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Microstructures, School of Physics, demonstrated powerful abilities even beyond traditional optical lenses. By
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Ncaf;rfgs’mSgg;g@;':ers'ty’ arranged nanoscale building blocks, the wavefront of incident wave can be
Full list of author information is controlled based on Huygens principle, thus achieving the desired reflected and
available at the end of the article transmitted wave for many different purposes. Metalenses will lead a revolution in

optical imaging due to its flat nature and compact size, multispectral acquisition and
even off-axis focusing. Here, we review the recent progress of metalenses presenting
excellent properties, with a focus on the imaging application using these metalenses.
We firstly discuss the mechanism for achieving metalenses with high efficiency, large
numerical aperture, controlling the chromatic dispersion or monochromatic
aberrations and large area fabrication. Then, we review several important imaging
applications including wide-band focusing imaging, polarization dependent imaging,
light field imaging and some other significant imaging systems in different areas.
Finally, we make a conclusion with an outlook on the future development and
challenges of this developing research field.
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Introduction

Manipulation of electromagnetic (EM) waves in refraction and reflection through vari-
ous structures is of fundamental importance in a great number of applications.
Through interaction between light waves and nanostructure it is possible to control
the light intensity, polarization and propagation direction. Conventionally, light has
been manipulated in transmission using refractive lenses, which are devices intended
to focus the light in a single or various spots and then have evolved into numerous op-
tical applications operating at all along the EM spectrum. The optical lens has been
playing a critical role in almost all areas of science and technology since its invention
appeared about 3000 years ago. Conventional lenses gradually change the phase and
polarization of light during the propagation. It is difficult to accumulate sufficient
phase change once the device size is further reduced to subwavelength scale due to the
limited refractive indices of natural materials. In addition, although these systems can
obtain the images with high quality, they are usually bulky, costly, and time-consuming
to manufacture with high precision, which are significant limitations, particularly for
applications such as portable and wearable devices.

. © The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
@ Sprlnger Open License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
— provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s43074-020-00007-9&domain=pdf
mailto:wangshuming@nju.edu.cn
mailto:wangshuming@nju.edu.cn
mailto:zlwang@nju.edu.cn
mailto:zhusn@nju.edu.cn
http://creativecommons.org/licenses/by/4.0/

Zou et al. PhotoniX (2020) 1:2 Page 2 of 24

To meet the growing requirement of device miniaturization and system integration,
metasurfaces have emerged as a versatile platform for wavefront shaping [1-7]. Meta-
surfaces are one kind of such diffractive optical elements with flat subwavelength
implementations, which consist of quasiperiodic arrays of light resonators (also called
as meta-atoms) [8, 9]. It can be designed with large numbers of degrees of freedom to con-
trol the light wavefront, which enables considerable number of unprecedented functional-
ities. As a result, ultra-thin flat optics can be generated by deploying such metasurfaces in
the design. Metasurfaces have been proposed for focusing [10—14], deflecting light [15, 16],
changing polarization [17-20], generating holograms [17, 21-29], producing vortex beams
[18, 30], manipulating thermalion [31-33], modulating light intensity [34—36], and optical
cloaking [27]. Among all these potential optical applications, high-quality imaging
of metelenses has received considerably renewed attention in the field of research
in the last decade.

Metasurfaces are able to introduce abrupt local phase changes in the EM field on
their surface by using different sub-wavelength sized resonators [37, 38]. This makes it
possible to arbitrarily transform the incident phase profile to a new phase profile, as-
suming that we have a set of unit cells that are able to introduce any phase shift be-
tween 0 and 2m radians. The basic concept of metasurface lenses is that they convert
an incident plane wave into a spherical wave by introducing different phase shifts along
their lateral axis. Compared with that of state-of-the-art commercial objectives, image
quality captured by optical systems with metalenses is as good and even better [39-41].
Metalenses seem to be potentially revolutionary in optical imaging due to its flat nature
and compact size, multispectral acquisition and even off-axis focusing. However, Meta-
lenses have the same problem of aberrations as ordinary lenses in use, so the elimin-
ation of aberrations, including monochromatic aberrations and chromatic aberrations
is quite important for imaging and displaying. Chromatic aberration resulted from ma-
terial dispersion, the resonant phase dispersion of unit cells in refractive optical compo-
nents and different phase accumulation through light propagation makes the resulting
focal spots wavelength dependent. Therefore, a variety of methods and technologies for
improving image quality have been produced one after another.

Here, we will review the progress in the development of metalenses and its applica-
tion, especially in imaging. This paper is organized into two major parts. Firstly, the
basic characteristic parameters of existing or reported metalenses will be introduced
and analyzed. Next, different types of state-of-the-art imaging technologies of meta-
lenses mentioned in the first part used for machine vision, biomedical imaging and op-
tical communication will be reviewed, followed by concluding remarks.

Review on the applications as imaging lens of metasurfaces

Metalenses as a practical application of metasurfaces are two-dimensional metamateri-
als [42, 43] in which the thickness dimension is ignored. Metamaterials themselves can
be used to guide and control the flow of the EM wave and then the ultra-thin, flexible
essence of matesurfaces to modulate light, which makes the metalens a product that
combines all the above excellent characteristics and attracts intensive attention of re-
searchers in related academic field [44]. Metasurfaces can be exploited to control the
EM wave’s amplitude, phase and polarization with subswavelength resolution and en-
gineer the wavefronts at distances less than the wavelength [45]. It is discriminated
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from the conventional optical imaging devices that wavefronts shaping of metalenses
are achieved by phase accumulation of wave propagating in the medium [37, 46]. Ac-
cording to the generalized Snell’s law deduced by the Fermat principle and the law of
conservation of momentum, the reflected wave and the transmitted wave can be arbi-
trarily redirected only by designing the spatial phase response of the optical resonators
forming the optical interface [47, 48]. Some metalenses with significant characteristics
are widely required in practical use [49]. Thus, in what follows, different efforts to con-
trol different-functionalities metalenses are made by numerous groups by utilizing dif-
ferent geometries and materials for different incident polarizations of EM wave. Among
them, we reviewed several of the most crucial factors of the metalenses and their role
in various imaging systems for many different purposes. All these aspects will eventu-
ally be reflected in the imaging behavior / quality of the lens, and may lead to color er-
rors, image distortion, vignetting, image blur and so on.

Key figures of merit for metalenses

Focusing efficiency of metalenses

Like traditional lenses, when metalenses are exploited in the optical systems, we usually
consider their focusing characteristics. When a single wavelength of EM wave is incident,
the focus efficiency of metalenses is generally analyzed. The focusing efficiency is defined
as the ratio of light intensity from the focal spot at corresponding focal plane to the light
intensity reflected by a metallic mirror (or transmitted through a lens) with the same pixel
sizes. Although visible planar lenses can be realized by diffractive components, high effi-
ciency are difficult to attain because their constituent structures are of wavelength scale,
which precludes an accurate phase profile. Until now, much efforts to improve the focus
efficiency of metalenses have been made to improve lens behavior, such as improving
imaging resolution. Several mechanisms of enhancing the focusing efficiency including
employment of flat mirror, high-contrast index materials, all-dielectric materials or geo-
metric phase have been proved to be feasible. Pors et al. designed a focusing plane mirror
composed of the metal-insulator-metal configurations in which the top metal layer is a
periodic array of nano-bricks of different sizes. The designed flat mirror that focuses a
linearly polarized incident beam with focusing efficiency of 78% theoretically in a broad-
band wavelength regime from 700 nm 1000 nm, while the broadband focusing efficiency
reaches approximately 30% experimentally. High NA and long focus length are realized
by considering gradient metasurfaces and changing both lateral dimensions of meta-
elements, which can be used in the radiation focusing of optical systems as is shown in
Fig. 1(a) [50]. Due to the relative lower focusing efficiency of the reflective metasurface
lens, transmissive lenses are also considered by researchers to enhance the focusing effi-
ciency in Fig. 1(b). The metalenses, composed of high-contrast silicon nano-posts trans-
mitarrays on glass, are fabricated by Faraon’s group in one lithographic step and the
measured focusing efficiency is up to 82% in Fig. 1(d) [51]. The meta-elements are de-
signed as the periodic circular amorphous silicon posts placed on the hexagonal lattice,
enables the desired phase masks for the wavefront shaping od light at will in Fig. 1(c). The
metalens with high NA can be integrated on the optoelectronic chip for imaging applica-
tion. Latter, Cappasso and co-workers fabricated and designed high aspect ratio all-
dielectric (titanium dioxide meta-atoms and silica substrate) metasurfaces as metalenses,
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Fig. 1 High focusing efficiencies of metalenses. (a) Schematic of the metal-dielectric-metal (gold-glass-gold)
meta-element with fixed parameters A =240 nm, ts= 50 nm, and t= 50 nm. The normally incident wave
with wavelength of 800 nm is x-polarized. Top panel: SEM image (bar length is 1 um) of the period array of
gold nanobricks. Middle panel: a magnification SEM image of the structure. Bottom panel: the designed
geometry [50]. (b) Focusing efficiency and intensity enhancement [50]. (c) Schematic of the aperiodic high-
contrast transmitarrays and optical microscope image. Scale bar, 100 mm. Right penal: SEM images of the
silicon posts [51]. Scale bars, 1 um. (d) Focus FWHM spot size, transmission and focusing efficiency of the
micro-lenses for devices with different focusing distances [51]. (e) Optical image of the metalens designed
at the wavelength of 660 nm. Scale bar, 40 mm. SEM micrograph of the metalens [52]. Scale bar, 300 nm. (f)
Measured focusing efficiency at wavelength of 660 nm and 532 nm and intensity distribution in dB of the x-
z plane [52]. (g) Left panel: SEM image of the 10 x 10 metalens array. Diameter of each metalens is 30 um.
Right panel: SEM image of a single metalens [53]. Scale bar: 5 um. (h) Measured focusing efficiency and

intensity enhancement of the broadband metalens and chromatic metalens [53]

achieving high diffraction-limited focusing efficiency of 86% at the wavelength of 405 nm
in Fig. 1(e), while that of the other two wavelengths of 532 nm and 660 nm were 73% and
66%, respectively in Fig. 1(f) [52]. The designed metalens is utilized to image at different
wavelengths of visible regime and gets the subwavelength features of object and high mag-
nification of 170, which is comparable with commercial lens. Besides, the Solid-
immersion type of focusing is realized by utilizing a kind of transmissive metalens that
focuses the infrared incident light on the plane of detector after propagating through the
relatively thick substrate, which is equivalent to using a very thick reflector for better
focus in Fig. 1(g) [53]. Solid-immersion metalens that light from air is illuminated and

then focused into the substrate material, is achieved with the maximum focusing
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efficiency up to 80% and the average focusing efficiency is 70% over a wavelength range of
3—5 pum as compared to in air in normal cases shown in Fig. 1(h) [53].

High numerical aperture metalenses

Numerical aperture (NA) is one of the main technical parameters of the lens and a
key factor for judging the performance of the lens. NA is a parameter that mea-
sures the angular extent of the light that the optical system (lens) can collect. It
represents the cone angle of the light collected by the lens, which determines the
light-collecting ability and spatial resolution. According to the diffraction theory of
physical optics, the larger the NA, the stronger the resolution of the lens. High-
NA lenses are required in variety of applications, such as large data recording, fo-
cused imaging, microscopy and coupling of free-space beams to photonic devices.
Traditional large-scale NA lenses based on light refraction require sophisticated
and expensive optics. To achieve high NA, several new methods based on the
planer metalenses are proposed in recent years [54]. High-contrast dielectric struc-
tures can be utilized to design the high NA metalens according to ref. 51. Note
that high refractive index materials such as silicon offer more degree of freedom in
design and manufacture and are the basis for high performance metalenses.
Kuznetsov et al. proposed a new method to design the silicon-based metalens of
near-unity NA (NA >0.99) with asymmetric scattering building blocks on the basis
of diffracted energy redistribution, which can be seen in Fig. 2(a) and (b) [55].
However, in the optical application, especially the microscopy, a strategy that using liquid
immersion to increase the NA and thus increase the resolution is first demonstrated by
Capasso’ s group in Fig. 2(c) [56]. Figure 2(d) shows that oil immersion planar metalenses
with NA up to 1.1 is designed at the wavelength of 532 nm in the back-immersion and
thus high spatial resolution diffraction-limited imaging is achieved [56]. Additionally,
another material crystalline silicon (c-Si) as an alternative is utilized by Liang et al. to in-
crease NA of metalens combined with oil immersion, owing to c-Si high refractive index
and relatively low absorption rate in Fig. 2(e) and (f) [57]. In their work, an ultra-high NA
metalens is demonstrated experimentally and theoretically utilizing the Pancharatnam-
Berry (P-B) phase and hybrid optimization algorithm. They first designed a metalens with
NA of 0.98 and focusing efficiency of 67% in air at 532 nm wavelength. And then the
metalens was immersed into oil in a front-immersion way and achieved an NA of 1.48
experimentally and 1.73 theoretically, respectively [57].

Achromatic metalenses

Optical aberrations are generally defined as the fact that in an optical system, light
emitted from a point object does not meet all at the same pixel. When incident wave
with multiple wavelengths is illuminated onto metalenses, chromatic aberration effect
occurs due to the material dispersion, enabling different wavelengths focused on differ-
ent spatial points and performance of imaging, displaying and detection decreased
accordingly. In order to eliminate the influence of chromatic aberration, the conven-
tional lens utilizes a complicated and costly method such as multi-lens cascading. Thus,
similarly to this, several metalenses of diverse configurations are cascaded or combined
in space for different working wavelengths. A high contrast dielectric transmission
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Fig. 2 High numerical aperture of metalenses. (a) Schematic description of the metalens with nanoantenna
arrays [55]. (b) Left panel: normalized measured intensity map in the focal plane (z=45 um). Right panel:
intensity profile through the focus and the fitting to the Airy profile [55]. (c) schematic measurement of the
liquid immersion metalens. Inset: an SEM image of meta-atoms [56]. (d) Left panel: normalized intensity
profile of the focal spot from the metalens with NA =0.9. Scale bar: 400 nm. Middle panel: The horizontal
cut of left panel with its intensity normalized to its corresponding diffraction-limited Airy disk (black curve)
for a same given area. Right panel: measured intensity variation at the center of the focal spot (green dots)
along propagation direction [56]. (e) SEM image of the high-NA metalens and a building block of ¢-Si nano-
bricks on a sapphire substrate [57]. (f) Focusing performance of the metalens in air (upper line) and
immersion oil with n=1.512 (lower line). Normalized intensity profile of the focal spot at the focal plane
(middle panel) and intensity distribution in the focal plane along the dotted red line (right panel) [57]

platform with amorphous silicon nano-posts is designed to demonstrate polarization
insensitive metasurface lenses that focus light at 915 nm and 1550 nm to the same
focal distance by two different methods, ie. large-scale segmentation and meta-
atom interleaving in Fig. 3(a) and (b) [58]. The idea can be readily generalized to
devices with more operation wavelengths. It has also been demonstrated that cas-
cading several metalenses to form a combined configuration, such as the vertical
stacking of independent disc metasurfaces made of different materials proposed by
Avayu et al. Figure 3(c) shows a triply red, green and blue achromatic metalens in
the visible range obtained by anomalous dispersive focusing [59]. Although these
methods and technologies mentioned above are successfully realized the purpose of
achromatic aberration shown in Fig. 3(d), the relative sophisticated metalenses are
cost, weight to some extent and even need precise optical alignment process. How-
ever, Faraon’ s group designed a reflective achromatic metalens composed of di-
electric nano-posts by simultaneously controlling the phase imparted by the meta-
atoms composing the metasurface and its derivative with respect to frequency, as
is depicted in Fig. 3(e). It is demonstrated that a focusing mirror exhibits a five-
fold reduction in chromatic dispersion over the wavelength range of 1450 nm-—
1590 nm and an almost three-times increase of intensity in operation bandwidth
compared with a regular diffractive element shown in Fig. 3(f) [60].
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Fig. 3 Achromatic metalenses for multiple discrete wavelengths. (a) Optical and SEM images of the
multisector lens (upper line) and the interleaved lens (lower line) [58]. (b) Intensity measured in the axial
plane and in the focal plane at 915 and 1550 nm for the multisector lens (upper line) and the interleaved
lens (lower line) [58]. (c) Artist's view of the three-layer lens. When illuminated with white light, each layer
focuses its designated part of the spectrum to a distance of 1 mm along the optical axis [59]. (d) Left panel:
Aberration correction of 450 nm, 550 nm and 650 nm. Right upper panel: theoretical calculation of the focal
distance for a conventional Fresnel zone plate (FZP) (red line) and the measured focal points at the RGB
wavelengths of the conventional FZP (crosses) and metasurface FZP (circles). Right lower panel:
demonstration of color imaging using the fabricated metasurface FZP element [59]. (e) A meta-atom
composed of a square cross-section amorphous silicon nano-post on a silicon dioxide layer on a metallic
reflector. SEM of the fabricated nano-posts and devices [60]. (f) Measured intensity in the axial plane of the
metasurface at five wavelengths [60]

Distinguish from any of the above methods, Wang et al. proposed a new method of
splitting the phase into two parts of wavelength-dependent and wavelength-independent
phase and obtained a continuous broadband achromatic metelens in the near-infrared
wavelength region from 1200 nm to 1680 nm in a reflection scheme in Fig. 4(a) and (b)
[61] and in the visible wavelength range of 400 nm to 667 nm in Fig. 4(c) and (d) [62] with
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Fig. 4 Achromatic metalenses for relatively broadband wavelengths. (a) Optical image of fabricated
achromatic converging metalens. Inset: the SEM image of meta-elements [61]. (b) Left panel: measured and
simulated focal length of metalens with various NA values. Right panel: experimental (upper row) and
numerical (lower row) intensity profiles of achromatic metalens along axial planes at various incident
wavelengths [61]. (c) Optical image of fabricated achromatic metalens. Inset: SEM image of meta-elements
[62]. (d) Left upper panel: simulated numerical results. Left lower panel: calculated results treating each
nanorod as a dipolar source radiating from the surface. Right panel: Numerical (upper row) and
experimental (lower row) intensity in the axial plane at six wavelengths [62]. (e) Optical micrographs of the
fabricated lens in the infrared wavelength regime [63]. (f) Top panel: height profile of metalens with focal
length of 19 mm and the simulated point-spread functions at the design wavelengths. Lower panel: height
profile of metalens with focal length of 8 mm and the simulated point-spread functions at the design
wavelengths [63]

different materials of meta-atoms, respectively. Besides, Meem et al. recently proposed
broadband flat lenses made of polymer ring using the multi-level diffractive optics and
gradient-descent-assisted direct binary search optimism method, working in the long
wave infrared region shown in Fig. 4(e) and (f). The designed rotationally symmetric
multilevel diffractive lenses with two orders of magnitude lighter than traditional lens can
be utilized to image without achromatic aberration [63].

Metalens without monochromatic aberration

Having discussed the achromatic aberration of multi-wavelength focusing, now let us
consider the monochromatic aberration (such as the coma and astigmatism) of meta-
lens for a single incident wavelength under the situation of oblique illumination as the
aberration-free focusing is possible under axial illumination, which hinders their adop-
tion in imaging applications that require a large field of view and normal visual
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experience. The focal spot of the hyperbolic metalens is strongly distorted due to off-
axis aberrations caused by the discrete phase discontinuities. In order to focus the ray
of light at the desired focal length, a hyperbolic distribution of phases at the interface
produces a spherical wavefront [64]. If the metasurface lens is patterned on a curved
substrate for the purpose of focusing light, the coma and spherical aberrations can be
corrected in Fig. 5(a), which has been reported by Aieta et al [65]. In their design, the
aplanatic lens free of spherical aberrations and coma is engineered by patterning the
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panel: Simulated and measured focal plane intensity profiles for different incident angles [66]. (c) Image taken
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eight elements used in our metasurfaces. Right panel: theoretical calculations and experimental results of the
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Although such a conformal metasurface may be a solution [65, 68], it is a large chal-
lenge to pattern the nano-structure on the curved surface. In order to replace this scheme,
Faraon’ s group proposed a cascaded doublet metalens comprising two amorphous silicon
metalenses (aperture metalens and focusing metalens) patterned on both sides of fused
silica substrate which is depicted in Fig. 5(b). The doublet lens can correct the monochro-
matic aberrations and achieve high focusing efficiency of 70% in the near-infrared over a
wide range of angles (30°) for both normal incidence and oblique incidence, compared to
that of singlet metalens with identical geometries [66]. The doublet lens is integrated into
camera with monochromatic image sensor for sophisticated image corrections. an image
with high brightness is formed just by a small optical intensity from the metasurface mini-
ature camera shown in Fig. 5(c). After that, according to the principle of the Chevalier
Landscape lens [69] that normal and oblique incident light is split by a small aperture and
then focused by different parts of the lens, another metalens doublet working in the visible
engineered by Capasso’ s group comprises two metalenses patterned on both sides of a
glass substrate with different rotation angles of each array of nanofins in Fig. 5(d). The
field of view for the metalens doublet can reach 50° and the maximum diffraction-limited
focusing efficiency is 50%, which enables the diffraction-limited imaging with better
spatial resolution and free of monochromatic aberrations, coma aberration and even Petz-
val field curvature along the focal plane for the first time shown in Fig. 5(e) [67]. Further-
more, flat lenses and axicon designs without monochromatic aberration are presented in
the communication wavelength region by Capasso and his co-workers, according to the
optimization method that the fabricated hyperbolic phase distribution at the interface pro-
duces a spherical wavefront under non-paraxial conditions shown in Fig. 5(f). In their de-
sign, axicons are utilized for a conical phase distribution to achieve a wide range of focal
distance, which can convert the incident Gaussian beams into non-diffracting Bessel
beams [70, 71]. The ultrathin lens with high NA focusing based on the metasurfaces
which consists of eight building blocks in a unit cell can even provide subwavelength reso-
lution as is seen in Fig. 5(g) [46].

Large area fabrications of metalens

Due to the requirement of large-scale and low-cost mass production of imaging devices
in practical applications, it is very important that the designed metalens has the possi-
bility of large area fabrication. In recent years, the fabrications of metalenses are gener-
ally limited to the size of no more than a few millimeters, which is attributed to the
extremely high data density on a metalens with large area, resulting in the unmanage-
ably large total file sizes. Capasso’ s team designed and fabricated a transmissive meta-
lens with extremely large areas, up to centimeters in diameter and beyond, and with
efficiency of above 91% [72]. They utilized a scalable metasurface layout compression
algorithm that can exponentially reduce design file sizes (approximately by 3 orders of
magnitude for a centimeter diameter lens) and stepper photolithography that are stand-
ard in mature semiconductor manufacturing technology to experimentally fabricate the
ideal thin lens as in shown in Fig. 6(a). The advantage of photolithography is that it
exposes the characteristics of printed optical components by flash exposure in a
duration of only a few milliseconds. Besides, the focusing and imaging performance is
characterized and optical magnification was measured to be — 0.42.
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Fig. 6 Large area fabrications of metalens. (a) A schematic diagram showing the production of the
proposed metalenses at low cost and with high yield using existing photolithographic stepper technology.
Here a wafer substrate is first deposited with the appropriate film stack, comprised of the metalens material
(amorphous a-Si), photoresist (SPR700-1.0), and contrast enhancement material (CEM). Right panel: a photo
of fabricated metalens, 2-cm in diameter, using this methodology [72]. (b) Schematic representation of the
designed tunable metalens system comprising two cubic metasurface phase plates actuated laterally [73].
(c) Schematic of the process flow for fabricating multiple large area metalenses in parallel using high-
throughput stepper lithography-based processing [73]

Colburn et al. designed a large area tunable focal length metalens system inspired by
an Alvarez lens design in Fig. 6(b) [73]. Like the large area metalens mentioned above,
researchers also use high-throughput stepper photolithography to fabricate the meta-
lens with a large area of 1 cm [2] in Fig. 6(c). The large area metalens they designed is
composed of nearly 120 million scatterers. Furthermore, the large area metalens with
the largest focal length range demonstrated to date is experimentally achieved by com-
bining two separated cubic metasurfaces that under lateral actuation. A rapid and non-
linear change in focal length is verified when laterally displacing the regular and inverse
cubic metasurfaces with respect to one another. Similar to this work, they also designed
a continuously tunable extended depth of focus metalens using two quartic metasur-
faces [74]. The two quartic metasurfaces are laterally shifted in opposite directions, the
superposition of their phase profiles yields a quadratic function, yielding a varifocal
lens. Thus, using the mass manufacturing processes of stepper lithography platform,
the proposed metalens made metasurface become a viable commercial technology and
simultaneously possessed enough imaging quality.

Optical imaging applications of multifunctional metalenses

Recently, the metalenses with the advantages of ultraweight and ultracompact, particu-
larly used as alternative to conventional lenses in various imaging systems, have be-
come a promising technology for implementing planar optical components with
customized functions.

Broadband focusing and imaging
White-light achromatic imaging is the ultimate goal of metalens applied in imaging sys-
tems. Although several works previous reported achieved the achromatic aberration
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only in some discrete wavelengths or narrow wavelength band [75-77], it is still im-
portant to seek the wide-band focusing imaging without chromatic aberrations or even
a full-color imaging of an object or scene. Capasso and his colleagues proposed a mech-
anism of designing the group delay and group delay dispersion of every meta-element
to achieve fully control of metalens dispersion over the visible wavelength region at will
in Fig. 7(a). Clear images of a standard United States Air Force resolution chart (SUS-
AFRC) captured by the imaging system integrated with the designed achromatic
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Fig. 7 Color focusing imaging applications of metalenses. (a) Left panel: SEM of a region of the fabricated
metalens [78]. Scale bar: 500 nm. Middle panel: Image of SUSAFRC using the achromatic metalens under an
illumination bandwidth of 200 nm centered at 570 nm. Right panel: Image of the Siemens star pattern
under the same illumination condition in (b). Scale bars: 200 um. (b) Images of SUSAFRC taken by the
achromatic metalens [78]. Scale bar: 100 um. (c) Optical image of the fabricated achromatic metalens. The
dashed squares indicate the position of the SEM images shown below [79]. Scale bar: 10 um. (d) Upper
panel: image of SUSAFRC taken from achromatic and chromatic metalenses. Scale bars: 4 um. Lower panel:
captured images of full-colour Alcedinidae, Erithacus rubecula and Eurasian eagle owl images by the
achromatic metalens before and after color correction [79]
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metalens are achieved under various laser illumination wavelengths with bandwidth of
40 nm and bandwidth of 200 nm shown in Fig. 7(b) [78]. Furthermore, Wang et al. also
presented full color imaging at almost the same time, utilizing the mechanism of
incorporating every meta-element with Pancharatnam-Berry phase [79]. They use
the nano-pillars and nano-holes as meta-elements [80] to realize the needed phase
compensation of achromatic metalenses in Fig. 7(c). In their work, images of SUS-
AFRC taken form the achromatic metalens and chromatic metalens under the illu-
mination of a halogen light are compared with each other and the achromatic
metalens have presented a higher resolution than that of the Ref. 78. In addition,
colorful pictures are imaged utilizing the achromatic metalens with NA = 0.106 over
the whole visible regime. From the imaging results, every has clear details and edge
information, but the color is slightly distorted which can be corrected by color bal-
ance later (see details in Fig. 7(d)) [79].

The residual chromatic aberrations resulted from the grating dispersion of the Fresnel
lens in the imaging system is quiet difficult to be corrected. Chen et al. proposed to combine
the metalens with refractive optics to correct the spherical and chromatic aberrations and
then designed a metacorrector consisting of 14 lenses and 7 distinct glass materials to
realize the surperachromatic lens in the broad wavelength band from the violet to the near-
infrared. They use the metacorrector to provide group delay and group delay dispersion
caused by the material of refractive lens to compensate the focus distance shift. Image of
SUSAERC taken by a color camera with the metacorrector present clear edges almost with-
out chromatic aberration under white light illumination shown in Fig. 8(a) [81]. Afterwards,
they investigated a polarization-insensitive metalens composed of anisotropic nano-fins,
which is a technical improvement compared with the previous metalenses with symmetric
nanostructures or even spatial multiplexing [84—88]. By utilizing the anisotropic elements of
the metasurfaces, better dispersion control of the metalens is realized. They used the meta-
lens for achromatic imaging of color objects in the whole visible region under arbitrary inci-
dent polarization in Fig. 8(b) and provided the general law of the design method using the
phase, and group delay and group delay dispersion in their work [82].

In addition to exclusively using imaging systems with achromatic metalens, com-
bining metalenses or significantly simpler optics with computational imaging [89,
90] can further enhance the performance of optical systems, such as full-color im-
aging. Colburn et al. fabricated a singlet metalens and an extended depth of focus
(EDOF) metalens with the wavefront coding functionalities to realize the imaging
results in Fig. 8(c) [83]. EDOF means that spatial frequency information can be
preserved across the depth of the smeared-out focal spot. With the depth of the
focal spot increasing, the bandwidth of such an EDOF system increase but EDOF
remains the system tolerant to focal shifts. They first image a SUSAFRC and a bin-
ary image under three discrete wavelengths and utilize a post processing algorithm
of deconvolution under EDOF device with spectrally invariant blur to improve
image clarity. Furthermore, four different RGB pictures with colorful information
are imaged by the two metalens and then deconvolution processing by the compu-
tational software realm under white light illumination shown in the right panel of
Fig. 8(c) [83]. A significantly improved imaging results that includes multiple colors
can be clearly observed by computational algorithm post-processing, which enables
full-color imaging with high resolution possible in the future.
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Fig. 8 Color focusing imaging applications of metalenses. (a) Left panel: SEM image from a region of the
metacorrector, made of TiO, nanofins on a glass substrate. Scale bar: 500 nm. The inset shows an oblique view
(scale bar: 200 nm). Middle panel: ray diagram at A = 560 nm. The metacorrector with the diameter of 4 mm is
placed at the entrance aperture of the objective. The objective consists of 14 lenses made of 7 different glasses.
Right panel: a comparison of imaging under white light illumination with and without the metacorrector [81].
(b) Left panel: SEM image of a part of the fabricated metalens. Scale bar: 1 pm. Inset: a magnified view of the
nanofins. Scale bar: 500 nm. Middle panel: the focal spot profile, with the top and bottom rows corresponding
to the diode (monochromatic) and tunable broadband laser illumination, respectively. Scale bars: 2 um. Right
panel: imaging with the achromatic metalens. The pattern corresponding to number 6 has a linewidth of

8.77 um [82]. Scale bars: 40 um. (c) Left panel: schematic of a metasurface comprising an array of nanoposts.
Middle panel: optical images of the singlet metasurface lens (upper raw) and the extended depth of focus
device (lower raw). Right panel: imaging under white light [83]

H--'--------';.'T'.

Polarization dependent imaging

Different from the polarization diffraction devices previously studied, such as gratings,
using spatially rotating polarizers or waveplates to achieve polarization dependence,
Hasman et al. proposes a polarization dependent focusing lens based on quantized
Pancharatnam-Berry phase diffractive optics at the wavelength of 10.6 um. The
polarization dependent lens can be realized with a discrete geometrical phase, using a
computer-generated space-variant subwavelength dielectric grating. The metalens is ex-
perimentally confirmed to be a converging lens for incident right-hand circularly polar-
ized beam and a diverging lens for incident left-hand state [91]. Similar to this function
but with a significantly different mechanism and technology, Chen et al. designed a
plasmonic metalens exhibiting dual polarities based on interfacial phase discontinuities
[92] for circularly polarized light [93]. In their design, the metalens can be conducted
as a convex lens or a concave lens when the polarization of incident light is converted
into the opposite in Fig. 9(a). Besides, the plasmonic lenses with a negative polarity and
positive polarity for the right circular polarization are demonstrated experimentally by
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(See figure on previous page.)

Fig. 9 Polarization-dependent imaging applications of metalenses. (a) SEM images of a plasmonic lens on
an ITO-coated glass substrate with negative polarity (upper panel) and positive polarity (lower panel) for an
incident right circularly polarization (RCP) light [93]. Scale bar: 1 mm. (b) Schematic illustration of imaging
for metalens used as a convex lens and a concave lens. SEMs of the grating (object) at 810 nm without the
metalens (top), a magnified image for RCP incident beam with a magnification of 1.45 (middle) and a
reduced image for LCP incident beam with a magnification of 0.87 (bottom) [93]. The scale bar is 50 mm.
(c) Upper panel: the focusing properties of the same metalens can be switched between a convex lens and
a concave lens by controlling the helicity of the incident light. Lower panel: SEM image and phase
distribution of the fabricated dual-polarity plasmonic lens with a focal length of 80 um [94]. (d)
Experimental demonstration of imaging [94]. (e) The building block of the chiral lens consists of two
nanofins on a glass substrate. Upper right panel: SEM image of chiral lens. Scale bar: 600 nm. Lower panel:
Imaging principle of the chiral lens where LCP and RCP light from the same object [95]. (f) Images of the
beetle obtained by the chiral lens on the color camera and images of a one-dollar coin under green LED
illumination [95]. (g) Optical microscope image of the grating sample shows Fresnel zones owing to the
weak, polarization independent lensing effect imposed on top of the metagrating. Inset: metasurface
consists of subwavelength, form-birefringent TiO, pillars array. Right panel: Imaging system packaged into a
portable prototype and the essential part of the camera [96]. (h) A plastic ruler and spoon with the
information of Stokes vectors are photographed with the camera [96]

engineering the opposite rotation directions of the dipole antennas. Using the plas-
monic lenses in the imaging system, magnified and shrink images are captured with the
magnifications of object agreeable well with theoretical value shown in Fig. 9(b) [93].

Although the imaging of grating is obtained in the work mentioned above, the metalens
consisting of the dipole antennas manipulated the light only along one direction, which
caused the image of some object distorted originated from the different magnifications
along two directions. Hereafter, Chen et al. use the dual-polarity plasmonic circular flat
metalens to experimentally demonstrate its reversible polarity and to realize the inverted
real images or the upright virtual images of a two-dimensional object without distortion
in the visible range for the first time, which is illustrated in Fig. 9(c) and (d) [94].

Distinguished from the mechanism of polarization imaging mentioned above, in
order to perceive the polarization states of objects in some applications including envir-
onmental sensing [97], biological studies [98] and so on, Capasso and his co-workers
designed a multispectral chiral metalens with each meta-element consisting of two
nano-fins on a glass to perform multispectral imaging that focusing different wave-
lengths into spatially separated spots, which is depicted in Fig. 9(e). The designed meta-
lens can not only achieve multispectral information of the object over the entire visible
regime but also identify the object’s chirality without additional optics. Images of a
chiral object that presenting strong circular dichroism around green wavelengths is
captured on the camera chip with opposite helicity, while other objects without chiral-
ity can also be clearly imaged in Fig. 9(f) [95].

As more and more eager to distinguish the polarization state of an object, matrix
Fourier optics comes into being for realize a single polarization optical element.
Rubin et al. recently integrate a metagrating [99-101] into a photographic imaging
system and realize a compact full-Stokes polarization camera in Fig. 9(g). The
metagrating is composed of TiO, nano-fins array and the diffraction efficiency in
terms of power diffracted into the four orders over incident power is above 50%,
which is high enough to enable imaging applications. Four images with rich
polarization information owing to stress birefringence can be obtained simultan-
eously by four detectors and then analyzed pixel-wise to reconstruct the Stokes
vector across the scene, which is clearly shown in Fig. 9(h) [96].
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Light field imaging

In the process of optical imaging, in addition to clear two-dimensional color images,
sometimes we need to know the depth information of the image. Thus, the theory of
light field imaging is formed to achieve refocused image of the scene with different
depths. Tsai and co-workers proposed an imaging method of combing the light field
imaging with metlenses to achieve multi-dimensional light field information. They fab-
ricated a large achromatic metalens array and integrated a light field imaging system.
An intermediate image on the sensing plane needs to render with different focusing
depths and then the scene can be reconstructed slice by slice from the rendered images
with different depths of focus shown in Fig. 10(a). Besides, the ability to evaluate the
depths of objects and to measure the relative speed can be achieved owing to the light
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Fig. 10 Light-field imaging applications of metalenses. (a) Upper panel: schematic diagram of light-field
imaging with metalens array and rendered images. An objective is used to collect the circularly polarized
light on the achromatic metalens array and form an intermediate image in front of the achromatic
metalens array. Lower panel: rendered images focusing on the rocket with depths of 50 cm, 54 cm and
66.5cm [102]. (b) Quantification of the imaging resolution of the light-field system with an achromatic
metalens array [102]. (c) Schematic of the broadband achromatic metalens array showing the principle of
white-light achromatic integral imaging [103]. (d) Upper panel: reconstructed images in the case that the
number “3" is closer to the central depth plane than the letter ‘D", and they are focused on “3" plane.
Lower panel: reconstructed images in the case that the number “3" is closer to the central depth plane
than the letter "D, and they are focused on “D" plane. Scale bar: 100 um [103]. (e) Schematic of the
metalens depth sensor estimating depth by mimicking the jumping spider. The work principle is that a
metalens is designed to simultaneously capture 2 images with different defocus and then efficient
calculations is performed to produce depth from these images [104]. (f) Geometric light path diagram of
light passing through the designed metalens [104]
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field imaging. Under the optical imaging system, resolution of 1.95 um in linewidth is
evaluated by utilizing the SUSAFRC in Fig. 10(b) [102].

Later, Fan et al. proposed a silicon nitride metalens array without chromatic aberra-
tions in the visible and use it for integral imaging display [105] that capturing light field
information in Fig. 10(c). Distinguish slightly from the light field camera mentioned
above, three-dimensional scene is encoded with algorithms and then image with depth
information is reconstructed in the progress of integral imaging displays with the de-
signed silicon nitride metalens array for white light in Fig. 10(d) [103]. The metalens
array can realize the diffraction-limited focusing for different polarizations and be inte-
grated on the chip to achieve the optoelectronic information.

Recently, there is another method reported to measure the depth information of an
image. Inspired by the optical principle of eyes of jumping spider, Guo et al. proposed a
metalens-based depth sensor to perceive depth information in Fig. 10(e) [104]. The work-
ing principle of the depth sensor is to use metasurface technology to design a metalens
that split light into two beams and then simultaneously form a pair of differently de-
focused images on the two halves of a single planar photosensor in Fig. 10(f). According
to the proposed computational algorithm, a dense field of depth estimates is acquired and
each is associated with a confidence value. The compact, single-shot metalens-based
depth sensor requires a small amount of computation. The work brings artificial depth
sensing closer to being feasible on millimeter-scale, microwatts platform.

Other imaging with metalens

In addition to these optical imaging applications mentioned above, there are many other
functionalities in imaging field combined with the planer metalenses [73, 106—116]. Pahle-
vaninezhad et al. realized the integration of achromatic metalens with endoscopic optical
coherence tomography and achieved the endoscopic imaging with great resolution and
high depth of focus. They investigated the imaging results of resected human lung speci-
mens and sheep airways in vivo, respectively (see details in Fig. 11(a) [117]. Cheng et al.
present a type of acoustic imaging by utilizing the acoustic resonant metalens with strong
acoustic anisotropy, solving the problem of requiring to bring objects quite close to the
device when imaging with acoustic materials. Subwavelength resolution acoustic imaging
of two-dimensional object can be realized by the mechanism of magnifying an acoustic
evanescent wave inside a metalens in Fig. 11(b) [111]. Schlickriede et al. proposed a non-
linear imaging using nonlinear metalens with the response of second harmonic generation
in Fig. 11(c). Extremely different from the metalenses used in linear regime, nonlinear
metalens with nonlinear Pancharatnam-Berry phase and three-fold rotational symmetry
in the work presents helicity dependence and the possibility of frequency conversion.
When changing the spin state of circularly polarized light, the real image or virtual image
with nonlinear information can be achieved in Fig. 11(d) [113]. There are several pioneer-
ing applications of metalenses for microscopy reported recently, like two-photon micros-
copy and quantitative phase gradient microscopy. Ehsan et al. proposed and
demonstrated two-photon fluorescence microscopy with image qualities comparable to a
conventional microscope objective using a double-wavelength meta-lens (DW-ML) as the
objective lens experimentally in Fig. 12(a) and (b) [118]. Compared to current systems
based on graded-index-lenses, the metasurface lens can enable ultracompact two-photon



Zou et al. PhotoniX

(2020) 1:2

Real image Virtual image

560 pym 500 pm

-440 pm -490 pm
Real image

+1100 pm  +1000 pm  +900 ym  +800 ym  +700 pm  +600 ym  +500 ym
z (distance to metalens <)
Virtual image

+1200 pm

-350 pm -400 pm -450 pm -500 pm -550 pym

z (distance to metalens —)

200 pm -250 pm 300 pm
Fig. 11 Other imaging applications of metalenses. (a) Left panel: SEM image of a portion of a fabricated
metalens. Right upper panel: OCT images of fruit flesh (grape) obtained using a ball lens catheter and the
nano-optic endoscope. Right lower panel: ex vivo images of swine airway using a ball lens catheter and the
nano-optic endoscope [117]. Scale bars: 500 um. (b) Left panel: geometry of the acoustic metalens formed
by holey-structured metamaterials. The periodic holes are filled with water and organized on a square
lattice in a brass matrix. Right panel: The imaging object. The calculated pressure field distributions at the
output surface (middle) and at the internal image plane (right) [ 111]. (¢) Left panel: illustration of the
imaging concept: The L-shaped aperture is imaged on a screen with the help of the nonlinear metalens
consisting of C3 nanoantennas. Right panel: nonlinear imaging of double slit apertures [113]. (d) Left panel:
SEM image of the plasmonic metalens designed for a focal length of 500 um. Right upper panel: measured
and Simulated SHG distribution for planes along the z-propagation direction behind the metalens showing
the evolution of the image formation. A clear upright real image of the letter L is formed at z= 1000 um.
The metalens works as a convex lens for a spin conversion from RCP to LCP so that the real image is
formed behind the metalens with the magnification of — 1. Right lower panel: the nonlinear metalens acts
as a concave lens which images an upside down virtual image of the letter L for LCP. The measured image
is obtained with a magnification of 0.35 [113]. White scale bars: 20 um
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Fig. 12 Microscopy applications of metalenses. (a) Left panel: regular microscope image of a fluorescent
polyethylene microsphere. Middle panel: two-photon fluorescent microscope image of the microsphere
captured using the double-wavelength metalens (DW-ML). Right panel: the microscope image captured
using a conventional refractive objective [118]. Scale bars: 10 um. (b) Schematic illustration of the proposed
two-photon microscope. A pulsed laser source is focused inside a sample using the excitation optics and a
metasurface objective. The same metasurface lens along with the collection optics collects the light that is
emitted by the sample through a two-photon fluorescence process [118]. (c) Schematic of a metasurface-
based quantitative phase gradient microscope (QPGM) and its operation principle. The second metasurface
layer is composed of three separate metasurface lenses. The first metasurface, together with each of the
lenses in the second metasurface layer, forms a different image of the object. A polarizer and the
polarization-sensitive metasurfaces then result in three interference patterns [119]. (d) lllustration of the roles
of the two metasurface layers [119]. (e) Left panel: a binary phase sample with unity amplitude used as an
example target. Middle panel: three DIC images of the phase sample. Right panel: phase gradient image
showing the phase gradient along the y axis [119]

microscopes with similar performance. Besides, Hyounghan et al. demonstrated a com-
pact quantitative phase gradient microscope (QGPM) based on two dielectric metasurface
layers as in shown in Fig. 12(c) [119]. QGPM can capture three differential interference
contrast images to generate a quantitative phase gradient image in a single shot as is
depicted in Fig. 12(d) and (e). The capability to capture quantitative phase gradient data
with better phase gradient sensitivity and single-cell resolution were verified, in favor of

developing miniaturized quantitative phase imaging systems.

Conclusions and outlook

In the article, we have reviewed the development of metalenses and relative imaging
technologies based on them. Metalenses are increasingly applied in the optical research
field and have more excellent functions and more unique features. Attributed to their
ultrathin, ultraweight and ultracompact nature, metalenses have been integrated into
chips and systems. Particularly, it is a major breakthrough in the field of integrated im-
aging with flexible modulation of metalenses, replacing cascading, bulky, expensive
traditional counterparts. Although the great progress of metalenses has been obtained,
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especially in fabrication and design, there are still a variety of challenges of metalenses
to be improved and explored in the future.

As mentioned above, the key factors consisting of the higher efficiency, larger NA,
more robust aberration elimination including chromaticity and coma require to be pur-
sued and then the multi-functional metalenses can satisfy the requirement of practical
imaging applications under different situations, such as machine vision, remote sensing,
medical diagnosis, biological imaging and material science. In the work, we only focus
on the limited examples of imaging applications based on the metalenses. There
remaining numerous novel applications for combining metasurface are being realized,
which needs for the exploration of innovative working principles and more complex
design schemes. In light of the excellent characteristics enabled by the exceptional
wavefront modulation ability, metalenses can be an important link between the renova-
tion of photonics and optoelectronics.

Acknowledgements
Not applicable.

Authors’ contributions
Writing-original draft preparation: XZ, GZ, QY, SW, WZ, RC, TL, LL, ZW, SZ. Writing-review and editing: XZ, GZ, QY, SW.
XZ was a major contributor in writing the manuscript. All authors read and approved the final manuscript.

Funding

The authors are grateful that this work was supported by the National Key R&D Program of China (2017YFA0303700,
2017YFA0303702, 2016YFA0202103), the National Natural Science Foundation of China (No. 11822406, 11834007,
11774162, 11674166, 11674167, 11674168, 11621091, 11774164, 91850204).

Availability of data and materials
The datasets and figures used and analyzed during the current study are available from the corresponding author on
reasonable request.

Competing interests
The authors declare that they have no competing interests.

Author details

'National Laboratory of Solid State Microstructures, School of Physics, College of Engineering and Applied Sciences,
Nanjing University, Nanjing 210093, China. “Collaborative Innovation Center of Advanced Microstructures, Nanjing
University, Nanjing 210093, China. *Jiangsu Key Laboratory for Optoelectronic Detection of Atmosphere and Ocean,
Nanjing University of Information Science &Technology, Nanjing 210044, China. *Key Laboratory of Intelligent Optical
Sensing and Manipulation Ministry of Education, Nanjing 210093, China.

Received: 3 January 2020 Accepted: 7 February 2020
Published online: 04 March 2020

References

1. Abdelsalam M, Mahmoud AM, Swillam M. A polarization independent dielectric metasurface for infrared beam steering
applications. Sci Rep. 2019,9:1-7.

2. Wang Z Li T, Soman A, Mao D, Kananen T, Gu T. On-chip wavefront shaping with dielectric metasurface. Nat Commun.
2019;10:1-7.

3. Zhou J, Qian H, Luo H, Wen S, Liu Z. A spin controlled wavefront shaping metasurface with low dispersion in visible
frequencies. Nanoscale. 2019;11:17111-9.

. Bukhari SS, Vardaxoglou J, Whittow W. A Metasurfaces review: definitions and applications. Appl Sci. 2019,9:2727.

5. Dharmavarapu R, Ki |, Katayama I, Ng SH, Vongsvivut J, Tobin MJ, Kuchmizhak A, Nishijima Y, Bhattacharya S, Juodkazis S.
Dielectric cross-shaped-resonator-based metasurface for vortex beam generation at mid-IR and THz wavelengths.
Nanophotonics. 2019;8:1263-70.

6. Meng X, Wu J, Wu Z, Yang L, Huang L, Li X, Qu T. Design, fabrication, and measurement of an anisotropic holographic
metasurface for generating vortex beams carrying orbital angular momentum. Opt Lett. 2019;44:1452-5.

7. Chen Y, Yang X, Gao J. Spin-controlled wavefront shaping with plasmonic chiral geometric metasurfaces. Light Sci Appl.
2018;7:84.

8. Kildishev AV, Boltasseva A, Shalaev VM. Planar photonics with metasurfaces. Science. 2013;339:1232009.

9. Silva A, Monticone F, Castaldi G, Galdi V, Al A, Engheta N. Performing mathematical operations with metamaterials.
Science. 2014;343:160-3.

10.  Strikwerda AC, Sleasman T, Anderson W, Awadallah RI. Sub-wavelength focusing in inhomogeneous media with a
Metasurface near field plate. Sensors. 2019;19:4534.



Zou et al. PhotoniX

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43,
44,

45.

46.

47.

(2020) 1:2 Page 22 of 24

Epstein A, Eleftheriades GV. Huygens' metasurfaces via the equivalence principle: design and applications. J Opt Soc Am
B - Opt Phys. 2016;33:A31-50.

Khorasaninejad M, Capasso F. Metalenses: Versatile multifunctional photonic components. Science. 2017;358:eaam8100.
Pfeiffer C, Grbic A. Controlling vector Bessel beams with Metasurfaces. Phys Rev Appl. 2014;2:044012.

Yang J, Wang J, Feng M, Li Y, Wang X, Zhou X, Cui T, Qu S. Achromatic flat focusing lens based on dispersion
engineering of spoof surface plasmon polaritons. Appl Phys Lett. 2017;110:203507.

Segal N, Keren-Zur S, Hendler N, Ellenbogen T. Controlling light with metamaterial-based nonlinear photonic crystals.
Nat Photonics. 2015;9:180.

Ni X, Emani NK, Kildishev AV, Boltasseva A, Shalaev VM. Broadband light bending with plasmonic nanoantennas.
Science. 2012;335:427.

Chen WT, Yang KY, Wang CM, Huang YW, Sun G, Chiang ID, Liao CY, Hsu WL, Lin HT, Sun S, Zhou L, Liu AQ, Tsai DP.
High-efficiency broadband meta-hologram with polarization-controlled dual images. Nano Lett. 2014;14:225-30.

Yang Y, Wang W, Moitra P, Kravchenko I, Briggs DP, Valentine J. Dielectric meta-Reflectarray for broadband linear
polarization conversion and optical vortex generation. Nano Lett. 2014;14:1394-9.

Ding X, Monticone F, Zhang K, Zhang L, Gao D, Burokur SN, de Lustrac A, Wu Q, Qiu CW, Alu A. Ultrathin
Pancharatnam-berry Metasurface with maximal cross-polarization efficiency. Adv Mater. 2015;27:1195-200.

Chen H, Wang J, Ma H, Qu S, Xu Z, Zhang A, Yan M, Li Y. Ultra-wideband polarization conversion metasurfaces based
on multiple plasmon resonances. J Appl Phys. 2014;115:154504.

Li L, Cui TJ, JiW, Liu S, Ding J, Wan X, Li YB, Jiang M, Qiu CW, Zhang S. Electromagnetic reprogrammable coding-
metasurface holograms. Nat Commun. 2017,8:197.

Wang B, Dong F, Li QT, Yang D, Sun C, Chen J, Song Z, Xu L, Chu W, Xiao YF, Gong Q, Li Y. Visible-frequency dielectric
Metasurfaces for multiwavelength achromatic and highly dispersive holograms. Nano Lett. 2016;16:5235-40.

Wang L, Kruk S, Tang H, Li T, Kravchenko |, Neshev DN, Kivshar YS. Grayscale transparent metasurface holograms. Optica.
2016;3:1504-5.

Huang L, Chen X, Muehlenbernd H, Zhang H, Chen S, Bai B, Tan Q, Jin G, Cheah K-W. Three-dimensional optical
holography using a plasmonic metasurface. Nat Commun. 2013;4:2808.

Huang Y-W, Chen WT, Tsai W-Y, Wu PC, Wang C-M, Sun G, Tsai DP. Aluminum Plasmonic Multicolor Meta-Hologram.
Nano Lett. 2015;15:3122-7.

Huang L, Chen X, Muehlenbernd H, Zhang H, Chen S, Bai B, Tan Q, Jin G, Cheah KW, Qiu CW, Li J, Zentgraf T, Zhang S.
Multicolor 3D meta-holography by broadband plasmonic modulation. Sci Adv. 2016;2:¢1601102.

Ni X, Wong ZJ, Mrejen M, Wang Y, Zhang X. An ultrathin invisibility skin cloak for visible light. Science. 2015;349:
1310-4.

Wen D, Yue F, Li G, Zheng G, Chan K, Chen S, Chen M, Li KF, Wong PWH, Cheah KW, Pun EYB, Zhang S, Chen X. Helicity
multiplexed broadband metasurface holograms. Nat Commun. 2015;6:8241.

Yu YF, Zhu AY, Paniagua-Dominguez R, Fu YH, Luk'yanchuk B, Kuznetsov Al. High-transmission dielectric metasurface
with 2 phase control at visible wavelengths. Laser Photon Rev. 2015,9:412-8.

Ma X, Pu M, Li X, Huang C, Wang Y, Pan W, Zhao B, Cui J, Wang C, Zhao Z, Luo X. A planar chiral meta-surface for
optical vortex generation and focusing. Sci Rep. 2015;5:10365.

Xu JJ, Zhang HC, Zhang Q, Cui TJ. Efficient conversion of surface-plasmon-like modes to spatial radiated modes. Appl
Phys Lett. 2015;106:021102.

Costantini D, Lefebvre A, Coutrot AL, Moldovan-Doyen |, Hugonin JP, Boutami S, Marquier F, Benisty H, Greffet JJ.
Plasmonic Metasurface for directional and frequency-selective thermal emission. Phys Rev Appl. 2015;4:014023.
Burokur SN, DanielJP RP, de Lustrac A. Tunable bilayered metasurface for frequency reconfigurable directive emissions.
Appl Phys Lett. 2010,97:064101.

Aoni RA, Rahmani M, Xu L, Kamali KZ, Komar A, Yen J, Neshev D, Miroshnichenko AE. High-efficiency visible light
manipulation using dielectric Metasurfaces. Sci Rep. 2019,9:6510.

Cheng K, Wei Z, Fan Y, Zhang X, Wu C, Li H. Realizing broadband transparency via manipulating the hybrid coupling
modes in Metasurfaces for High-efficiency Metalens. Adv Opt Mater. 2019;7:1900016.

Yin X, Ye Z, Rho J, Wang Y, Zhang X. Photonic spin hall effect at metasurfaces. Science. 2013;339:1405-7.

Yu N, Aieta F, Genevet P, Kats MA, Gaburro Z, Capasso F. A broadband, background-free quarter-wave plate based on
plasmonic metasurfaces. Nano Lett. 2012;12:6328-33.

Wen D, Yue F, Ardron M, Chen X. Multifunctional metasurface lens for imaging and Fourier transform. Sci Rep.
2016;6:27628.

Vo S, Fattal D, Sorin WV, Peng Z, Tho T, Fiorentino M, Beausoleil RG. Sub-wavelength grating lenses with a twist. [EEE
Photon Technol Lett. 2014;26:1375-8.

Zheng G, Muehlenbernd H, Kenney M, Li G, Zentgraf T, Zhang S. Metasurface holograms reaching 80% efficiency. Nat
Nanotech. 2015;10:308-12.

Arbabi A, Briggs RM, Horie Y, Bagheri M, Faraon A. Efficient dielectric metasurface collimating lenses for mid-infrared
quantum cascade lasers. Opt Express. 2015;23:33310-7.

Cai W, Shalaev V. Optical properties of metal-dielectric composites. New York: Optical Metamaterials Springer; 2010. p.
11-37.

Pendry JB, Schurig D, Smith DR. Controlling electromagnetic fields. Science. 2006;312:1780-2.

Huang L, Chen X, Muehlenbernd H, Li G, Bai B, Tan Q, Jin G, Zentgraf T, Zhang S. Dispersionless phase discontinuities
for controlling light propagation. Nano Lett. 2012;12:5750-5.

Liu L, Zhang X, Kenney M, Su X, Xu N, Ouyang C, Shi 'Y, Han J, Zhang W, Zhang S. Broadband Metasurfaces with
simultaneous control of phase and amplitude. Adv Mater. 2014,26:5031-6.

Aieta F, Genevet P, Kats MA, Yu N, Blanchard R, Gaburro Z, Capasso F. Aberration-free ultrathin flat lenses and axicons at
telecom wavelengths based on plasmonic metasurfaces. Nano Lett. 2012;12(9):4932-6.

Aieta F, Genevet P, Yu N, Kats MA, Gaburro Z, Capasso F. Out-of-plane reflection and refraction of light by anisotropic
optical antenna metasurfaces with phase discontinuities. Nano Lett. 2012;12(3):1702-6.



Zou et al. PhotoniX

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.

69.
70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

(2020) 1:2

Zhang X, Tian Z, Yue W, Gu J, Zhang S, Han J, Zhang W. Broadband terahertz wave deflection based on C-shape
complex metamaterials with phase discontinuities. Adv Mater. 2013;25:4567-72.

Decker M, Chen WT, Nobis T, Zhu AY, Khorasaninejad M, Bharwani Z, Capasso F, Petschulat J. Imaging performance of
polarization-insensitive metalenses. ACS Photonics. 2019,6:1493-9.

Pors A, Nielsen MG, Eriksen RL, Bozhevolnyi SI. Broadband focusing flat mirrors based on Plasmonic gradient
Metasurfaces. Nano Lett. 2013;13:829-34.

Arbabi A, Horie Y, Ball AJ, Bagheri M, Faraon A. Subwavelength-thick lenses with high numerical apertures and large
efficiency based on high-contrast transmitarrays. Nat Commun. 2015;6:7069.

Khorasaninejad M, Chen WT, Devlin RC, Oh J, Zhu AY, Capasso F. Metalenses at visible wavelengths: diffraction-limited
focusing and subwavelength resolution imaging. Science. 2016;352:1190-4.

Zhang S, Soibel A, Keo SA, Wilson D, Rafol SB, Ting DZ, She A, Gunapala SD, Capasso F. Solid-immersion metalenses for
infrared focal plane arrays. Appl Phys Lett. 2018;113:111104.

Fan ZB, Shao ZK, Xie MY, Pang XN, Ruan WS, Zhao FL, Chen YJ, Yu SY, Dong JW. Silicon nitride Metalenses for close-to-
one numerical aperture and wide-angle visible imaging. Phys Rev Appl. 2018;10:014005.

Paniagua-Dominguez R, Yu YF, Khaidarov E, Choi S, Leong V, Bakker RM, Liang X, Fu YH, Valuckas V, Krivitsky LA,
Kuznetsov Al. A Metalens with a near-Unity numerical aperture. Nano Lett. 2018;18:2124-32.

Chen WT, Zhu AY, Khorasaninejad M, Shi Z, Sanjeev V, Capasso F. Immersion meta-lenses at visible wavelengths for
Nanoscale imaging. Nano Lett. 2017;17:3188-94.

Liang H, Lin Q, Xie X, Sun Q, Wang Y, Zhou L, Liu L, Yu X, Zhou J, Krauss TF, Li J. Ultrahigh numerical aperture Metalens
at visible wavelengths. Nano Lett. 2018;18:4460-6.

Arbabi E, Arbabi A, Kamali SM, Horie Y, Faraon A. Multiwavelength metasurfaces through spatial multiplexing. Sci Rep.
2016;6:32803.

Avayu O, Almeida E, Prior Y, Ellenbogen T. Composite functional metasurfaces for multispectral achromatic optics. Nat
Commun. 2017;8:14992.

Arbabi E, Arbabi A, Kamali SM, Horie Y, Faraon A. Controlling the sign of chromatic dispersion in diffractive optics with
dielectric metasurfaces. Optica. 2017;4:625-32.

Wang S, Wu PC, Su V-C, Lai Y-C, Chu CH, Chen J-W, Lu S-H, Chen J, Xu B, Kuan C-H, Li T, Zhu S, Tsai DP. Broadband
achromatic optical metasurface devices. Nat Commun. 2017,8:187.

Hsiao H-H, Chen YH, Lin RJ, Wu PC, Wang S, Chen BH, Tsai DP. Integrated resonant unit of Metasurfaces for broadband
efficiency and phase manipulation. Adv Opt Mater. 2018;6:1800031.

Meem M, Banerji S, Majumder A, Vasquez FG, Sensale-Rodriguez B, Menon R. Broadband lightweight flat lenses for long-
wave infrared imaging. Proc Natl Acad Sci U S A. 2019;116:21375-8.

High AA, Devlin RC, Dibos A, Polking M, Wild DS, Perczel J, de Leon NP, Lukin MD, Park H. Visible-frequency hyperbolic
metasurface. Nature. 2015;522:192-6.

Aieta F, Genevet P, Kats M, Capasso F. Aberrations of flat lenses and aplanatic metasurfaces. Opt Express. 2013;21:31530-9.
Arbabi A, Arbabi E, Kamali SM, Horie Y, Han S, Faraon A. Miniature optical planar camera based on a wide-angle
metasurface doublet corrected for monochromatic aberrations. Nat Commun. 2016;7:13682.

Groever B, Chen WT, Capasso F. Meta-Lens doublet in the visible region. Nano Lett. 2017;17:4902-7.

Gao D, Yang R, Gu C, Li J, Gao M, Lei Z, Zhang F. Conformal Cassegrain reflecting systems using meta-surfaces. J Phys D
Appl Phys. 2019;52:235301.

Kingslake R. A history of the photographic lens. San Diego: Elsevier, Academic press Inc,; 1989.

Manek |, Ovchinnikov YB, Grimm R. Generation of a hollow laser beam for atom trapping using an axicon. Opt
Commun. 1998;147:67-70.

McLeod JH. Axicons and their uses. JOSA. 1960;50(2):166-9.

She A, Zhang SY, Shian S, Clarke DR, Capasso F. Large area metalenses: design, characterization, and mass
manufacturing. Opt Express. 2018;26:1573.

Colburn S, Zhan A, Majumdar A. Varifocal zoom imaging with large area focal length adjustable metalenses. Optica.
2018;5:825-31.

Colburn S, Majumdar A. Simultaneous achromatic and Varifocal imaging with quartic Metasurfaces in the visible. ACS
Photonics. 2020;7:120-7.

AietaF KMA, Genevet P, Capasso F. Multiwavelength achromatic metasurfaces by dispersive phase compensation.
Science. 2015;347:1342-5.

Hu J, Liu C-H, Ren X, Lauhon LJ, Odom TW. Plasmonic lattice lenses for multiwavelength achromatic focusing. ACS
Nano. 2016;10:10275-82.

Khorasaninejad M, Shi Z, Zhu AY, Chen WT, Sanjeev V, Zaidi A, Capasso F. Achromatic Metalens over 60 nm bandwidth
in the visible and Metalens with reverse chromatic dispersion. Nano Lett. 2017;17:1819-24.

Chen WT, Zhu AY, Sanjeev V, Khorasaninejad M, Shi Z, Lee E, Capasso F. A broadband achromatic metalens for focusing
and imaging in the visible. Nat Nanotechnol. 2018;13:220-6.

Wang S, Wu PC, Su VC, Lai YC, Chen MK, Kuo HY, Chen BH, Chen YH, Huang TT, Wang JH, Lin RM, Kuan CH, Li T, Wang
Z,Zhu S, Tsai DP. A broadband achromatic metalens in the visible. Nat Nanotechnol. 2018;13:227-32.

Hentschel M, Weiss T, Bagheri S, Giessen H. Babinet to the half: coupling of solid and inverse Plasmonic structures. Nano
Lett. 2013;13:4428-33.

Chen WT, Zhu AY, Sisler J, Huang YW, Yousef KMA, Lee E, Qiu CW, Capasso F. Broadband achromatic Metasurface-
refractive optics. Nano Lett. 2018;18:7801-8.

Chen WT, Zhu AY, Sisler J, Bharwani Z, Capasso F. A broadband achromatic polarization-insensitive metalens consisting
of anisotropic nanostructures. Nat Commun. 2019;10:355.

Colburn S, Zhan A, Majumdar A. Metasurface optics for full-color computational imaging. Sci Adv. 2018:4:2114.

Yoon G, Lee D, Nam K, Rho J. Geometric metasurface enabling polarization independent beam splitting. Sci Rep.
2018;8:9486.

Lin D, Holsteen AL, Maguid E, Fan P, Kik PG, Hasman E, Brongersma ML. Polarization-independent metasurface lens
employing the Pancharatnam-berry phase. Opt Express. 2018;26:24835-42.

Page 23 of 24



Zou et al. PhotoniX (2020) 1:2 Page 24 of 24

86. Zhang X, Li X, Jin J, PuM, Ma X, Luo J, Guo Y, Wang C, Luo X. Polarization-independent broadband meta-holograms via
polarization-dependent nanoholes. Nanoscale. 2018;10:9304-10.

87. MaW, Jia D, Yu X, Feng Y, Zhao Y. Reflective gradient metasurfaces for polarization-independent light focusing at
normal or oblique incidence. Appl Phys Lett. 2016;108:071111.

88.  Ozdemir A, Hayran Z, Takashima Y, Kurt H. Polarization independent high transmission large numerical aperture laser
beam focusing and deflection by dielectric Huygens' metasurfaces. Opt Commun. 2017;401:46-53.

89. Heide F, Rouf M, Hullin MB, Labitzke B, Heidrich W, Kolb A. High-quality computational imaging through simple lenses.
ACM Trans Graph. 2013;32:149-1.

90. LiW,Yin X, Liu'Y, Zhang M. Computational imaging through chromatic aberration corrected simple lenses. J Mod Opt.
2017;64:2211-20.

91. Hasman E, Kleiner V, Biener G, Niv A. Polarization dependent focusing lens by use of quantized Pancharatnam-berry
phase diffractive optics. Appl Phys Lett. 2003;82:328-30.

92. Yu N, Genevet P, Kats MA, Aieta F, Tetienne J-P, Capasso F, Gaburro Z. Light propagation with phase discontinuities:
generalized Laws of reflection and refraction. Science. 2011;334:333-7.

93. Chen X, Huang L, Muhlenbernd H, Li G, Bai B, Tan Q, Jin G, Qiu CW, Zhang S, Zentgraf T. Dual-polarity plasmonic
metalens for visible light. Nat Commun. 2012;3:1198.

94. Chen X, Huang L, Muhlenbernd H, Li G, Bai B, Tan Q, Jin G, Qiu C-W, Zentgraf T, Zhang S. Reversible three-dimensional
focusing of visible light with ultrathin plasmonic flat lens. Advanced Opt Mater. 2013;1:517-21.

95.  Khorasaninejad M, Chen WT, Zhu AY, Oh J, Devlin RC, Rousso D, Capasso F. Multispectral chiral imaging with a
Metalens. Nano Lett. 2016;16:4595-600.

96.  Rubin NA, D'Aversa G, Chevalier P, Shi Z, Chen WT, Capasso F. Matrix Fourier optics enables a compact full-stokes
polarization camera. Science. 2019;365:1839.

97.  Knyazikhin Y, Schull MA, Stenberg P, Méttus M, Rautiainen M, Yang Y, Marshak A, Latorre Carmona P, Kaufmann RK,
Lewis P, Disney MI, Vanderbilt V, Davis AB, Baret F, Jacquemoud S, Lyapustin A, Myneni RB. Hyperspectral remote
sensing of foliar nitrogen content. Proc Natl Acad Sci. 2013;110:E185.

98. McNichols RJ, Cote GL. Optical glucose sensing in biological fluids: an overview. J Biomed Opt. 2000;5:5-17.

99. Pors A, Nielsen MG, Bozhevolnyi SI. Plasmonic metagratings for simultaneous determination of stokes parameters.
Optica. 2015;2:716-23.

100. Chen WT, Térok P, Foreman MR, Liao CY, Tsai W-Y, Wu PR, Tsai DP. Integrated plasmonic metasurfaces for
spectropolarimetry. Nanotechnology. 2016;27:224002.

101. Arbabi E, Kamali SM, Arbabi A, Faraon A. Full-stokes imaging Polarimetry using dielectric Metasurfaces. ACS Photonics.
2018;5:3132-40.

102. Lin RJ, SuVC, Wang S, Chen MK, Chung TL, Chen YH, Kuo HY, Chen JW, Chen J, Huang YT, Wang JH, Chu CH, Wu PC, Li T,
Wang Z, Zhu S, Tsai DP. Achromatic metalens array for full-colour light-field imaging. Nat Nanotechnol. 2019;14:227-31.

103. Fan ZB, Qiu HY, Zhang HL, Pang XN, Zhou LD, Liu L, Ren H, Wang QH, Dong JW. A broadband achromatic metalens
array for integral imaging in the visible. Light Sci Appl. 2019,8:67.

104. Guo Q, Shi ZJ, Huang YW, Alexanderd E, Qiu CW, Capassoa F, Zicklera T. Compact single-shot metalens depth sensors
inspired by eyes of jumping spiders. PANS. 2019;116:22959-65.

105. Okano F, Hoshino H, Arai J, Yuyama I. Real-time pickup method for a three-dimensional image based on integral
photography. Appl Opt. 1997;36:1598-603.

106. Lu D, Liu Z. Hyperlenses and metalenses for far-field super-resolution imaging. Nat Commun. 2012;3:1205.

107. Mosk AP, Lagendijk A, Lerosey G, Fink M. Controlling waves in space and time for imaging and focusing in complex
media. Nat Photonics. 2012;6:283-92.

108. Chen BH, Wu PC, Su V-C, Lai Y-C, Chu CH, Lee IC, Chen J-W, Chen YH, Lan Y-C, Kuan C-H, Tsai DP. GaN Metalens for
pixel-level full-color routing at visible light. Nano Lett. 2017;17:6345-52.

109. Ma C, Liu Z. A super resolution metalens with phase compensation mechanism. Appl Phys Lett. 2010,96:183103.

110. Slobozhanyuk AP, Poddubny AN, Raaijmakers AJE, van den Berg CAT, Kozachenko AV, Dubrovina IA, Melchakova IV,
Kivshar YS, Belov PA. Enhancement of magnetic resonance imaging with Metasurfaces. Adv Mater. 2016;28:1832-8.

111. Cheng Y, Zhou C, Wei Q, Wu D, Liu X. Acoustic subwavelength imaging of subsurface objects with acoustic resonant
metalens. Appl Phys Lett. 2013;103:224104.

112. Lemoult F, Fink M, Lerosey G. Far-field sub-wavelength imaging and focusing using a wire medium based resonant
metalens. Wave Random Complex. 2011,21:614-27.

113. Schlickriede C, Waterman N, Reineke B, Georgi P, Li G, Zhang S, Zentgraf T. Imaging through nonlinear Metalens using
second harmonic generation. Adv Mater. 2018,30:1703843.

114. Wang R, Wang B-Z, Gong Z-S, Ding X. Far-field subwavelength imaging with near-field resonant metalens scanning at
microwave frequencies. Sci Rep. 2015;5:11131.

115. Zuo H, Choi D-Y, Gai X, Ma P, Xu L, Neshev DN, Zhang B, Luther-Davies B. High-efficiency all-dielectric Metalenses for
mid-infrared imaging. Adv Opt Mater. 2017;5:1700585.

116. Jouvaud C, Ourir A, de Rosny J. Far-field imaging with a multi-frequency metalens. Appl Phys Lett. 2014;104:243507.

117. Pahlevaninezhad H, Khorasaninejad M, Huang YW, Shi Z, Hariri LP, Adams DC, Ding V, Zhu A, Qiu CW, Capasso F. Nano-
optic endoscope for high-resolution optical coherence tomography in vivo. Nat Photonics. 2018;12:540-7.

118. Arbabi E, Li JQ, Hutchins RJ, Kamali SM, Arbabi A, Horie Y, Dorpe PV, Gradinaru V, Wagenaar DA, Faraon A. Two-photon
microscopy with a double-wavelength Metasurface objective Lens. Nano Lett. 2018;18:4943-8.

119. Kwon H, Arbabi E, Kamali SM, Faraji-Dana M, Faraon A. Single-shot quantitative phase gradient microscopy using a
system of multifunctional metasurfaces. Nat Photonics. 2020;14:109-14.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



	Abstract
	Introduction
	Review on the applications as imaging lens of metasurfaces
	Key figures of merit for metalenses
	Focusing efficiency of metalenses
	High numerical aperture metalenses
	Achromatic metalenses
	Metalens without monochromatic aberration
	Large area fabrications of metalens

	Optical imaging applications of multifunctional metalenses
	Broadband focusing and imaging
	Polarization dependent imaging
	Light field imaging
	Other imaging with metalens


	Conclusions and outlook
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Competing interests
	Author details
	References
	Publisher’s Note

