transmitted and converted into its orthogonal polarization, but its orthogonal polarization incident wave will be reflected mostly. This is related to their special tri-layer structure, where the outside layers are the same orthogonal structures and the middle layer is a resonator, which behaves as a Fabry-Perot cavity and thus leads to a strong chirality (Grady et al., 2013). For the linear cross-polarized wave transmitted by an arbitrary scatterer, its transmission magnitude will remain unchanged and the phase flips a π if the scatterer is mirrored. Taking advantage of this characteristic, we can design chiral unit cells whose phase can be controlled within a 0-π range, through mirror transformation, the phase within a π-2π range is easily obtained. Therefore, the difficulty of phase control is reduced by half, which provides advantages to optimize unit cells comprehensively, such as improving efficiency, bandwidth, or reducing structural complexity, etc.
Superoscillation is a counter-intuitive phenomenon in which band-limited function can contain local oscillations faster than its fastest Fourier components (Berry and Popescu, 2006; Ferreira and Kempf, 2006). In optical application, it provides a theory to generate arbitrary small-size focal spots in the far-field, which can breakthrough the diffraction limit and greatly enhance the imaging resolution and detect sensitivity. But there are still some obstacles that hinder the practical application of superoscillation, one of the most serious problems is the restriction between the main lobe and sidelobe, the smaller the focal spot, the stronger the sidelobe and the weaker the main lobe, which will deteriorate the quality of imaging, as a result, an appropriate trade-off must be selected according to reality (Huang et al., 2018; Chen et al., 2019). There are many superoscillatory lenses (SOLs) that have been proposed, they can form focal spots beyond the diffraction limit, and have potential in improving resolution in the imaging system.
In this paper, we propose a high transmission ultra-thin chiral unit cell consisting of two identical metal split-ring resonators (SRR) with a 90° twisted angle difference cladded on a 1.5 mm-thick (0.055 λ0) dielectric substrate. It performs polarization conversion with high transmittance around 0.9 and full phase control of transmitted linear cross-polarized waves. Compared to typical tri-layer chiral metasurfaces, the proposed double-layered metasurface has a lower profile and is easier to fabricate, which is conducive to practical applications. Based on the proposed chiral unit cell, an SOL is designed to generate a sub-diffraction optical needle with a long focal depth within 10.5–11.5 GHz, whose operation schematic diagram is illustrated in Figure 1A. Full-wave simulation results show that the SOL generates an optical needle at 11 GHz with a focal depth of 281 mm within 105–386 mm, and the full width at half maximum (FWHM) is 18.5 mm (0.68 λ0) at the focal plane, about 0.7 times the diffraction limit, close to the theoretical results. The proposed ultra-thin transmissive chiral metasurface holds great potential to be integrated into practical communication and imaging systems, for its advantages of low profile, simple structure, and high efficiency.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the proposed superoscillatory lens (SOL). (B) Geometric structure diagram of the proposed chiral structure.
2 DESIGN PRINCIPLES OF SOL
2.1 Mirror Transformation Method
As shown in Figure 2A, we assume there is an arbitrary shape planar scatterer that lies in the xy plane with a transmission Jones matrix Txy as
[image: image]
where txx and tyx (tyy and txy) are co- and cross-polarized transmission coefficients under the x (y) polarization wave incident, [image: image] is the vector electric field in the xy plane, the superscript u = in, out, represent input and output, respectively. Then, we mirror the scatterer along the shape center’s x- or y-axis (y-axis is selected here), shown in Figure 2B, and its mirrored counterpart transmission Jones matrix [image: image] is associated with Txy. To get the relationship between Txy and [image: image], an intermediate matrix [image: image] is introduced to establish a relationship between Txy and [image: image], which is the transmission Jones matrix of the mirrored scatterer in mirrored coordinate system xmym, shown in Figure 2C. According to symmetry, there is a relationship between Txy and [image: image] as follows
[image: image]
where [image: image] represents the vector electric field in the xmym plane, and the transformation relationship between [image: image] and [image: image] is
[image: image]
where M is the mirror transformation matrix, and + and−represent the mirror along the x and y axes, respectively. Combining the above equations, the relation between Txy and [image: image] can be expressed as
[image: image]
[image: Figure 2]FIGURE 2 | (A) Arbitrary shape planar scatterer in the xy plane. (B) Y-axis mirrored scatterer in the xy plane. (C) Y-axis mirrored scatterer in the xmym plane.
Through the above derivation, the relationship between Txy and [image: image] is obtained. Compared to the transmission Jones matrix between the scatterer and its mirrored counterpart, it is clear that the co-polarized transmission coefficient is unchanged but the phase of cross-polarized transmission coefficient flips a π. We take advantage of the characteristic of the transmitted cross-polarized wave and design unit cells with a phase within the 0-π range, and their mirrored counterparts can cover a phase within π-2π. Therefore, the design task and difficulty of the unit cells transmitting linear cross-polarized waves are cut by half, which facilitates the comprehensive optimization of unit cells. For example, optimization of efficiency enhancement, which is in favor of practical applications, can effectively economize energy and reduce spending.
2.2 Design of Chiral Unit Cell
According to the above conclusion, achieving full phase control of transmitted linear cross-polarized waves is easier. As mentioned before, transmissive chiral metasurfaces are typically tri-layer metal structures that introduce Fabry-Perot resonance to greatly enhance the chirality of the whole structure. Besides, many double-layer chiral metasurfaces (Han et al., 2011; Huang et al., 2012; Shi et al., 2013; Bokhari and Cheema, 2021) have been proposed, but they are incapable of phase control. Theoretically, it is possible to achieve full phase control using a double-layer structure by combining mirror transformation, here we design a double-layer chiral unit cell capable of phase control. As shown in Figure 1B, the designed chiral structure unit cell is placed in a uniform hexagonal lattice with a side length of p = 5.5 mm, consisting of two identical metal SRRs with a 90° orientation angle difference spaced by a low loss F4BM350 dielectric substrate (εr = 3.5, tan δ = 0.001) with a thickness of h = 1.5 mm (0.055 λ0); the outer ring radius, gap width, and ring width of SRR is r, g, and w, respectively.
The simulation is conducted by Computer Simulation Technology (CST) Microwave Studio, using the unit cell boundary condition to calculate the propagation characteristic of the unit cell through the Floquet model. The simulation model of the hexagonal lattice is shown in Figure 3, a rectangle cut-off window is applied to truncate the infinite periodic, which can preserve the periodic feature of the hexagonal lattice under the unit cell boundary condition in CST. The length and width of the cut-off window are 3p and [image: image], respectively, the distance between the neighbor unit cells is [image: image].
[image: Figure 3]FIGURE 3 | The top view of the simulation model of unit cells in a uniform hexagonal lattice.
The propagation schematic diagram of the proposed chiral structure is shown in Figure 4A, when the incident wave propagates along the +z direction, the incident y polarization wave can be transmitted and twisted into an x polarization wave while the incident x polarization wave will be reflected. The working principle of this chiral structure is similar to that in Huang et al. (2012). When propagating along the +z direction (forward propagation), the y polarization wave can excite a fundamental magnetic resonance on the first SRR, which leads to strong cross-coupling between two SRRs. On the contrary, the x polarization wave cannot excite fundamental magnetic resonance due to its orientation, leading to a strong reflection. When the incident wave propagates along the −z direction (backward propagation), according to symmetry and reciprocity, the phenomenon is opposite to that of the forward propagation. The simulated results of the forward and backward propagation are shown in Figure 4A, it is clear that when forward (backward) propagation occurs, around 11 GHz, the incident y (x) polarization wave is mostly transmitted and twisted into an x (y) polarization wave, but the incident x (y) polarization is hardly transmitted, indicating that the unit cell exhibits asymmetric transmission characteristics. The asymmetry transmission parameter (ATP) Δy = |txy|2 − |tyx|2 = − Δx can be calculated to evaluate the strength of the asymmetric transmission effect, for the forward propagation, it is obvious that tyx is almost zero in the entire band, but tyx is higher than 0.9 within 10.3–11.8 GHz; the corresponding Δy is higher than 0.8, on the contrary, when backward propagation occurs, where the Δx is higher than 0.8. The simulated results indicate that the asymmetric transmission effect is quite strong within 10.3–11.8 GHz.
[image: Figure 4]FIGURE 4 | (A) Asymmetric propagation schematic of unit cell (parameters: r = 4.2 mm, w = 1.4 mm, g = 0.6 mm) and its corresponding simulated results and asymmetry transmission parameter (ATP) results, the gray region is the band whose |txy| or |tyx| is over 0.9. (B) X-axis and (C) y-axis mirrored structures and their forward propagation results and ATP results.
Besides, as mentioned before, the phase of the transmitted linear cross-polarized wave will flip a π after mirror transformation, simulations are conducted to demonstrate it, here the unit cell in Figure 4A is mirrored along x and y axes, respectively, whose mirrored counterparts are shown in Figures 3B,C. Their forward propagation results are consistent with the theoretical prediction, the results of Figures 4B,C are the same. Compared to the forward propagation results shown in Figure 4A, txx, tyy, and the ATP results are unchanged, but the phases of txy and tyx both flip a π while the magnitude and dispersion remain unchanged, demonstrating that the conclusion derived before is correct.
Through carefully optimizing the structure parameters r, g, and w, the phase of txy can be tuned within the 0-π range while magnitude can stay around 0.9 for the forward propagation. Through mirror transformation, the phase in another range can be easily obtained without additional simulation. The obtained results of the optimized unit cells are shown in Figure 5, where ϕxy and |txy| are the simulated phase and magnitude result of optimized unit cells, respectively, and [image: image] is the phase result of mirrored optimized unit cells. Apparently, the phase can cover the full phase range by combining ϕxy and [image: image] together while the magnitude can remain around 0.9, which considers the capability of phase control and transmission efficiency simultaneously.
[image: Figure 5]FIGURE 5 | The optimized unit cells’ phase and magnitude results of txy at 11 GHz.
2.3 Design of the SOL
To construct an SOL, a complex amplitude profile with special spatial frequency spectrum distribution needs to be appropriately designed. Yet, the abstruse mathematical theories hidden behind superoscillation are still mysterious, consequently, the complex amplitude profile of SOL is commonly calculated through optimization algorithms. However, many design methods have been proposed, which are comprehensively summarized in Chen et al. (2019). Here, we design a phase-only profile combining a focal phase and a binary additional phase to generate a superoscillatory optical needle in the far-field from 100 to 300 mm. The ideal parabolic focal phase profile follows
[image: image]
where the λ0 is the wavelength in free space, F is the focal length, r is the position distance from the origin (0, 0), r2 = x2 + y2, (x, y) is the coordinate on the planar lens, and φi is an arbitrary initial phase. An optimizable binary additional phase φbi is imposed to focal phase profile φFocal to adjust the spatial frequency components of the propagating wave, which can form sub-diffraction focal spots in the far-field, thus, the phase of SOL is φSOL = φFocal + φbi. The binary phase is coded into a series that only contains “0” or “1,” where “0” and “1” represent a phase of 0 and π, respectively. To predict the diffraction field distribution excited by SOL, the phase φSOL is substituted into a scalar Rayleigh-Sommerfeld diffraction integral, which follows
[image: image]
where U (ξ, η, z) is the complex optical field at (ξ, η, z) point, k is the wave vector in free space, R is the distance between the source point (x, y, 0) and field point, and R2 = (x − ξ)2 + (y − η)2 + z2. Each unit cell of the metasurface is regarded as an ideal point source with complex amplitude, and their total interference field in space is regarded as the theoretical result of the metasurface. The phase profile is adjusted according to the feedback of calculated field results; appropriate results are obtained through iterative optimization. Here, the genetic algorithm (GA) is used to optimize the φSOL to generate a sub-diffraction optical needle in the far-field; the sidelobe, focal spot size, focal depth, and intensity flatness of the focal region are the main evaluated goals for optimization. The designed lens has a radius of 200 mm, containing 1,321 unit cells arrayed into a 21 concentric ring layout (including origin). The optimized one-dimension phase results of φFocal, φbi, and φSOL are shown in Figure 6. After iterative optimization, the design frequency is 11 GHz, the focal length F = 175 mm, φi = 90°, and the optimized binary phase is “010101010101011000000” at corresponding concentric rings. In addition, to show the improvement of the designed SOL, a lens-imposed ideal focal phase profile of 200 mm is designed and simulated.
[image: Figure 6]FIGURE 6 | The optimized phase profile of SOL at 11 GHz.
3 RESULTS AND DISCUSSION
The theoretical calculation and full-wave simulation results at 11 GHz of the designed lens with 200 mm focal length (marked as “lens” here) and SOL are shown in Figure 6, where the full-wave simulation is solved by Lumerical FDTD.
From Figures 7A,B, we can see that the theoretical calculation and simulated results are highly consistent for the lens, but for SOL, they are generally similar but slightly different. According to the results depicted in Figures 7A,C, for the lens, both the theoretical and simulated focal length is around 200 mm with a focal depth of 82 mm within 160–242 mm (range of normalized intensity above 0.7, and the dip in focal region is included). For the SOL, the theoretical normalized field intensity result along the optical axis is quite uniform, the focal depth is 304 mm (11.1 λ0) within 62–362 mm, but the simulated result has two dips at z = 60, 200 mm, the focal depth is 281 mm (10.3 λ0) within 105–386 mm. According to the results shown in Figures 7B,D, the theoretical results of the lens and SOL are perfect, circular, and symmetric, whose sidelobes are uniform concentric rings surrounding the circular focal spot, but the simulated results are only slightly uniform, especially for the SOL. The theoretical and simulated FWHM is 25.5 mm (0.94 λ0), 26.6 mm (0.98 λ0) for the lens, and 19.5 (0.72 λ0), 18.5 mm (0.68 λ0) for SOL, respectively, here the simulated FWHM of the lens is considered as the diffraction limit. The theoretical and simulated maximum sidelobe behind the focal spot is 0.17, 0.23 for the lens, and 0.41, 0.68. Comparing the simulated performance of the lens and SOL, the FWHM of SOL is 0.7 times that of the lens, but the sidelobe of SOL is 2.96 times that of the lens.
[image: Figure 7]FIGURE 7 | Theoretical calculated and simulated normalized Ex field distribution in (A) the XZ plane at y = 0 mm and (B) the XY plane at z = 200 mm (11 GHz). Normalized intensity of Ex along (C) the optical axis, and (D) the x-axis at the focal plane, the inset is a partially enlarged view of focal spot intensity.
The difference between theoretical and simulated results is mainly caused by the deviation of the real phase profile from the designed one. Metasurfaces inevitably suffer from the quasi-periodic effect that the real phase of the unit cell in the metasurface deviates from that calculated from the Floquet theory due to the change of layout and neighbor unit cells. For this chiral structure, the coupling between neighbor unit cells cannot be ignored because the SRRs are strong resonators and they are placed nearby, which will increase the quasi-periodic effect. However, the superoscillatory optical field contains subtle features of light that need subtle manipulation of light, which makes it sensitive to the deviation of phase. Therefore, the quasi-periodic effect leads to the simulation result of SOL deviating apparently from the theoretical one. Compared to the theoretical result of SOL, the simulated result exhibits a shorter focal depth, a mild fluctuation of intensity within the focal region, and a smaller FWHM focal spot, but the cost is the increase of the sidelobe. However, the performance of the SOL can be improved closer to that of the design goals through phase profile calibration of the metasurface, which needs complex optimization.
To analyze the working bandwidth of the SOL, the simulated results of SOL within 10.5–11.5 GHz are shown in Figure 8. From the two-dimensional normalized field distribution shown in Figures 8A,B, we can observe that as the frequency increases, a dip appears in the optical axis, and the field at the focal plane becomes nonuniform, especially within 10.9–11.3 GHz where the sidelobes are increased obviously, and the field intensity along the x and y axes is quite different. The normalized field intensity along the x and y axes on the focal plane is shown in Figure 8C, it clearly shows that the field intensity along the y-axis has a smaller FWHM compared to that along the x-axis, but the cost is that the maximum sidelobe is a bit larger. The performance of SOL is concluded in Figure 8D, the focal depth is lengthened as the frequency increases, the FWHM along the y-axis is smaller but the maximum sidelobe is larger, compared to that along the x-axis. The performance of the SOL within 10.5–11.5 GHz still maintains a long focal depth of over 200 mm, and the FWHM of the focal spot is smaller than that of the focal lens, but the maximum sidelobe is larger, which shows that the SOL can generate a sub-diffraction optical needle with a 1 GHz bandwidth within 10.5–11.5 GHz, providing the potential to integrate it into the imaging system to improve the resolution and depth of field. The focusing and transmission efficiencies on the focal plane of the lens and SOL within 10.5–11.5 GHz are also analyzed. The focusing efficiency is the ratio between the power of the focal spot and the source, and the transmission efficiency is the ratio between the power of the focal plane and the source. For the lens, the focusing (transmission) efficiency is generally higher than 30% (50%) in the whole band, whose maximum is 47.5% (71.5%) at 10.6 GHz, indicating that the focal spot occupies a lot of power on the focal plane. In addition, the results demonstrate that the proposed ultra-thin chiral unit cell has high transmission in this band. But for the SOL, the focusing efficiency of SOL is only 0.9–3.4% in the working band while the total efficiency on the focal plane is over 30%, which means that the focal spot occupies little power in the focal plane. The reason for the low focusing efficiency of SOL is that the superoscillatory field is generated through destructive interference in space, therefore, the efficiency is inherently low. Especially, the smaller the focal spot, the weaker the main lobe. The generated focal spot is quite small here, about 0.7 times the diffraction limit, and the smallest focusing efficiency 0.9% is at 11.1 GHz whose corresponding focal spot is the smallest. Due to the focal spot region being too small and the intensity of the main lobe being weakened, the focusing efficiency of SOL is consequently low. The focusing efficiency can be improved by relieving the quasi-periodic effect to make the diffraction distribution get closer to the theoretically designed one.
[image: Figure 8]FIGURE 8 | Simulated normalized Ex field distribution from 10.5 to 11.5 GHz on (A) the XZ plane at y = 0 mm (dash line is z = 200 mm), (B) the focal plane at z = 200 mm, and (C) along the x and y axes on the focal plane. (D) The focal depth, FWHM, normalized maximum sidelobe along the x and y axes, and focusing and transmission efficiency of SOL and the lens on the focal plane in 10.5–11.5 GHz.
4 CONCLUSION
In summary, we propose and validate a transmissive ultra-thin (0.055 λ0) chiral unit cell that effectively performs polarization conversion with high transmittance around 0.9 at 11 GHz, which only contains two metal SRRs with the same structure and a 90° twisted angle difference. Through mirror transformation, the phase of transmitted cross-polarized wave can flip a π, assisted by this characteristic, full phase control can be achieved easily. Compared to the previously proposed typical tri-layer chiral structure, the proposed chiral structure exhibits similar transmission characteristics, but it is simplified into a doublet, facilitating cut-down of fabrication costs and reducing the profile, and thus it is beneficial to practical application. An SOL based on the proposed ultra-thin chiral metasurface is designed to form a long focal depth optical needle beyond the diffraction limit. The phase profile of the SOL is optimized by the genetic algorithm; a phase profile that can generate a sub-diffraction optical needle with a long focal depth is selected. Full-wave simulation shows the generation of the sub-diffraction optical needle within 10.5–11.5 GHz, at the center frequency, the designed SOL generates an optical needle with a focal depth of 281 mm (10.3 λ0) within 105–386 mm, the FWHM of the focal spot at z = 200 mm is 18.5 mm (0.68 λ0), 0.7 times the FWHM of the normal focal lens, beyond the diffraction limit. The designed method of combining mirror transformation effectively reduces the task of unit cell design and may enlighten new ways to control the phase. The proposed ultra-thin SOL can effectively improve the imaging performance of resolution and depth of field, which provides a new option for the trend of imaging system integration and miniaturization.
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