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Fig. 1 All-Si metasurface polarizing bandpass filters on 12 inch wafers™. (a) Photography of Si metasurface; (b) macroscopic diagram

of metasurface; (c) top-view SEM image of a 3X 3 Si array; (d) SEM image of Si structure located at wafer center; (e) cross-
sectional TEM image of AA’
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Fig. 2 Metasurface for holographic near-eye display™”. (a) Unit cell of Huygens' metasurface; (b) image of metasurfaces; (c) virtual

subject focused at the distance of 2 m; (d) real and virtual objects focused at distance of 2 m
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Fig. 3 Printable Si nanocomposite metalens"”. (a) Schematic of the metalens printing process; (b) SEM image of master mold;

(c) SEM image of soft mold composed of patterned h-PDMS layer; (d) a buffer layer of PDMS; (e) image of the printed metalens

on a lens tube, and the green circle is the metalens
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Fig. 4 SEM image of silicon nitride waveguide cross section
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Fig. 5 Varifocal zoom metalens based on silicon nitride™. (a) Process flow for fabricating multiple large area metalenses in parallel

using high-throughput stepper lithography-based processing; (b) photography of metalens; SEM images of fabricated nanoposts

are shown at (¢) normal inciedence and (d) 45° incidence
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Fig. 6 TiO, metasurfaces prepared by nanoimprinting and Sol-gel method™

. (a) Photo and SEM image of Si master; (b) photo and

SEM image of TiO,soft mold; (¢) SEM image of TiO, replica and Fourier transform result of master; (d) AFM image of TiO,

and statistic results of pillar volume and height; (e) optical microscope image of TiO, microcolumn and height profiles of three
AFM images taken at the points of C, M, and S
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Fig. 7 Fabrication of printable Ti0, metasurfaces

[49]

I8 m PR G AR BB R () EREAIREAL 1,10 1519 SEM 5 (b) £ 15 ) SEM 4]
Fig. 8 TiO, metasurface with high aspect””. (a) SEM images of master and samples 1, 10, and 15; (b) SEM images of sample 15
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Fig. 9 Nanoimprinted perovskite metasurfaces”™. (a) SEM image of nanostripe; (b) SEM image of nanohole
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Fig. 10 Perovskite metasurfaces manufactured by soft lithography™. (a) Preparation process; (b) mold filling process
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Fig. 11 Precise three-dimensional generation of GQDs inside PDMS"". (a) Schematic of the dot array; (b) two-dimensional fluorescent

images obtained at different z-axis focuses, the scale bars indicate 100 pm; (c¢) three-dimensional reconstruction fluorescent

image; (d)(e) side and front views, the scale bars indicate 250 pm
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Abstract

Significance

Metasurfaces are composed of sub-wavelength electromagnetic resonator arrays, and they have attracted

great attention because of their flexibly controlled polarization, amplitude, and electromagnetic phase of light waves at the

sub-wavelength scale. At present, metasurfaces have experienced a fast-evolving development. Compared with traditional

optical components, metasurfaces have obvious advantages and may become the most critical optical components to form a

new generation of micro-optical systems, so as to provide a feasible way for miniaturizing and integrating optical systems.

Unlike traditional refractive and diffractive optical components, metasurfaces have only a sub-wavelength thickness, which

1s thinner and can meet the increasing needs of miniaturized optical systems. Although the performance of metasurfaces has

been highly extended by using various advanced design and fabrication methods, the practical application of metasurfaces is

0822003-11
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still limited by challenging large-area and high-throughput fabrication of sub-wavelength structures. All-dielectric

metasurfaces based on semiconductor materials with a high refractive index have attracted more and more attention since
they can be fabricated by using commercial complementary metal-oxide-semiconductor (CMOS) -compatible mass
manufacturing technologies.

Currently, nanoimprint lithography and deep ultraviolet lithography are widely used in CMOS-compatible mass
manufacturing technologies, and researchers attempt to use them to realize the patterned growth of nanomaterials.
However, due to the difference between materials, researchers need to develop new processes for each material. This
paper mainly introduces the fabrication process and metasurface devices of each material, so as to help researchers choose

convenient methods to fabricate metasurfaces.

Progress In this paper, the background of high-throughput and large-area metasurface fabrication is introduced at first. In
addition, compared with metal metasurfaces, all-dielectric metasurfaces have less energy loss and can be fabricated by
using commercial CMOS-compatible mass manufacturing technologies, so all-dielectric metasurfaces are regarded as an
optimal choice to achieve the large-scale application of metasurfaces devices. Furthermore, the existing challenges are
discussed. Second, the fabrication method of silicon-based large-scale metasurfaces is introduced, including deep
ultraviolet lithography and nanoimprint lithography. Relevant cases (Fig. 1 and Fig. 2) are analyzed, and the reason for
applying these methods is explained. Then silicon nitride and titanium dioxide metasurfaces are analyzed in the same way.
In addition, functional devices based on silicon nitride and titanium dioxide metasurfaces are also presented with details.
Specifically, the aspect ratio of the titanium dioxide metasurface fabricated by nanoimprint lithography is as high as 7.8
(Fig. 8) in the part of other materials, and methods of fabricating perovskite and graphene are introduced with the specific
examples (Fig. 9, Fig. 10, and Fig. 11). Finally, the limitations of these two methods are discussed. In addition, the
femtosecond laser direct writing technology is studied, which may become a new generation of lithography. Additionally,

the application and research direction of large-scale metasurfaces are predicted.

Conclusions and Prospects Although nanoimprint lithography and deep ultraviolet lithography have been used for
fabricating high-throughput and large-scale metasurfaces and have received positive results, they still have many
limitations, including the selectivity of substrate materials and complex processes. Therefore, a new method is required to
address these issues. Femtosecond laser direct writing technology has some unique advantages, including extremely small
heat-affected zone and high processing compatibility with transparent substrates. Besides, the femtosecond laser-induced
direct patterned growth technology does not have such a complex process compared with deep ultraviolet lithography.
Furthermore, processing efficiency can also be improved by adopting parallel processing strategies. For these reasons,

femtosecond laser direct writing technology may become a new generation of lithography.

Key words optical design; metasurfaces; nanofabrication; high-throughput fabrication; compatible fabrication technology
with CMOS
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