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SUMMARY

As technology advances, electrical devices such as smartphones have become
more and more compact, leading to a demand for the continuous miniaturization
of optical components. Metalenses, ultrathin flat optical elements composed of
metasurfaces consisting of arrays of subwavelength optical antennas, provide a
method of meeting those requirements. Moreover, metalenses have many other
distinctive advantages including aberration correction, active tunability, and
semi-transparency, compared to their conventional refractive and diffractive
counterparts. Therefore, over the last decade, great effort has been focused
on developing metalenses to investigate and broaden the capabilities of metal-
enses for integration into future applications. Here, we discuss recent progress
on metalenses including their basic design principles and notable characteristics
such as aberration correction, tunability, and multifunctionality.

INTRODUCTION

Optical lenses are critical components in scientific technologies such as microscopy, display, and optical

lithography. Conventional refractive lenses composed of transparent convex or concave materials are

widely used but are bulky and limit the miniaturization of optical components. Moreover, complex and

time-consuming three-dimensional (3D) surface machining is required to make aspherical refractive lenses

for spherical aberration correction. Diffractive lenses with a sawtooth profile provide an alternative way to

realize thin and compact lensing, but the focusing capability is inherently limited by the shadowing effect;

diffractive lenses are available for low numerical aperture (NA) only (Lu et al., 2010; Banerji et al., 2019).

As an alternative, metasurfaces, two-dimensional arrays of subwavelength antennas (Yu and Capasso,

2014; Jeong et al., 2020), can be utilized as ultrathin optical devices. When light interacts with a metasur-

face, the transmitted and reflected waves can be arbitrarily modulated by engineering the physical shape of

antennas (Yu et al., 2011). Many applications of metasurfaces have been demonstrated, including ultrathin

lenses, holograms, and optical cloaks (Kim et al., 2018; Yoon et al., 2018, Yoon et al., 2019a, Yoon et al.,

2019b; Rho, 2020; Lee et al., 2020b; Ren et al., 2020). Metalenses provide an opportunity to realize high-

end ultrathin lenses without the limitations of the shadowing effect. Therefore, much effort has been

devoted to developing metalenses.

In this review, we discuss recent progress on metalenses, including the working principles, material depen-

dence, and fabrication methods. We will also discuss aberration correction and tunability, which are two

distinct advantages of metalenses compared to conventional diffractive lenses. Finally, we will introduce

the state-of-the-art applications of metalenses.
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METALENS DESIGN

The basic goal of optical lens is to focus incident light at a target point. Metalenses are flat; each subwa-

velength-scale meta-atom on the metasurface acts as an antenna or a waveguide for a phase shift (Wang

et al., 2017a). The points at a position (x, y) on a metalens require a different phase delay, as they are at

different distances from the focal point. The spatial phase profile f(x,y) must follow the following equation:

fðx; yÞ = 2p

l

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2 + f 2

p
� f

�
(Equation 1)

where l is the wavelength and f is the focal length.
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Figure 1. Scanning Electron Micrograph of Metalenses Classified by Phase Modulation Types

(A) Plasmonic resonant type metalens that compensates for phase by using controlled aspect ratio and two resonant

wavelengths of gold nanorods. Reprinted with permission from (Wang et al., 2017b). Copyright 2017, Springer Nature.

(B) Geometric phase type of metalens in which phase shift is achieved by rotation of silicon nanofins by systematically

increasing angles. Reprinted with permission from (Khorasaninejad et al., 2016a). Copyright 2016, American Chemical

Society.

(C) Propagation phase type metalens in which the effective index is adjusted to reach the required phase profile by

modifying the diameters of TiO2 nanopillar according to the position. Reprinted with permission from (Khorasaninejad

et al., 2016b). Copyright 2016, American Chemical Society.

ll
OPEN ACCESS

iScience
Review
Phase can bemodulated by resonant effect, non-resonant effect, or by combination of both. Resonant stra-

tegies (Figure 1A) exploit excitations in response to incident radiation (Genevet et al., 2017; Wang et al.,

2017b). These tuning effects include Mie resonance, Fabry-Pérot resonance (Anzan-Uz-Zaman et al.,

2020), plasmonic resonance, and extended resonance in high-contrast arrays (Arbabi et al., 2015b). Reso-

nant type metalenses operate in narrow bandwidth but benefit from high reproducibility and productivity

due to their smaller aspect ratio than non-resonant types.

The non-resonant type metalenses exploit the modulation of geometric or propagation phase (Chen et al.,

2020c). The former, also known as Pancharatnam-Berry (PB) phase, uses anisotropic nanofins that operate

as a half-wave plate (Figure 1B) (Piccirillo et al., 2017; Yang et al., 2017; Khorasaninejad et al., 2016a). The

nanofins in every uniform structural unit cell operate as subwavelength scatterers, so the wavefront is re-

shaped depending on the rotation of the meta-atom and the direction of polarization of the incident light

because of the birefringent retardation effect (Yu and Capasso, 2014). The azimuthal rotation of meta-

atoms to a certain angle q contributes an amount of phase shift as follows:

fðx; yÞ = G2qðx; yÞ (Equation 2)

The sign is determined by the direction of the circular polarization of the incident wave. The latter method is

achieved by manipulating the diameter and height of the nanopillars and the lattice periodicity to adjust

the effective refractive index of the unit cell (Figure 1C) (Bayati et al., 2019; Khorasaninejad et al., 2016b).

In general cases, meta-atoms of propagation phase type are polarization insensitive and have a broader

band of operating wavelengths than resonant metalenses (Zhan et al., 2016; Liang et al., 2019; Mahmood

et al., 2018), but polarization-sensitive non-resonant type metalenses have been designed by combining

both the geometric and the propagation phase methods (Yan et al., 2019; Rubin et al., 2019; Zhou et al.,

2019).

The building materials of metalenses are selected according to their physical properties and the desired

operating wavelength. Ideal materials for metalenses have a high refractive index and low absorption co-

efficient. Plasmonic materials have been widely used for metalenses in early research (Ni et al., 2013), but

performance is hindered by high optical losses which prevent the efficiency from reaching over 25% (Chen

et al., 2018a), so the focus has changed toward all-dielectric metalenses which can be designed to have the

efficiency close to 90% (Genevet et al., 2017; West et al., 2014; Khorasaninejad et al., 2016b). In fact, high

efficient metasurfaces which utilize all-metal or metal-dielectric-metal integrated structures have been

developed as optical applications (Xie et al., 2019; Zheng et al., 2015); we can look on the bright possibility

of improvement on plasmonic metalens. Recently, the mainstream of material choice is still dielectric, but

improving efficiency of metalens by adopting complementary structure with both metallic and dielectric

materials is also reported (Li et al., 2020a) because plasmonic metallic materials have advantages from
2 iScience 23, 101877, December 18, 2020
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the view point of lower aspect ratio and high producibility in fabrication compared with the dielectric ma-

terial (Liang et al., 2019)

Both refractive index and absorption coefficient vary with wavelength, so the most suitable dielectric ma-

terial is determined by the wavelength range in which the lens is to be used (Liang et al., 2019). For example,

germanium (Ge) and silicon (Si) are suitable for use in the infrared band (Wang et al., 2019, 2020a), titanium

dioxide (TiO2) and gallium nitride (GaN) are suitable for the visible band (Khorasaninejad et al., 2017a;

Huang et al., 2020), and hafnium oxide (HfO2) and aluminum nitride (AlN) are suitable for the UV band

(Zhang et al., 2020a; Guo et al., 2018).

Development of large-area fabrication and mass production methods are key requirements to enable the

practical use of metalenses as a replacement for conventional refractive lenses. Conventional methods

such as electron beam lithography (EBL) and focused ion beam (FIB) milling have been widely used for met-

alens fabrication (Chen et al., 2019d; Verslegers et al., 2009), but they are time-consuming processes.

Therefore, several alternative techniques have been developed. For example, the use of an electron

beam resist has been used to simplify the lithography steps and reduce production time (Andrén et al.,

2020), stepper projection by photolithography and deep UV (DUV) photolithography has enabled the rapid

production of large-scale metalenses (She et al., 2018a; Park et al., 2019), and single-step UV nanoimprint

lithography using a high-index nanocomposite has been demonstrated to allow rapid fabrication of high-

efficiency metalenses with a single step of nanoimprinting without any secondary operations such as thin-

film deposition or etching (Yoon et al., 2020).

Metalenses allow for the development of compact, efficient, and multifunctional optical systems or devices

(Lu and Liu, 2012; Khorasaninejad and Capasso, 2017). Metalenses exploit metasurface optics and are

therefore lighter, thinner, and more compact than refractive lenses. Consequently, metalenses have the

potential to replace conventional optical components in integrated or microscale optics (Tseng et al.,

2018). High-NA metalenses have been achieved by controlling various degrees of freedom (Liu et al.,

2018a; Decker et al., 2019; Khorasaninejad et al., 2016c, 2017b). Structural and material optimization can

yield metalenses that have near-unity NA (Kang et al., 2020; Kotlyar et al., 2019; Paniagua-Domı́nguez

et al., 2018; Fan et al., 2018) or even NA > 1 (Liang et al., 2018; Huang et al., 2019); these overcome the

limited NA of conventional diffractive lenses (Arbabi et al., 2015a; Engelberg and Levy, 2020; Meem

et al., 2020). For example, metalenses with an ultra-high NA have been achieved using crystalline silicon

nanostructures on sapphire substrates (Liang et al., 2018). The lenses have an NA = 0.98 in air and NA =

1.48 when operated in an immersion liquid. Efficient and high-NA metalenses can help to achieve diffrac-

tion-limited focusing and high-resolution imaging. Moreover, metalenses that have properties or functions

that change under certain conditions have been reported (Mansouree et al., 2020; Shirmanesh et al., 2020;

Xu et al., 2020). These multifunctional characteristics suggest the possibility that metalenses can be used in

imaging, spectroscopy, 3D depth vision, and augmented reality.
ABERRATION CORRECTION

Correction of aberration is an important challenge in the design of optical lenses. Aberration makes light

spread across a region of space rather than concentrate on a specific focal point and can be both mono-

chromatic and achromatic. Compared to conventional refractive or diffractive lenses (Lalanne et al., 1999;

Khorasaninejad et al., 2015; Lin et al., 2014), the physical working principles of metalenses are more diverse,

so they present additional ways to rectify unwanted aberration. Metalenses even offer a way to solve both

monochromatic and achromatic focusing problems simultaneously (Kim et al., 2020c; Arbabi et al., 2016a).

To prevent monochrome light from spreading around the point of focus, monochromatic aberration must

be removed. This form of aberration has five causes: spherical aberration, coma, astigmatism, curvature of

field, and distortion. A hyperbolic phase profile (Equation 1) removes spherical aberration at normal inci-

dence. However, off-axis aberration enlarges as the incident angle increases; therefore, correction of ab-

erration impedes development of high-NA lenses, which need a large field of view (FOV). Superposition of

a sinusoidal phase profile on a hyperboloidal phase distribution can correct aberration under off-axis inci-

dence (Kalvach and Szabó, 2016). Multilayer or doublet-structured metalenses also reduce monochromatic

aberration correction under oblique incidence. An optical system that contains flat lens and curved apla-

natic metasurface patterned with nano-resonators eliminates coma and spherical aberration (Figure 2A)

(Aieta et al., 2013). A doublet metalens in which one side of the metasurface works as an aperture lens
iScience 23, 101877, December 18, 2020 3



Figure 2. Aberration Corrected Metalenses

(A) Ray tracing plot for coma and spherical aberration-corrected optical system that uses metasurfaces. Reprinted with permission from (Aieta et al., 2013).

Copyright 2013, The Optical Society.

(B) Monochromatic doublet metalens that eliminates spherical aberration. Reprinted with permission from (Groever et al., 2017). Copyright 2017, American

Chemical Society.

(C) Schematic view of focusing mechanism against time delay depending on wavelength. Reprinted with permission from (Presutti and Monticone, 2020).

Copyright 2020, The Optical Society.

(D) Plot of scattering efficiency for one unit cell that shows peaks due to resonant and coupling effects between two dielectric resonators. Reprinted with

permission from (Aieta et al., 2015). Copyright 2015, The American Association for the Advancement of Science.

(E) Multilayer metasurfaces for focusing multiple target wavelengths without chromatic aberration. Reprinted with permission from (Zhou et al., 2018).

Copyright 2018, American Chemical Society.
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and the other as a focusing lens has been shown to eliminate spherical aberration at l = 532 nm (Figure 2B)

(Groever et al., 2017). Correction of monochromatic aberration in metalenses must also improve focusing

efficiency and maintain high NA (Aieta et al., 2012). Therefore, numerical or topological optimization has

been used to increase the efficiency and correct multiple monochromatic aberration (Lin et al., 2018; Aieta

et al., 2013; Arbabi et al., 2016b).

Correction of achromatic aberration is necessary for lenses that are intended to operate over a range of

wavelengths. Critical physical properties such as transmittance, reflectance, and absorption rely on the

wavelength of incident radiation. If the incident beam contains several wavelengths or a wide band of wave-

lengths, the tuning phase becomes cumbersome. To obtain achromatic aberration correction, the time to

reach the focal point must be the same for all wavelengths (Figure 2C) (Presutti and Monticone, 2020). The

frequency-dependent phase profile can be represented using a Taylor expansion as follows:

fðr ; uÞ = fðr ; utÞ+ vfðr ; uÞ
vu

����
u=ut

ðu�utÞ+ v2fðr ; uÞ
2vu2

�����
u=ut

ðu� utÞ2 +. (Equation 3)

where f(r,u) is the phase at radial coordinate r with frequency u and ut is the target frequency (Liang et al.,

2019). The first term indicates the relative phase, which is affected by position and target frequency; the

higher-order terms vary as the wavelength departs from the target wavelength. The second term repre-

sents the group delay; to prevent achromatic aberration, it must be independent of wavelength (Wang

et al., 2017b). In that case, the group delay dispersion (third term) becomes imperceptible (Capasso,

2018). Unfortunately, at oblique incidence, additional phase compensation must be applied to control

the off-axis dispersion in the polychromatic case (Dou et al., 2020). The amount of phase that must be
4 iScience 23, 101877, December 18, 2020
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compensated for increases exponentially with distance away from the center. Therefore, the fabrication of

a large-area achromatic metalens is a difficult task. As a response, inverse design methods have been ex-

ploited to achieve both large-scale and broad operating wavelengths (Lin et al., 2018).

Dispersive phase compensation can be achieved in several ways. Diverse methods to accomplish single-

layer achromatic metalenses have been reported. Selecting the design of meta-atoms depends on a

phase modulating mechanism which affects the phase and phase dispersion at each position (Shrestha

et al., 2018; Chen et al., 2019d). Applying spatial multiplexing (Lin et al., 2016; Li et al., 2017; Arbabi et al.,

2016c), cascading (McClung et al., 2020), or catenary (Pu et al., 2015; Zhang et al., 2020b), metasurfaces

are widely used methods for achromatic focusing, and combining computational imaging with flat optics

(Colburn et al., 2018) is also adopted for broadband phase modulating. Several metalenses that exploit

resonance on dielectric (Aieta et al., 2015; Arbabi et al., 2017; Chen et al., 2018a, 2018c; Wang et al.,

2018) or plasmonic (Hu et al., 2016; Wang et al., 2017a; Hsiao et al., 2018) meta-atoms have been demon-

strated. One example using dielectric resonators shows that chromatic aberration of metalens can be

suppressed (Figure 2D); two asymmetrically designed building blocks introduce a broad resonance spec-

trum that eliminates the chromatic aberration (Aieta et al., 2015). Combining two or more phase modu-

lating methods can also be utilized to make polarization-insensitive broadband achromatic metalens

(Chen et al., 2019d).

Multi-layer stacked metalenses can eliminate chromatic aberration. In multilayer metalenses, composed of

amorphous silicon meta-atoms embedded in polydimethylsiloxane (PDMS), the operating wavelength

range has been shown to broaden with an increase in the number of stacked layers (Figure 2E) (Zhou

et al., 2018). A three-layer lens using disk-shaped metallic antennas to exploit localized surface plasmonic

resonances of three different metallic components and achieve polarization-independent focusing in a

broad range of visible light has also been demonstrated (Avayu et al., 2017). Because the thickness of

each layer is tens of or hundreds of nanometer scale, the total thickness is only a few micrometers which

means that multi-layer metalenses can be designed as ultrathin optical components.
TUNABLE FOCUSING

Tunability is a noteworthy feature ofmetalenses. In fact, designing tunable and reconfigurablemetasurfaces

has attracted great attention in flat optics, and various research studies have been reported (Kim et al., 2021;

Nemati et al., 2018; Yu et al., 2018). The key point of tunablemetalenses is that themeta-atoms thatmake up

two-dimensional metasurfaces can be tuned under certain external stimuli to have a great potential to

achieve dynamically configurable phase shift (Lee et al., 2020a; He et al., 2019). Several approaches to fabri-

cate tunable or reconfigurablemetalenses have beendemonstrated.We classify the tunablemetalenses ac-

cording to three dominant modulating mechanisms, as (1) thermally, (2) electrically, and (3) mechanically

tunable metalenses.

Thermal modulation of metalenses exploits the response to temperature by altering the complex refractive

index, which affects the phase shift and its phase distribution (Iyer et al., 2018). One thermally tunable met-

alens (Afridi et al., 2018) using a spiral gold heater to mediate an increase in temperature has demonstrated

(Figure 3A); the refractive index varies depending on the thermal coefficient dn/dT as the temperature

changes (Berto et al., 2019). This kind of tunable metalens, which uses both electrically and thermally medi-

ated phenomena, is classified as electro-thermo-optical systems.

Phase changematerials have been used to construct optical devices that are thermally tunable in the visible or

IR spectrum. Stimuli that induce the phase changes can include optical excitation and electrical current pulses,

in addition to temperature change (Bai et al., 2019). One example is a phase-changedmaterial-based writable

device that is stimulatedbyoptical excitation (Wanget al., 2016). Good thermal stability and speedof response

to temperature have become key challenges in development of thermally tunable metalenses. Some phase

change materials like GeSbTe (GST) and vanadium oxide (VO2) have rapid switching speed and high stability,

so they have been evaluated for use in these lenses (Loke et al., 2012; Bai et al., 2019). In bifocalmetalenses, the

focal distance increases when the phase of GST changes from amorphous to crystalline (Yin et al., 2017) as a

result of a difference in the plasmonic resonances of the two phases (Figure 3B). A duplex focusing metalens

using VO2 has been demonstrated as a transmission lens at room temperature due to its insulating property

but switches into a reflective lens at 355 K, at which the VO2 becomes metallic (Xu et al., 2020).
iScience 23, 101877, December 18, 2020 5



Figure 3. Tunable Metalenses

(A) Electro-thermo-optics-based varifocal metalens which is integrated with a gold spiral heater. Reprinted with permission from (Afridi et al., 2018).

Copyright 2018, American Chemical Society.

(B) Comparison of rotation angle and focusing profile of a bifocal cylindrical plasmonic metalens. Its focal point depends on the states of the phase change

material, GST. Reprinted with permission from (Yin et al., 2017). Copyright 2017, Springer Nature.

(C) Side views of electrically tuning metalens integrated with a liquid crystal (LC) layer which changes the polarization direction of the incident beam.

Reprinted with permission from (Fan et al., 2020a). Copyright 2020, The Optical Society.

(D) Schematic view of electrically tuning metalens which controls strain field by applying electrical bias to artificial muscles. Reprinted with permission from

(She et al., 2018b). Copyright 2018, The American Association for the Advancement of Science.

(E) MEMS metalens that tunes the location of the focal point by adjusting the distance between two metasurfaces. Reprinted with permission from (Arbabi

et al., 2018a). Copyright 2018, Springer Nature.

(F) Schematic illustration of mechanically tuning a metalens. The lattice constant of gold nanorod arrays depends on the stretch ratio of PDMS substrate, and

the constant affects the focal length. Reprinted with permission from (Ee and Agarwal, 2016). Copyright 2016, American Chemical Society.
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In electrically tunable metalenses, the phase shift is obtained using a biasing electrical voltage. Design of

field-effect-induced tunable metalenses has exploited the increase in complex dielectric permittivity of

meta-atoms in proportion to their carrier concentration (Thyagarajan et al., 2017). A metalens with a

tunable NA and focal length exploiting the change in carrier density in response to the application of an

electric field has been presented (Shirmanesh et al., 2020); this lens has the advantages that the changes

do not entail a change in form, and the tuning is faster than thermally tunable lenses. The use of a liquid

crystal (LC) layer on a metalens can enable instantaneous electrical control. In one such metalens, the po-

sition of the focal point varies depending on the polarization of the incident wave that can bemodulated by

an electrical stimulus on the LC layer (Fan et al., 2020a); this system includes a layer of twisted nematic LCs

that convert the polarization direction of the incident light when the electrical state is on or off (Figure 3C).

The lens shows sub-millisecond response time and is compatible with complementary metal-oxide-semi-

conductor (CMOS) technology. Shen et al. (2020) have demonstrated a tunable achromatic metalens with

the inclusion of an LC layer. The focusing characteristics, whether achromatic or dispersive focusing, are

determined by the saturated bias on the LC. Furthermore, introducing a strain-field-mediated metalens

can be another method for instantaneous electrical control. One example is a metalens to which dielectric

elastomer actuators are attached, then adjusted by varying the applied voltage to each electrode; as a

result, the wavefront can be manipulated to control the astigmatism, focal length, and lateral shift (Fig-

ure 3D) (She et al., 2018b). The lens is only 30 mm thick, so it can be applied to compact optical devices

for lateral control of magnification and correction of aberration.

Mechanical stimuli of an optical system can cause structural changes that affect the position, size, and

shape of focal points. These stimuli include electrostatic actuating (Arbabi et al., 2018a), rotating (Cui

et al., 2019; Guo et al., 2019; Wei et al., 2020), and stretching (Liu et al., 2018b; Cheng et al., 2019; Kamali
6 iScience 23, 101877, December 18, 2020
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et al., 2016; Ee and Agarwal, 2016). In a double optical structure obtained using microelectromechanical

systems, the focal length is controlled by regulating the distance between two metasurfaces (Figure 3E)

(Arbabi et al., 2018a); a static layer is electrostatically connected to a movable layer, and the focal length

decreases as the distance between the layers increases. This device has a high tuning speed and ultrathin

structure so can be used in fast-scanning 3D imaging and endoscopy. Furthermore, adjusting mutual

rotating angle of doublet metalenses or polarizer is one of the mechanically tuning methods. One pro-

posed doublet metalens exploits the Moiré effect by combining two chiral geometric metasurfaces (Cui

et al., 2019); the doublet metalens presents a positive focusing effect on left-circularly polarized (LCP) light

or a negative effect on right-circularly polarized (RCP) light, so the focal point zooms continuously as the

angle of rotation changes. Physical stretching of the four edges of a PDMS substrate achieves a continuous

zoom effect (Figure 3F) (Ee and Agarwal, 2016). Stretching increases the distance between gold nanorods,

so the shape and curvature of phase shift change.
IMAGING APPLICATIONS

A metalens can be used in tomography to enable non-destructive inspection. The endoscope for optical

coherence tomography suffers from astigmatism and spherical aberration (Tearney et al., 1997; Gora

et al., 2017). By replacing a conventional catheter with metalenses, the endoscope can achieve subdiffrac-

tion-limited imaging and extended depth of focus with negligible astigmatism (Figures 4A and 4B) (Pahle-

vaninezhad et al., 2018).

Recently, an aplanatic metalens-based spectral tomographic imaging system for high transverse and lon-

gitudinal resolution has been proposed (Chen et al., 2019a). The distance between the objective lens and

the sample is quite short in microscopic imaging systems, so the visual field from the object approximates a

spherical wave rather than a plane wave. In this reason, a hyperbolic metalens that is designed to process a

plane wave causes a large spherical aberration in microscopic imaging. An aplanatic metalens designed for

a spherical wave incidence can focus the objective field without spherical aberration and thereby achieve

high resolution in both transverse and longitudinal directions.

The flatness of metalenses enables fabrication of compact systems. A combination of a flat metalens with a

photonic crystal that works as a Laplacian operator has been developed for a monolithic compound imag-

ing system (Zhou et al., 2020). It can conduct bright-field imaging at l = 1280 nm and image differentiation

at l = 1120 nm (Figure 4C).

The metalenses detect depth information, in addition to imaging objects in the focal plane. Light-field

imaging, which measures the intensity of the scene and direction of the light rays, has been widely

used to reconstruct out-of-focus images and to obtain depth information of objects (Wilburn et al.,

2005; Georgiev and Lumsdaine, 2010). However, for correct image rendering and depth detection, the

chromatic and spherical aberration of optical components such as microlens arrays used in conventional

light-field imaging systems must be solved. These problems can be overcome in the visible region by us-

ing an array of 60 3 60 achromatic metalenses that use GaN nanoantennas (Figure 4D) (Lin et al., 2019).

The proposed light-field camera has great advantages of nearly diffraction-limited resolution for a white

light source and compatibility with semiconductor processes. An achromatic metalens array that uses SiN

nanoantennas achieved polarization-insensitive light-field imaging in the visible range (Fan et al., 2019).

The geometries of nanoantennas that satisfy both nearly zero effective material dispersion and different

effective refractive indexes are varied while the symmetry of the structures with a hole at the center was

maintained.

Light-field imaging that uses metalenses can obtain highly resolved 3D information for single fluorescent

particle tracking, which is an important technique in dynamic biology. Many researchers have tried to

dynamically track single particles with a high lateral and axial resolution by using several methods such

as deconvolution algorithms (Prevedel et al., 2014) and wavefront coding techniques (Shechtman et al.,

2016). However, conventional methods to track fluorescent particles in 3D use microlens arrays that have

limited NA of lenses in microlens arrays; these characteristics of the devices limit their ability to simulta-

neously satisfy high lateral resolution and high axial resolution. A light-field tracking system composed

of a light-field metalens and a standard microscope can overcome the limited spatial resolution (Holsteen

et al., 2019). The light-field metalens composed of three interleavedmetalenses is placed on the specimen,

so it provides lateral resolution finer than 0.8 mm and axial resolution finer than 73 mm. The great benefits of
iScience 23, 101877, December 18, 2020 7



Figure 4. Chromatic and Achromatic Metalenses for Imaging

(A) Schematic (left) and photography (right) of endoscopic optical coherence tomography system. The working distance of a metalens is 0.5 mm. Reprinted

with permission from (Pahlevaninezhad et al., 2018). Copyright 2018, Springer Nature.

(B) Tomography of in vivo the upper airways of sheep, as obtained by an endoscope that uses a metalens. Scale bars, 500 mm. Reprinted with permission from

(Pahlevaninezhad et al., 2018). Copyright 2018, Springer Nature.

(C) Bright-field (left) and differentiated (right) images of onion cells at l = 1280 nm and l = 1120 nm. Scale bars, 50 mm. Reprinted with permission from (Zhou

et al., 2020). Copyright 2020, Springer Nature.

(D) Schematic view of light-field imaging by using a 603 60 achromatic metalens array and rendered images of refocusing depth. Reprinted with permission

from (Lin et al., 2019). Copyright 2019, Springer Nature.

(E) Schematic of an augmented reality display system based on chromatic metalens eyepiece with a diameter of 20 mm and NA of 0.61. Reprinted with

permission from (Lee et al., 2018). Copyright 2018, Springer Nature.

(F) Realized images for augmented (left) and virtual (right) reality. Reprinted with permission from (Lee et al., 2018). Copyright 2018, Springer Nature.
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particle tracking by light-field metalenses allow good resolution without the need to modify a standard

microscope.

A metalens can provide a wide FOV to an imaging system. Double-layer metalenses for wide-angle imag-

ing without spherical and coma aberration have introduced in the previous section. However, fabrication of

multilayer metalenses requires a complex process, and the device has a thickness of hundreds of microme-

ters to millimeters. In contrast to metalenses, multilevel diffractive lenses for wide-angle imaging have

been demonstrated, but they still suffer from coma aberration (Banerji et al., 2019). A single-layer metalens

with micrometer thickness (Hao et al., 2020) can eliminate both spherical and coma aberration in the visible

range. Themetalens has a diameter of 1 mm andNA= 0.45 and had resolution finer than 2.2 mmand FOV of

32 � 3 32 �.
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Type Metalens Use Resolution

(nm)

Operation

Wavelength (nm)

Ref

SIL-STED microscopy No 2.4 G 0.3 532, 775 Wildanger et al., 2012

Microsphere microscopy No 23 White light Chen et al. (2018b, 2019b)

Structured illumination

microscopy

No 45 405, 488 Li et al., 2015

Superoscillation Yes 0.264 800 Yuan et al. (2019)

Two-photon microscopy Yes 930, 680 822, 600 Arbabi et al. (2018b)

Tomography Yes 775 450–660 Chen et al. (2019a)

Light-field camera Yes 1950 400–660 Lin et al. (2019)

Light-field particle tracking Yes 800 600 Holsteen et al. (2019)

Table 1. Summary of Recent Optical Imaging System

SIL-STED, solid immersion lens-stimulated emission depletion.
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The limited FOV impedes the use of metalenses in virtual and augmented reality. The conventional

augmented reality systems suffer from the low FOV and NA of conventional optical elements and a large

form factor. An eye-closed metalens, which is fabricated by nanoimprinting at a large diameter of 20 mm,

had NA = 0.61; in experiments, it widened the FOV of the virtual and augmented reality system to as much

as 90� (Figure 4E) (Lee et al., 2018). The virtual image is focused by the metalens, while ambient light just

passes through it without interaction. The imaging capability for nonlinear imaging might be improved by

using metalenses (Schlickriede et al., 2018, 2020).

To compare recent optical imaging performance, the resolutions of optical imaging techniques

are summarized in Table 1. Note that the resolution is important in imaging but is not the absolute cri-

terion of the performance of optical systems. For example, microsphere-enhanced optical

imaging shows flexible and good optical properties with high resolution but requires to contact a

microsphere to the surface of the sample or complex setup to use a non-contact mode (Chen et al.,

2019b). Therefore, various aspects such as resolution, imaging time, and target object should

be considered to evaluate the optical system. However, the performance of lens is directly

connected to the resolution of imaging. This summary will help to improve optical imaging system us-

ing metalens.
MULTIFUNCTIONAL METALENSES

The multi-functionality of the metalens enables reduction in the size of optical elements and increase in the

versatility of optical systems. A multifunctional metalens can be used to control the focus or the transmit-

tance depending on fundamental characteristics of the incident light such as frequency and polarization

(Arbabi et al., 2015a; Lin and Li, 2019; Faraji-Dana et al., 2018; Zhu et al., 2017). This section introduces

various multifunctional metalenses that can operate differently at different frequencies or in several states

of polarization.

A metalens can be designed to have different locations of focus for the different incident wavelengths or

wavelength bands. Computer-generated holography (CGH) can be used to design a metalens that has a

multi-focal spot in the co-plane. An iterative Fourier transform algorithm method based on Fresnel diffrac-

tion is used to calculate the phase profile of a multifocal metalens at l = 541, 621, and 750 nm (Huang et al.,

2020); the simulated full width at half maximum (FWHM) of focal spots showed that the metalens designed

by CGH overcomes the optical diffraction limit l/(23NA).

A metalens that focuses beams with different orbital angular momentum states at different wavelengths

has also been reported (Shi et al., 2018). For example, the proposed reflective metalens simultaneously fo-

cuses the red and green light but generates a focused vortex beam for blue at the same focal distance. The

advantages of wavelength-controlled metalens can support development of compact stimulated-emis-

sion-depletion microscopes (Vicidomini et al., 2018).
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Figure 5. Frequency and Polarization Multifunctional Metalens-Based Devices

(A) Schematic of frequency-dependent metalens for separating focal spots of RGB components. Three frequency

multiplexed unit cells consist of four nanopillars: one for red, two for green, and one for blue. Reprinted with permission

from (Chen et al., 2017). Copyright 2017, American Chemical Society.

(B) Structure and focusing simulation of a multifunctional metalens in two different bandwidths. The metalens is designed

for focusing donut-shaped light at 450–530 nm and focal spot at 620–700 nm by dispersion engineering. Reprinted with

permission from (Sisler et al., 2020). Copyright 2020, American Institute of Physics.

(C) Schematic and SEM images of the metalens focusing at different positions in the focal plane for each linear

polarization. Scale bars, (left) 20 mm and (right) 200 nm. Reprinted with permission from (Chen et al., 2020a). Copyright

2020, American Chemical Society.

(D) Schematic diagram of spatial polarized states and a phase profile detector with a metalens array. Six different

polarization-dependent metalenses make up a sub-pixel in metalens array. Reprinted with permission from (Wang et al.,

2020c). Copyright 2020, The Optical Society.

ll
OPEN ACCESS

iScience
Review
A wide range of research has considered multifunctional metalenses that are composed of a single struc-

ture in a unit cell. However, transmissive metalenses have limitations in improving frequency-dependent

versatility because it is difficult to impart the required phases at each frequency with high efficiency in

the broadband frequency range using a single structure. Therefore, unit cells composed of several struc-

tures have been used to obtain metalenses that can perform different functions at several frequencies. A

full-color router was obtained by using metalenses that focus red, green, and blue at different spatial po-

sitions (Figure 5A) (Chen et al., 2017). The multiplex unit cell is composed of a 4 3 4 array of GaN nanopil-

lars, with 1:2:1 ratio of nanopillars optimized for red, green, and blue transmission.

Meta-atoms composed of two nanopillars givemetalenses a large number of degrees of freedomof optical

properties related to frequency. This freedom provides the required phase and group delay to impart ach-

romatic, refractive, and diffractive properties into a metalens that has dual focal length in different fre-

quency ranges. Moreover, control of their dispersion can be used to independently design phase profiles

for a donut-shaped focal spot at 450 nm% l% 530 nm and an Airy disk at 450 nm% l% 700 nm (Figure 5B)

(Sisler et al., 2020).
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Dispersion engineering using nanopillar pairs can also correct the aberration of an off-axis metalens. Espe-

cially, astigmatism and curvature of focal plane due to the chromatic aberration of grating and off-axis lens

restrict the spectral resolution and bandwidth of conventional spectrometers. Additional optical compo-

nents to compensate for these challenges increase the bulk and complexity of the system. A compact, ab-

erration-corrected spectrometer has been achieved using a non-dispersive off-axis metalens (Zhu et al.,

2019); implementation of the required phase, group delay, and group delay dispersion enables the pro-

posed off-axis metalens to focus on the plane parallel to metalens plane, while maintaining invariant focal

length for several wavelengths. The proposed spectrometer has a resolution of a nanometer on average,

across a 200 nm spectral range in the visible.

The polarization state of the light is changedwhen it passes through an optical component (Saleh and Teich,

2019). The multifunction can be embedded in a metalens by exploiting the meta-atom’s anisotropy. For

example, by combining PB phase and propagation phase, a metalens can focus at different arbitrary posi-

tions for the orthogonally polarized incident light. High-efficiency metalenses that have dual or multiple

focal lengths have been implemented by changing two circularly polarized states of incident light (Tian

et al., 2019). The focal length is 10 mmunder LCP light but 13 mmunder RCP light. Under the x-polarized light,

this metalens can separate the focus at longitudinally different positions. The x-polarized light can be de-

composed into LCP and RCP, so each circularly polarized component contributes to an individual focus.

A trifocal metalens that focuses at three spots in different planes, depending on the input and output lin-

early polarized states, has been proposed (Gao et al., 2019b). Two types of meta-atoms are interleaved to

yield a metalens that has three phase profiles. One independently modulates the phase of co-polarized

light for two orthogonally linear polarized incident beams. Another converts the polarized state of the inci-

dent beam to cross-polarization with arbitrary phase delay. For example, when horizontally polarized light

passes through the metalens, co- and cross-polarized components occur and each contribute to a different

focus. Therefore, the metalens can generate two focuses for non-converted components of two orthogo-

nally polarized light sources and one focus for converted components of the incident light. Another pro-

posed metalens can continuously vary a focus by changing the state of polarization of the incident light

from RCP to LCP (Zhang et al., 2019). The focal length can vary by 9.7 mm; at l = 633 nm, the focusing ef-

ficiency is 63.1% for LCP and 59.9% for RCP.

Transverse location of focus can also be shifted by changing states of polarization. Off-axis metalens that

focuses two circularly polarized light in each off-axis position has been reported (Groever et al., 2018).

These functions are implemented by superposing polarization-independent quadratic phase and polariza-

tion-dependent linear phase. Circular polarization-dependent imaging with high focusing efficiency near

70% has been demonstrated.

For the case of a transverse multifocal metalens, a planar metalens to enable parallel illumination for po-

larization imaging has been reported (Figure 5C) (Chen et al., 2020a). A unit cell composed of four nano-

pillars allows the metalens to manipulate states of polarization and phase independently by combining the

PB phase and the propagation phase.

The desired variability of a metalens includes more properties than focal length. Image zoom is another

important property. Conventional zoom lenses use a mechanical strategy and entail a complex design,

which are not applicable to flat lenses (Demenikov et al., 2009). A doublet metalens can tune the depth

of focus in response to linear polarization of incident light (Fu et al., 2019). Under incident x-polarized light,

the front metalens acts as a concave lens, whereas the rear metalens focuses the light; under y-polarized

light, both metalenses operate as convex lenses. The design method yields a doublet metalens that can

switch between short focal length mode and long focal length mode while maintaining the image plane;

this ability allows step zooming without moving the object or the lens.

Control of spin states of incident light and distance between two metalens enables implementation of

three functions (camera lens, compound microscope, and telescope) in one system (Yu et al., 2020). It

uses different types of metalenses that have different polarization characteristics from each other. One

metalens is composed of nanoposts and is polarization independent, and the other is composed of nano-

fins and is polarization dependent. The phase of the former is determined by the nanoposts with different

radii; the latter has PB phase that is achieved by appropriate tilting of nanofins. When the metalenses share
iScience 23, 101877, December 18, 2020 11
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their focus and RCP light strikes them, both metalenses act as convex lenses; under these conditions, the

metalens doublet can function as a camera lens. The separation distance between the two metalenses is

smaller than the sum of their focal lengths, so a virtual image occurs and its magnification increases; under

these conditions, the metalens doublet becomes a compound microscope. This principle is easily ex-

plained by the lens equation. In contrast, when the incident light is LCP, only the polarization-dependent

metalens works as a concave lens; under these conditions, the doublet of concave and convex metalens

operates as a simple telescope.

Polarization multifunctional metalens can also detect polarization. A dielectric metalens system composed

of six different metalenses as sub-pixels can detect spatial polarization states and phase profile of incident

beam (Figure 5D) (Wang et al., 2020c). The six different metalenses in each sub-pixel focus at distinct po-

sitions that correspond to the end of a Poincaré sphere’s axis. The full Stokes parameters can be derived

from the measured intensities of six focuses, and the states of spatial polarization can be calculated using

the full Stokes parameters. The relative local phase and phase gradient can be calculated using the

measured positions of focuses in a sub-pixel. The polarization multifunctionality of the metalens can

also provide various opportunities for multiplexing deflection and focusing (Gao et al., 2019a) and for

multi-generation of an optical vortex (Wang et al., 2020b). In addition to multifunctionality of polarization

and frequency, angle multifunctional metalens gives miniaturized and powerful tools to quantitative phase

imaging. Recently, the quantitative phase gradient microscopy composed of two cascaded angle multi-

functional metalenses with a thickness of several millimeters has been reported (Kwon et al., 2020). Metal-

ens at the first layer differently focuses the phase objects for transverse electric (TE) and transverse mag-

netic (TM) polarized light. Then, the field passing through the first metalens is separated into three

different directions and propagates toward three metalenses at the second layer. Three metalenses, which

have different phase offsets between TE and TM polarized light, provide differential interference contrast

(DIC) images. The proposed compact microscopy can capture three DIC images in a single shot and ac-

quire quantitative phase images through a computational process.

In one proposed design, dynamic modulation of focal length and intensity of a metalens can be achieved

by varying the power of the incident beam (Klopfer et al., 2020). The design concentrates the nonlinear Kerr

effect of silicon (Leuthold et al., 2010) to continuously vary the focal length over a range of 2.5 mm. To in-

crease the high-quality resonance that this nonlinearity provides, periodic notches are patterned along a

pair of nanograting; they cause guided-mode resonance, which induce strong field resonance and hence

a high-quality factor.
METALENS-INTEGRATED OPTICAL SYSTEM

Photonic crystal fiber (PCF) is a well-known waveguide for long-distance optical communication with high

transmission efficiency. However, to modify the characteristics of transmitted light such as amplitude,

phase, polarization, andmode after they pass through the PCF, additional components are required. These

disadvantages have been overcome by integrating a metalens onto the end facet of an optical fiber (Fig-

ure 6A) (Yang et al., 2019). The metalens focuses the transmitted light that is outcoupled at the core of the

PCF.

The flatness of a metalens can be used as an optical tweezer to trap micron-sized particles by tightly

focusing light. This trait could be integrated with a lab-on-a-chip device (Figure 6B) (Tkachenko et al.,

2018). The optical tweezer is constructed using a microfluidic chamber placed on a reflective metalens.

To realize 3D trapping of particles, the metalens is modified to eliminate the inner Fresnel zones. The re-

sulting tool enabled 3D trapping of spherical polystyrene particles of 2-mm diameter.

A metalens that combines a hyperbolic lens and a nanoprinted display has been reported (Chen et al.,

2020b). It controls the phase of transmitted light and also manipulates the reflection. The metalens can

focus the transmitted light regardless of its polarization state.When the incident light reflects from themet-

alens, it shows the different reflective images under incident x-polarization and incident y-polarization (Fig-

ure 6C). Therefore, the metalens can provide focusing and also serve as a reflective display.

Recently, various metalenses have been reported for focusing the light at a subdiffraction limit, the Abbé

diffraction limit is still difficult to overcome. To break the Abbé diffraction limit in far field, optical

lenses using optical superoscillatory phenomena have been widely used in optical vortex generators,
12 iScience 23, 101877, December 18, 2020



Figure 6. Optical Systems Combined with Metalenses

(A) PCF with plasmonic metalens fabricated at the end of the core. The schematic (left) of metalens-integrated PCF and unit cell of gold nanoslit. The SEM

images (right): (upper) the end of the PCF superposing with single-mode simulation result and (lower) the metalens. Reprinted with permission from (Yang

et al., 2019). Copyright 2019, De Gruyter.

(B) The experimental results of 3D trapping a single particle via a metalens-based optical tweezer. Reprinted with permission from (Tkachenko et al., 2018).

Copyright 2018, The Optical Society.

(C) Schematic of metalens combining lens for transmitted light and nanoprinted display for reflected light. Reprinted with permission from (Chen et al.,

2020b). Copyright 2020, American Chemical Society.

(D) Schematic of high-dimensional and multiphoton quantum source consisting of a metalens array. The individual metalens is designed with a focal length

of 1 mm at l = 404 nm wavelength and diameter 100 mm. The experimental result of spontaneous parametric downconversion photon pair array is shown in

right of (D). Reprinted with permission from (Li et al., 2020b). Copyright 2020, The American Association for the Advancement of Science.
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sub-wavelength microscopes, and super-resolution telescopes but suffer from narrow working frequency

bandwidth (Berry et al., 2019). Broadband superocillatory metalens that can focus beyond the Abbé diffrac-

tion limit in visible has been proposed (Tang et al., 2015, 2019). Another approach that uses vector

diffractive optics has been also used to focus beyond the Abbé diffraction limit (Dorn et al., 2003). The

key is to suppress the transverse electric field components of a radial vector beam to focus. The transverse

components of radial vector beam focus in a ring shape, which spreads the focal spot. In contrast, the lon-

gitudinal electric field components contribute to focus on the optical axis, and the size of the focal spot is

smaller than the size of a diffraction-limited spot. A metalens that converts linear polarized light to radially

polarized light can focus the light beyond the Abbé diffraction limit and has been reported (Zuo et al.,

2018). Appropriate elliptical nanoposts are selected to enable modulation of the states of spatial polariza-

tion and the required hyperbolic phase. Then, two additional design methods are applied to the metalens

to restrict the contribution of transverse components to focus. Onemethod is to place a circular aperture as

a high-pass filter at the center of metalens; the other one is to add a radially extra phase like a radial grating

effect. The focus of the device had FWHM = 0.386l at l = 1105 nm. A metalens may also enable artificial

manipulation of the shapes of focus patterns (Ye et al., 2020).

The rapid development of metalenses has also affected quantum optics. Recently, high-dimensional two-

photon path entanglement and generation of multiphoton state has been achieved by using a quantum

source that uses a metalens array as a multiphoton quantum source (Figure 6D) (Li et al., 2020b). Each met-

alens has a diameter of 100 mm and a focal length of 1.1 mm at l = 404 nm. This multiphoton quantum
iScience 23, 101877, December 18, 2020 13



Application Material Focusing

Efficiency (%)

Operation

Wavelength (nm)

Reference

Endoscope for OCT a-Si ~80 1250–1370 Pahlevaninezhad et al. (2018)

Light-field camera GaN ~39.1 G 1.8 400–660 Lin et al. (2019)

Augmented reality Poly-Si 12, 9, 2.5 660, 532, 473 Lee et al. (2018)

Color router GaN 15.9, 38.33, 27.56 460, 532, 633 Chen et al. (2017)

Multiplexed orbital angular momentum

metalens

TiO2 31, 37, 33 455, 540, 700 Shi et al. (2018)

Spectrometer TiO2 ~15 470–660 Zhu et al. (2019)

Varifocal metalens GaN 59 633 Zhang et al. (2019)

Polarimeter Si 48 1550 Wang et al. (2020c)

Quantitative phase gradient microscopy a-Si 75 850 Kwon et al. (2020)

Photonic crystal fiber Metal 16.4 1550 Yang et al. (2019)

Multiphoton quantum source GaN 56 G 6.6 404 Li et al. (2020b)

Table 2. Summary of Metalens-Application

OCT, optical coherence tomography.
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source provides a compact device that is compatible with semiconductor processes and can contribute to

the development of quantum optics.

In order to develop an optical system usingmetalens, characteristics of metalens such as target wavelength

and focusing efficiency should be considered. From this point of view, we summarize materials, focusing

efficiencies, and operating wavelengths of the representatives in Table 2. We believe that this summary

will be helpful to study applications using metalens.

SUMMARY AND OUTLOOKS

The design principles and applications of metalenses have been described, along with strategies of meta-

atom design and the main materials used to construct lenses for use in the visible and near-infrared re-

gimes. We have explained how metalenses can overcome optical aberrations and categorized tunable

metalenses by the external stimulus of tuning focus. Finally, we have surveyed various metalens systems

that have been applied to imaging, multifunctional devices, and integrated in other optical fields.

Although numerous novel and versatile metalenses have been reported and applied to replace tradi-

tional bulk optical components in various fields, difficulties in modeling and fabrication are preventing

the widespread adoption of metalenses in the industry. In addition, many proposed optical systems us-

ing metalens has required additional optical components to filter unmodulated signal; the entire systems

become bulk and suffer from low focusing efficiency. Therefore, polarization-independent and broad-

band achromatic metalenses must be large and have both high NA and efficiency to realize compact op-

tical systems that have no chromatic aberration. Recently, broadband and polarization-insensitive metal-

ens composed of fishnet-like meta-atoms have shown high measured efficiencies of over 70% from the

visible to the infrared regime (Ndao et al., 2020). Furthermore, the development of aberration-free op-

tical systems requires research to find ways to simultaneously correct chromatic and monochromatic

aberration.

To facilitate the design and manufacture of metalenses, electromagnetic simulation methods such as

rigorous coupled-wave analysis, finite element method, and finite-difference time-domain methods are

used to create libraries of meta-atoms in parametric form, so the computational costs increase with the

complexity of the structure. For this reason, structures are kept simple which limits the possible degrees

of freedom in the design. Inverse design methods, including machine learning and topology optimization,

allow metasurfaces to overcome the limitations of degrees of freedom (Chen et al., 2019c; So et al., 2020;
14 iScience 23, 101877, December 18, 2020



Figure 7. Large-Scale Manufacturing of Metalenses

(A) Metalens array fabricated by using DUV lithography on a 4-inch glass wafer. Reprinted with permission from (Park et al., 2019). Copyright 2019, American

Chemical Society.

(B) Fabrication schematic of the nanoparticle composite-based scalable one-step printing process. Scale bars, 1 mm. (insets) Optical micrographs of each.

Scale bars, 100 mm. Reprinted with permission from (Yoon et al., 2020). Copyright 2020, Springer Nature.

(C) Comparison of metalens fabrication results using conventional reactive ion etching (RIE) and selective area sublimation (SAS) on a sapphire wafer.

Reprinted with permission from (Brière et al., 2019). Copyright 2019, John Wiley & Sons.

(D) (left) Metalenses fabricated by using DUV lithography on a 12-inch glass wafer. (right) SEM images of the metalens. Reprinted with permission from (Hu

et al., 2020). Copyright 2020, De Gruyter.
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Fan, 2020b). Furthermore, topology optimization methods combined with machine learning would be

innovative approaches for the optimization of freeform metalens and metasurface (Jiang et al., 2019).

Materials that have a high refractive index and low optical loss should be identified. They would allow for a

decrease in the aspect ratio of the meta-atoms and an increase in the focusing efficiency. Moreover, the degree

of freedom of the metalenses may be increased by usingmeta-units that have several levels of height. Although

multi-level diffractive lenses have been demonstrated, metalenses are currently limited to few levels of height.

Mass production of metalenses for commercialization requires the development of fabrication technolo-

gies that have lower cost and larger scale than EBL. A few low-cost, large-area metalenses have been man-

ufactured using deep ultraviolet projection lithography (Figure 7A) (Park et al., 2019), but this method has

insufficient patterning resolution compared with conventional EBL. Cascade domino lithography enables

super-resolution patterning with sub-nanometer scale but not suitable to fabricate high-contrast metalens

(Kim et al., 2020a, 2020b). Nanoimprint techniques can also provide a low-cost, large scale to fabricate met-

alenses. Recently, a scalable one-step printing method involving nanoparticle composite has been
iScience 23, 101877, December 18, 2020 15
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proposed, and high-efficiency metalenses have been successfully demonstrated (Figure 7B) (Kim et al.,

2019; Yoon et al., 2020, 2021). To realize a large-area metalens composed of dielectric materials, a novel

non-etching fabrication method that combines nanoimprint with a selective area sublimation technique

has been also proposed (Figure 7C) (Brière et al., 2019). However, nanoimprint methods limit the available

materials and are difficult to precisely fabricate to produce a metalens. Metalenses fabricated by a CMOS-

compatible process on a 12-inch glass wafer have also been reported (Hu et al., 2020), but they work in the

near-infrared regime (Figure 7D). 3D laser direct writing techniques using femtosecond laser can also

become an alternative to EBL and FIB (Serien and Sugioka, 2018; Saha et al., 2019). This high-throughput

fabrication method not only manufactures large area in a short time compared to EBL or FIB but also pat-

terns complex 3D structures with nanoscale. However, their low resolution and the limitation of available

materials hinder applying to fabrication of metalens that focuses the visible light. Therefore, scalable,

high-throughput, and elaborate manufacturing techniques are required for the mass production of metal-

enses at visible frequencies (Lee et al., 2020c).

Nevertheless, metalenses have strong advantages over conventional lenses, including their thin profile, low

weight, diffraction-limited focusing, high NA, and unprecedented functions that cannot be achieved using

other optical components. In addition, metalenses may be combined with other technologies to produce

ultrahigh density organic light-emitting diodes (Joo et al., 2020), light detecting and ranging (Park et al.,

2020; Xie et al., 2020), wearable optical devices, cameras for smartphones, and super-resolution micro-

scopes. These properties represent the incredible potential of metalenses to lead optical engineering of

the future with unprecedented applications in the future of optics.

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, J. Rho (jsrho@postech.ac.kr).

Material Availability

Not Applicable.

Data and Code Availability

Not Applicable.

ACKNOWLEDGMENTS

This work was financially supported by the National Research Foundation (NRF) grants (NRF-

2019R1A2C3003129, CAMM-2019M3A6B3030637, NRF-2019R1A5A8080290), funded by theMinistry of Sci-

ence and ICT (MSIT) of the Korean government. Y.K. acknowledges a fellowship from Hyundai Motor

Chung Mong-Koo Foundation. G.Y. acknowledges the NRF fellowship (NRF-2020R1A6A3A01097965)

funded by the MSIT of the Korean government.

AUTHOR CONTRIBUTIONS

J.R. conceived the idea and initiated the project. S.-W.M., Y.K., and G.Y. wrote themanuscript. S.-W.M. and

Y.K. prepared the figures. G.Y. outlined the manuscript. All authors read and provided feedback on the

manuscript. J.R. guided the entire work.
REFERENCES

Afridi, A., Canet-Ferrer, J., Philippet, L., Osmond,
J., Berto, P., and Quidant, R. (2018). Electrically
driven varifocal silicon metalens. ACS Photon. 5,
4497–4503.

Aieta, F., Genevet, P., Kats, M.A., Yu, N.,
Blanchard, R., Gaburro, Z., and Capasso, F.
(2012). Aberration-free ultrathin flat lenses and
axicons at telecom wavelengths based on
plasmonic metasurfaces. Nano Lett. 12, 4932–
4936.
16 iScience 23, 101877, December 18, 2020
Aieta, F., Genevet, P., Kats, M., and Capasso, F.
(2013). Aberrations of flat lenses and aplanatic
metasurfaces. Opt. Express 21, 31530–31539.

Aieta, F., Kats, M.A., Genevet, P., and Capasso, F.
(2015). Multiwavelength achromatic metasurfaces
by dispersive phase compensation. Science 347,
1342–1345.
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