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Abstract
Overcoming the trade-off between a wide field of view (FOV) and compactness remains a central
challenge for integrating near-infrared (NIR) imaging into smartphones and AR glasses. Existing
refractive NIR optics cannot simultaneously support ultrawide angles above 100° and ultrathin
total track lengths (TTL) below 5 mm, fundamentally limiting their integration into portable
devices. Herein, we present a wafer-level-manufactured meta-aspheric lens (MAL) that
simultaneously achieves a 101.5° FOV, 3.39 mm TTL, and F/1.64 aperture within a compact
volume of 0.02 cm³. Unlike previous hybrid systems that rely on separate refractive and
diffractive components, the proposed MAL introduces a fully integrated architecture that provides
a compact form factor. This integration also simplifies fabrication by enabling high-throughput
production via micrometre-level precision alignment and bonding on a single wafer, which
requires only one dicing step and no additional mechanical fixtures. Furthermore, the design
process incorporates manufacturability and enables metalens dispersion modelling, ensuring that
the experimental performance matches simulation results. We validated the MAL method using
both direct and computational imaging experiments. Despite its small form factor, our scalable
MAL demonstrated strong NIR imaging performance in eye tracking, blood vessel imaging, and
computational pixel super-resolution tasks. This scalable MAL technology establishes a new
benchmark for high-performance miniaturised NIR imaging, and opens the door for next-
generation smartphones and AR optical systems.
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Introduction
The rapid evolution of smartphone

cameras and wearable AR glasses is driving
demand for compact, high-performance
imaging systems [1–6]. Near-infrared (NIR)
imaging, which is essential for autonomous
driving, medical diagnostics, and biometrics,
supports deeper tissue penetration and
improves low-light performance compared
with visible-light modules [7–11]. However,
miniaturised near-infrared optical modules
face the major challenges of simultaneously
achieving high imaging quality, an ultra-
wide field of view (FOV), extreme
compactness, and performance that exceeds
that of conventional refractive optics. Even
state-of-the-art aspherical lens stacks are
bulky and costly, and advanced aspheric
designs involve trade-offs among FOV,
aberration correction, and system
miniaturisation [12–18]. Emerging solutions
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such as metalenses and planar diffractive
optics offer thinner devices and high spatial
resolution, but suffer from off-axis
aberrations, nonuniform illumination, and
limited scalability for wafer-level production
[19–26]. Hybrid metasurface-refractive
systems have shown promise; however,
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current approaches typically rely on discrete
lens designs that require additional
mechanical support and precise post-
fabrication alignment [27–29]. This reliance
increases both the lateral dimensions and the
assembly complexity, thereby limiting the
development of lightweight, compact, and
truly mass-producible modules. Furthermore,
these discrete hybrid designs are inherently
incompatible with standard wafer-level batch
fabrication because accurately assembling
discrete diffractive and refractive optics
post-dicing is difficult and labour-intensive,
restricting their scalability for real-world
applications.
Thus, a key limitation is the absence of a

robust wafer-level process for monolithically
integrating refractive and metasurface
elements, which must ensure precise
alignment, structural stability, and
compatibility with high-throughput
manufacturing. Additionally, conventional
hybrid diffractive-refractive designs do not
account for the true dispersion characteristics
of metalenses, resulting in a mismatch
between the simulated and actual
performances, particularly for imaging
systems with a certain bandwidth.
Here, we address these challenges using a

wafer-level-manufactured MAL pipeline that
enables the monolithic integration of
aspherical refractive lenses and metalenses
on a single wafer, targeting narrowband NIR
imaging with an ultrawide FOV for mobile
applications. The MAL is realised by
introducing an active-alignment (AA) mask
method to bond the aspherical lens and
metalens structures at the wafer level,
achieving micrometre-level alignment
accuracy and leaving an engineered air gap
to maintain the integrity of the
nanostructured metasurface. This design
eliminates the need for additional
mechanical support and complex post-
fabrication alignment, compresses the
module volume by an order of magnitude,
and supports high-yield, wafer-scale mass
production. Notably, our optical design
process incorporates accurate modelling of
metalens dispersion and process integration,

and is capable of precisely calculating the
accurate phase response of the metalens
under various dimensions, such as different
wavelengths and incident angles. This design
allows the calculation of precise optical
responses across the entire design bandwidth,
enabling close agreement between the
simulation and fabrication performance and
overcoming the shortcomings of prior hybrid
lens design approaches.
This integration attains a 101.5° FOV, a

3.39 mm total track length (TTL), an F/1.64
aperture, and a compact volume of 0.02 cm³,
offering a substantial total volume reduction
over previous hybrid designs while
maintaining a modulation transfer function
(MTF) exceeding 0.31 at 50 lp/mm, thus
reaching the diffraction limit for small-pixel
NIR sensors. The MAL achieved uniform
relative illumination, over 90% central
diffraction efficiency, and a close agreement
between the optical simulations and the
fabricated results. Unlike previous discrete
designs, our approach achieved true
monolithic integration, avoided lateral
expansion, and ensured structural stability
without auxiliary bonding. Compared with
pure refractive and metalens-only systems,
the MAL balances a wide FOV, high MTF,
and ultracompact size more effectively.
Moreover, compared with the designs of
double-layer or multilayer metalenses, the
MAL we designed is an improvement over
the traditional refractive lens assembly. It
can be optimised through geometric optical
ray-tracing methods without the need for
complex diffraction calculations and avoids
the reduction in diffraction efficiency and
uneven relative illumination caused by the
introduction of multilayer metalenses.
We validated the MAL’s performance

through direct NIR imaging of eye tracking
and blood vessels, as well as computational
super-resolution experiments, which
integrate the deep learning model, a state-of-
the-art neural network for pixel super-
resolution, and highlighted the high
compatibility and practical potential of our
MAL platform for hardware-software co-
optimised NIR imaging. Together, these



advances offer a scalable wafer-level optical
solution that connects high-performance NIR
imaging with mass manufacturing, enabling

new possibilities for next-generation mobile,
AR/VR, and biomedical imaging devices.

Fig. 1. Schematic and demonstration of the MAL. a Illustration of the MAL computational imaging system,
comprising a hybrid optical module and a computational processing module. The optical module captures and
encodes the near-infrared light field via the meta-aspheric lens, whereas the computational module reconstructs high-
fidelity images through algorithmic processing. b Comparison between separated and integrated hybrid lens systems.
The integrated design eliminates auxiliary mechanical clamping and complex alignment requirements, allowing
volume compression to the cubic millimetre scale while maintaining optical performance and structural robustness. c
MAL mass-produced on an 8-inch wafer, demonstrating the scalability of the wafer-level fabrication process, through
which thousands of devices can be manufactured simultaneously. d Photograph of the fabricated MAL,
demonstrating its compact form factor, which is significantly smaller than that of a US one-dollar coin, underscoring
its suitability for integration into space-constrained mobile platforms. e Demonstration of MAL integration into AR
glasses, showing seamless deployment without compromising aesthetic design or user experience, thereby validating
its practical applicability in wearable devices. f Enlarged view of the fabricated MAL shows that the integrated
design has completely solidified the optical system that combines aspherical lenses and metalens. The entire hybrid
lens is substantially smaller than a human finger.



Results
Schematic of the integrated MAL system
A schematic diagram of the integrated

imaging system is shown in Fig. 1a. This
system combines a MAL imaging module
and a subsequent image-restoration module.
The MAL is responsible for encoding the
target light field onto the sensor, whereas the
image restoration module is designed to
refine and enhance the spatial resolution of
the acquired images. When tailored to
increase the resolution of an image produced
by the MAL imaging system automatically,
the framework can independently generate a
high-fidelity output image at 1K. In the
entire imaging pipeline, the performance of
the MAL design determines the quality of its
direct imaging, the difficulty of
computational deconvolution, and the overall
volume and structural complexity of the
imaging system. The designed MAL in this
work has a TTL as low as 3.39 mm and a
wide FOV of 101.5° within a minuscule
volume (2.564×2.39×3.35 mm3). This
advancement stems from our integrated
hybrid lens design framework, shown in Fig.
1b. Unlike conventional hybrid lens systems
assembled from discrete elements, our
integrated MAL stack achieved micrometre-
level alignment accuracy and intrinsic
structural stability without auxiliary
mounting hardware. The compact structure
of the MAL, with a direct optical element
connection, allows us to use wafer-level
manufacturing technology for hybrid lens
system batch production, facilitating low-
cost, rapid manufacturing in large quantities.
As shown in Fig. 1c, thousands of MALs can
be fabricated simultaneously on an 8-inch
wafer, enabling scalable manufacturing of
high-performance microimaging systems. To
demonstrate the ultracompact form factor of
the wafer-diced MAL, we compared our
MAL with a US one-dollar coin to visually
demonstrate the extremely compact size of

the lens, as shown in Fig. 1d. This lens has
the potential for integration into smartphones
and wearable AR glasses. As an application
example, Figure 1e shows that MAL can be
seamlessly integrated into the Even Realities
AR glasses platform without compromising
the aesthetic design or user experience. An
enlarged view of the fabricated MAL is
shown in Fig. 1f, revealing an aspherical lens
and a metalens bonded via glass. A
protective cover glass was integrated into the
module with an air gap to avoid damage to
the nanopillars on the metalens.
Our wafer-scale manufacturing process

enables high fabrication precision. To better
illustrate the fabrication process, we
fabricated a small-area wafer featuring a 6×5
device array to clearly depict the
intermediate products of wafer-level optical
manufacturing. The metalenses fabricated on
the wafer are shown in Fig. 2a. Figure 2b
shows the assembled state after the
alignment and bonding of the metalens array
wafer and the WLO aspherical lens.
Scanning electron microscopy (SEM) images
of the individually fabricated metalenses are
shown in Fig. 2c, and a partially enlarged
view is shown in Fig. 2d. Figure 2e shows a
side-view SEM image of the metallic
nanocylinders with heights close to the
designed value of 550 nm. Notably, the
result of manufacturing lateral linewidth of
the nanocylinders aligned well with the
design, as shown in Fig. 2f. For WLO
aspherical lens fabrication, we employed
techniques such as direct laser writing and
nanoimprint lithography. Figure 2g
compares the designed and measured heights
of the aspherical lens. The average absolute
error (MAE) within the radial coordinate R
ranging from 0.5 to 0.6 mm is only 280 nm.
The high-precision fabrication of aspherical
lenses further demonstrated our wafer-level
optical manufacturing capability for mass-
producing MAL.



Fig. 2. Morphology characterization of the Manufactured metalens and aspherical lens. a Small-area
fabricated wafer with 6×5 metalens arrays b Bonded MALs after wafer-level integration, captured using mobile
photography. c SEM image of an individual metalens on the wafer. d Enlarged SEM image of the metalens, showing
α-Si nanopillars with diameters ranging from 80–290 nm, arranged in a square lattice with a 400 nm period. e Side-
view SEM image of the nanopillars, with a height close to the designed value of 550 nm. f Comparison between the
metalens layout and the fabricated structure, demonstrating excellent fidelity between the designed pattern and the
manufactured nanostructures, with high accuracy across the entire aperture. g Comparison of the measured and
simulated aspherical lens profiles. The average absolute error (MAE) between the measured and designed values at R
= 0.5 - 0.6 mm is 280 nm.

Lightfield Analysis
The performance of the MAL was

analysed using ANSYS Zemax Optic Studio.
To obtain high-quality images, it is essential
to obtain high-contrast and high-resolution
images across the entire FOV, as shown in
Fig. 3a. Figure 3b shows a tangential ray
trace of the MAL at 0 °–50.75°. The
designed MTF diagrams of the sagittal and

tangential beams are shown in Fig. 3c. The
MAL demonstrated a high MTF, exceeding
0.5 at 38 lp/mm and 0.31 at 50 lp/mm under
the maximum field of view, meeting the
diffraction sampling limit for a 640×480
sensor array with 3 µm pixels. We provide
the designed MTF diagrams of the sagittal
and tangential beams at 12 angles within a



0°–50.75° FOV in Note S1 of the
Supplementary Materials.

Fig. 3. Design and results analysis of the MAL. a Schematic of the wide-FOV MAL imaging system. b Ray tracing
at different FOVs through the MAL, illustrating the optical path from object space through the integrated hybrid lens
to the sensor plane, achieving a 101.5° diagonal FOV within a 3.39 mm total track length. c Designed MTF curves
including sagittal and tangential components at different FOVs, showing diffraction-limited performance with values
exceeding 0.31 at 50 lp/mm across the entire field. d Difference between the measured and simulated MTF of the
MAL at 50 lp/mm. e Difference between the measured and simulated relative illumination of the MAL. f Full field-
of-view MTF measurement values of MAL at four random positions on the wafer. g Full field-of-view relative
illumination measurement values of MAL at four random positions on the wafer. h Point spread function (PSF) and
corresponding cross-sectional intensity distributions at five different FOVs. The PSF intensity distributions at 12
angles within the 0° − 50.75° FOV are provided in note S1 of the Supplementary Materials.


