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Abstract

:

Recently, ultrathin metalenses have attracted dramatically growing interest in optical imaging systems due to the flexible control of light at the nanoscale. In this paper, we propose a dual-wavelength achromatic metalens that will generate one or two foci according to the polarization of the incident. Based on geometric phase modulation, two unit cells are attentively selected for efficient operation at distinct wavelengths. By patterning them to two divided sections of the metalens structure plane, the dual-wavelength achromatic focusing effect with the same focal length is realized. In addition, the holographic concept is adopted for polarization-dependent bifocal generation, in which the objective wave is originated from two foci that are respectively formed by two orthogonal polarization states of circularly polarized light, namely Left-handed circularly polarized (LCP) light and Right-handed circularly polarized (RCP) light. The incident light is considered as the reference light. The achromatic focusing and polarization-dependent bifocusing are numerically verified through simulations. The proposed design opens the path for the combination of multi-wavelength imaging and chiral imaging, which may find potential applications, such as achromatic optical devices and polarization-controlled biomedical molecular imaging systems.
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1. Introduction


Metasurface has emerged as indispensable optical elements in recent years with its ultrathin structures and flexible capability in light manipulation. Composed of subwavelength nanostructures, optical metasurfaces feature the exotic capability to arbitrarily modulate the light properties, such as the phase, amplitude and polarization at the nanoscale [1,2,3,4,5]. Due to their superiority in wavefront modulation, a plethora of planer optical devices have been extensively investigated, including metahologram [6,7,8], beam steering [9], vortex generators and detectors [10,11,12] and polarization analysis [13].



In particular, research endeavors have been devoted to the investigation of metalens design for its significant role in the optical imaging field. Versatile designs on metalenses have been reported in the visible [14,15,16] and near-infrared wavelengths [17,18] with plenty of applications and integrations. In our previous work, we demonstrated the dielectric metalens integrated with optical fiber working in the near-infrared range [19,20].



However, the above investigations are mainly focused on single focus design. Recently, there have been growing numbers of explorations on multi-focal metalens, aiming to enhance the versatility of the metalens design strategy. With generated foci at different transverse/longitudinal positions, a multi-focal metalens is able to provide flexibility and diversity in practical applications, such as multi-imaging system [21,22] and chiral imaging [23,24].



Section division with different foci is one of the most commonly used strategies [25,26,27]. In this case, the generated foci are fixed and cannot be controlled by the incident. To overcome the aforementioned problem, the method of combining propagation phase and geometric phase to simultaneously tailor the phase distribution is proposed [28,29]. The two foci formed by Left-handed circularly polarized (LCP) light and Right-handed circularly polarized (RCP) light are polarization-dependent according to the incident chirality. Subsequently, to simplify the design and fabrication, a transverse bifocal metalens is introduced by Zhou [30] based on geometric phase and the holographic principle. Using a single unit cell with different rotation angles, the metalens efficiently realizes the polarization-dependent focusing, making the bifocal metalens design simple and practical.



The aforementioned bifocal metalenses only work at a single wavelength. Due to the chromatic aberration originated from their diffractive nature [31,32], meta-devices heavily depend on the designed operation wavelength. The practical application of metalenses in multispectral optical devices may be greatly constrained. There are plenty of methods to achieve achromatic central focusing, such as multi-layer metalenses [33] and doublet metalenses [34,35]. For example, in Acayu’s work [36], three layers with different design parameters are stacked to achieve optimal interaction with multi-wavelength. In addition, spatial interleaving [37] and segment [21] were also introduced to satisfy different phase profiles for multi-wavelength. However, there have been few attempts at combining bifocusing and achromatic focusing via single-layer metalenses.



In this paper, we adopt the spatial segment method for dual-wavelength achromatic focusing, combined with the holographic principle and geometric phase to generate polarization-dependent bifocal spots. As far as we know, this is one of the first investigations on realizing bifocus generation and achromatic focusing simultaneously. According to the transmission and polarization conversion efficiency under the illumination of circularly polarized light, we attentively choose two unit cells working at discrete wavelengths. The selected two elements, made of Silicon nanobricks on the glass substrate, are arranged into divided sections to accomplish a dual-wavelength achromatic focusing effect.



The holographic principle is used to motivate polarization-dependent bifocal spots generation. The foci formed by RCP and LCP can be controlled by the polarization of the incident, which is more flexible in practical utilizations. Our design combines the dual-wavelength achromatic focusing and polarization-dependent bifocal design with the single-layer metalens, and this design is verified by the simulation results. We strongly believe that the proposed strategy will pave the way for the potential applications in multi-wavelength achromatic imaging systems, biomedical chiral imaging devices and virtual reality (VR)/augmented reality (AR).




2. Designs and Structures


The schematic illustration of the designed dual-wavelength achromatic polarization dependent bifocal metalens is shown in Figure 1a. The incident with wavelengths of 1000 and 1550 nm can be both focused into two focal spots with the same focal length. The unit cell utilized here is a Silicon nanobrick patterned on the glass substrate, which is shown in Figure 1b. There are basically two selected unit cells with different lattice constant (P), length (L) and width (W) in this design. Each unit cell provides a high operation efficiency at one specific wavelength while providing a low efficiency at another wavelength.



By spatially distributing the patterned area to different unit cells, a dual-wavelength achromatic metalens can be realized. As shown in Figure 1c, the metalens is divided into two parts for two different unit cells: one is the circle and the other is the remaining part of the square that removes the central circle. The radius of the circle is set to 7 µm and the side width of the square is 20 µm. In each section, the pattered unit cells rotate with different angles based on the geometric phase and holographic principle to enable polarization-dependent bifocal generation.



To impart the desired phase profile, geometric phase is introduced by rotating the nanobricks with different angles. The principle can be derived from the general Jones matrix,


  J = R  ( α )   [       t u     0     0     t v       ]    R  (  − α  )  =  [      cos α     − sin α       sin α     cos α      ]   [       t u     0     0     t v       ]     [      cos α     sin α       − sin α     cos α      ]  ,  



(1)




where  α  is the orientation angle of the unit cell with respect to the original axis.    t u    and    t v    are the transmission coefficients along the fast axis and slow axis of the unit cell.   R  ( α )    and   R  (  − α  )    express the rotation matrix, which consists of Trigonometric functions of  α .


   E T  R / L   = J ∗  E I  R / L   =    t u  +  t v   2   E I  R / L   +    t u  −  t v   2   e  ∓ 2 α    E I  L / R    



(2)







If the incident light is LCP or RCP, the output field of the transmitted light is shown in Equation (2). The conversion of a different polarization will introduce a phase shift of   2 α   when the unit cell rotates  α , while the transmitted light with the same polarization of the incident will experience no phase shift. By tailoring the rotation angle of the unit cell, a   2 π   phase span can be realized by the converted light. In this case, the unit cell will serve as a half-wave plate to ensure a high polarization conversion efficiency (PCE).



We carefully selected two different unit cells. The optimized parameters of unit cell 1 are    L 1  = 250   nm  ,    W 1  = 100   nm   and    P 1  = 400   nm  . As for unit cell 2, the parameters are    L 2  = 500   nm  ,    W 2  = 150   nm   and    P 2  = 600   nm  . The height of the two unit cells is set to 800 nm, which ensures a convenient platform for further fabrication. The transmission and PCE of two unit cells covering the wavelength range from 990 to 1600 nm are shown in Figure 2. The incident light is set as RCP, and thus the PCE stands for the ratio of the intensity of the converted LCP to the incident intensity.



Transmission describes the sum of the intensity of the converted light and the remaining light to the incident. Since the geometric phase works based on polarization conversion, it is clear that less difference between the transmission and PCE at a specific wavelength introduces a high operation efficiency. In Figure 2, green stars highlight the transmission and PCE of the unit cell at the wavelength of 1000 nm, and black ones highlight the same data at the wavelength of 1550 nm. It is worth noting that the unit cells are selected elaborately to exhibit a high operation efficiency at one wavelength while having a low operation efficiency at another wavelength.



To be specific, unit cell 1 (shown in Figure 2a) exhibits a small difference between the transmission and PCE at 1000 nm, indicating that a large amount of incident (around 90%) has been converted into the orthogonal polarization. Thus, high operation efficiency is realized at the wavelength of 1000 nm. Conversely, unit cell 1 shows a low operation efficiency at the wavelength of 1550 nm. It is derived from Figure 2b that unit cell 2 operates at 1000 nm with a low efficiency while working well at 1550 nm.




3. Results and Discussions


For a general central-focused metalens, the phase profile follows,


  φ  (  x , y  )  = −   2 π  λ   (     x 2  +  y 2  +  f 2    − f  )   



(3)




where  f  is the focal length of the designed metalens,    (  x , y  )    are the coordinates of unit cells in the whole structure, and  λ  is the operation wavelength. Here, a metalens working at 1000 nm uses unit cell 1 and a metalens working at 1550 nm uses unit cell 2. The designed focal length is 12 µm. The required phase profile of two lenses along  x -axis at  y  is 0 are illustrated in Figure 3a. Based on the two phase distributions, unit cells are spatially rotated with different angles of   φ  (  x , y  )  / 2  . The simulated intensity distributions of the x–z plane at  y  equals to 0 of two lenses are also shown in Figure 3b,c. It is clear from the tightly focused spots that both unit cells operate well in single focus metalens design at their specific wavelengths.



3.1. Dual-Wavelength Achromatic Metalens


It is generally known that, for a specific phase distribution, incidents with different wavelengths will focus with different focal lengths, which is clearly described in the following equation,


  φ  (  x , y  )  = −   2 π    λ 1     (     x 2  +  y 2  +  f 1    2    −  f 1   )  = −   2 π    λ 2     (     x 2  +  y 2  +  f 2    2    −  f 2   )   



(4)




where    λ 1    and    λ 2    are different operating wavelengths, and    f 1    and    f 2    are their corresponding focal lengths. To establish a dual-wavelength achromatic metalens, we spatially divide the metalens into two areas working at two individual wavelengths. It is clear in Figure 1c that the central circle will be allocated for unit cell 2, and the remaining part of the square will be allocated for unit cell 1. As discussed before, unit cell 1 works efficiently at 1000 nm but does not work well at 1550 nm. Conversely, unit cell 2 exhibits the opposite performance. With the elaborate spatial division, different phase profiles can be attained with a single metalens at different wavelengths with the same focal length, which is the critical issue for the dual-wavelength achromatic focusing.



Following Equation (4), we assign two different phase profiles to the distinct areas. The allocation rule is the same as Figure 1c, with unit cell 2 pattered in the central center and unit cell 1 patterned in the remaining part of the square. The side width of the square is 20 µm, and the radius of the central circle is 7 µm. The focal length is set to 12 µm. According to the different required phase profiles, unit cell 1 and unit cell 2 are carefully arranged in the two areas. To verify the achromatic focusing, RCP light at 1000 and 1550 nm are launched successively as the incident.



The optical intensity at the x–z plane at y equals 0 is shown in Figure 4 with the wavelengths of 1000 nm (a) and 1550 nm (b), indicating a tightly focused spot at the desired focal length. The simulated focal lengths are 12.1 and 11.8 µm at the illumination of 1000 and 1550 nm. The normalized optical intensity profiles along x-axis are also extracted and shown in Figure 4c,d. The full width at half maximum (FWHM) can be obtained accordingly, which are 0.70 and 1.55 µm for two distinct wavelengths. To further investigate the performance, the focusing efficiency will be measured, which is defined as the ratio of light passing through the rectangular aperture with a side width of three times of FWHM of the focal spot.



For incidents at 1000 and 1550 nm, the focusing efficiency are 40% and 27%, respectively. The difference of efficiency results from the unequal proportion of area allocated for unit cell 1 and unit cell 2. It is worth noting that the shape of the focal spot is slightly different from that of the normal focal spot (see Figure 3). Although we carefully selected the unit cells to make sure they work at distinct wavelengths, the operation efficiency did not fall to zero for both unit cells. There still exists a small amount of light at 1550 nm transmitting through unit cell 2 and obtaining the phase shift, and vice versa. In this case, the focusing effect will experience slight deviations, bringing about small changes in the shape of the focal spot.




3.2. Polarization-Dependent Bifocal Metalens Using the Holographic Principle


To simultaneously realize the bi-focusing, the holographic principle is utilized. The light from two focal spots can be considered as the object lightwave, while the incident plane wave serves as the reference light. The interfered light distribution, including phase and amplitude, which is commonly known as the hologram, can be derived subsequently. For simplicity, the amplitude of the interference light is regarded as a constant. The method is proposed and proved in [38]. The field distribution of the designed metalens is attained through the interference between the lightwave generated of the two foci and the incident. Here, the incident is the plane wave, and the generated two foci essentially correspond to RCP and LCP light. The phase distributions of the two foci are expressed as below:


   φ  L C P    (  x , y  )  = −   2 π  λ   (     x 2  +  y 2  +  f 1    2    −  f 1   )   



(5)






   φ  R C P    (  x , y  )  = −   2 π  λ   (     x 2  +  y 2  +  f 2    2    −  f 2   )   



(6)




where    f 1    and    f 2    are the focal length of the generated foci. The proposed design is not only a simple bifocal lens but also exhibits a polarization-dependent characteristic. Two transverse focal spots will occur with the incident of the linear polarized light. The circularly polarized light will bring about the left focus (formed by LCP) or the right focus (formed by RCP). We set the phase profile of RCP with an additional phase shift of  π . In this case, the phase modulation of the proposed design can be described as,


  φ  (  x , y  )  = a n g l e ( exp (  φ  L C P    (  x , y  )  + exp  (  −  φ  R C P    (  x , y  )   )   



(7)




where the angle is the function of extracting the phase. The same method was proposed by Zhou [30] in their bifocal design. Following the above phase distribution, two foci at different positions with the opposite polarization states will be generated.



We first design the metalens for longitudinal bifocal spots generation. Compared to the transverse bifocal design, the longitudinal design experience only one variable, namely the focal length. For simplicity, we take the longitudinal design as the example to show the polarization-dependent focusing effect. Here, we utilize unit cell 2 and set the focal lengths of two foci to 8 and 13 µm. The designed metalens cover a square with the side length of 20 µm. The working wavelength here is set to 1550 nm as an example to illustrate the longitunal bifocal design.



Under the illumination of RCP and LCP, the transmitted light focused exactly at the designed two focal lengths, which are shown in Figure 5a,c. When the linearly polarized (LP) light serves as the incident, bifocal spots are obtained along the z-axis at 8.0 and 13.1 µm, manifesting a polarization-dependent characteristic. With the same processing method, a transverse bifocal design can also be implemented. We will explain the detailed performance of transverse bifocal design in the next chapter.




3.3. Performance of the Proposed Metalens


Based on the above discussions, we utilize the elaborately selected two unit cells for dual-wavelength achromatic focusing and use the holographic principle for the polarization-dependent bifocusing. Integrating the functionalities, the proposed dual-wavelength metalens for polarization-dependent bifocusing can be realized. In this case, we designed a transverse achromatic bifocal metalens with the focal length set to 12 µm. The distance between the generated foci and the center point at the focal plane, which is d in Figure 1a, is set to 5 µm. The size of the metalens and the allocation rules are shown in Figure 1c. The performances of the proposed design are shown in Figure 6 and Figure 7.



From Figure 6 and Figure 7, it is clear that the foci can be controlled by the incident polarization. When the incident is circularly polarized light, the generated focus appears at the left/right side of the focal plane, representing the chirality of the incident of LCP and RCP, respectively. While two foci will occur when the incident becomes linearly polarized light. Thus, the polarization-dependent bifocusing characteristic can be verified. The performance of the dual-wavelength achromatic focusing is further discussed in Figure 8.



For incident at 1000 nm, the focal length is 12.3 µm, and the distance between the generated foci and the center is 4.8 µm. As for illumination at 1550 nm, the focal length is 11.9 µm, and the distance between the generated foci and the center is 5.0 µm. With slight deviations, the coordinates of the generated foci coincide well the the initial design at two distinct wavelengths. Through numerical simulation, we collected the focusing efficiency of the two foci under different illuminations. The efficiencies of the left foci are 19% and 15% when illuminated under LCP at 1000 and 1550 nm, respectively. Similarly, the efficiencies of the right foci are 19% and 15% under RCP at 1000 and 1550 nm, respectively.



As for LP light, the left and right foci shares the same efficiency, which are 11% at 1000 nm and 8% at 1550 nm. Thus, the dual-wavelength achromatic focusing and polarization-dependent bifocal generation are attained simultaneously. To note, the focal spots become slender, which is mainly due to the non-zero operation efficiency of each unit cells at the wavelength they are not designed to work at. The slight deviations will not affect the functionalities of the proposed design. In general, the simulation results of the achromatic bifocal metalens coincide well with the desired strategy.





4. Conclusions


To conclude, we numerically proposed a dual-wavelength achromatic metalens that is able to generate polarization-dependent bifocal spots. Based on the geometric phase modulation, two elaborately selected unit cells were arranged in distinct areas to enable the achromatic focusing at two discrete wavelengths (1000 and 1550 nm) with the same focal length. The holographic principle was adopted to generate polarization-dependent transverse bifocal spots. We envision that this proposed strategy will find potential applications in biomedical chiral imaging systems, multi-wavelength achromatic devices, muti-foci imaging systems and VR/AR.







Author Contributions


Conceptualization, J.Q.; methodology, J.Q.; software, J.Q.; resources, C.Y.; writing—draft preparation, J.Q. and H.L.; supervision, C.Y.; funding acquisition, C.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by the National Key R&D Program of China, Grant number 2018YFB1800902, in part by the Research Grants Council from Hong Kong Government, Grant number 15200718.




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 from the authors on reasonable request.




Acknowledgments


The author would like to thank all the group mates for their kind and sweet help in daily life and research. I would also like to express my sincere gratitude to my supervisor, who has offered great support over the entire study. I also thank my parents for their care and love. In the end, I would like to thank the editors and reviewers, who spend time reading my findings and providing their valuable advice.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Yu, N.; Capasso, F. Flat Optics with Designer Metasurfaces. Nat. Mater. 2014, 13, 139–150. [Google Scholar] [CrossRef] [PubMed]

	



Arbabi, A.; Horie, Y.; Bagheri, M.; Faraon, A. Dielectric Metasurfaces for Complete Control of Phase and Polarization with Subwavelength Spatial Resolution and High Transmission. Nat. Nanotechnol. 2015, 10, 937–943. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Sun, S.; Yang, K.Y.; Wang, C.M.; Juan, T.K.; Chen, W.T.; Liao, C.Y.; He, Q.; Xiao, S.; Kung, W.-T.; Guo, G.-Y.; et al. High-Efficiency Broadband Anomalous Reflection by Gradient Meta-Surfaces. Nano Lett. 2012, 12, 6223–6229. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.W.; Chen, W.T.; Tsai, W.-Y.; Wu, P.C.; Wang, C.M.; Sun, G.; Tsai, D.P. Aluminum Plasmonic Multicolor Meta-Hologram. Nano Lett. 2015, 15, 3122–3127. [Google Scholar] [CrossRef] [PubMed]

	



Khorasaninejad, M.; Ambrosio, A.; Kanhaiya, P.; Capasso, F. Broadband and chiral binary dielectric meta-holograms. Sci. Adv. 2016, 2, e1501258. [Google Scholar] [CrossRef] [PubMed]

	



Kim, I.; Kim, W.-S.; Kim, K.; Ansari, M.A.; Mehmood, M.Q.; Badloe, T.; Kim, Y.; Gwak, J.; Lee, H.; Kim, Y.-K.; et al. Holographic metasurface gas sensors for instantaneous visual alarms. Sci. Adv. 2021, 7, eabe9943. [Google Scholar] [CrossRef] [PubMed]

	



Principe, M.; Consales, M.; Micco, A.; Crescitelli, A.; Castaldi, G.; Esposito, E.; La Ferrara, V.; Cutolo, A.; Galdi, V.; Cusano, A. Optical fiber meta-tips. Light Sci. Appl. 2016, 6, e16226. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.; Guo, H.; Zhuang, S.; Hu, J. Polarization-controllable perfect vortex beam by a dielectric metasurface. Opt. Express 2021, 29, 3081–3089. [Google Scholar] [CrossRef]

	



Li, S.; Li, X.; Zhang, L.; Wang, G.; Zhang, L.; Liu, M.; Zeng, C.; Wang, L.; Sun, Q.; Zhao, W.; et al. Efficient optical angular momentum manipulation for compact multiplexing and demultiplexing using a dielectric metasurface. Adv. Opt. Mater. 2020, 8, 1901666. [Google Scholar] [CrossRef]

	



Zhang, S.; Huo, P.; Zhu, W.; Zhang, C.; Chen, P.; Liu, M.; Chen, L.; Lezec, H.J.; Agrawal, A.; Lu, Y.; et al. Broadband detection of multiple spin and orbital angular momenta via dielectric metasurface. Laser Photonics Rev. 2020, 14, 2000062. [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. 2017, 17, 445–452. [Google Scholar] [CrossRef] [PubMed]

	



Khorasaninejad, M.; Chen, W.T.; Devlin, R.C.; Oh, J.; Zhu, A.Y.; Capasso, F. Metalenses at Visible Wavelengths: Diffraction-Limited Focusing and Subwavelength Resolution Imaging. Science 2016, 352, 1190–1194. [Google Scholar] [CrossRef]

	



Khorasaninejad, M.; Zhu, A.Y.; Roques-Carmes, C.; Chen, W.T.; Oh, J.; Mishra, I.; Devlin, R.C.; Capasso, F. Polarization-insensitive metalenses at visible wavelengths. Nano Lett. 2016, 16, 7229–7234. [Google Scholar] [CrossRef]

	



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]

	



Pahlevaninezhad, H.; Khorasaninejad, M.; Huang, Y.W.; Shi, Z.; Hariri, L.P.; Adams, D.C.; Ding, V.; Zhu, A.; Qiu, C.W.; Capasso, F.; et al. Nano-optic endoscope for high-resolution optical coherence tomography in vivo. Nat. Photonics 2018, 12, 540–547. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Ghimire, I.; Wu, P.C.; Gurung, S.; Arndt, C.; Tsai, D.P.; Lee, H.W. Photonic Crystal Fiber Metalens. Nanophotonics 2019, 8, 443–449. [Google Scholar] [CrossRef]

	



Qu, J.; Zhao, Q.; Yu, C. Single-Mode Fiber Metalenses Based on Dielectric Nanopillars. In Proceedings of the 26th Optoelectronics and Communications Conference, Hong Kong, 3–7 July 2021. [Google Scholar]

	



Zhao, Q.; Qu, J.; Peng, G.; Yu, C. Endless single-mode Photonics Crystal Fiber Metalens for broadband and efficient focusing in near-infrared range. Micromachines 2021, 12, 219. [Google Scholar] [CrossRef]

	



Chen, X.; Chen, M.; Mehmood, M.Q.; Wen, D.; Yue, F.; Qiu, C.-W.; Zhang, S. Longitudinal multifoci metalens for circularly polarized light. Adv. Opt. Mater. 2015, 3, 1201–1206. [Google Scholar] [CrossRef]

	



Gao, S.; Park, C.; Zhou, C.; Lee, S.; Choi, D. Twofold Polarization-Selective All-Dielectric Trifoci Metalens for Linearly Polarized Visible Light. Adv. Opt. Mater. 2019, 7, 1900883. [Google Scholar] [CrossRef]

	



Khorasaninejad, M.; Chen, W.T.; Zhu, A.Y.; Oh, J.; Devlin, R.C.; Rousso, D.; Capasso, F. Multispectral chiral imaging with a metalens. Nano Lett. 2016, 16, 4595–4600. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Gao, S.; Song, W.; Li, H.; Zhu, S.N.; Li, T. Metasurfaces with planar chiral meta-atoms for spin light manipulation. Nano Lett. 2021, 21, 1815–1821. [Google Scholar] [CrossRef] [PubMed]

	



Shen, Z.; Zhou, S.; Ge, S.; Duan, W.; Ma, L.; Lu, Y.; Hu, W. Liquid crystal tunable terahertz lens with spin-selected focusing property. Opt. Express 2019, 27, 8800. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Guo, Z.; Zhou, K.; Sun, Y.; Shen, F.; Li, Y.; Qu, S.; Liu, S. Polarization-independent longitudinal multi-focusing metalens. Opt. Express 2015, 23, 29855–29866. [Google Scholar] [CrossRef]

	



Lv, H.; Lu, X.; Han, Y.; Mou, Z.; Teng, S. Multifocal metalens with a controllable intensity ratio. Opt. Lett. 2019, 44, 2518–2521. [Google Scholar] [CrossRef]

	



Tian, S.; Guo, H.; Hu, J.; Zhuang, S. Dielectric longitudinal bifocal metalens with adjustable intensity and high focusing efficiency. Opt. Express 2019, 27, 680–688. [Google Scholar] [CrossRef]

	



Chen, D.; Wang, J.; Wang, S.; Zhao, S.; Qi, Y.; Sun, X. The bifocal metalenses for independent focusing of orthogonally circularly polarized light. J. Phys. D 2020, 54, 075103. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yuan, Y.; Zeng, T.; Wang, X.; Tang, D.; Fan, F.; Wen, S. Liquid crystal bifocal lens with adjustable intensities through polarization controls. Opt. Lett. 2020, 2020 45, 5716. [Google Scholar] [CrossRef]

	



Tang, L.; Jin, R.; Cao, Y.; Li, J.; Wang, J.; Dong, Z.G. Spin-dependent dual-wavelength multiplexing metalens. Opt. Lett. 2020, 45, 5258–5261. [Google Scholar] [CrossRef]

	



Ding, J.; An, S.; Zheng, B.; Zhang, H. Multiwavelength metasurfaces based on single-layer dual-wavelength meta-atoms: Toward complete phase and amplitude modulations at two wavelengths. Adv. Opt. Mater. 2017, 5, 1700079. [Google Scholar] [CrossRef]

	



Lin, R.; Li, X. Multifocal metalens based on multi-layer Pancharatnam-Berry phase elements architecture. Opt. Lett. 2019, 44, 2819–2822. [Google Scholar] [CrossRef]

	



Groever, B.; Chen, W.T.; Capasso, F. Meta-lens doublet in the visible region. Nano Lett. 2017, 17, 4902–4907. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Li, G.; Cao, G.; Yu, F.; Zhao, Z.; Ou, K.; Chen, X.; Lu, W. High efficiency dual-wavelength achromatic metalens via cascaded dielectric metasurfaces. Opt. Mater. Express 2018, 8, 1940–1950. [Google Scholar] [CrossRef]

	



Avayu, O.; Almeida, E.; Prior, Y.; Ellenbogen, T. Composite functional metasurfaces for multispectral achromatic optics. Nat. Commun. 2017, 8, 1–7. [Google Scholar] [CrossRef]

	



Lin, D.; Holsteen, A.L.; Maguid, E.; Wetzstein, G.; Kik, P.G.; Hasman, E.; Brongersma, M.L. Photonic multitasking interleaved si nanoantenna phased array. Nano Lett. 2016, 16, 7671–7676. [Google Scholar] [CrossRef]

	



Pang, H.; Gao, H.; Deng, Q.; Yin, S.; Qiu, Q.; Du, C. Multi-focus plasmonic lens design based on Holography. Opt. Express 2013, 21, 18689–18696. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 22 01889 g001 550] 





Figure 1. (a) Schematic illustration of the designed dual-wavelength achromatic polarization-dependent bifocal metalens. Transmitted light with the wavelengths of 1000 and 1550 nm can be both focused into the same focal plane transversely. (b) Unit cell with a Silicon nanobrick patterned on the glass substrate. (c) Spatial distribution of two different unit cells. 
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Figure 2. The transmission and PCE of the unit cell 1 (a) and unit cell 2 (b) with wavelengths ranging from 0.98 µm to 1.6 µm. Transmission and PCE are highlighted with green stars for 1000 nm and black stars for 1550 nm, respectively. 
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Figure 3. (a) The required phase profiles for the general single focus metalens under the illumination of 1000 and 1550 nm. (b,c) The normalized optical intensity of the x–z plane at   y = 0   with the incident at the wavelength of 1000 nm (b) and 1550 nm (c). 
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Figure 4. Performance of the dual-wavelength achromatic metalens. (a,b) The normalized optical intensity along z-axis at   x = 0   and   y = 0   with the illumination at 1000 and 1550 nm, respectively. The inset figures represent the normalized optical intensity along the cross section at the x-z plane when   y = 0  . (c,d) The normalized optical intensity along x-axis at the focal plane. The inset figures illustrate the optical intensity at the focal plane. 






Figure 4. Performance of the dual-wavelength achromatic metalens. (a,b) The normalized optical intensity along z-axis at   x = 0   and   y = 0   with the illumination at 1000 and 1550 nm, respectively. The inset figures represent the normalized optical intensity along the cross section at the x-z plane when   y = 0  . (c,d) The normalized optical intensity along x-axis at the focal plane. The inset figures illustrate the optical intensity at the focal plane.



[image: Sensors 22 01889 g004]







[image: Sensors 22 01889 g005 550] 





Figure 5. Simulated performance of the polarization-dependent bifocal metalens. (a–c) The intensity profile of the transmitted light field in the x–z plane when RCP, LP and LCP are incident. 
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Figure 6. Performance of the dual-wavelength achromatic bifocal metalens at 1000 nm. (a–c) Simulated optical intensity of the proposed metalens with incident wavelength at the x–z plane when y is 0 for LCP, LP and RCP. (d–f) Simulated optical intensity at the x–y plane at the designed focal plane. 
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Figure 7. Performance of the dual-wavelength achromatic bifocal metalens at 1550 nm. (a–c) Simulated optical intensity of the proposed metalens with incident wavelength at the x–z plane when y equals 0 for LCP, LP and RCP. (d–f) Simulated optical intensity at the x–y plane at the designed focal plane. 
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Figure 8. Optical intensity distribution under LP light. (a) Normalized optical intensity along x-axis at the focal plane. Red and green lines stand for different distribution at 1550 and 1000 nm, respectively. (b) Normalized optical intensity along z-direction when  x  is −5 µm and  y  is 0. Red and green lines stand for different distribution at 1550 and 1000 nm, respectively. 
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