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Limitations of Refractive Lens Technology
and the Development of Metalenses
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Conventional optical lenses are widely used; however, a single lens element is generally
insufficient to correct optical aberrations effectively. As a result, modern optical systems typically
rely on multi-element lens assemblies, which inevitably lead to increased system volume and
weight. Metalenses, based on subwavelength-scale metasurface structures, employ arrays of
nanostructures to achieve precise phase modulation, offering advantages such as compactness,
lightweight design, and ease of integration. Compared with traditional Fresnel lenses, metalenses
provide pixelated yet quasi-continuous phase control, completely eliminating the shadow regions
commonly found in Fresnel lenses and thereby enabling higher optical efficiency. Nevertheless,
achieving high numerical aperture (NA), achromatic operation, and aberration correction
simultaneously with a single metalens often requires extremely steep phase gradients. According to
the Nyquist sampling theorem, high-NA designs demand tiny unit-cell sizes, particularly near the
lens periphery. Moreover, to maintain high efficiency, each Fresnel zone must be sampled with at
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least four discrete phase levels. These requirements significantly increase fabrication complexity
and lead to efficiency degradation, thus limiting practical and commercial applications. Hybrid
optical systems that combine refractive lenses and metalenses provide a practical solution by
leveraging the complementary strengths of both approaches. In such systems, the conventional
refractive lens performs the primary focusing function, while a metasurface-based corrector
(meta-corrector) is dedicated to aberration correction. This division of functionality substantially
reduces the required phase gradient, simplifies fabrication, and improves overall efficiency. Future
development will need to address fabrication cost challenges, with commercialization driven
by complementary metal-oxide—semiconductor (CMOS)-compatible processes. Hybrid optical
systems show great potential in applications such as smartphone cameras, medical instruments,
and automotive optics, and are expected to become a mainstream approach for next-generation
lightweight optical systems.
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