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Fig. 1 Schematic of the topics in this review
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metal, dielectric, phase change, electro-optic, liquid crystal materials
materials: e(A) & u(A); n(A) & k(A);
geometry & configuration, CST® and COMSOL multiphysics®

<~ bigdata

transmission & reflection spectra: efficiency (4); phase (1);
polarization (1); integrated resonant unit (IRU)

"' artificial intelligence

algorithm technology (particle swarm, genetic, adjoint, topology)
forward and reverse design
specifications of meta-devices; limitations of fabrications:
critical dimensions and empirical parameters of processes

1

layout of meta-devices =>EBL or mask of nano fabrications (SI
CMOS compatible) = mass production of devices
large area, high precision, gray level processing, engraving
process, etching process, deposition process, coating process

1

measurements and tests =devices applications
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Fig. 2 Process of the design, fabrication, and characterization for meta-devices
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Fig. 3 Design principles of broadband achromatic meta-lens™”. (a) Schematic of achromatic meta-lens; (b) shifted phase distribution for

broadband achromatic meta-lens at different wavelengths; (c) schematic of the Pancharatnam-Berry phase, the rotation angle ¢

of meta-atom results in a 20 phase change; (d) IRUs with various phase compensations over continuous and broad bandwidth;

(e) optical image of the broadband achromatic meta-lens in the near-infrared region; (f) corresponding zoom-in SEM image
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Fig. 4 Characteristics of the achromatic meta-lens™”. (a) Schematic of experimental setup for focusing measurement; (b) measured (top)

and simulated (bottom) light intensity profiles at different wavelengths when NA=0. 268; (¢) measured focal length at different

wavelengths; (d)(e) measured FWHM and operation efficiency at focal plane
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Table 1 Properties of direct-write lithography

Particle beam Mechanics Laser

Property . . . .

Electron-beam Focused-ion beam Probe scanning Direct writing Interference
Supreme High resolution  Milling under direct Low cost High speed

. L Vacuum chamber free
property ) . visualization
Good quality Large area Large area
Main Proximity effect Ion beam damage Poor aspect ratio Only for periodic
No batch process

challenge structures

High cost High cost

High cost
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Fig. 5 Process and SEM images of electron-beam lithography. (a) Schematic of fabrication process for bottom-up method"™”’; (b) SEM

image of the fabricated achromatic meta-lens™”; (c) schematic of fabrication process for top-down method™’; (d) SEM image of

the fabricated GaN meta-lens"”
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Fig. 6 Metasurfaces fabricated by direct-write lithography. (a) SEM image of the FIB-fabricated metasurface’™; (b) schematic of the

fabricated metasurface using LDW in print circuit board (PCB) technology™’; (c) schematic of a metasurface fabricated by

orthogonal LIL""; (d) SEM image of the anisotropic metasurface produced by LIL""
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Table 2 Properties of pattern transfer lithography

Property Plasmon

Nano-imprint Self-assembly

High yield Large area

Supreme property High throughput Mass production Low cost
h High speed
High resolution mold Uniformity

Main challenge Large area photomask

Residual imprint layer Limited patterns
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Fig. 7 Etched structure and SEM images of plasmonic lithography. (a) Schematic of the imaging reflective plasmonic lithography

structure with a silver lens'™; (b) SEM image of the corresponding Cr mask for reflective plasmonic lithography™”; (c) schematic

of plasmonic cavity lithography system consisting of a Cr mask and a Ag/PR/Ag plasmonic cavity’™”; (d) SEM image of the

corresponding Cr mask patterns'”
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Fig. 8 Metasurfaces fabricated by nano-imprint lithography. (a) SEM images of metasurfaces with nanostripe (left) and nanohole (right)

structures fabricated by thermal-NIL"™; (b) corresponding schematic of imprinting molds for nanostripes (upper) and nanoholes
(bottom) ™ (¢) (d) SEM images of thermal-NIL-fabricated metasurfaces™ ", (¢) SEM images of UV-NIL-defined
metasurface”"’; () photograph of packaged metasurface emitter constructed by UV -NIL!™”
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Fig. 9

formed with NL and RIE; (c) schematic of the main fabricating procedures for the flexible, all-dielectric metasurface!™;

Self-assembly lithography. (a) SEM image of self-assembled PS shperes for NL; (b) SEM images of Si-cylinder metasurface

]

(d) schematic of the multi-angled deposition for metasurface realization; (e) schematic and SEM images of the features under

different projection angle™; (f) schematic of the fabrication of Moiré metasurfaces by the NL technique; (g) SEM images of two

representative Moiré metasurfaces with in-plane rotation angle at ¢=12° and 0=19"""
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Table 3

Properties of hybrid patterning lithography

Property

Micro-sphere projection lithography

Hole-mask colloid &. off-normal deposition

Rapid design

Supreme property

Low cost

Large area

Large area

Tilted structure

Main challenge

Uniformity

Uniformity
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Fig. 10 Process and SEM images of hybrid patterning lithography &. photolithography. (a) Schematic of fabrication process flow for

micro-sphere projection lithography™; (b) SEM image of a non-periodic metasurface by projection lithography (left) and the

corresponding zoom-in image (right), and the scale bars are 20 pm and 5 um, respectively”™; (c) schematic of the fabrication

process for tilted nano-pillars using hole-mask colloidal lithography and off-normal deposition”™; (d) SEM images for the

fabricated samples with various tilting angles, and the scale bar is 500 nm"”; (e) fabrication procedures for meta-lens using

DUV projection lithography "*';

(f) photo and SEM image of meta-lens on glass wafer”
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Fig. 11 Metasurface-based polarization generation and imaging. (a) Schematic of metasurface for versatile polarization generation and

separation (left) and the simulated conversion efficiency for each polarization (right)™”; (b) diagram of a background-free

metasurface-based QWP (left) and full wave simulations of degree of circular polarization and the extraordinary beam intensity

(right)™; (c) left panel: SEM images of the top and side views for multispectral chiral meta-lens; right panel: captured images

from color camera of beetle (top) and one-dollar coin (bottom)™; (d) left panel: schematic of corresponding polarization state on

metapixels for the polarization camera; right panel: 3D metapixel splitting and focusing of different polarization states to

different positions™’
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Fig. 12 Meta-lens light-field imaging and sensing. (a) Left panel: light-field imaging and rendered images (top), rendered images of

rocket at different depths (middle), and estimated depth map (bottom); right panel: rendered image formed by achromatic meta-

lens array with incident white light™; (b) schematic of the depth-sensing system composed of meta-lens array”™’; (c) integral
imaging given by achromatic meta-lens array at incident white light; (d) reconstructed images with different depth planes"”;
(e) schematic of light-field imaging system with multi-dimensional edge detection™; () meta-lens for aerial photography and

landing assist system (left), experimental (upper-right) and simulated (bottom-right) imaging properties at different height*”
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Fig. 13

Application of meta-lens in the field of biomedical imaging. (a) Schematic of light-sheet fluorescence microscopy and LSFM

image for C. elegans (upper right)™”; (b) schematic of generation of AAF beam and the required phase distribution on

metasurface (bottom left); (¢) bright-field (upper left) and wide-field (upper right) images of the fluorescence-tagged mouse

cardiac slice, the corresponding fluorescence intensity profiles for the red box region (bottom)“”; (d) schematic of Moiré meta-

lens; (e) upper panel: fluorescent image of villi under uniform illumination and Hil.o processed image (right) of villi; bottom

panel: experimental and simulated focal length and measured efficiency”
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Abstract

Significance ~ Meta-devices, the conceptual expansion of metasurfaces composed of sub-wavelength artificial
nanostructures, are the advanced optical devices that have drawn much attention in recent years. Compared with
traditional bulky optical components, which can shape the electromagnetic fields via gradual phase accumulation through
propagation inside the medium, meta-devices provide new degrees of freedom for manipulating the amplitude, phase, and
polarization of the incident light at a two-dimensional flat interface. The light-matter interaction in the metasurfaces is
achieved in sub-wavelength nanostructures, which endow the metasurfaces with inherent features of compact size. Besides
their flat and compact dimension, the main distinctions between metasurfaces and their conventional counterparts are their
multifunctionality, tenability, and easy-to-integration. The above unprecedented characteristics give the metasurfaces
great potential. Versatile metasurface technologies have been proposed to fulfill the demands for various optical
applications. Meta-optics opens a new era of flat optical components.

The design procedures or design flow for meta-devices are of importance to researchers in the field of flat optics. A
general design flow facilitates the design, fabrication, and characterization of metasurfaces. By using commercial software
to calculate the fundamental parameters for nanostructures with different dimensions and configurations, e. g., dispersion
functions, phase, and efficiency, a data library for all the structure designs can be created. Metasurfaces with specified
requirements can be built efficiently based on the data library, which thus significantly reduces the design load. Following
the fabrication and characterization procedures indicated in the general design flow, one can achieve versatile designs for
metasurfaces.

One great advantage of metasurfaces is their compatibility with the semiconductor microelectronics fabrication
industry. Lithography, one of the most common nanofabrication technologies in the semiconductor industry, allows the
fabrication of metasurfaces with high throughput, fidelity, and low cost. More nanofabrication technologies have been
developed and applied to metasurface manufacturing to fulfill the growing demands and special requirements, such as laser-
interference lithography, nano-imprint lithography, and micro-sphere projection lithography. Those state-of-art fabrication
technologies contribute to academic research and real applications of metasurfaces.

Inspired by the promising features of metasurfaces, a variety of applications based on metasurfaces have been
introduced, such as beam steering, meta-hologram, polarization control and analysis, imaging, nonlinear generation,
focusing, biomedical applications, and high dimensional quantum entangle light source. Those applications further confirm
the remarkable capability of metasurfaces. Still, plenty of possible applications based on metasurfaces have not been
explored. In order to point out the possible development of metasurfaces, a summary of existing metasurface design and

fabrication methods is required.

Progress This review focus on the advances in meta-devices. The general design flow for meta-devices is introduced
(Fig. 2). An example, the continuous broadband achromatic meta-lens, is demonstrated step by step to facilitate readers’
understanding (Fig. 3). The nanofabrication technologies for optical metasurfaces are discussed. The fabrication methods
for passive metasurfaces can be generally divided into three categories: direct-write lithography (Table 1), pattern-transfer
lithography (Table 2), and hybrid patterning lithography (Table 3). Direct-write lithography is free from converging lens
and photomask damage and has high resolution. High cost and time consumption are its main problems. Pattern-transfer
lithography shows the merit of high throughput but only can produce limited patterns. Hybrid patterning lithography is
capable of making large-area patterns, but it is difficult to make uniform patterns. Meta-devices for imaging have been well
studied in recent years. The polarization generation and imaging based on metasurfaces are demonstrated. Inspired by the
natural structure of compound eyes, an array of meta-lens, a lens based on metasurfaces, is proposed to achieve light-field
imaging and detection. Meta-devices for bio-imaging are also discussed. Finally, a summary and the future prospects of

meta-devices are provided.
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Conclusions and Prospects
Their unprecedented ability to manipulate light on a sub-wavelength scale gains a lot of attention from the research
community. Benefiting from the compatibility with semiconductor microelectronics fabrication technology, versatile meta-

devices can be realized with high throughput and low cost. We believe that more advanced optical meta-devices will be

Metasurfaces and meta-devices are optical components that have emerged in recent years.

raised by the research community and bring flat optics into our daily life in the future.
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