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Abstract

:

In recent years, various solutions for augmented reality (AR) head-mounted displays have been proposed. In order to achieve the dual functions of reflective focusing on virtual images and transparency to the real world, the optical design of AR eyepieces is particularly critical. Designs based on traditional optics still face the problems of huge volume and a limited field of view. Due to their extraordinary phase control ability, portability, easy integration, and other advantages, metalenses have triggered extensive research and found many applications, including providing an innovative solution for AR eyepieces. In this work, we propose a single-layer trans-reflective RGB-achromatic metalens with a large field of view of 90°. The metalens reflects the oblique incident virtual image while maintaining balanced transparency of real-world light. Through simulation, the ability of the metalens to focus light at the wavelengths of 488 nm, 532 nm, and 633 nm with the same focal length and balanced efficiency is validated. Moreover, the metalens is polarization-insensitive to the incident light, thus allowing the elimination of the polarization modulation components, which greatly simplifies the optical structure. Our work demonstrates the great potential of metalenses for AR eyepiece applications.
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1. Introduction


Metasurfaces are ultrathin two-dimensional devices composed of subwavelength nanostructures [1,2,3]. By rationally designing the geometric parameters and arrangement of the nanostructures [4], the amplitude, phase, and polarization [5,6,7] of the incident light can be manipulated so as to realize the anomalous refraction [8], focusing [9], polarization conversion [10], and other functional modulation of beams at a compact distance. Compared with traditional optical lenses, metalenses can achieve more accurate and efficient lensing [11] for both transmitted and reflected wavefronts [12]. Therefore, the complicated phase profiles that are difficult to achieve using traditional lenses can be easily realized by using metalenses. Since metalenses have the advantages of a light weight, easy integration, compatibility with mature semiconductor processes, etc. [13], they have bright prospects for application in portable electronic devices, super-resolution microscopes, future high-performance wearable optical devices, and other applications [14].



Augmented reality (AR) is an emerging display technology that fuses computational virtual information and reality [15]. One of the most important components in AR is the optical combiner. It needs to be transparent to real-world information while being able to project virtual images to the human eyes, allowing the users to naturally experience the fusion of virtual information and reality. Based on this goal, various eyepieces have been proposed, such as free-form optics [16,17], diffractive optical elements (DOEs) [18,19], surface relief gratings (SRGs) [20,21], and holographic optics (HOEs) [22,23]. However, these solutions usually suffer from chromatic aberrations, a limited field of view (FOV), and low efficiency. In order to reduce the heterogeneity between the virtual scene and the real world, a more compact AR scheme with a wider FOV is urgently needed. Metalenses, with their compact structure and effective phase modulation function, have become one of the most ideal candidates for overcoming such problems [24].



Recently, Shi et al. [25] demonstrated a metasurface AR waveguide to enable on-chip dual-channel semi-transparent holograms. However, this cannot be imaged dynamically due to the static holographic design. In 2018, Lee et al. [26] developed a metalens to realize an ultra-wide FOV and full-color imaging with a large eyebox. However, the prototype includes three dichroic mirrors, thus increasing the complexity and weight of the system. In 2021, a metalens combining Fresnel-diffraction-based 3D computer-generated holography for a near-eye display was proposed by Wang et al. [27]; in the same year, Li et al. [28] demonstrated a virtual reality (VR) scheme based on the RGB-achromatic transmissive metalens. However, the field of views (FOVs) of these metalenses are 31° and less than 10°, respectively. In 2022, Li et al. [29] realized a large-scale meta-optics using an inverse design, and demonstrated its virtual reality (VR) performance. Nevertheless, when it is used in a see-through AR system, such a transmissive metalens also requires an additional optical combiner to merge the virtual images with the real scenes. Li et al. [30] proposed a metalens that could simultaneously function as an off-axis eyepiece and an optical combiner in an AR display, which reduced the complexity of the near-eye AR system; however, the experimental FOV was still narrow. Therefore, a better solution is needed for AR displays to further their applications.



Here, we propose a single-layer see-through trans-reflective achromatic metalens with a wide FOV of 90°, which can be used as an AR display eyepiece. By optimizing a series of center-symmetrical subwavelength meta-units, we demonstrate a three-wavelength achromatic metalens that can reflect and focus oblique incidence light. Furthermore, it maintains transparency under normal incident ambient light, realizing the AR fusion of virtual images and real scenarios. In addition, the metalens is polarization-insensitive to incident light, which requires no extra polarization elements and further simplifies the optical configuration. The final achromatic AR display can be realized only through a single metalens. By using the Maxwellian view, the severe vergence–accommodation conflict (VAC) issue that causes visual fatigue in traditional AR displays can be eliminated, and the final achievable FOV is positively correlated with the numerical aperture (NA) of the designed metalens. This metalens is designed to take into account the key display features, including FOV, chromaticity, and polarization, and its highly integrated performance demonstrates the excellent performance of metasurfaces for AR displays.




2. Design Principle


Figure 1 presents the schematic of the metalens-based AR eyepiece. It reflects the display light and naturally lets the ambient light pass through from the real world simultaneously. The parallel light emitted from the micro-projector is obliquely incident at a design angle of 45° and focused by the metalens, converging to the pupil of the human eye for imaging at the retina. In terms of the virtual image, the Maxwellian view [31] is applied to eliminate the VAC issue caused by long-time eye exposure to conventional 3D devices [32,33]. As shown in the zoomed-in image, when the eye relief is equal to the focal length of the metalens, the virtual light is directly projected on the retina, which is similar to pinhole imaging. In this way, no matter where the eye lens focuses, the virtual image can be clearly imaged at the retina, thereby relieving the VAC fatigue. In this case, the FOV of the AR eyepiece coincides with the corresponding convergence angle of the NA of the lens. Therefore, when the NA increases, the FOV increases accordingly.



To achieve reflective focusing for 45° oblique incident light, the metalens should provide a phase shift to convert the incident plane wave into a convergent wave. According to the Fresnel hyperbolic phase equation, the phase profile required for the oblique incident light at the wavelength λ can be written as


  φ   x , y ,  λ i    =   2 π    λ i         x 2  +  y 2  +  f 2    − f   +  φ d     λ i    ,     i = R , G , B  



(1)




where (x,y) are the coordinates of all nanostructures in the lens region, λi is the designed wavelength, and f is the target focal length, which should be equal to three designed wavelengths. An additional phase φd(λi) is introduced to compensate for the off-axis aberrations (the oblique incident angle is θ = 45° to the z axis):


   φ d     λ i    = −   2 π    λ i    y s i n θ ,     i = R , G , B  



(2)







It can be seen from Equations (1) and (2) that the phase profile is a function of wavelength, and the phase profile for each wavelength is no longer center-symmetrical. The phase concentric ring deviates along the incident direction, with a drastic phase change near the edge of the lens, and the phase required for different wavelengths at each sampling point varies greatly. In order to achieve an identical focal length and balanced efficiency for the three target wavelengths, an achromatic design is required to allow each sampling point on the lens to meet the target phase of the RGB simultaneously [34].



The method for designing multi-wavelength achromatic metalenses can be roughly categorized by single-layer and multi-layer schemes. Since each layer in a multi-layer scheme would increase the absorption of the device, which would result in a severe reduction in the efficiency with regard to focusing both reflective light and transmissive ambient light [35], the single-layer design was chosen in this work. The principle of achromatism achieved using a single-layer metalens involves introducing multiple complex meta-units to increase the lateral degrees of freedom to match the phase for multiple wavelengths [36].



To realize the function of trans-reflection for the AR metalens, crystalline silicon was chosen as the material platform since it has a high refractive index and relatively low absorption for visible wavelengths in the form of meta-units (Supplementary Section S1 shows its complex refractive index) [37,38,39]. Then, it was necessary to build a structural phase library with high reflectance and a wide range of phase response combinations. Figure 2a shows the 14 kinds of central symmetric building blocks employed in the meta-units to eliminate the polarization dependence. These nanostructures expand the lateral freedom of design and allow obtain a rich combination of multi-wavelength reflection phase responses, which finally leads to an achromatic and polarization-insensitive metalens. Finite-difference time-domain (FDTD) software (Lumerical, Ansys Inc., Canonsburg, PA, USA) was utilized to simulate the nanostructures by scanning the structural parameters of heights (Hs) and periods (Us) to establish a library of corresponding output reflection phases, reflectances, and transmissions at the designed wavelengths of 633 nm, 532 nm, and 488 nm. Then, a group of meta-units with optimal H and U combinations were filtered and optimized from the database by considering the factors of high reflectance, low absorption, and full 2π phase coverage. Among all the factors, high reflectance is the most critical to consider.



In order to improve the phase matching accuracy as much as possible, we compared several phase libraries under different combinations of H and U by searching for the phase and reflectance with the geometrical interval, and we found that H = 175 nm and U = 200 nm were relatively optimal for the built library. With the extensive multi-wavelength phase library, containing 14 kinds of nanostructures, the phase combinations for three wavelengths could be found, and the metalens could finally realize the reflection focusing of three wavelengths of incident light with balanced efficiency. Through the above methods, we designed a metalens with an oblique incidence angle of θ = 45°, an NA = 0.7, and an FOV = 90°. A portion of the intersection of the phase profile is shown in Figure 2b. As can be seen, the actual phase is well matched with the ideal hyperbolic phase profile, which confirms the feasibility of the proposed design.




3. Results


To validate the design, the AR metalens should have been simulated using the FDTD method; however, this method is not ideal for simulating the focusing performance of large-size metalenses. Therefore, the Kirchhoff diffraction integral method [34] was adopted to simulate the focusing performance of a metalens with a diameter of 1 mm and an NA of 0.7. In this method, the light intensity distribution near the focal plane can be simulated by extracting the reflection phase and reflectance provided by the nanostructures at each position of the metalens. To show the polarization insensitivity of the metalens, the reflection and focusing results of the metalens with incident light in linear p and s polarization were simulated, respectively. The cross-sections of the focal spot on the x-z planes of incident light in linear p and s polarization are shown in Figure 3a,b. It can be seen that for both polarizations, the three wavelengths were all focused at the theoretical focal length of f = 0.5 mm, which is in good accordance with the expected achromatic focusing performance. Figure 3c also shows the airy spot fitting of the three focal spots for each polarization, revealing that the focusing performance was similar for the two polarizations. The corresponding full width at half-maximums (FWHMs) was 456 nm, 405 nm, and 375 nm for R, G, and B, respectively, which is close to the diffraction limit for NA = 0.7. Additionally, the reflection focusing efficiencies of the three wavelengths were calculated to be 10.71%, 12.2%, and 6.31% for p polarization and 8.73%, 10.55%, and 4.18% for s polarization, respectively. The relatively low focusing efficiency of the 488 nm wavelength was mainly due to the intrinsic absorption of crystalline silicon in short wavelengths. The focusing performance at other wavelengths and the analysis of large-angle deflection for large FOVs are shown in Supplementary Sections S2 and S3, respectively.



In order to investigate the transmission of the metalens to the normal incident ambient light, we used a broadband light source to illuminate the metalens in the FDTD simulation. The corresponding transmission and absorption are shown in Figure 4a,b. The spectrum of the ambient light ranged from 400 nm to 700 nm, and the average transmission of the metalens was 29.8%. Although the absorption of the silicon material led to low transmission at short wavelengths, the overall transmission was roughly uniform. Moreover, through the distribution of the outgoing phase plane in Figure 4c, we verified that the wavefronts were flat in the far field, showing that the real-world image will not be distorted after passing through the metalens. The same conclusion was validated for the case of obliquely incident ambient light (detailed results are shown in Supplementary Table S4).




4. Discussion


We determined the reflectance of the three wavelengths tested when selecting nanostructures from the library, ensuring that the reflection focusing efficiency was as high as possible. However, due to the intrinsic absorption of short-wavelength light in silicon, the focusing efficiency is still low. Reducing the absorption and increasing the reflectance are crucial to improve the focusing performance. One possible way to solve this would be to design nonlocal metasurfaces [40] that shape the wavefront only on resonance, which could modify the optical wavefront distinctively at RGB wavelengths and yet stay transparent over the rest of the spectrum. Another approach would be to use reflective distributed Bragg reflectors (DBRs) [41] to increase the reflectance at specific wavelengths.



In the process of optimizing the focusing efficiency of the three wavelengths, we simulated and compared a variety of possible material schemes, but it turns out that these results are worse than the currently obtained values (detailed results are shown in Supplementary Table S5). Since this metalens-based AR eyepiece does not require the assistance of other optical components, such as polarizers and optical combiners, there is no other loss from other optical components and the output focusing efficiency is acceptable compared with the traditional refractive optics and waveguide schemes.



In addition to the Maxwellian view, the multifocal scheme represents another effective approach to mitigating the VAC issue in AR displays with a large eyebox [42]. Reconfigurable metalenses, which can tune their focal distance by changing their material states [43] or stretching their substrates [44], play an essential role in enhancing the user experience for metalens-based AR displays.



By utilizing advanced fabrication techniques such as nanoimprinting [26,45,46] and stepper lithography [47], large-size metalens can be fabricated, enabling a practical configuration for AR displays.



To further balance the color efficiency, the initial brightness of the three-wavelength light can be adjusted to ensure that the imaging optical power is consistent. Due to its advantages of high brightness, high efficiency, and the high contrast of displays based on micro-light-emitting diodes [17,48,49,50], the proposed metalens is expected to become widely used for these AR displays.




5. Conclusions


We propose a trans-reflection achromatic metalens that can be used as an AR eyepiece, which can achieve the fusion of virtual images and real scenarios in a single device. The metalens is transparent under normal incident light over the visible spectrum, ranging from 400 nm to 700 nm, while it has a good reflective focusing performance for RGB light. By adopting a Maxwellian view display, the designed metalens with an NA of 0.7 can achieve a large FOV of 90°. A library of center-symmetrical crystalline silicon-based nanostructures was built to construct the designed metalens. A metalens with an NA of 0.7 and the diameter of 1 mm was simulated, showing the good performance of achromatic focusing and the polarization-insensitive response of the metalens. We foresee this design as having great potential for the next-generation AR near-eye displays.
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Figure 1. Schematic diagram of the metalens-based near-eye AR display. The micro-projector is mounted on the arm of the glasses and the projected color image is reflected by the metalens to form an enlarged virtual image, while the metalens is also transparent to the real world to provide an immersive augmented reality experience. Zoomed-in image shows the beam path for the Maxwellian view AR display. After passing through the relay optics, the collimated RGB three-wavelength light is reflected and focused to the eye pupil, and then goes directly to the retina without requiring any adjustment of the eyes. The eye relief is equal to the focal length f. The FOV is equal to the convergence angle of the metalens. 
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Figure 2. (a) The schematics of 14 kinds of center-symmetrical nanostructures, with the silicon nanopillars on the silica substrate. The shapes of the nanopillars include cylinder, rectangle, cross, and so on. Our designed metalens is composed of these meta-units. Abundant multi-wavelength phase responses can be obtained by varying their in-plane geometric parameters; (b) a comparison of the ideal phase profile (black lines) and the matched phase of the metalens at the designed wavelengths of 633 nm (red dots), 532 nm (green dots), and 488 nm (blue dots). 
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Figure 3. Simulation results of a designed RGB-achromatic metalens (diameter of 1 mm, NA of 0.7, target focal length of 0.5 mm) using the Kirchhoff diffraction integral method: (a) normalized intensity distribution in the x-z plane while incident light is in linear p polarization; (b) normalized intensity distribution in the x-z plane while incident light is in linear s polarization. The white dot line marks the position of the designed focal length (z = 0.5 mm); (c) corresponding normalized intensity profile at the focal plane for the incident light in linear p polarization (solid curve) and in linear s polarization (black dot line). 
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Figure 4. Simulation: (a) transmission and (b) absorption of the designed metalens to normal incident light ranging from 400 nm to 700 nm; (c) distributions of the outgoing phase plane at several wavelengths of ambient light. The wavefronts were flat in the far field, showing that the metalens does not distort the wavefronts of ambient light. 
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