
Ultracompact multifunctional metalens visor 
for augmented reality displays
Yan Li1†, Shuyi Chen1†, Haowen Liang2*, Xiuying Ren1, Lingcong Luo2, Yuye Ling1, Shuxin Liu1, Yikai Su1* and 
Shin‑Tson Wu3*   

Introduction
Recently, virtual reality (VR) and augmented reality (AR) are revolutionizing the way we 
perceive and interact with the world [1–4]. Their widespread applications include but 
are not limited to healthcare, education, entertainment, and military training. While VR 
is immersive, AR enables users to see both the digital information and the surrounding 
real world [5]. To reduce the weight and volume of VR and AR headsets, compact optical 
elements are in urgent need.

Metasurfaces are ultra-thin planar elements that could overcome the limitations 
of refractive optics and conventional diffractive optics. They can precisely control the 
wavefront of light via subwavelength structures with high degrees of freedom. Various 
metasurface devices, such as gratings [6–9], lenses [10–12], holograms [13–19], and 
optical vortex plates [20–22], have been developed to realize versatile functionalities. 
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Metalenses, which can realize light focusing within an ultra-compact dimension, have 
opened up a wide range of applications including imaging [23–28], sensing [29] and 
spectroscopy [30, 31] and have been extensively studied [32]. Recently, the materials 
used for fabricating metalenses have been extended from metals to all-dielectric. Metal 
metalenses usually suffer from low transmission efficiency due to their strong intrinsic 
absorption in the visible region, while all-dielectric metalenses are gaining ever-increas-
ing research attention with high transparency.

With their ultra-thin formfactor, subwavelength modulation scale and high modula-
tion flexibility, metalenses have been suggested as key components in near-eye visors 
targeted for AR and VR applications. In 2018, Lee et al. [24] employed a large-area trans-
missive dielectric metasurface as an eyepiece in an AR system. Li et al. [2] designed and 
fabricated a transmissive red-green-blue-achromatic metalens, and demonstrated a 
compact VR system based on it. Wang et al. [33] proposed a 5-mm diameter metalens 
eyepiece composed of silicon nitride nanofins, and employed it in a 3D holographic near-
eye display. In 2022, Li et al. [34] demonstrated a large-scale metalens using a general 
inverse-design framework and set up a VR platform based on this meta-eyepiece. The 
abovementioned transmissive metalenses are strong contenders as ultrathin eyepieces. 
However, if such transmissive metalenses are to be used in an optically see-through 
AR system, an additional optical combiner is required to merge the virtual images with 
the real scenes. And that would add up to the complexity, weight or formfactor of the 
AR systems. Figure  1a shows the schematic diagram of a near-eye AR display system 
employing a transmissive metalens and a beam splitter combiner.

Recently, compact near-eye display schemes based on reflective metalenses have also 
been proposed. Hong et al. [35] designed a flat reflective off-axis dielectric metalens to 
replace the geometric freeform lens in a near-eye display, and Bayati et al. [36] reported 
simulation work on the design of a see-through AR visor based on composite metasur-
faces; but they only provided verification by simulation and did not build prototypes to 
experimentally evaluate the actual imaging performance. Avayu et al. [37] proposed an 
early form of see-through metalens-visor with three metallic layers, and Nikolov et al. 
[38] also demonstrated a reflective optical surface that combines the benefits of a free-
form optic and a metasurface for AR/VR displays. However, the see-through capability 

Fig. 1 Simplified schematic diagrams of near‑eye AR display systems based on (a) a traditional transmissive 
metalens and (b) a single piece see‑through reflective metalens‑visor
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and AR imaging effect of these approaches are yet to be demonstrated. Song et al. [39] 
established a see-through non-local metasurface that provides high transparency in the 
visible region; but it could only diffract reflected near-infrared (NIR) light instead of vis-
ible light, for the purpose of eye tracking; thus it could not function as an AR imaging 
visor. To the best of our knowledge, the optical see-through AR imaging effect using a 
single piece metalens-visor has not been experimentally demonstrated before.

In this paper, we propose and experimentally demonstrate an optical see-through 
reflective dielectric metalens, that is capable of reflecting and focusing off-axis visible 
light while preserving a good see-through property, for the first time. Such a metalens 
could simultaneously function as an off-axis eyepiece and an optical combiner in an 
AR display system, as shown in Fig. 1b. Hence, it can immensely reduce the complexity, 
formfactor and weight of the near-eye AR system, and thus improve the comfort and 
immersion experience for users. We have achieved a diffraction limited focal spot with a 
reasonably high efficiency at λ = 633 nm and obtained good transmission spectrum cov-
ering the range from 400 nm to 700 nm. The experimental results agree very well with 
simulation. With the proposed metalens-visor, we have implemented a proof-of-concept 
AR display system, and experimentally demonstrated color virtual images with good 
image quality augmented on the real world. We believe the development of this ultra-
thin metalens with such attractive optical properties would pave the way towards real-
izing next-generation compact displays for AR applications.

Results
Figure 2a shows the schematic illustration of the optical behavior of the proposed see-
through reflective metalens. Different from conventional metalenses, our metalens is 
optimized to achieve good focusing effect for the  45o incident light while maintaining a 
good transmission spectrum for the normal incidence. The collimated oblique incident 
light is reflected towards the normal direction while being converged by the metalens, 
which functions like an off-axis reflective lens. To realize such an optical behavior, the 
phase profile φ (x, y) of the metalens should be designed as (see Supplementary S1 and 
Fig. S1 for the detailed derivation):

where x and y are the coordinates of each unit cell, λd is the design wavelength, and f is 
the focal length. To realize such phase distribution, we designed a Pancharatnam-Berry 
(PB) phase metalens, whose unit cell structure is shown in Fig. 2b. It consists of a crys-
talline silicon (Si) nanofin on a sapphire substrate with fixed length L, width W, height H, 
and period P, but spatial-varying rotation angle θ(x, y). For a circularly polarized incident 
light, the rotation angle of each nanofin generates a phase shift φ(x, y) = 2θ(x, y), which 
is caused by the birefringence arising from the asymmetric nanofin structure [40, 41]. 
Therefore, the desired deflection and focusing effects can be achieved.

In the design and optimization of this optical see-through reflective metalens-visor, 
both reflection (for the virtual images) and transmittance (for the environmental scenes) 
conditions should be considered. First, according to Fresnel theory, to achieve high 
reflection, it is important to have high refractive index contrast at the interface. Silicon 
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is a high refractive index material, that is compatible with the process of Complemen-
tary Metal Oxide Semiconductor (CMOS) mass production and industrialization, and 
it has already been used for realizing high performance metalenses [24, 42–44]. Com-
pared to amorphous silicon, crystalline silicon has a lower absorption coefficient in the 
visible wavelengths and has been reported to be a material platform for high efficiency 
metalenses [45–47]. Second, to preserve a good see-through property, the size of the 
nanofin and the filling ratio of the unit cell are critical due to the non-negligible absorp-
tion of silicon in the visible region [46, 48], and therefore need to be subtly tuned. Third, 
to achieve high diffraction efficiency for the reflected light, it is desired that the orthog-
onal polarization components to experience similar amplitude attenuation but a phase 
retardation close to π upon reflection, according to the PB phase. Therefore, we con-
ducted systematic simulations to optimize the structure parameters using a commercial 
finite-difference time-domain (FDTD) solver (Lumerical Inc., Vancouver). We varied the 
length, width, and height of the nanofins in a meta-grating-cell with six gray levels (Fig. 
S2), trying to obtain high 1st order diffraction efficiency in reflection and balanced trans-
mission spectra for the normal incident light covering from 400 nm to 700 nm. Detailed 
optimization process is described in Supplementary S2, and the simulated results are 
shown in Fig. S3. Figure 2c shows the 1st order diffraction efficiencies of the reflected 

Fig. 2 Schematics of the metalens. (a) Schematic illustration of the optical behavior of the proposed 
see‑through reflective metalens. (b) Schematic illustration of a unit cell of the metalens, consisting of a Si 
nanofin on the sapphire substrate with fixed length L, width W, height H, and period P, but varying rotation 
angle θ according to the Pancharatnam‑Berry phase. (c) 1st order diffraction efficiencies of the reflected light, 
as the length and width of the nanofins vary while the height is fixed to be 230 nm. (d) 0th order transmission 
spectra of the meta‑grating‑cell, with the corresponding length × width of each nanofin labeled in the 
legends
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light, as the length and width of the nanofins vary while the height is kept at 230 nm. And 
Fig. 2d shows the simulated transmission spectra for three selected groups of structures. 
After balancing the reflection and transmission performance, we decided the optimized 
parameters of the metalens are P = 250 nm, L = 160 nm, W = 100 nm, and H = 230 nm.

As shown in Fig. 1b, which is the schematic illustration of an AR eyeglasses architec-
ture using the proposed metalens visor, an off-axis incident image from the microdisplay 
is reflected and converged by the metalens towards the eye pupil. Meanwhile, due to 
the see-through capability of the visor in the visible region, ambient natural light can 
directly pass through and then enter the eye. Hence, the eye can see virtual images aug-
mented on the real world through the ultra-compact single piece visor.

To validate our design, we fabricated a metalens at the design wavelength of λd = 633 nm. 
Figure 3 shows the scanning electron microscope (SEM, Zeiss Auriga) images of a fabri-
cated sample. Figure  3a shows the top-view of the central portion of the metalens, and 
Fig.  3b shows the sidewalls of the nanofins through a 45° tilted-view. From the figures, 
we find that the structure parameters of these nanofins agree well with the design values. 
Because of fabrication imperfection, the nanofins are not strictly rectangular, but with 
some rounded corners. Thanks to the large tolerance of PB phase [49], such rounded cor-
ners, however, have little influence on the performance of PB metalenses except for a slight 
efficiency variation. It should be noted that, because of our limited fabrication facility, the 
sample possesses a smaller area of 1 × 1  mm2 (4000 × 4000 units), resulting in a smaller 
numerical aperture (NA) of 0.035 (see Supplementary S3 and Fig. S5 for the detailed char-
acteristic parameter description). Here, the NA of the metalens is calculated based on the 
diagonal of the square aperture.

We first characterized the focusing performance of our reflective metalens using 
a HeNe laser beam (633 nm). At about 20-mm away from the metalens in the normal 
reflection direction, we observed the minimal focal spot on a screen, which confirms the 
realization of a focal length of approximately 20 mm. To precisely measure the focal spot 
size, we adopted the experimental setup depicted in Fig. S6, and the focal spot image 
captured by a charge-coupled device (CCD) camera is shown in Fig. 4. Figure 4a to 4c 
shows the measured symmetric focal spots of our metalens at three discrete illumination 
wavelengths, including the design wavelength of 633 nm and another two specific wave-
lengths of 532 nm and 457 nm. The corresponding cross-sections of the three focal spots 
are shown in Fig. 4d to 4f with the full width at half maximum (FWHM) labeled in the 

Fig. 3 Scanning electron micrographs of the fabricated metalens. (a) Top‑view of the central section of the 
metalens. Scale bar = 400 nm. (b) Tilted‑view (45°) of a portion of the metalens. Scale bar = 200 nm
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legends. The metalens shows slight defocusing at the illumination of blue light (Fig. 4f ) 
because the phase mask is designed for λ = 633 nm instead of 457 nm. We also simu-
lated the focusing properties based on the Rayleigh-Sommerfeld diffraction formulas in 
Matlab and obtained the cross-sections of focal spots at the three wavelengths with the 
corresponding FWHM labeled in the legends (Fig. 4d to 4f ). The focal spots of our met-
alens at the three illumination wavelengths are near diffraction limited. Although the 
metalens is designed for λ = 633 nm, it presents good focusing performance for all the 
red, green, and blue colors. Fig. S8 shows the enlarged focal spot of the fabricated met-
alens at the illumination wavelength of 633 nm, compared with the simulation results in 
FDTD. We further measured the focusing efficiencies of our fabricated metalens with a 
detector (Newport 918D-SL-OD3) placed right at the focal plane in front of the metal-
ens. Here the focusing efficiency is defined as the ratio of power of light collected by the 
detector at the focal plane to that of the circularly polarized incident light. The measured 
focusing efficiencies are 16.03%, 3.92% and 2.01% at λ = 633 nm, 532 nm, and 457 nm, 
respectively. The efficiency for red light incidence is quite competitive according to ref. 
[24], ref. [39] and ref. [50]. The relatively low efficiencies for green and blue are mainly 
attributed to the unoptimized unit cell structure for these two wavelengths, as well as 
stronger absorption of the silicon material at shorter wavelengths.

We also measured the visible transmission spectrum of the metalens using a spec-
trometer, and the light source was also set to be right-handed circularly polarized. As 
shown in Fig. 5, one could see that the metalens possesses good see-through character-
istics with a relatively high efficiency for most of the visible light. The simulation curve 
in Fig.  5 is obtained for a downsized metalens with a small aperture of 7.5 × 7.5 μm2 
(30 × 30 units) while keeping the same NA of 0.035 as the fabricated one. Overall, the 
experimental result is in good agreement with simulation, except that the dips in the 

Fig. 4 Focal spots of the fabricated metalens with NA = 0.035 at RGB illumination and comparison with 
simulation results. (a to c) Measured focal spot intensity profile at the illumination wavelengths of (a) 633 nm, 
(b) 532 nm and (c) 457 nm. (d to f) Corresponding normalized intensity profiles along the white dashed lines 
in (a to c) respectively and comparison with simulation results based on Rayleigh‑Sommerfeld diffraction. 
FWHMs of both the experimental and simulated results are labeled in the legends
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measured spectrum seem to be shallower than expected. Such a deviation might be 
attributed to the measurement errors or fabrication imperfection. For instance, although 
we attached a diaphragm aperture with a diameter of 0.8 mm to the sample, trying to 
prevent the incident light from reaching beyond the effective region (1 mm × 1 mm), 
there might still be some unwanted stray light entering outside the effective region due 
to imprecise alignment. In addition, we also carried out simulation to verify that our 
metalens barely generates transmitted wavefront distortion of a plane wave (see Supple-
mentary S5 for detailed description).

Thanks to its good see-through property and focusing performance, we employed the 
fabricated metalens-visor in a prototype of an AR display where it performs the function 
of an eyepiece and a combiner simultaneously. Figure 6 shows the experimental setup 
for realizing the AR display system. Illuminated by collimated laser light, the reflective 
spatial light modulator (SLM) generates the desired virtual image pattern for the AR dis-
play. After passing through a circular polarizer, the virtual image light is converted to 
right-handed circular polarization. Then a telescope system consisting of two positive 

Fig. 5 Transmission characterization of the fabricated metalens. Comparison of simulated and measured 
transmittance spectra of the metalens

Fig. 6 Illustration of the optical setup for the AR imaging system. LP denotes a linear polarizer and RCP 
denotes a right‑handed circular polarizer, SLM is the spatial light modulator (Jasper Q4K70) and PC is a 
personal computer. A camera is used to imitate human eye. The black dashed box indicates the telescope 
system, which is used to downsize the virtual image
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lenses (lens1: f = 400 mm; lens2: f = 50 mm) is used to reduce the beam size while main-
taining its collimated nature, so that the output light with a reduced beam size only illu-
minates the effective region of the sample. Next, careful orientation adjustment of the 
sample is performed, to assure the beam impinging on the sample with an incident angle 
of 45°. If the human eye is positioned at the focal point, it should be able to see both 
the reflected virtual image and the real-world scene. In our experiment, we used a cam-
era (CANON EOS M10 with CANON ZOOM LENS EF-M 15–45 mm) to replace the 
human eye to capture the displayed images. Here, a black card with a 1 mm × 1 mm hole 
was also affixed on the back of the sample, and strictly aligned with it, to make sure that 
the effective region is the only window that the real-world light could pass through.

Figure  7a to 7c shows the AR imaging results when the camera was focused at dif-
ferent distances. In the figures, one can see the augmentation of a virtual image “R” on 
the real-world scene that has three representative real objects, a dial, a puppet, and a 
piece of white paper with black letters “SJTU” printed on it, placed at 150 mm, 600 mm, 
and 2000 mm away from the camera, respectively. The quality of the virtual image is rea-
sonably good, except for some noise due to the diffraction effect caused by the small 
pixel size (3.74 μm) of the SLM (Jasper Q4K70) and the coherent laser light employed. 
This problem can be alleviated by optimizing the distance between the telescope system 
and the metalens-visor, and by choosing other image sources such as a laser scanning 
projector [51]. Employing a narrowband light-emitting diode (LED) light source could 
also help improve the image quality, as diffraction effect and speckle noise could be sup-
pressed due to its low coherence. The real-world scene is clearly seen with high color 
fidelity. So indeed, the proposed single-piece metalens-visor could realize the functions 
of a reflective lens and an optical combiner simultaneously. Such a metalens-visor would 
undoubtedly decrease the system complexity, weight, and formfactor of an AR display, 
which are critical for the comfortable wearing of an AR headset.

Fig. 7 Imaging results of the metalens‑visor. (a to c) Demonstration of single‑color AR imaging under 
red (633 nm) laser illumination. The images are focused at (a) 150 mm (dial), (b) 600 mm (puppet) and (c) 
2000 mm (“SJTU”), respectively. (d, e) Demonstration of multi‑color AR and (f) corresponding VR imaging 
under red (633 nm), green (532 nm) and blue (457 nm) laser illumination. The images are focused at (d) 
200 mm (puppet) and (e) 1200 mm (logo and texts), respectively. The real objects will become blurry or clear 
as the focus changes, while the virtual images are always clear due to the Maxwellian View display technique
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Moreover, because a collimated virtual-image light was employed in our experiment, 
an interesting phenomenon was observed. As shown in Fig. 7a, when the camera was 
focused at the depth of the dial (150 mm), the virtual image “R” was clearly displayed 
but the distant puppet and “SJTU” are blurred. In Fig. 7b and c, when the camera was 
focused at the depth of the puppet (600 mm) and “SJTU” (2000 mm), respectively, the 
virtual image was always clear. We observed the similar phenomenon when we used 
a black scattering screen to receive the real images employing the experimental setup 
shown in Fig. S10, and Fig. S11 shows the corresponding imaging results. We also used 
a receiving screen with graduated scale to measure the image size at different depths. As 
shown in Fig. S12, the image size decreases first and then increases. And the minimum 
image size (a point) was achieved right at the focal length of our metalens. Thus, the col-
limated image light is converged into a point by the metalens visor. If the pupil is posi-
tioned at the focal point, it would be like a pinhole imaging system, and allow the user 
to observe always-clear images on the retina regardless of eye accommodation. Such 
a display technique employed here is the Maxwellian View display technique [52] (see 
Supplementary S7 and Fig. S13 for more detailed explanation). Maxwellian-view display 
is one of the effective approaches to overcome the vergence-accommodation conflict, 
which induces 3D visual fatigue in conventional AR displays [53, 54]. Other display tech-
nologies including holographic display [55, 56], super-multi-view display [57, 58] and 
volumetric display [59, 60] can also help to alleviate this problem. Maxwellian-view dis-
play is simple to implement, but it suffers from having a small eyebox, which makes the 
virtual image easily missed out as the eye moves. Possible solutions to address this prob-
lem include employing multi-view display technique [58] or pupil duplication technique 
[61, 62] as described in the Supplementary S8 and shown in Fig. S14.

As discussed before, the reflective metalens-visor possesses good focusing character-
istics for green (532 nm) and blue (457 nm) wavelengths as well, although it is designed 
for a single wavelength of 633 nm. Thus, we further employed red, green and blue lasers 
(633 nm, 532 nm and 457 nm) as the light sources for the AR display, to perform RGB color 
imaging. Theoretically, if the metalens-visor is achromatic, we could conveniently realize 
full color imaging by strictly aligning red, green and blue beams as shown in Fig. S15. Tak-
ing the dispersive nature of our metalens-visor into consideration, which yields distinc-
tively different diffraction angles for 532 nm and 457 nm, we carefully adjusted the incident 
angles and divergence of the three beams (see Fig. S16 for experimental setup), so that the 
red (letter “R”), green (letter “G”) and blue (letter “B”) virtual images can be captured by 
the camera simultaneously. Figure 7d and e, shows the multi-color AR images at differ-
ent focusing distances, and Fig. 7f shows the corresponding VR image for the same virtual 
content. Similarly, one can see in Fig. 7d and e, the virtual images are always clear as the 
camera’s focus distance varies. The bright spot in the figure is the light reflected from the 
puppet’s smooth surface when the real-world background is illuminated with a desk lamp. 
Here, the virtual image quality is improved because diffraction is suppressed by replacing 
the pixelated SLM with 3 patterned masks to generate red, green, and blue images. The 
feature size of the patterned masks is 8 mm × 5 mm. And they are commercial photomasks 
made of polyester materials by laser drilling.
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Here, because of the polarization dependency of the PB metalens, an additional circu-
lar polarizer (a linear polarizer + a quarter-wave plate) is required to generate a circu-
larly polarized incidence light from our linearly polarized laser beam. But the addition of 
such an ultrathin circular polarizer would barely increase the energy loss, weight, or cost 
of the system.

In Fig. 7, the transmitted real-world scene perseveres quite good color characteristics 
except for being a little bit more greenish than the actual scene. The greenish color is due 
to the relatively high transmittance of the metalens in the green band than those in the 
red and blue bands, as shown in Fig. 5. To improve color fidelity, the transmission spec-
trum of the metalens could be further optimized to achieve a more balanced transmit-
tance for the RGB bands.

Discussion
It is evident from the experiment that the virtual images can be augmented on the real-
world scene by a single-piece metalens-visor. At the current stage, because the fabri-
cated metalens possesses a small NA, the AR display prototype has a limited field of 
view (FOV). The calculation of FOV is presented in the Supplementary S3 and shown 
in Fig. S5. To achieve a large field of view (FOV) in an AR display, high NA is required 
for the metalens. For instance, to realize a 93° diagonal FOV (74° horizontally and 74° 
vertically), the NA of the metalens needs to be 0.73. Thus, for a metalens with a focal 
length of 15 mm, which provides a reasonably large eye clearance, its aperture should be 
22.5 × 22.5  mm2. We also simulate such a metalens with large NA (0.73). In the simula-
tion, we downsized the area of the target metalens to 7.5 × 7.5 μm2 (30 × 30 units) and 
its focal length to 5 μm, so that the NA and focusing performance of the metalens could 
be kept the same. Figure  8a shows the simulated normalized light intensity profile at 
the focal plane (z = 5 μm) of the metalens and Fig. 8b shows the corresponding normal-
ized intensity profile along the red dashed lines in Fig. 8a. The FWHM of the focal spot 
is ~ 492 nm, which is relatively close to the diffraction limit. Figure 8c and d shows the 
normalized intensity distribution in the x-z plane and y-z plane, respectively. One can 
see that indeed the focal point is located approximately at z = 5 μm, which is consistent 
with the theoretical value. Furthermore, the depth of focus is about 2 μm; the focusing 
efficiency reaches 16.7%, which is higher than previous reported metallic and poly-
crystalline silicon-based strategies [23, 24]. This reflective metalens demonstrates good 
focusing properties for the oblique incident light, maintaining good see-through charac-
teristics in the visible band at the same time. With advanced fabrication methods such as 
nanoimprint [24] and stepper lithography [63], it is possible to fabricate metalenses with 
a larger area and NA, enabling a larger FOV in AR displays.

Despite the dispersion characteristics, we also successfully demonstrated red, green, 
and blue color imaging using the metalens-visor, while being able to see through the real 
world without obvious distortion or color infidelity. Although the chromatic aberration 
has always been an inherent limitation of metasurfaces, it can be corrected through mul-
tiple methods, such as compound achromatic metalens with multilayer structure [23, 
37], compensation by refractive optics [64], separate engineering of phase, group-delay 
and group-delay-dispersion [28, 65] or other techniques based on coupled resonances 
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to tailor phase profiles at discrete [24, 25, 34, 49] or broadband [66, 67] wavelengths. 
In addition, the diffraction efficiencies of green and blue light are currently lower than 
that of red. To balance RGB color brightness, possible solutions include using a more 
transparent dielectric material to reduce the absorption at the short wavelengths, or pre-
adjusting the RGB brightness of the micro-display. All these techniques can be extended 
to our proposed device so as to carry out the design of achromatic metalens-visors in the 
near future.

Conclusions
We have proposed and demonstrated an optical see-through reflective metalens for AR 
display. It reflects  45o incident red light into a focusing point, while maintaining good 
transparency for white light from the other side. The crystalline silicon nanofins ensure 
high reflectance at the interface, and the structure of the PB phase metalens is optimized 
for balancing the reflective focusing efficiency and transmittance spectrum. The fabri-
cated metalens achieves a focusing efficiency of 16.03% and a diffraction limited FWHM 
spot of 11.49 μm at λ = 633 nm, and good transmission property for the normal-incident 
visible light covering from 400 nm to 700 nm. We further employed the metalens in an 
AR display system to carry out the imaging experiments of virtual images augmented 

Fig. 8 Simulation results of a designed metalens with NA = 0.73 at the illumination wavelength of 633 nm. 
The area of this metalens is 7.5 × 7.5 μm2 (30 × 30 units), and the focal length is 5 μm. (a) Normalized intensity 
profile of the metalens at the focal plane (z = 5 μm). (b) Corresponding normalized intensity profile along the 
red dashed line in (a). Normalized intensity distribution in the x‑z plane (c) and y‑z plane (d). The metalens is 
designed at λd and the focal length of the metalens is designed to be 5 μm
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on the real world. Compared to the traditional transmissive or reflective metalenses, 
our ultracompact multifunctional metalens visor makes the additional optical combiner 
needless and greatly reduces the complexity, formfactor, and weight of the near-eye AR 
display system. Such a metalens-visor design with the unprecedented optical charac-
teristics would enable more versatile functionalities, and broaden the boundary of the 
application of metalenses in more interdisciplinary areas.

Methods
The metalens designed with a diameter of 1 mm and a focal length of 20 mm was fabri-
cated on a crystalline silicon-on-sapphire (SOS) wafer with 230 (± 10) nm thick c-Si on 
460 (± 20) μm thick sapphire. The pattern is defined in high resolution negative resist 
(Hydrogen silsesquioxane, HSQ, 100 nm thick film, Dow Corning) by electron beam 
lithography (Raith Vistec EBPG- 5000plusES) written at 100 keV. The development is 
performed in tetramethylammonium hydroxide, and the patterned sample is etched in 
an Inductively Coupled Plasma tool (ICP, Oxford Instruments PlasmaPro 100ICP180) 
with HBr chemistry, which has been optimized for vertical, smooth sidewalls and a high 
aspect ratio of the nanofins. Finally, the redundant HSQ is removed by hydrogen fluo-
ride acid. The schematic of the fabrication flow is shown in Fig. 9.

Abbreviations
VR  Virtual reality
AR  Augmented reality
PB  Pancharatnam‑Berry
Si  Silicon
CMOS  Complementary Metal Oxide Semiconductor
FDTD  Finite‑difference time‑domain
NA  Numerical aperture
CCD  Charge‑coupled device
SLM  Spatial light modulator
LED  Light emitting diode
FOV  Field of view
LP  Linear polarizer
RCP  Right‑handed circular polarizer
SEM  Scanning electron microscope
SOS  Silicon‑on‑sapphire
HSQ  Hydrogen silsesquioxane
EBL  Electron beam lithography
ICP  Inductively coupled plasma
PML  Perfectly Matched Layer
PEC  Perfect Electrical Conductor

Fig. 9 Fabrication flow of the metalens‑visor
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Additional file 1 S1. Phase profile calculation. Fig. S1. Schematic of the off‑axis reflection. S2. Parameter optimization. 
Fig. S2. Six‑gray‑level meta‑grating‑cell for simulation. The rotation angles of the nanofins range from 0 degrees to 
150 degrees with a step of 30 degrees. (a) Top‑view and (b) stereo‑view of the meta‑grating‑cell. Fig. S3. Param‑
eter optimization. The 1st order diffraction efficiencies of the reflected light (left), as the length and width of the 
nanofins vary while the height is fixed to be (a) 150 nm, (b) 170 nm, (c) 190 nm, (d) 200 nm, (e) 230 nm and (f ) 250 nm, 
respectively, and the 0th order transmission spectra (right) of the meta‑grating‑cell, with the corresponding length 
× width of each nanofin and the 1st diffraction efficiency labeled in the legends. Fig. S4. Effects of nanofin period 
on the optical performance of the metalens. (a) Focusing efficiency of the metalens with different periods. (b) 0th 
order transmission spectra of the metalens with different periods in the visible light region. S3. Parameter definition. 
Fig. S5. Schematic for critical parameters in the AR near‑eye display system based on the reflective metalens. S4. 
Focusing experiments. Fig. S6. Optical setup for focusing experiments. Fig. S7. Schematic of the simulation setup for 
the downsized metalens with a NA of 0.035 in FDTD. Fig. S8. Focal spots of the fabricated metalens at the illumina‑
tion wavelength of 633 nm. The area of the simulated metalens is 7.5 × 7.5 μm2 (30 × 30 units), and the focal length is 
150 μm, while the actual fabricated sample for experiment has an area of 1 × 1  mm2 (4000 × 4000 units) and a focal 
length of 20 mm. (a) Measured intensity profile of the fabricated metalens at the focal plane (z = 20 mm). Scale bar, 
20 μm. (b) Simulated intensity profile of the metalens at the focal plane (z = 150 μm). (c) Corresponding normal‑
ized intensity profiles along the dashed lines in (a) and (b) respectively. The FWHM is 11.34 μm for simulation and 
11.49 μm for experiment. S5. Transmitted wavefront analysis. Fig. S9. Phase distribution of waves under the illumina‑
tion wavelengths of (a) 442 nm, (b) 560 nm and (c) 646 nm, respectively, when y = 0. The dashed black line marks the 
position of the metalens‑visor. The part below the dashed line shows the phase distribution of the normal incident 
plane wave, and the part above it shows that of the transmitted wave. S6. Monochromatic imaging experiments. 
Fig. S10. Optical setup for imaging experiments using a receiving screen. Fig. S11. Imaging results of the metalens 
using the receiving screen. The imaging depths (distances between the receiving screen and the metalens) are (a) 
130 mm (dial), (b) 260 mm (puppet) and (c) 400 mm (rod labeled “R”), respectively. The virtual images are legible at 
all depths. Fig. S12. Sizes of images on the receiving screen. The distances between the receiving screen and the 
metalens are (a) 20 mm, (b) 92 mm, (c) 170 mm and (d) 250 mm. S7. Maxwellian‑view display. Fig. S13. Schematic 
of the Maxwellian‑view display. S8. Eyebox enlargement techniques. Fig. S14. Eyebox enlargement techniques. (a) 
Multiple viewpoints and (b) pupil duplication to enlarge the eyebox. S9. Optical setup for color imaging. Fig. S15. 
Optical setup for “RGB” imaging experiment with an ideal achromatic metalens. Fig. S16. Optical setup for “RGB” imag‑
ing experiment with the fabricated metalens. The incident angles of RGB wavelengths are about 0°, 6.48° and 11.34°, 
respectively.
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