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Abstract. The refractive-lens technique has been well developed over a long period of evolution, offering
powerful imaging functionalities, such as microscopes, telescopes, and spectroscopes. Nevertheless, the
ever-growing requirements continue to urge further enhanced imaging capabilities and upgraded devices
that are more compact for convenience. Metamaterial as a fascinating concept has inspired unprecedented
new explorations in physics, material science, and optics, not only in fundamental researches but also novel
applications. Along with the imaging topic, this paper reviews the progress of the flat lens as an important
branch of metamaterials, covering the early superlens with super-diffraction capability and current hot
topics of metalenses including a paralleled strategy of multilevel diffractive lenses. Numerous efforts and
approaches have been dedicated to areas ranging from the new fascinating physics to feasible applications.
This review provides a clear picture of the flat-lens evolution from the perspective of metamaterial design,
elucidating the relation and comparison between a superlens and metalens, and addressing derivative
designs. Finally, application scenarios that favor the ultrathin lens technique are emphasized with respect
to possible revolutionary imaging devices, followed by conclusive remarks and prospects.
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1 Introduction and Overview

For human beings, more than 80% of information is obtained
through vision, and we can see how important the eye is as
an imaging system. The invention of optical lenses implemented
versatile powerful imaging devices that significantly expand the
scope of human vision, such as microscopes, telescopes, and
spectroscopes. Moreover, by incorporating imaging sensors,
these imaging devices can record both static images and dy-
namic videos that greatly enrich human life. Refractive lenses
play an extremely important role in optical imaging devices,
which assemble light by reflection and refraction at the interface
of two media with different refractive indices, governed by the
well-known Snell’s law!"!. Over time, optical imaging technol-
ogy based on refractive lenses has been well developed.
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Systematic optical engineering with successive upgrading has
given rise to outstanding imaging capabilities, such as high res-
olution, wide field of view (FOV), and broad wavelengths.
Nevertheless, these systems are becoming increasingly complex
with multiple optical elements such as cascaded lenses, internal
reflection mirrors, and polarizers, which makes systems bulky,
heavy, and inconvenient for portability.

From a fundamental perspective, these developments in
refractive lenses cannot achieve super-resolution to break the
diffraction limit as restricted by the optical principle. Although
several strategies have been developed to access super-
resolution microscopy based on luminescence techniques [such
as STED (stimulated emission depletion microscopy) and
STORM (stochastic optical reconstruction microscopy)] and
achieved great success™™®, they are not strictly optical imaging
processes in principle, and their imaging functionality is still
limited. According to intuitive scientific expectations, an opti-
cally perfect lens is always of revolutionary significance in
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imaging technology. On the other hand, more compact, light-
weight, and stable optical systems are the ever-growing require-
ments in modern life. The traditional refractive lens relies on
light propagation that inevitably makes the devices bulky,
especially for those systems with cascaded compound lenses.
Recent advances in computational imaging (including lensless
imaging) have shown a successful solution to reduce the com-
plexity of the optical system by discarding refractive lenses”.
Nevertheless, they are not a real physical process, and the image
quality strongly relies on post-processing algorithms, such as
iterative phase recovery™, compressive sensing!, and Fourier
ptychography!. It inevitably requires computational resources
that are time consuming, and sometimes needs particular prior
knowledge for imaging reconstruction.

Metamaterial, as a new conceptual revolution in material sci-
ence, was proposed at the beginning of this century, and is com-
posed of subwavelength unit cells with artificial electromagnetic
(EM) responses that give rise to very flexible and abundant
modulations of EM/optical parameters (e.g., permittivity, per-
meability, refractive index) at both global and local scales!'.
Based on this new design philosophy, not only can the permit-
tivity be adjusted at will, but also the non-unit permeability can
be achieved in the optical region and even to negative values by
local magnetic resonances''>"”. Once the permittivity and
permeability both reach negative, a novel material is imple-
mented showing an unusual effect of negative refraction, which
is so-called negative index material (NIM)"'"*'%. Besides many
unusual effects and phenomena revealed in the NIM, John
Pendry from Imperial College, London, theoretically derived
an amazing function of perfect-lens imaging with unlimited res-
olution by a NIM slab due to its capability of amplifying the
evanescent wave, which carries information of unlimited small
features of an object!'”. In a real system, one cannot reach such
an ideal condition in both theory and experiments, and an un-
limited perfect lens is unachievable, though some NIMs have
been demonstrated in the optical regime®. Then the concept
of a superlens was proposed and demonstrated with the capabil-
ity to break the diffraction limit!"**",

In spite of the conceptual revolution of a superlens, it is
hardly adopted in real imaging applications due to the huge loss,
harsh working condition, and extreme difficulty in device
development. Although researchers thereafter extended the con-
cept to a hyperlens by anisotropic NIM design with hyperbolic
dispersion, most relevant studies were still limited at the stage of
effect demonstrations”??. In 2011, a two-dimensional (2D)
version of metamaterial, so-called metasurface, was proposed
based on a single layer of meta-atoms (i.e., subwavelength
resonators) with local modulation on the light wavefront
and polarization, which significantly enabled highly flexible
manipulation of light refraction and reflection, and was termed
as a generalized Snell’s law by Federico Capasso’s group
from Harvard University™. Unlike its bulky counterpart, this
metasurface is ultrathin (usually tens to hundreds of nano-
meters), which greatly reduces the propagating loss inside
the material and eases nanofabrication difficulty. Now, many
researches have been carried out on metasurfaces in explora-
tions of new design strategies, new functionalities, and possible
applications. Among them, a metasurface with a focusing
phase, i.e., the metalens, has always been the focus of attention
owing to the tremendous application potential in imaging
technology.

Photonics Insights

RO1-2

During the past decade, the design methods of metasur-
faces have been greatly enriched. Non-resonant geometric
[Pancharatnam—Berry (PB)] phase and dynamic propagation
phase are widely used in multi-functional metasurfaces, and
the constituent material was extended from the initial metal
to dielectric to further reduce loss, and make the high-efficiency
devices more applicable. Therefore, a dielectric metalens was
successfully demonstrated in 2016 showing an imaging perfor-
mance comparable to conventional microscopes at certain wave-
lengths'®!. Afterwards, more efforts have been made towards
imaging applications, such as efficiency improvement®", and
chromatic and image-aberration corrections™*"\. Another paral-
leled strategy based on a multi-level diffractive lens (MDL) was
developed showing its advantage in large-scale achromatic flat-
lens designs®!. However, recent studies have shown that the im-
aging performances of metalenses/MDLs in efficiency, working
bandwidth, image aberrations, FOV, etc., are mutually con-
strained"'!. Therefore, the comprehensive performance of to-
day’s metalenses is still inferior to traditional refraction lenses
and compound lenses. Thus, it is necessary to carefully examine
the application advantages of metalenses as considered to re-
place the conventional counterparts. In the meantime, new op-
portunities are opening for metalens imaging techniques with
ultra-compactness and ultra-flexibility with respect to the cur-
rent rapidly changing information society. Figure 1 displays
the two branches of developing routes of optical materials
to imaging flat lenses from natural materials and artificial meta-
materials, both of which are ultimately working towards
revolutionary imaging applications.

This review aims to provide a historic view on meta-imaging
developments, including the evolution from metamaterials to
metasurfaces, from perfect lens and superlens to metalens,
where intriguing new physics have been revealed and fascinat-
ing functionalities are explored. Moreover, this review tries to
clarify the most possible routes from the revolutionary metalens
design to real applications with tremendous advantages or irre-
placeable roles from recent sophisticated information from both
academia and industry. Based on these considerations, this
paper is organized in six parts. After the introduction and over-
view, we illustrate the invention of metamaterial and superlenses
in the second part, and metasurfaces and metalenses in the third
part. As a paralleled technique solution for flat-lens imaging, the
development of MDLs as the upgraded version of conventional
diffractive optical elements (DOEs) is addressed in the fourth
part. Afterwards, we particularly emphasize the application sce-
narios that might be suitable to these flat lenses in the fifth part,
where metalenses/MDLs are considered to give full play to their
utmost advantages. Finally, in the summary, we provide conclu-
sive remarks and prospects for this newly emerging flat lens
with the impact on optical devices and technologies.

2 Metamaterials and Superlenses

2.1 Perfect Lens and Negative Index Material

Curiosity in nature exploration has driven researchers to explore
the limits of imaging capability for centuries. In 1873, Abbe
discovered the so-called diffraction limit, which describes an
optical system such as a microscope that is unable to resolve
two spots with a distance smaller than half a wavelength®.
To explain this limitation, we refer to the wave nature of light,
which can be classified into two types: propagating wave and
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Fig. 1 Two branches of optical lens evolution towards revolutionary application in the information
society, where the representative figures of metamaterials, superlenses, hyperlenses, metal-
enses, and multilevel diffractive lenses are adapted from Refs. [18,19,21,23,28], respectively.

evanescent wave. We are more acquainted with the propagating
wave that has a real wave vector (k vector) in free space for
propagation, by which most optical phenomena were revealed
such as radiation, imaging, display, and projection. The evanes-
cent wave loses the real k£ vector component in one or two di-
mensions, instead having an imaginary one, meaning that this
kind of wave cannot radiate from the surface of an object. In
fact, the origin of this evanescent wave lies in large k vectors
in dimensions parallel to the object surface (defined as k),
which forces the normal component to be imaginary (k,) ac-
cording to the momentum conservation law. It can be interpreted
in a very simple formula of the electric field of a light with plane
wave form as

E = E(x, y) exp(ik,z — iwt), (1)

where k, = ,/k§ — (k% + k3) corresponds to k,, and k, (k,)

belongs to k. The evanescent wave can be deduced with respect
to a large paralleled momentum aroused from the subwave-
length structural features of an object surface (i.e., k; > ko),
which gives rise to an imaginary normal k; indicating an expo-
nentially decaying wave away from the surface in the normal
direction.

For an imaging system, the evanescent wave carries fine fea-
ture information and decays exponentially away from an object,
and the conventional lens cannot capture this evanescent wave
for imaging. Figure 2 schematically shows the radiation of light
from an object surface with respect to different k vectors origi-
nating from different-sized features. It intuitively shows that an
ultra-small structure generates the much larger G vector
(G =2x/A, ie., spatial frequency of surface structures; here,
A is the corresponding feature size) than the free space k vector
(kg), which turns the normal component of the k vector (k,) into
an imaginary value that leads to the exponential decay of this
evanescent field in normal direction.

In this regard, a conventional imaging system based on
propagating light can capture the propagating wave that carries
only information of feature sizes larger than the wavelength.
Recovering the rapidly decaying evanescent wave that carries
much smaller signatures of structures should be necessary. In
2000, John Pendry ingeniously derived a solution that can in
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Fig. 2 Schematic (k space) of light radiation from a structured
surface that carries information from details of different spatial
frequencies.

principle perfectly recover the unlimited small features of a cer-
tain object, which is made of a slab NIM and so-called perfect
lens"”. For a brief interpretation, when light is normally incident
from a vacuum (or air with n = 1) into a NIM slab with n = —1
(with simultaneous ¢ and p, both of —1), the transmission co-
efficient in the NIM can be deduced as''”

im T i 2¢ek, 2k,
imTp = lim ————*—
pot P st ek, + KK, + €k,
e——1 e—>—1

exp(iky,d)

, 3 = exp(—ik,d), 2)
1— (w) exp(2ik,d)

where d is the propagation distance inside the NIM. From
Eq. (2), one can find that when k, is a purely imaginary value,
the transmittance will get an exponential increase inside the
NIM, implying a recovery of the super-resolution information
decaying in free space. Therefore, a NIM slab works well as
a perfect lens when the impedance matching condition is satis-
fied: e /ui/ver/ma = 1.

However, how to implement a NIM with simultaneous neg-
ative € and p is still a big problem. In fact, the concept of NIM
should be traced back to a bold thought experiment by Viktor G.
Veselago half a century ago. In 1968, he published a paper to
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demonstrate fancy phenomena of negative refraction by defin-
ing a material with simultaneous negative € and "**!. Although it
was not worked out even in a theoretical design until the new
century, it illuminates the dawn of a new kind of material that
does not exist in nature, which was later termed as metamaterial.
Fortunately, the difficult problem was resolved by John Pendry,
who first proposed a 3D metal wire mesh with an effective di-
luted electron density to control the permittivity to a suitable
negative value in the microwave frequency region in 1996,
and then a split ring resonator (SRR) was proposed to access
a controlled negative permeability in 1999%°). Based on these
designs, the David Smith group from University of California
San Diego successfully demonstrated the first negative refrac-
tive index material in the microwave region in 2001. It therefore
triggered numerous researches for high-performance NIM at
higher frequencies, even to the optical region in the following
decade™'®!. During this period, researches even bloomed into
several sub-branches, for example, transformation optics®
and metasurfaces®”, and extended to other wave-functional re-
gimes, such as acoustic metamaterials™®, elastic wave metama-
terials™, and even water wave metamatierials'*”. In a more
generalized sense, the research of material is gradually merging
with other artificial micro/nano-structured materials such as
photonic crystals and plasmonic crystals™*"*?. There have been
a number of good review articles about the development of
metamaterials that would be good choices for readers!"**4,
In this review, we mainly focus our topic from the viewpoint
of lens imaging, and will not get into many details about the
development of metamaterials. Nevertheless, it should be men-
tioned that although remarkable progress has been made in both
design and fabrication techniques, the performances of negative
index metamaterials in the optical region are quite poor due to
the huge intrinsic loss and fabrication-induced imperfections.
Moreover, the extreme difficulty in nanofabrication of such a
3D NIM prevents it from being an attractive and feasible route
in development of optical instruments or techniques. So, when
we ask whether the perfect lens has been developed to an appli-
cable level based on the NIM with simultaneous negative € and
u, the answer seems to be negative.

In fact, John Pendry’s calculation in 2000"” has revealed that
for polarized light, it needs only one condition of either negative
permittivity or negative permeability for such perfect lensing.
Taking TM (p-polarized) light as an example, Eq. (2) gives
the same result when only e = —1 is satisfied™. It significantly
brings convenience for verifying the feasibility of whether sin-
gle-negative material can achieve super-resolution imaging.
Reference [17] provides theoretical proof by employing a lossy
metal (silver) with negative permittivity for calculation.
According to the nonnegligible damping loss of the metal, a per-
fect image identical to the object cannot be achieved even in
theoretical calculation; nevertheless, super-resolution has been
accomplished by distinctly resolving slits with good subwave-
length separation; see Figs. 3(c) and 3(d). Hence, such a non-
ideal perfect lens is termed as a superlens.

2.2 Superlenses and Hyperlenses

The first experimental verification of a superlens was performed
in 2005. Fang et al. elaborately fabricated an ultra-smooth silver
film with proper thickness to enable it to work as a superlens for
p-polarized light. In their experiments, a higher resolution of
89 nm was achieved, which is much smaller than the wavelength
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Fig. 3 (a) Schematic of light focusing (propagating wave) with a
slab of NIM; (b) schematic of amplitude evolution of the evanes-
cent wave, showing the recovery inside NIM of the decaying field
intensity; (c) electrostatic field of two opaque slits with distances
far smaller than the wavelength in the object plane, to be imaged
by a silver lens; (d) electrostatic field in the image plane with and
without the silver slab in place!'".

of illumination light (1 = 365 nm); see Fig. 4"\, Although this
super-resolution imaging was implemented in a very limited
near-field region recorded by a photoresist, it is undoubtedly
the first experimental demonstration of optical superlens imag-
ing based on John Pendry’s innovative concept. Unfortunately,
this superlens cannot recover a super-resolution image far away
from the lens interface, unless the NIM (with n = —1) has thick-
ness identical to the imaging distance according to John
Pendry’s theory. It almost prohibits the possibility of using a
single-layer metallic film to do so.

According to the discussion in Section 2.1, it has been proved
that the implementation of a bulk NIM with simultaneous neg-
ative ¢ and u by subwavelength nano-inclusions is extremely
challenging at optical wavelengths. So using more continuous
structures to compose the superlens would be a more feasible
way. Theoretical studies on an optical hyperlens have been pro-
posed by the use of an anisotropic medium with hyperbolic
dispersion. Consider an anisotropic medium with its permittivity
tensor of

0
0] 3)
15

Here, we define it as a uniaxial medium with the axis along

the z direction; then we rewrite e, =¢), &, =€ =¢,.

Substituting Eq. (3) into the Maxwell equation, we have an ei-
gen function of

2 4 2 2
@ 2| @ w 2412y @ 2|
((}28J' —k )|:C4€J_€“ —?SJ_(kx +ky) _C28||kzi| = 0,
“)

which indicates two solutions as
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Fig. 4 (a) Schematic of the experiment of superlens imaging with 35-nm-thick silver film. (b) An
arbitrary object, “NANO,” was imaged by a silver superlens, where the upper panel is the object
fabricated in Cr film, middle shows images by Ag superlens, and bottom is the projection results as
the Ag superlens is replaced by a PMMA spacer. (c) Detailed line information of the feature size

captured by the Ag superlens and without "%,
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Equation (5a) is an ordinary wave equation with respect to
TE polarization, while Eq. (5b) implies an extraordinary wave
of TM polarization with a dispersion relation of

0 KRR
o _k Kk 6
6‘2 8” + €] ( )

which is a well-defined hyperbolic dispersion if ¢ and &, have
opposite signs. It can be further classified into two types, de-
pending on which component is negative as Fig. 5 shows.
From Fig. 5, we find that both the phase and group velocity
inside the hyperbolic metamateial can be carefully engineered
by merely setting its negative permittivity components without
any magnetic components involved. It significantly reduces the
difficulty in realization of NIM. Thereafter, several kinds of neg-
ative refraction and super-resolution imaging at optical wave-
lengths were successfully implemented, where flat lenses
based on such hyperbolic NIMs are called hyperlenses. For ex-
ample, Jie Yao et al. fabricated a silver nanowire array in a di-
electric matrix by employing the anodic alumina template
technique”, and successfully demonstrated negative refraction
at an optical wavelength of 780 nm. According to Eq. (5), this
negative refractive index depends on the polarization (e.g., TM
polarization); the authors even demonstrated a negative index of
—4.0 for TM polarized light by analyzing the refraction angle,
which is distinctively different from TE-polarized light with an
effective refractive index of +2.2 [see Fig. 6(a)]. Another
typical NIM was demonstrated in 2013 by Ting Xu et al.™.
They reported the experimental implementation of a negative
metamaterial with a working wavelength to even ultraviolet
(A9 ~363.8 nm). It was implemented by stacked plasmonic
waveguides as the scheme in Fig. 6(c), yielding an omnidirec-
tional negative refraction for TM-polarized light. Moreover, the
authors demonstrated flat lensing in free space of 2D objects
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Fig. 5 Schematics of light propagations and wave vectors in uni-
axial media with principal dielectric constants of different signs!*el.
(a) Wave vector diagram (k space) for a uniaxial medium with
£, <0, g >0. The solid hyperbola represents wave vectors of
all propagating waves in the medium. The long solid arrow
and dashed arrow identify the wave vector incident on the surface
of the medium and reflected wave vector, respectively. The
dashed-dotted arrow is the transmitted wave vector. The short
solid arrow indicates the Poynting vector (S) of the transmitted
wave indicating the direction of energy flow. (b) Wave vector dia-
gram for a uniaxial medium with ¢, >0, ¢, < 0. (c), (d) Waves in
real space for e, <0, ¢, >0, and £, >0, g <0, respectively.

beyond the near field"”. Though this kind of multilayered
NIM demonstrates the flat-lens function as predicted by
Viktor G. Veselago, it still lacks super-resolution capability
due to the non-ideal implementation in both sample fabrica-
tion and optical characterization. Nevertheless, achieving a
super-resolution image in the far field has been previously
circumvented by Zhaowei Liu ef al., where a cylindrical meta-
material-composed hyperlens has been developed to image a
sub-diffraction resolution of 130 nm with respect to a working
wavelength of 365 nm™". This cylindrical hyperlens is con-
structed by multilayered metal/dielectric units in a curved
form, which can magnify the object by transforming scattered
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Fig. 6 Several kinds of hyperbolic metamaterials. (a) Negative index material for TM-polarized
light realized by silver nanowire array™”. (b) Hyperlens formed by cylindrical multilayered nano-
structures for far-field super-resolution imaging®". (c) Multilayered negative index materials work-
ing in thin UV wavelength region, where negative refraction properties are measured for TM

polarization (right panel)e.,

evanescent waves into propagating waves, and thus project a
high-resolution image into the far field”" [see Fig. 6(b)]. This
design was further extended by Zhaowei Liu’s group in the fol-
lowing years, and has been summarized in a review article”’.

2.3 In-plane Lensing

By reviewing the researches on negative index metamaterials for
the past two decades, it is not difficult to find that with the
increase of working frequency from the initial microwave to
optical regime, the design with double/single-negative EM
parameters (e and y) has been gradually replaced by more con-
tinuously hyperbolic dispersive metamaterials. It is not only due
to easier nanofabrication, but also because more continuous
components have lower loss, which is vital in real applications.
Nevertheless, the huge fabrication difficulties, inevitable and
nonnegligible large loss, and very limited and strict application
scenarios significantly prohibit the further development of
optical superlenses and hyperlenses. Interestingly, there were
some 2D counterparts proposed and demonstrated in negative
refraction and even superlens imaging in the planar dimension,
which might illuminate some new dawn for future feasible
applications.
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In fact, in Ref. [48], the authors attributed it to the negative
dispersion of plasmonic waveguides, which has been demon-
strated by the same group in planar negative refraction in a
metal/dielectric/metal waveguide system™. In 2007, Henri J.
Lezec et al. demonstrated the first negative refraction at the vis-
ible frequency by employing a plamsonic waveguide. Negative
indices were achieved with the use of an ultrathin Au/Si;N,/Ag
waveguide sustaining a surface plasmon polariton (SPP) mode
with antiparallel group and phase velocities. All-angle negative
refraction was observed at the interface between this bimetal
waveguide and a conventional Ag/SisN,/Ag slot waveguide
(see Fig. 7). Although manipulating the SPP wave in a metal
surface has been intensively studied by versatile strategies be-
fore and after this work, none of them clearly demonstrated the
negative fraction behaviors of a guided mode. Unfortunately,
even in Ref. [48], the authors did not show superlens (or hyper-
lens) imaging with a subwavelength function. The difficulty lies
not only in the complicated construction of such kind of neg-
ative dispersion waveguides, but also the challenge to form a
proper interface for negative and positive index materials with
impedance matching. Otherwise, a big impedance mismatch
will obscure the performance of super-resolution imaging by
in-plane superlenses/hyperlenses.
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Fig. 7 Negative refraction in the plasmonic slot waveguide system at visible frequency®®. (a) SPP
dispersions in Ag/SizN,/Ag and Au/SisN4/Ag, where the regions of opposite dispersions within
two waveguides are marked. (b) Schematic of the hybrid waveguide system, where the negative
refraction area is controlled by the waveguides with gap size of #. (c¢) SEM image of sample (left
panel); experimental results of the positive refraction at 1, = 685 nm (middle panel) and negative

refraction at 1o = 685 nm (right panel).

Alternatively, with the development of dispersion manage-
ment of waveguide arrays, many exotic light propagations have
been realized in both plasmonics and dielectric waveguide sys-
tems”'*. From the viewpoint of effective media, when the lat-
tice period is smaller than 1/2, this waveguide array can be
regarded as a continuous 2D metamaterial or metasurface (note
that this is not identical to the metasurface proposed in 2011%*)
with its dispersion determined by the coupling among wave-
guides. Both theoretical and experimental results have shown
that positive and negative couplings give rise to the positive
and negative dispersions of an effective medium, respectively.
Therefore, it is possible to achieve a 2D version of superlens/
hyperlens imaging with super-resolution by carefully tailoring
the coupling among waveguides.

In 2013, Liu et al. theoretically proposed and analyzed the
dispersion of a plasmonic metasurface constructed by a metal-
groove waveguide array™. It was observed that the metasurface
can drastically modify the dispersion of surface plasmons, giv-
ing rise to flat or hyperbolic frequency contours that have the
capability to diverge/converge the in-plane SPP wave. As a re-
sult, an explicit correspondence relationship was established be-
tween the dispersion and refraction, where negative refraction is
vividly simulated with inverse hyperbolic dispersion™; see
Fig. 8(a). More importantly, this work demonstrated that the
plasmonic ridge waveguide can tune the coupling between each,
which indeed gives rise to a tailorable dispersion that is very
difficult in 3D metamaterials. The underlying physics lies in
two competitive coupling mechanisms from the electrical field
between the upward surfaces and side walls [see Fig. 8(b)],
which was later elucidated in a plasmonic simulation on mass-
less Fermion with linear dispersion”. It was implemented by
employing a positive coupling and negative coupling with
proper structural parameters in a ridge plasmonic waveguide
array”®.

In principle, these negative hyperbolic dispersions can give
rise to in-plane superlens imaging based on the above plamonic
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designs® ™. Unfortunately, they are very difficult to realize
in experiments since the huge loss will cover up the phenom-
ena® ™. Then, a low-loss dielectric counterpart would be a
good choice. However, different from the plasmonic system,
negative coupling is an obstacle in dielectric waveguides
although there much diffraction management has been investi-
gated®' ), Interestingly, in 2012, the Alexander Szameit group
proposed a dielectric waveguide array with a sinusoidally
curved trajectory along the propagation direction to experimen-
tally simulate massless Dirac particles and conical diffraction, as
shown in Fig. 8(c). Therein, the effective coupling coefficient is
revealed following a zeroth-order Bessel function as

2
4z ny

CeffZCjJO[Am(xj_xj—l)}v @)

which can be tailored to be positive, negative, or even zero by
carefully adjusting the bending amplitude or lattice period®”.
Although this work itself was implemented in weakly coupled
waveguides with large lattices far from an effective medium re-
gion (i.e., metasurface), it undoubtedly indicates the possibility
to access effective negative coupling by bending the dielectric
waveguides.

In 2020, Wange Song et al. successfully demonstrated an
in-plane superlens by arranging a closely packed silicon wave-
guide with a lattice smaller than /2 (4 = 1550 nm, the work-
ing wavelength in free space)’®!. It was implemented by
cascading two segments of waveguide arrays (one straight
and the other curved) with the same subwavelength lattice.
Although in such a densely packed waveguide system the simu-
lated effective coupling coefficient deviates from the predicted
Bessel function (which was later clarified due to deviations from
the paraxial approximation®), it still undergoes the regions
from positive to negative and even reveals a very strongly neg-
ative value, which indeed helps to find an identical coupling
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Fig. 8 (a) Waveguide array constituting metallic metasurface for manipulating the surface plas-
mon wave with (a1) positive dispersion, (a2) zero (flat) dispersion, and (a3) negative dispersion’®.
(b) Simulated symmetric and antisymmetric modes of coupled plasmonic ridge waveguide that
gives rise to positive and negative dispersions for the simulation of massless Dirac Fermion®®.
(c) Curved dielectric waveguides in coupling with Bessel type of effective coupling coefficient that
gives rise to the simulation of massless Dirac Fermion®,

strength for both positive and negative ones [see Fig. 9(a)].
Therefore, the positive and negative couplings among wave-
guides give rise to positive and negative hyperbolic dispersions,
respectively, and thus a perfect interface of a NIM superlens ad-
jacent to a normal medium can be constructed by cascading two
kinds of waveguide arrays. Figure 9(b) shows the theoretical
calculations of light propagation within the waveguide array
of totally straight, curved, and cascaded forms. It is easy to find
the spreading field because discrete diffraction converges into
the subwavelength singlet waveguide in the cascaded case,
showing in-plane point-to-point focusing, while the purely
straight or curved ones display only discrete diffractions. A fur-
ther experiment was carried out in a silicon waveguide array,
and the design scheme and fabricated samples are shown in
Fig. 9(c), in which fan-out gratings are attached to the major
waveguides for coupling in and out. Figure 9(d) displays mea-
sured optical results that clearly reveal the point-to-point sub-
wavelength imaging from two opposite ports (the period of the
waveguide array is 700 nm, which is smaller than half the work-
ing wavelength of 1550 nm). On the contrary, the results from
totally straight and curved samples show an obviously spreading
field in multiple output ports (more details in Ref. [61]). The
subwavelength refocusing performance demonstrates the imple-
mentation of in-plane superlen/hyperlens imaging. Note that
both straight and curved waveguides almost have the same
propagating constant, which significantly gives rise to perfect
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impedance matching and results in good imaging performance
in the optical region.

It should be mentioned that most previous superlenses and
hyperlenses usually suffered from limited incident angles due
to the anisotropic design. Very recently, a new approach'®! based
on a topological photonic design has been proposed to realize
all-angle reflectionless negative refraction for all incident an-
gles, as shown in Fig. 10!, The proposed metamaterial pos-
sesses two Weyl points of opposite topological charges. By
interfacing the metamaterial with a perfect electric conductor
(PEC) or a perfect magnetic conductor (PMC), the Fermi arc
connecting the two Weyl points can take the form of a half-circle
possessing a positive or negative refractive index. Importantly,
due to the topological protection, there is no reflection at
the interface between the PEC and PMC covered areas, giving
rise to all-angle negative refraction without reflection at the
boundary. It provides a new platform for manipulating the
propagation of surface waves, which would possibly find
new applications in the construction of integrated photonic
devices.

As a short summary for this section, we have witnessed the
remarkable research progress in metamaterials ranging from the
NIM, superlens, and hyperlens, to even in-plane lensing. In fact,
the researches of bulk metamaterials are far beyond these, for
example, the sub-branch of transformation optics including
invisible cloaking®, illusion optics®"*®, mimicking celestial
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Fig. 9 (a) Simulated effective coupling coefficient in densely arranged Si waveguides with a com-
parison of theoretical Bessel function. (b) Simulated light propagations in all straight waveguides
(positive dispersion, top panel), all curved waveguides (negative dispersion, middle panel), and
the cascaded one (superlens, bottom panel). (c) Fabricated Si waveguides with ample cascaded
segments and fan-out input and output couplers. (d) Experimentally recorded in-plane superlens
imaging input from two opposite ports®.

mechanics'™", etc. From the perspective of revolutionary
imaging technology, super-resolution imaging is one of the big-
gest motivations for researchers, although there have been huge

application in feasible and valuable scenarios (e.g., mass-nano-
lithography) seems to still have many technical challenges, clues
for new possible applications have emerged. For example, for

obstacles to face to date. From the discussion in this section, it is
not hard to conclude that the original perfect/superlenses pro-
posed by John Pendry have been demonstrated in various sys-
tems in both simulation and experiments. Although a direct

the in-plane superlens, we are aware of the possibility to use
superlens waveguides to transfer the optical signal in a subwave-
length scheme, which would be very useful in high-density pho-
tonic integrations'”. The very recent example of a Weyl

(a)
PMC (z,)
z S
, 4
v H
iy Source
Weyl media \

Source

Fig. 10 Numerical confirmation of all-angle reflectionless negative refraction®®®. (a) Schematic
configuration of all-angle negative refraction, where half of the top surface of the Weyl metama-
terial is covered by a PEC layer, while the other half is covered by a PMC layer. A point source
(electric dipole in z direction) is placed at the PEC/metamaterial interface. (b), (c) Imaging due to
the AREN. The distributions of electric field Re(E,) and magnitude |E| at the frequency 25 GHz
are plotted, respectively. (d), (e) Distributions of the electric field and the magnitude obtained by
replacing the PEC and PMC layers with two different dielectric layers (¢ = =10 and &, = -0.01),
respectively.
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metamaterial superlens also indicates a new platform for explo-
ration of intriguing new physics in current photonic advances™®'.

3 Metasurfaces and Metalenses

3.1 Metasurfaces and Working Principle

As discussed in detail in the previous section, super-resolution
imaging by a superlens/hyperlens in feasible application
scenarios still faces great challenges, though the function has
been demonstrated in very limited circumstances (e.g., in the
near-field regime). Researchers have turned their sights to
new schemes of meta-designs and imaging frameworks.
Metasurfaces, as planar-structured metamaterials with lower
transmission losses and easier fabrication, have attracted great
attention due to their ability to arbitrarily manipulate EM waves
in an ultra-compact form™*>’>™, Many applications of metasur-
faces have been demonstrated, including metalenses'™"™*7,
holograms””™, absorbers"”*!, cloaking™*", etc. As a newly
emerging technology, metalenses have great potential in minia-
turized and functionalized imaging systems, and have attracted
much attention from both academia and industry. Many func-
tionalities enabled by the flexible design of metalenses have
been demonstrated, indicating a new era for building multitudi-
nous fascinating optical technologies™**. In this part, we will
first illustrate the working principles of metasurfaces and corre-
sponding metalens designs. Then, the progress and challenges
of metalenses with enhancement of typical performances are
discussed, including correcting chromatic and monochromatic
aberrations, improving efficiency, facilitating manufacturing.
At the end of the section, we summarize this part with a road-
map for metalens development towards high-quality imaging
applications.

When light is incident into a metasurface composed of sub-
wavelength meta-atoms, there are abrupt changes in phase,
polarization, or amplitude or a combination of these properties
for light in a local dimension, which gives rise to powerful capa-
bilities in rearranging the light wavefront and its propagations.
Based on Fermat’s principle, Federico Capasso’s group derived
the generalized Snell’s law to describe the reflective and refrac-
tive behavior of light [see Fig. 11(a)] when impinging on the
metasurface as™

 2mn; dx
HNTIE (®)
T 2mdx

{ sin@, — sin @, = 2242

n, sin @, — n; sin 6,

in which n; and n, are the refractive indices on the two sides of
the interface, 6;, ,, and 6, are angles of incidence, reflection,
and transmission, respectively, A, is the designed wavelength,
and d¢p/dx is the introduced phase gradient along the interface.
In addition, this can also be understood from the perspective of
the conservation of momentum in the direction parallel to the
interface, where d¢/dx is equivalent to a valid wave vector.
By elaborately tailoring the gradient of phase discontinuity
along the interface, one can fully steer light with anomalous
reflection and refraction. Gradient-index metasurfaces can also
behave as a bridge linking propagating waves and surface
waves. Lei Zhou’s group from Fudan University theoretically
and experimentally demonstrated a conversion from a freely
propagation wave to a surface wave with efficiency near
100%™, and the findings pave the way for many following
applications based on on-chip integrations.
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According to the phase modulation mechanism, metasurfa-
ces can be categorized into two types: resonant metasurfa-
ces?* %1 and non-resonant metasurfaces™ !, The early studies
of metasurfaces mainly focused on phase manipulation with
plasmonic resonance”*>*"!, For example, the implementation
of the generalized Snell’s law was accomplished with V-shaped
gold nanoantennas™*” [see Fig. 11(b)]. This kind of V-shaped
resonator supports two intrinsic modes as symmetric and anti-
symmetric, which can be excited by electric field components
parallel and perpendicular to the symmetric axis, respectively. In
the case of arbitrary polarization incidence, both antenna modes
are excited yet have different amplitude and phase responses due
to the distinctive resonance conditions. The hybrid mode results
in two polarization states in the scattered field, corresponding to
ordinary reflection/refraction occupying a large amount of en-
ergy and anomalous reflection/refraction with limited efficiency.
Later, a metal—insulator—metal (MIM) structure consisting of a
metallic nanoantenna array separated from a metallic ground
film with a dielectric spacer™ [see Fig. 11(c)] was proposed
to improve efficiency. The gap—surface plasmon mode can be
excited due to the strong coupling between the top and ground
metallic planes and achieve a phase shift covering 0-2z.
However, this kind of metasurface can work in only reflection
mode.

To achieve high efficiency in transmission mode, several
promising strategies have been proposed. For plasmonic meta-
surfaces, one is to introduce a pair of orthogonal gratings while
the metallic meta-atoms are sandwiched in between to form a
Fabry—Pérot-like resonance'®'**. Due to the multi-reflection pro-
cess, the linearly cross-polarized light transmission can be dra-
matically enhanced. The other method is the generalized Kerker
condition with radiation based on the contribution of excited
EM multipoles””. Pin Chieh Wu’s group reported a hybrid plas-
monic meta-atom featuring a toroidal-assisted generalized
Huygens’ source with state-of-the-art circular polarization con-
version efficiency beyond 50%°. In more general cases, re-
searchers have started to turn their sights from metal to
dielectric. For instance, meta-atoms made of dielectric nano-
discs were found to support Mie resonances. By tailoring the
dimensions of the nano-disc, electric and magnetic dipole mo-
ments can be excited and tuned to meet the Kerker condition to
support a 2z phase shift and near-unity transmission, known as
Huygens’ metasurfaces®™ [see Fig. 11(d)]. Nevertheless, the
working bandwidth of such a resonant metasurface is narrow
due to modulation sensitivity to structural parameters. Also,
the resonance mode coupling between neighboring nanodisks
could be remarkable under large phase gradients, resulting in
limited applications.

The nano-discs of the aforementioned Huygens’ metasurface
usually have thicknesses much smaller than the wavelength;
when dielectric nanoposts have heights (4) comparable to the
wavelength, they can be regarded as truncated waveguides®**’!
[see Fig. 11(e)]. In this case, the phase modulation is based on
the propagation phase, which is a non-resonant phase modula-
tion mechanism. By adjusting the cross sections of the nano-
posts or the lattice periodicity, different effective propagation
constants (7.4) can be obtained to realize different phase shifts
(P = i—” neeeh) with high transmittances. It was first proposed by
Andrei Faraon’s group, in which a metalens with a high NA and
high efficiency was demonstrated utilizing Si nanofins with a
large aspect ratio™. Generally, metasurfaces based on a propa-
gation phase have a broader band of working wavelengths than
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resonant ones, and the polarization sensitivity depends on the
anisotropy of the nanofins’ cross sections.

Another non-resonant phase modulation method is the geo-
metric phase, also known as PB phase®. It was first investi-
gated by Erez Hasman’s group”. When circularly polarized
light illuminates on a dipole antenna, the scattered light partially
converts into opposite circular polarization with a phase shift
related to the rotation angle. Afterwards, Shuang Zhang’s group
and other researchers systematically described the phase modu-
lation mechanism, and since then, PB phase metasurfaces® [see
Fig. 11(f)] have been widely utilized for various applications®”,
Specifically, for circularly polarized incidence |o), the output
electric field through an anisotropic nanopost can be expressed
aS[QS]

t, + 1 t, — 1, .
— [} e [ ee:':l2o-0|_o_>’ (9)

2

E = i(p)|o) lo) +
in which @ is the azimuthal rotation angle of the nanopost, and 7,
and ¢, are complex transmission coefficients along the two main
axes of the nanopost. The first term on the right side represents

co-polarization light with the incidence, and the second term
indicates cross-polarization light with an extra phase modula-
tion of £266. The modulation efficiency for cross-polarization
can be maximized when the nanopost acts as a half-wave plate,
where the amplitude of the original polarization state |6) equals
zero [i.e., (t, + t,)/2 = 0]. Adjusting the rotation angle from 0
to z, the modulated phase shift can easily cover 0-2z with
broadband performances.

Different from PB phase, which is regarded as a global effect
for circular polarization light, Chen Chen et al. proposed a local
phase manipulation for metasurfaces with planar chiral meta-
atoms”” [see Fig. 11(g)]. Planar chiral meta-atoms break the
mirror symmetry and n-fold (n > 2) rotational symmetries,
which induces the non-diagonal term of the electric polarizabil-
ity tensor. The nonzero values of the cross components of
polarizability further enable the diversified phase shifts for
orthogonal circular polarization lights, in which no rotation
of meta-atoms is needed. Furthermore, if these kinds of dielec-
tric meta-atoms have wavelength-scale height, a propagation
phase would also come into play, and the hybrid effect can break
the fundamental symmetry restrictions of PB phase and easily
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Fig. 11 Design principles of metasurfaces. (a) Schematics of the generalized Snell’s law of re-
fraction®?. (b) Metasurface with V-shaped antenna array®. (c) Gap-plasma metasurface®.
(d) Huygens metasurface®®. (e) Propagation phase metasurface®.. (f) PB phase metasurface'®.
(9) Metasurface with planar chiral meta-atoms®. (h) Metasurface with combination of resonant
phase and PB phase®. (i) Metasurface with combination of propagation phase and PB phase®.
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realize the independent functionalities of circular polarization
lights. As indicated by the metasurfaces with planar chiral
meta-atoms, different phase modulation methods work in a
joint mode with extended degrees of freedom (DoFs) for
implementation of more complex functions and better perfor-
mancesl22.26,27¢100,101I‘

As early as 2011, the PB phase was combined with a reso-
nance phase to extend the phase delay range of V-shaped an-
tenna arrays from z to 2z [see Fig. 11(b)]. Dispersion
modulation of the metalens was also demonstrated when inte-
grating the resonant phase and PB phase™ [see Fig. 11(h)],
which will be discussed later. The aspect ratios of nanoposts
can be reduced as well to ease the fabrication with the combi-
nation of PB phase and Huygens’ metasurface’*”. The propa-
gation phase and PB phase are also merged for the independent
phase modulation of orthogonal polarizations™ [see Fig. 11(i)].

3.2 Metalenses for Achromatic Imaging

Based on the working principles of metasurfaces, a metalens can
be constructed with a focusing phase profile as""”!

o® = (1= Jr+ 1). (10)

where f is the focal length, and R is the radial position from the
center. Unlike the refractive lens that possesses a continuous
phase distribution, a metalens is imparted with discrete phase
levels (0-2x) by locally designed meta-atoms. Increasing the
number of phase discretization levels, the envelope wavefront
will be closer to the ideal spherical wavefront, but with more
challenges in fabrication. In general cases, no fewer than four
levels of phase discretization are required to meet the Marechal
criterion for negligible aberrations*'*!. On the other hand, the
period of the meta-atom unit cell (p) should be sub-wavelength
to avoid high orders of diffraction and satisfy the Nyquist
sampling criterion p < ﬁ, in which NA is the maxinum
NA for focusing or imaging"®'.

The historical development of metalenses in the early years is
closely related to that of metasurfaces. Plasmonic materials were
widely used for the construction of metalenses early on!'**'*l;
however, large intrinsic losses hinder metalens performance
and limit efficiency to at most 25%""”. Now the dielectric
has become the mainstream material choice for higher effi-
ciency. In 2016, Federico Capasso’s group proposed a metalens
constructed by titanium dioxide (TiO,) nanofins with a diameter
of 2 mm and focal length of 0.725 mm' (see Fig. 12). With
diffraction-limited focusing and high efficiencies at RGB wave-
lengths (86% for A = 405 nm, 73% for 1 = 532 nm, 66% for
A = 660 nm), this metalens is comparable to commercial lenses
at a single wavelength. Since then, continuous efforts have been
made for implementation of metalenses and improvement of
performances towards high-quality imaging in different work-
ing bands"®'"?, Overall, the high refractive index and low ab-
sorption coefficient are two key factors for the material choice of
metalenses. In the visible band, besides TiO,, gallium nitride
(GaN) and silicon nitride (SiN,) are also widely selected.
Hafnium oxide (HfO,) and aluminum nitride (AIN) are gener-
ally chosen for the UV band. Cheng Zhang et al. designed and
fabricated a HfO, metalens with NA = 0.6 and efficiency of
nearly 55%"%. In the infrared band, germanium (Ge) and sil-
icon (Si) are the most suitable choices, for example, Qingbin
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Fan et al. demonstrated a linear-polarization multiplexing Si
metalens at 4 = 10.6 pm with efficiency of about 72%"”\.

As can be found in Fig. 12, images obtained by the same
metalens at different wavelengths have different magnifications.
More severely, the quality of the image degrades with the
broadening illumination bandwidth, which is due to the effect
of chromatic aberration. Inheriting diffraction dispersion'"?,
metalenses usually have larger chromaticity than bulky refrac-
tive lenses, which significantly limits imaging applications. To
address this issue, multi-wavelength achromatic metalenses
with different strategies have been demonstrated”'*"""). Avayu
et al. designed a multilayer structure by vertically stacking met-
alenses constructed with different plasmonic materials for multi-
spectral achromatic focusing in the visible band (450 nm,
550 nm, and 650 nm)""* [see Fig. 13(a)]. Due to the optical loss
of metal materials, the efficiency of the metalens is lower than
10%. Besides cascading lenses vertically, spatial multiplexing
in-plane is also a popular approach to correct chromatic aberra-
tions at discrete wavelengths. Specifically designed metalenses
at different operational wavelengths are interleaved together to
provide the same focal length, as shown in Fig. 13(b) for RGB
achromatism' ", This method is straightforward yet has low ef-
ficiency and serious cross talk. Polarization can also be utilized
as a DoF for encoding phase requirements to realize multi-
wavelength achromatic metalenses. Ehsan Arbabi et al. pro-
posed a double-wavelength (822 nm and 600 nm) metalens
for two-photon microscopy with two orthogonal linear polari-
zation multiplexings'''® [see Fig. 13(c)]. In addition, coupled
dielectric nanoresonators with an aperiodic arrangement can
also be utilized to compensate for phase dispersion at discrete
wavelengths (1300 nm, 1550 nm, and 1800 nm), as shown in
Fig. 13(d)"""". It is worth mentioning that most multi-wave-
length achromatic metalenses can operate only under discrete
wavelength illumination. For broadband illumination, there
are remarkable background noises arising from the light with
unwanted wavelengths, which severely degrades achromatic im-
aging performance®". To solve this problem, Tao Li’s group in-
corporated a well-designed bandpass filter into an RGB
achromatic metalens optimized by the Hooke—Jeeves algorithm,
as illustrated in Fig. 13(e)"'®. An obvious improvement has
been made in the signal-to-noise ratio (SNR) and imaging per-
formance under white light illumination, by comparing it with a
controlled sample without a filter, indicating the advantages in
integrated imaging systems.

In general cases, multi-wavelength achromatism is not suf-
ficient for full-color imaging, and broadband achromatic metal-
enses are in high demand and attract great attention in both
academia and industry. Normally, considering a bandwidth
around @y, the frequency-dependent phase profile can be ex-
pressed as a Taylor series expansion’:

0p(R, w
PR @) = pR ) + LR ) )
w w=wy
Po(R, w)
szwd(a)—wd)z—i—.... an

The first term on the right side represents the relative phase
for a spherical wavefront at the central target frequency. The
second and third terms indicate the group delay and group delay
dispersion, respectively. To correct chromatic aberrations, the
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Fig. 12 TiO, metalens®. (a) Optical image of the metalens. Scale bar: 40 pm. (b) SEM micro-
graph of the fabricated metalens. Scale bar: 300 nm. (c) Image of 1951 USAF resolution test chart
formed by the metalens at 530 nm. Scale bar: 40 um. Images of the highlighted region in (c) at
wavelengths of (d) 480 nm, (e) 530 nm, (f) 590 nm, and (g) 620 nm. Images of the highlighted
region in (c) at a center wavelength of 530 nm and with different bandwidths: (h) 10 nm, (i) 30 nm,

() 50 nm, and (k) 100 nm. Scale bar: 5 pm.

group delay ought to vary as the frequency departs from @, to
compensate for the difference in wave packet arrival times at the
focus, and the group delay dispersion guarantees identical out-
going wave packets. For the hyperbolic phase profile [see
Eq. (10)], the group delay is the main factor to obtain achromatic
imaging. Mohammadreza Khorasaninejad et al. achieved a re-
flective achromatic focusing at green wavelengths (490 nm to
550 nm) with a diameter of 200 pm and NA of 0.2 through op-
timizations"'”'. Ehsan Arbabi et al. also demonstrated an achro-
matic metalens with an operation bandwidth from 1450 nm to
1590 nm with a diameter of 500 pm and NA of 0.28 in a similar
- ayuzoj.

Afterwards, Shuming Wang et al. developed a new strategy
to realize broadband achromaticity that divides the focusing
phase [Eq. (10)] into two parts including the reference phase
@(R, Anq) determined by the geometric phase, and the phase
difference between other wavelengths and this reference,

which writes Ag(R, 1) = —[2z(v/R* + f* — f)](} — ). This
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wavelength-dependent phase compensation for A@(R, 1) can
be fulfilled by so-called integrated resonances from particularly
designed versatile meta-atoms with linear phase dispersion
to 1/A. For a proof-of-concept experiment, the working
wavelength is chosen within the near-infrared region (1200-
1680 nm), and metallic nano-rods and their assemblies are se-
lected as the basic building blocks with a metal-dielectric—metal
structural configuration to enhance the operating efficiency™.
As shown in Fig. 14(a), this kind of metalens works in reflection
mode and has a relatively small size with a diameter of 55.55 pm
and NA = 0.217. Thereafter, the same group realized a trans-
mission achromatic metalens in the visible (400-660 nm).
This metalens is constructed by geometric phase and propaga-
tion phase (regarded as guided mode resonances), in which
wavelength-dependent phase modulation is tailored through
solid and inverse GaN nanoposts. Nearly at the same time,
Wei Ting Chen et al. also demonstrated a broadband achromatic
metalens for focusing and imaging in the visible (470—-670 nm)
with coupled TiO, nanofins, as shown in Fig. 14(b)*".
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Fig. 13 Multi-wavelength achromatic metalenses. (a) Multispectral achromatic metalens with
stacked layers!'. (b) Spatial segmented achromatic metalens at RGB wavelengths!''.
(c) Dual-wavelength achromatic metalens with polarization manipulation'®., (d) Achromatic metal-
ens based on waveguide resonance!'’”. (e) Bandpass-filter-integrated multiwavelength achro-

matic metalens!''®,

Howeyver, the aforementioned broadband achromatic metalenses
are both polarization sensitive due to the PB phase design and
have limited apertures. To address the polarization sensitivity,
researchers have provided more geometric DoFs with the refer-
ence phase also achieved by propagation phase®'*'~'*!, Sajan
Shrestha et al. achieved an achromatic polarization-insensitive
metalens across the bandwidth from 1200 nm to 1650 nm®',
The proposed nanostructures have complex shapes with four-
fold symmetry to provide enough parameter space with phase
and dispersion [see Fig. 14(c)]. Zhi-Bin Fan et al. also demon-
strated a polarization-insensitive silicon nitride metalens with an
effective achromatic refractive index distribution from 430 nm
to 780 nm"*". The diameter of the achromatic metalens is 14 pm
with a measured focal length of about 81.5 pm, yielding an ex-
perimental NA of 0.086.

Reviewing the reported results on achromatic metalenses, it
is not difficult to find that there is a trade-off among the band-
width, diameter, and NA of achromatic metalenses from pre-
vious works, and therefore the fundamental bounds for
achromatic imaging are further investigated. Figure 15(a) shows
previously published achromatic metalens designs against the
bandwidth limits reported in 20208, The lower solid blue curve
indicates the upper bound for ideal metalenses with no aberra-
tions. From the view of time—bandwidth products, this limit can
be derived as
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KC _ KC\/W
(VP+R=1) f[1-VI-®Na/m)?]

(12)

Aw < Aoy, =

in which ny, is the background refractive index, and « is a di-
mensionless quantity dependent on the meta-atoms’ properties.
With the increase in radius (R) and NA of the metalens, the
achievable achromatic bandwidth will shrink (Awy).
Considering a metalens with required R and NA, the way to
broaden the bandwidth is to enlarge x. For a resonant-type meta-
surface with deep subwavelength thickness, coupled-mode
theory provides a geometry- and material-independent value
(x = 2) for a single resonator, which severely limits the band-
width of achromatism. Meta-atoms with multiple resonances are
not expected to significantly improve the value of « either!"".,
For non-resonant metasurfaces with inclusions acting as trun-
cated waveguides, Tucker et al. derived the value of the upper

bond k as!'*
wyh
K= %(nmax - nmin)v (13)

where n,,, and ng;, are the maximum and minimun effective
refractive indices, respectively, and % is the thickness of the
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Fig. 14 Broadband achromatic metalenses. (a) Achromatic metalens in reflection mode with a
bandwidth from 1200 nm to 1650 nm, D = 55.55 pm, and NA = 0.217, working under circular
polarizations®., (b) Achromatic metalens in transmission mode in the visible band (470-670 nm),
D = 25 pm, and NA = 0.2, working under circular polarizations®”. (c) Meta-atoms of polarization-
insensitive achromatic metalens in the near-infrared region.

meta-atoms. For more generic cases (not necessarily dielectric)
of larger thicknesses, there is

O)dh
K= | (ax — 1) /]

N 24/3¢

where ny, is the refractive index of the background. These equa-
tions provide us with some clues to extend the structual
dispersion, that is, increasing the refractive index constrast
and thickness of meta-atoms. For example, Shuming Xiao’s
group fabricated TiO, nanopillars with a height of 1.5 pm to
achieve achromatism [see Fig. 15(b)]"*. The developed metal-
ens operates in the wavelength range of 650-1000 nm with ef-
ficiency of 77.1%—-88.5% and NA of 0.24-0.1, which is a very
high efficiency among reported achromatic metalenses. The ex-
tended broad bandwidth ensures applications in biological im-
aging. However, this highly efficient achromatic metalens is still

(14)
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very small in diameter (<30 pm), undoubtedly limiting its ap-
plication. To enlarge the lens size, its thickness needs to further
increase (i.e., heights of the meta-atoms of nanoposts), which
would pose a great fabrication challenge due to the high aspect
ratio, though the authors have claimed they have achieved a rec-
ord high aspect ratio of 37.5 in this work. In this regard, how to
access extremely large aspect ratio nanoposts for phase compen-
sation in achromatic metalens designs on large scales is still a
big challenge to date.

In addition to the thickness increase with a single-layer met-
alens, layered structures could possibly surpass the aforemen-
tioned bounds in non-ideal cases. Figure 15(c) illustrates a
unit structure of a merged hybrid achromatic metalens consist-
ing of a phase plate and nanopillars"*”. Combining recursive
ray-tracing and phase libraries, the metalens has an average fo-
cusing efficiency greater than 60% over a broad band from 1 pm
to 1.8 pm. With manipulation of the effective Abbe number,

2023  Vol. 2(1)



Li et al.: Revolutionary meta-imaging: from superlens to metalens

(a (b)
1000}
iNoAbun‘.lllons -
o 100}
3 ‘“i
A= 650 nm A=700nm A =800nm A =900 nm A =1000 nm
nb ) . |
c I~ g
(c) £ 60 B
2
Nanopillars @ 5
% —_
< ®
] Second phase N =
plate e
s ] Separation
] First phase R -
plate 30 um RIITI 30 um 30 um RIGT
] Fused silica 0 0
S
(d) > 60+ 550nm A
e 500nm > i
(7]
E 578nm //
S 50 e " s500m
® 500nm
c
‘@ 550nm ! ! 578nm
z ] /// nm
t. BN uu FUELEISE ) N layers e 578nm
¥ =RREN0I0IOANOT @ %
e [
CRIRERERRRRARARARAN :
< > 1 2 3
100 pm Number of layers

Fig. 15 Fundamental bound of the achromatic metalens®. (a) Solutions to extend or break
the limits. (b) TiO, nanopillars with height of 1.5 pm to achieve achromatism from 650 nm to
1000 nm!*?, (c) Hybrid achromatic metalens with broadband from 1 ym to 1.8 pm!™®, (d) 2.5D

metalens with efficiency enhancement!™,

Mengmeng Li et al. also proposed a dual-layer achromatic met-
alens with average efficiency of 42% in the visible (400-
700 nm)"'**, Mahdad Mansouree et al. proposed the concept
of a 2.5D metasurface composed of multilayer metasurfaces!*".
An adjoint optimization technique is utilized to design meta-
structures with nonlocal interactions. As shown in Fig. 15(d),
the efficiency of the meta-device can be increased with the num-
ber of layers, which might be promising for achromatic metal-
ens design in the future**"*",

3.3 Metalenses for Wide-field Imaging

Besides chromatic aberrations, monochromatic aberration is an-
other important issue degrading imaging performance, which
includes spherical aberration, coma aberration, astigmatism,
field curvature, and distortion. For a metalens with a well-
designed hyperbolic phase profile, there are no spherial aberra-
tions at normal incidence. For a point source, especially in a
microscopy case, light rays will no longer converge at the same
point, resulting in the decrease in resolution in both transverse
and longitudinal directions. Thus, the phase profile should be
redesigned to remove spherical aberrations for high resolu-
tion!"*?. Also, off-axis aberrations increase as the incident angle
0 increases, especially the coma aberration. Nonnegligible aber-
rations undoubtedly affect the FOV of metalenses and limit
applications such as landscape imaging and microscopy.
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The ideal phase profile for a metalens free of both spherical
and coma aberrations simultaneously is expressed as''*”

@(r,A,0) = —%[r sin 6 + \/(r—f tan 0)2 _|_fz_CO]; 0].
(15)

It is a function of incident angle, which requires an angle-
dispersion phase for meta-atoms. However, the phase delays
of different types of meta-atoms are generally angle indepen-
dent, which poses challenges in achieving wide-angle
imaging of high quality. Recently, several types of metalens
configurations have been proposed for wide-angle imaging'**,
including metalens doublets™'**, optimized multi-parametric
geometries'**"*”),  monolayer quadratic metalenses'**, air-
gapped landscape quadratic metalenses™, and dielectric-
gapped landscape quadratic metalenses'*”. The schematic of
metalens doublets is shown in Fig. 16(a), in which the first meta-
surface is encoded with a phase profile similar to a Schmidt
plate and results in converging chief rays and diverging mar-
ginal rays™'. The other metasurface is imparted with a focusing
phase profile, which has a stronger phase gradient at the edge
than the hyperbolic phase. Andrei Faraon’s group realized a
metalens doublet with a small f-number of 0.9, viewing angle
larger than 60° x 60°, and operating at 850 nm wavelength with
70% focusing efficiency™. Subsequently, Federico Capasso’s
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Fig. 16 (a) Metalens doublet®'. (b) Optimized multi-parametric
geometries!™. (c) Monolayer quadratic metalens!™".. (d) Double-
layer metalens incorporated with a quadratic metalens and an
aperture stop!™*®. (e) Extended FOV for microscopy with a
metalens array"*?. (f) Wide-angle-imaging camera enabled by
a metalens array!*,

group fabricated a metalens doublet with NA of 0.44, focal
length of 342.5 pm, and viewing angle of 50°, which enables
diffraction-limited monochromatic imaging at a wavelength
of 532 nm'"*!, Multilayer topological optimization is designed
to improve DoFs for angular phase control, as shown in
Fig. 16(b)"**. Zin Lin et al. proposed a topology-optimization
framework for inverse design of multilayered wide-angle metal-
enses with an effective NA of 0.35 and viewing angle of 40°°,
Chenglong Hao et al. optimized the multistep flat lens with an
epsilon-greedy algorithm and demonstrated that the lens has an
effective NA of 0.45 and viewing angle of 32° at the wavelength
of 633 nm'"*"!. The other three types are all based on quadratic
phase designs. This kind of quadratic metalens transforms
the rotational symmetry of obliquely incident light to the
translational symmetry of the focusing beam, as shown in the
following:

o(r,0) = —%rz — kox sin 6
ko f sin®> @

> (16)

__k :
= —ﬁ[(Hf sin 0)” + y°] +

in which kx sin @ is the gradient phase introduced by oblique
incidence. Light with an incident angle 6 converges to the de-
signed focal plane with an offset of —f sin 8 [see Fig. 16(c)].
Fourier analysis and imaging properties were further analyzed
and indicated a reduction in the effective aperture and barrel dis-
tortion*", In addition, the spherical aberration of the quadratic
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metalens becomes obvious and results in strong background
noise. To address the issue, an aperture stop can be incorporated
with the quadratic metalens to minimize the aberrations,
which is similar to the classical Chevalier landscape lens [see
Fig. 16(d)]"**. The aperture stop can be placed in front of the
metalens with an air gap d, while supporting only a diffraction-
limited FOV due to the mismatch of the actual position
(—d tan 0) and ideal position (—f sin )™, If the aperture stop
is placed with a high-index (n > 1) material gap with optimized
thickness, the FOV can be significantly enhanced with a record
FOV of 178° x 178°. As the diameter of the aperture stop de-
creases, the imparted phase is closer to the hyperbolic phase,
while the aperture becomes smaller.

Another strategy to achieve wide-field or wide-angle imaging
is constructing a metalens array. For instance, Tao Li’s group
developed a metalens array with a polarization-multiplexed
dual-phase design for wide-field microscope imaging!** [see
Fig. 16(e)]. This method expands the FOV without sacrificing
resolution and promises a non-limited space—bandwidth product
for wide-field microscopy. Ji Chen et al. proposed a metalens
array for wide-angle imaging in a similar way!"* [see
Fig. 16(f)]. Each metalens is introduced with a phase term re-
lated to different incident angles to minimize distortion and
aberrations. A range of >120° imaging is demonstrated and in-
dicates the advantages of metalens arrays for miniature and
high-quality imaging. It should be noted that in conventional
single-axis optical settings, the FOV has a rigid correspondence
to the view of angle (VOA); however, in the lens array system
with multiple optical axes, they are quite different. For example,
in Ref. [142], the large FOV is composed of multiple equally-
sized images, while its VOA is not extended in the microscope
system. Therefore, it is an equivalent expansion of the FOV.

With the angle of modulated light rays increasing, efficiency
generally decreases. The same situation happens when adding
functionalities. Thus, improving the efficiency of metalenses
with high NAs or multifunctions is in high demand. Much at-
tention has been paid to address the efficiency issue!*'*"\. For
example, Ramén Paniagua-Dominguez et al. demonstrated a
metalens with near-unity NA, which is composed of an array
of asymmetric dimers producing energy concentration into
the T, diffraction order [see Fig. 17(a)]. The measured diffrac-
tion efficiency is about 35% with the light bending at 82° at
normal incidence!"*". In addition to optimization of the unit cell,
Federico Capasso’s group proposed a modified design tech-
nique that allows the pillars to be at arbitrary locations, but re-
peats the pattern of pillars every 2z period of the phase [bottom
part of Fig. 17(b)]. A metalens with a diameter of 1 mm and
focal length of 200 pm was demonstrated with focusing effi-
ciency of about 79%!"*'. With a fabrication-related constraint,
this kind of metalens can also be fabricated by one-step
deep-UV (DUV) photolithography, which is more scalable than
typical electron-beam lithography. Andrea Alu’s group pro-
posed a hybrid metalens constructed by a gradient metasurface
located in the center of the lens and a metagrating on the edge.
The reported metalens offers a measured efficiency of 0.479
with NA of 0.98 [see Fig. 17(c)]"**.. An aperiodic metasurface
based on a grating averaging technique was also proposed for
increasing the efficiency of the metalens with high NA. As
shown in Fig. 17(d), meta-atoms vary rapidly between unit cells
but slowly between extended cells. Thus, the extended cell can
be approximately considered as a period of a blazed grating,
which shows great advanteges in efficiency compared with
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Fig. 17 (a) Metalens with NA = 0.99 and corresponding unit cell of the asymmetric dimers!.
(b) Modified design method for high-NA and high-efficiency metalens design*.. (c) Hybrid lens
with gradient metasurface and metagrating!'*?. (d) Extended cell design for high-NA optics and
(e) its efficiency advantages over classical periodic metasurface design!'*’.

classical periodic metasurfaces [see Fig. 17(e)]"*". A metalens
with NA of 0.78 and a focusing efficiency of 77% was demon-
strated and indicated the potential applications in implementing
high-NA devices.

As mentioned above, most phase responses of dielectric
meta-atoms (not including supercells or superpixels''**') are an-
gle independent under some conditions [e.g., in small incident
angle regions (<30°), where no other mode is excited''*'], while
the phase profile for an ideal metalens free of monochromatic
aberrations needs to vary with incident angles. Thus, the
manipulation of angular dispersion is also of importance for
realizing better imaging performance and is suggested to be
given more attention. For terahertz metasurfaces, Lei Zhou’s
group showed that the plasmonic couplings among meta-atoms
dictate angular dispersion and established a theory to quantita-
tively describe it. They proposed a more general and systematic
strategy to guide the design of optical metasurfaces with fully
controlled angular dispersions. Besides the near-field couplings
between meta-atoms, the radiation pattern of a single constituent
meta-atom also contributes to angular dispersion"*”. Different
angle-dependent meta-devices (e.g. incident-angle-selective
absorbers) in the near-infrared regime were demonstrated for
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proof of concept. However, the realization of an ideal metalens
with the required angular dispersion still remains challenging.

3.4 Metalenses for Super-resolution Imaging

As discussed above, a superlens or hyperlens, although with the
ability to overcome the diffraction limit, suffers from the com-
plexity of near-field optical manipulations, while with the opti-
cal super-oscillatory phenomenon, lens focusing can go beyond
the diffraction limit in the far field. Super-oscillation arises from
the delicate interference of light generated from specifically de-
signed structures, which forms a mask with spatially varying
absorption and retardance®™"". Due to the fragility of the
super-oscillatory light field, the super-resolution lens usually
suffers from a very narrow working wavelength band. To
address this issue, Xiangang Luo’s group utilized the PB-phase-
based metasurface to achieve ultra-broadband super-resolution.
The phase profile is a combination of a hyperbolic phase and an
extra binary phase that is optimized to achieve super-resolution,
as shown in Fig. 18(a), in which sample A is the normal metal-
ens while B and C are optimized metalenses. The final focal
FWHMs are 0.843 and 0.674 times the spot size of the Abbe
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diffraction limit, respectively. The focal patterns show similar
optical-field distributions and retain super-resolution except
for the chromatic focus shift and the change in focusing inten-
sity!”. To overcome the chromatic aberration, Nikolay I
Zheludev’s group optimized the amplitude or phase mask with
a multi-objective particle swarm optimization algorithm to gen-
erate several discrete foci. For different wavelengths, the de-
signed super-oscillatory lens can be regarded as achromatic
or apochromatic if the foci of two or three wavelengths can
overlap each other'™. A white-light super-oscillation imaging
system was also demonstrated with the combination of a meta-
surface filter and a normal achromatic refractive lens. The pro-
posed metasurface filter is based on PB phase and has optimized
positions with perfect zero and z phase-only manipulation.
Resolving ability of about 0.64 times the Rayleigh criterion
(RC) is obtained for wavelengths ranging from 400 nm to
700 nm. Figure 18(b) shows comparisons of imaging results with

a normal lens (middle) and a super-oscillatory lens (right)!">*.
Despite the considerable achievements'”, realization of a com-
pact achromatic super-oscillatory metalens with high efficiency
still faces challenges due to the complicated light field.

As an alternative method, a supercritical lens (SCL) was pro-
posed as a trade-off between resolution and other performances,
such as energy proportion and working distance. As shown in
Fig. 18(c), by RC and a super-oscillation criterion (SOC), focal
spots with possible intensity patterns can be categorized into
three regions'*®. From the range of above-resolution to
super-oscillation, the size of the main lobe decreases smoothly
with gradually increased sidelobes. Fei Qin ef al. demonstrated
SCL composed of a series of concentric transparent belts at
405 nm. A pattern with a minimal feature size of 65 nm can
be recognized, and the working distance is up to 55 pm, nearly
one order improvement compared to previously reported super-
oscillatory lenses. Figure 18(c) also shows the image of a

Experiment Theory

Sample A

10um 10um

1.0
(a) — Sample A — Sample B — Sample C — Sample A
gm — Sample B
2
& () & | IE 3 — Sample €
0 <
= FWHM
k] =0.5]
7]
=
" &
S0 =]
=
-7
0 -2 1 1

0.5
Normalized radial position

Metasurface

(b)

(C) Maximum-frequency Spot

Airy Spot (0‘38“(\\‘\)
(0.613/NA) \

Ty N

2 15 >

z 1

Z 0.5

@ 1

2 8

27N

Supercritical Lens:
Rge;— 0.38//NA
DOF > 2). /NA?

(= Main-lobe ]
|mm Side-lobe

Sample B

10um

O ©

10pum 10um

50pm

Fig. 18 (a) Ultra-broadband super-oscillatory metalens with sub-diffraction light focusing with
focal shift due to dispersion™®?, (b) Achromatic broadband super-resolution imaging with a combi-
nation of the metasurface filter and achromatic lens!"®. (c) Supercritical lens with sub-diffraction
resolution and corresponding comparison imaging results!",

Photonics Insights R01-19 2023 e Vol. 2(1)



Li et al.: Revolutionary meta-imaging: from superlens to metalens

large-scale non-periodic pattern (13.5 pm x 13.5 pm) and the
comparison imaging results with scanning electron microscopy
(SEM), transmission mode microscopy (T-mode), and laser
scanning confocal microscopy (LSCM), indicating sub-
diffraction resolution. It should be noted that this kind of super-
resolution imaging is based on the scanning process, which is
quite different from the superlens/hyperlens imaging as men-
tioned in Section 2, since it cannot directly recover information
from the evanescent wave of objects.

3.5 Computation-empowered Metalens Imaging

Recently, inverse design and artificial intelligence (Al) algo-
rithms have developed rapidly in various fields and also play
vital roles in the design and optimization of meta-devices. As
the requirements for performances and functions of meta-devi-
ces increase, the construction of meta-atoms with common
physical models is insufficient to meet the demand. Inverse de-
sign methods were gradually introduced to search for proper
parameters of a metasurface to exhibit the desired functions.
Here, inverse design is an algorithmic technique for discovering
optical structures (such as height distribution) based on desired
functional characteristics. Compared to conventional design
methods, where the phase profile is fixed everywhere on the lens
surface (such as a parabolic or hyperbolic phase profile), inverse
design is more flexible and thus can generate lenses with more
functionalities. The design goal of inverse design is usually set
as finding the maximum (or minimum) of an objective function
[also called figure of merit (FoM)] under some constraints.
Different optimization strategies or a combination has been re-
ported for different problems"""""*"", Among them, topology op-
timization is an efficient technique for handling extensive design
spaces, which considers the modulation of dielectric permittiv-
ity at every spatial point'®”. Through penalization and filter pro-
jection methods"®", one can further obtain a binary structure.
Zin Lin et al. proposed a general topology-optimization frame-
work for metasurface inverse design that can discover highly
complex multilayered structures'**. A multilayered 2D metal-
ens with aberration corrected under incident angles of 0°,
7.5°, 15° and 20° was demonstrated for proof of cencept
[see Fig. 19(a)]. However, the optimized metalens has a small
size (231) due to limited computation sources. To achieve a met-
alens with a large area and high efficiency, Jonathan A. Fan’s
group divided the desired phase profile into linear sections with
wavelength scale and utilized topology optimization to design
each section individually [left part in Fig. 19(b)]"®”. This
method can obviouly save computation time compared with
the optimization of a full device. The efficiency of a metalens
with high NA can also be enhanced, as shown in the right part of
Fig. 19(b). With fabrication technology improving, inverse de-
sign methods will enable metalenses with more complex func-
tions and better performances.

Intelligent methods also help in metalens design and aberra-
tion correction. For instance, Ethan Tsenga et al. proposed a
fully differentiable learning architecture and demonstrated a
high-quality, polarization-insensitive nano-optic imager for
full-color (400-700 nm), wide-FOV (40°) imaging with an
f-number of 2%, As shown in Fig. 19(c), the end-to-end im-
aging pipeline is composed of an efficient metasurface image
formation model and feature-based deconvolution algorithm.
From the optimizable phase profile, the differentiable model
produces saptially varying point spread functions (PSFs), which

Photonics Insights

R01-20

are then patch-wise convolved with the input image to form the
sensor measurement. The sensor reading is then deconvolved
using the algorithm to produce the final image. This approach
can be extended towards flexible imaging with reconfigurable
nanophotonics for various applications. Qingbin Fan e al. also
developed a neural-network-based reconstruction algorithm to
obtain high-quality imaging with metalens arrays''®. They first
generated a set of trainging data from the physically calibrated
optical aberrations of the imaging system, then built a multiscale
convolution neural network for aberration correction, and recon-
structed the image from the experimentally captured data.
Figure 19(d) displays the directly captured subimages (top
row) and aberration-corrected images (bottom row), indicating
the powerful abilities of the intelligent methods.

In addition to the enhancement of normal metalens imaging,
intelligent methods play an important role in other imaging sys-
tems as well, such as light-sheet fluorescence microscopy. Din
Ping Tsai’s group implemented a GaN-based metalens with a
genetic-algorithm-generated prism-like yet non-analytical phase
profile!®', It can significantly suppress the sidelobe intensity of
the light sheet and also extend the depth of focus (DOF). Thus, it
can exhibit an enhanced axial resolution and SNR when applied
under two-photon excitation. Combined with a metalens array,
this group also demonstrated a meta-device for intelligent depth
perception®, which indicates the advantages of intelligent
methods in various applications®”,

3.6 Advances in Metalens Design and Fabrication

In previous years, most metalenses demonstrated are in microm-
eter-scale and have limited applications for practical imaging
devices. Recently, some metalenses with millimeter scale have
been demonstrated in experiments! 7!, These large-scale met-
alenses, especially with nearly centimeter-scale, are in high de-
mand in scenarios such as augmented reality/virtual reality (AR/
VR) and landscope imaging, while the corresponding imple-
mentation faces challenges such as limited computational
sources for simulation demonstration, the layout file with ex-
tremetly high data density, and the diffculty of low-cost mass
manufacturing.

Full-wave simulations can give an accurate picture of device
performances. Simulations of metalenses with simple functions
or with forward design can be scaled down to micrometer scale to
reduce computing resources (i.e., memory space and run
time). However, metalenses with complex functions (i.e., achro-
matism) or inverse design cannot be scaled down for proof-
of-concept simulations. To address this issue, besides the optimi-
zation method illustrated in Fig. 19(b), Tyler W. Hughes
et al. developed a GPU-based hardware-accelerated finite differ-
ence time domain (FDTD) solver titled “Tidy3D,” which can per-
form simulations of large-area metalenses with a turnaround time
on the minute scale'’”. A fully 3D, large-area metalens of size
1004 x 1004, including focal length (464), is simulated in 5 min,
indicating the advantages and necessities of this technique.

Taking a 5-cm-diameter metalens as an example comprising
over 6 billion nanoscale meta-atoms, the corresponding size of
the layout file is over 200 GB"”. To reduce the file size,
Federico Capasso’s group proposed a scalable metasurface
layout compression algorithm for devices with rotational sym-
metry, coined METAC"™, A library of self-referenced struc-
tures is generated by using multiple layers to represent
increasingly doubled copies of a primitive structure. At each
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Fig. 19 Inverse design and Al algorithms in the metalens design and optimization. (a) Multilayered
2D metalens with aberration corrected under incident angles of 0°, 7.5°, 15°, and 20° based on
topology optimization!*., (b) Dividing the desired phase profile into linear sections with topology
optimization for the design of metalens with large area and high efficiency!"®?. (c) End-to-end
neural imaging pipeline for full-color and wide-FOV imaging"®. (d) Directly captured images
(top row) and aberration corrected images (bottom row) based on Al methods for light-field im-

aging!®4.

radial position, the core algorithm then efficiently assembles ap-
propriate library elements to create the desired structure and
form a ring. The aformentioned design file size is efficiently
compressed by three orders of magnitude and reduced to ap-
proximately 131 MB, while for a metalens layout file with
no radial symmetry, a similar efficient algorithm is urged to
be developed.
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Most reported metalenses, especially those working in the
visible region (including the millimeter scale), were fabricated
through electron beam lithography (EBL) or focused ion beam
(FIB) techniques, which is quite time consuming with high cost.
To achieve the requirements for mass production, several
other techniques have been employed for metalens manufactur-
ing!"”*" For example, utilizing DUV projection stepper
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flat architecture

O Multifunctional,
flexible design

Challenges:

O Chromatic aberration
O Image aberration

O Efficiency

O Manufacturing

Solutions

Thicker metalens

Layered metalens

Metalens array

Al optimization

High-quality imaging

large FOV

achromatism

high efficiency

lightweight

Small size

Fig. 20 Schematics of metalens roadmap towards high-quality imaging applications.

lithography"’*'”*!, Federico Capasso’s group demonstrated a
centimeter-scale, all-glass metalens capable of focusing and im-
aging at visible wavelength”, Nanoimprint lithography (NIL)
is also a promsing technology for mass production with high
throughout and low cost"’*'™®, Junsuk Rho’s group developed
printable metalenses composed of a Si nanocomposite syn-
thesized by dispersing Si nanoparticles in a printing resin''””.,
A metalens with a diameter of 4 mm and operating at
940 nm was demonstrated, and has only 10% uniform volume
shrinkage compared with the initial master mold. Although
these methods are more cost effective than EBL, their limitation
in resolution and available materials hinders the fabrication of
metalenses with complex functions (corresponding to small fea-
ture sizes) and efficient focusing in the visible.

In this section, we interpreted the concept and design prin-
ciples of the metasurface and metalens. With the advantages of
miniaturization and flexible design, metalenses have attracted
great attention in both academia and industry, while transferring
metalens technology from the laboratory to industry for practi-
cal applications still faces many challenges including design
(correcting aberrations and enhancing efficiency) and manufac-
turing. By reviewing the development of the metalens, we can
conclude several representative solutions (see Fig. 20) towards
high-quality imaging (large FOV, achromatism, high efficiency,
etc.), that is, providing thicker or layered metalenses for wider
parameter space and more DoFs, constructing metalens arrays to
break the function limitation of a single metalens, and utilizing
Al optimization for performance improvement.

4 Multilevel Diffractive Lenses

4.1 Development of Diffractive Lenses

Conventional diffractive lenses have been the main technology
to implement flat lenses for many years' . The earliest versions
of diffractive lenses are Fresnel zone plates and Fresnel lenses.
Fresnel zone plates consist of a set of radially symmetric rings
(called Fresnel zones) alternating between being opaque and
transparent, as shown in Fig. 21(a). The radius of each ring
is chosen such that the distance from the edge of each zone
to the focal point is an integral multiple of a half-wavelength
longer than the axial focal length™*”. Then the transmission light
diffracted from the transparent zone will constructively interfere
at the desired focus, creating a focal spot like a focusing lens.
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However, a Fresnel zone plate designed for a nominal focal
length f will generate multiple foci with corresponding focal
lengths equaling f/m, m = +1, £2, £3, ... and the intensity of
the mth-order image as a function of incident intensity, also
known as the diffraction efficiency of the mth order, is given
by[180]

— [w]z (17

mn

The diffraction efficiency of the design order (first order) is
n = 10.1%, which is shown in Fig. 21(f). Although a Fresnel
zone plate is extremely thin and lightweight, relatively low dif-
fraction efficiency, unwanted multiple images, and almost half-
power blockage by the opaque area limit its practical use.
Fresnel lenses also consist of a set of concentric annular sec-
tions, as shown in Fig. 21(b). Unlike Fresnel zone plates, each
section of a Fresnel lens is made up of a prism, which can
manipulate the phase profile ¢(r, 1) of transmission light based
on accumulation of the optical path!”":

p(r. ) = () ~ 1), 18)

where 4 is the wavelength, n(4) is the refractive index, and h(r)
is the height profile of the prism. The height profile is usually
decided by the target phase ¢, [such as hyperbolic phase in
Eq. (10)] at a particular wavelength 4, in the design process:

Ao

) = G =i

(o mod 21), 19)

where mod means modulus. Thus, & ranges from zero to
Ao/ (n — 1) for a conventional Fresnel lens. Generally speaking,
the phase profile provided by a prism can deflect transmission
light more efficiently than the Fresnel zone. Therefore, Fresnel
lenses have much higher efficiency than that of Fresnel zone
plates. The diffraction efficiency of the mth order of such a
Fresnel lens at design wavelength 4, can be expressed as''™!
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(20)

_[sin[z(m — D]\ 2
”’”_{ 7(m—1) }

Based on Eq. (20), the diffraction efficiency of first order can
reach 100% at Ay, as shown in Fig. 21(g). The height profile of

due to the finite size of the stylus tip [closed dashed lines in
Fig. 21(k)]"7*"*", The unavoidable fabrication error will signifi-
cantly decrease the diffraction efficiency of Fresnel lenses in
real applications.

Thus, a compromise has to be made between achieving high

diffraction efficiency and ease of fabrication. With the develop-
ment of binary optics in the 1980s, multilevel approximation
provides a strategy to solve this problem!®. Multilevel approxi-
mation means substituting the previous continuous height pro-
file of the diffractive lens with discrete levels, as shown in
Fig. 21(c). Such a diffractive lens is the earliest version of
the multilevel diffractive lens (MDL). The two-level MDL,
where the height profiles provide only zero or x phase shift,
is the simplest form of MDLs and can be fabricated precisely

each prism in Fresnel lenses varies continuously, which can
be fabricated by direct writing (laser or e-beam), gray-scale
lithography, diamond turning, etc., as shown in Fig. 21(k)!""".
However, it is difficult to fabricate such smooth profiles for
components working in the visible and near infrared precisely.
Taking diamond turning as an example, the accuracy of the sur-
face profile relies heavily on the size of the stylus tip used in
diamond turning, and there often exist some fabrication
errors such as an imperfect deep valley at the edge of each prism

(C) Multilevel diffractive lens (e) Free Form MDL

(b) Fresnel lens (d) Harmonic diffractive lens

(a) Fresnel zone plate
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Fig. 21 (a)-(e) Development of conventional diffractive lenses. The top row shows the schematic
of each diffractive lens. The bottom row denotes the height profile of each lens along the black
dashed lines. (f) Diffraction efficiency with respect to the diffraction order for a Fresnel zone plate at
design wavelength. (g) Diffraction efficiency with respect to the diffraction order for a Fresnel lens
at design wavelength. (h) Diffraction efficiency with respect to wavelengths and gray levels for an
MDL at first diffraction order. The black dashed line denotes the design wavelength 4,.
(i) Diffraction efficiency with respect to wavelengths and diffraction orders for a harmonic diffractive
lens. (j) Diffraction efficiency with respect to wavelengths for two free-form MDLs, where example
1 denotes the achromatic MDL working at several discrete wavelengths with the same interval,
and example 2 denotes the achromatic MDL working in broadband spectra. (k) Some fabrication
techniques for diffractive lenses!'”*'8"],
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by binary optics as well as direct writing and gray-scale lithog-
raphy. However, the diffraction efficiency of two-level MDLs is
relatively low (for first order). The diffraction efficiency of an
MDL at the mth order with N levels is given by!"™"!

_[sin[z(1 —m)]\ ?[sin(z/N)]?
=) L) ey

which means the diffraction efficiency of first order with two
levels reaches only 41%. Increasing level N is an effective
way to increase diffraction efficiency based on Eq. (21).
Thus, in a practical application, the level is usually set as eight
or higher, where diffraction efficiency can reach more than 95%
at a designed wavelength 4.

The above discussion considers only the situation when the
diffractive lens is operating at a designed wavelength /. In fact,
all the diffractive lenses mentioned above (including Fresnel
zone plates, Fresnel lenses, or MDLs, and metalenses) have
large chromatic aberrations due to intrinsic diffraction
dispersion'™. On one hand, in the same diffraction order, the
focus length f will decrease as the wavelength A increases.
On the other hand, diffraction efficiency will decrease when
the wavelength deviates from the designed one. For example,
the diffraction efficiency for an MDL operating at other wave-
lengths 4 is given by

N {sin{zr[a(/l) - m]}}2|:sin(zr/N):|2
" m(a(d) —m) /N ’

(22)

where o is the detuning parameter, defined as a =
Joln(2) — 1]/2[n () — 1]"*". Figure 21(h) shows the distribu-
tion of the first-order 7; with respect to wavelength 4 and level
N. The efficiency reaches maximum at 4, and decreases quickly
as A deviates from 4,. Such a chromatic aberration will degrade
the quality of images taken from these diffractive lenses under
broadband illumination, which severely leads to harmful color
blur, low SNR, low resolution, etc.

To reduce the chromatic aberration and improve the average
diffraction efficiency of diffractive lenses in a certain broad
bandwidth, harmonic diffractive lenses were proposed in
1995!"%'%1 " The harmonic diffractive lens is a diffractive
imaging lens for which the optical path length transition be-
tween adjacent facets is M multiples (M is an integer) of the
design wavelength 4y, which means the total thickness of the
lens is H = MAy/(n — 1), as shown in Fig. 21(d). Harmonic
diffractive lenses have hybrid properties of both refractive
and diffractive lenses and can reach very high diffraction effi-
ciency at several wavelengths (called harmonic wavelengths)
rather than one, while the focus lengths of these harmonic wave-
lengths remain the same. The diffraction efficiency of mth order
for a harmonic diffractive lens is given by!*"

= {sin{ﬂ[Ma(l) — m]}}zl 23)

aMa(d) — m]

The mth harmonic wavelength 4, = MAg[n(2) — 1]/
m[n(4g) — 1], as shown in Fig. 21(i). The diffraction efficiency
of the mth harmonic wavelength 4,, will reach 100% at the
corresponding mth diffraction order. As the height index
M increases, the number of harmonic wavelengths will
increase, which improves diffraction efficiency in the working
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bandwidth. Nevertheless, harmonic diffractive lenses have two
disadvantages. First, the harmonic wavelengths are fixed and
the interval between two adjacent wavelengths cannot be manip-
ulated flexibly for a given thickness. Second, diffraction effi-
ciency will also decrease if the lens is operated at the
interval wavelengths (wavelength between two adjacent har-
monic wavelengths). Thus, harmonic diffractive lenses seem
not to be the ultimate solution to realize broadband focusing
and imaging.

To further increase the DoF in design, a new class of diffrac-
tive lenses, denoted free-form MDLs, has been proposed in re-
cent years"™"”". The height profile of the free-form MDL is
irregular and quite different from that of conventional diffractive
lenses, as shown in Fig. 21(e). Free-form MDLs can realize
many more functionalities, such as achromatism in broadband
[blue line in Fig. 21(j)] or at several discrete wavelengths with
the same interval [red line in Fig. 21(j)]"*"*". The free-form
MDL is designed by inverse design as introduced in Section 3.4.
Specifically, there are two constraints in the design of free-form
MDL—the height of each ring should be discrete and in the

interval [0, H]. Thus, the design problem can be expressed
as!185190]

max F(H) st. 0<h(r)<H 0<r<R, 24)
where F' is FoM, and R is the lens radius. By setting FoMs as
different types of functions, MDL with different functionalities
(achromatism, etc.) can be realized. Next, we will review recent
works on several types of free-form MDLs, such as achromatic
MDLs, an MDL with a long DOF, and an MDL with a
large FOV.

4.2 Achromatic MDL for Imaging

The achromatic MDL (AMDL) is a typical free-form MDL to
realize discrete or continuous band achromatism, first proposed
by Rajesh Menon’s group in 2016!"*!. The AMDL can be re-
garded as a combination of harmonic diffractive lenses and
MDLs with free-form height profiles. To achieve achromatism,
the light of different wavelengths diffracted from the AMDL
needs to constructively interfere at the same focus. Thus, the
FoM can be directly set as the intensity at the focus (denoted
as I):

1
F=—Y Iy®), 25
Nﬂ;"() (25)

where N, is the number of wavelengths optimized in achromatic
design. Equivalently, the maximization of light intensity at the
focus can be translated to maximization of the power in the fo-
cus disc. Therefore, the FoM could also be set as a power ratio:

1 fol'sw I(r,A)rdr
=N ; JEI(r, Dyrdr (26)
where w is the full width at half maximum (FWHM), and I(r, 1)
is the light intensity distribution on the focus plane. More details
about other FoMs, such as the difference between real and ideal
light intensity distributions at the focal plane or the difference
between real and ideal phase profiles at lens surfaces, are pre-
sented in Refs. [185,190,191].

2023  Vol. 2(1)



Li et al.: Revolutionary meta-imaging: from superlens to metalens

The optimal height profile 4(r) can be yielded by solving
Eq. (24). Generally speaking, Eq. (24) is a nonlinear optimiza-
tion problem of which the global optimal solution cannot be
derived easily. In previous works, several optimization algo-
rithms have been proposed to address this difficult problem.
A direct binary search (DBS) is one of the most used algo-
rithms"®!, DBS is a pattern searching method"*>'**, where a
perturbation 6k will be added on the height profile & to get a
trial solution in one iteration. If the FoM of the trial solution
is better than the previous one, the height profile will be updated
as h + oh. If not, the height profile will remain as 4. The optimal
height profile & will be yielded based on this method after sev-
eral iterations. Other algorithms such as brute-force search or
gradient-descent are also applied to solve Eq. (24) in some re-
lated works"**'*"!, Tt should be mentioned that almost all of these
methods are local optimization algorithms and cannot achieve
the optimal height profile by just one trial. In fact, random ini-
tialization is necessary in the optimization. The application of
some global optimization algorithms, such as a genetic algo-
rithm or particle swarm optimization*”, may be helpful to
get a better result.

Based on inverse design, several examples of AMDLs oper-
ating in various regions of the EM spectrum, ranging from the
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[\ |
Diffractive
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Efficiency (%)
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flat flat

lens 1 lens 2
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visible to the microwave, are demonstrated experimentally, as
illustrated in Fig. 22. In the visible and near-infrared regions,
Peng Wang et al. demonstrated a 2D AMDL (focusing incident
light to a line, akin to conventional cylindrical lenses) that can
work on large bandwidths with super-achromatic performance
over the continuous visible band (450-750 nm) in 2016"*". The
AMDL is made up of SC1827 (a kind of photoresist). The
length and total thickness of such an AMDL reach 7.5 mm
and 2.6 pm, respectively, which is much larger than that of ach-
romatic metalenses?627:%122126.127.198-2001 'Hawever, this AMDL is
just a first trial, and its NA is only 0.013. Different from conven-
tional diffractive lenses, the diffraction efficiency of the AMDL
is usually defined as the ratio of optical power within three times
FWHM of PSF over the whole transmitted optical power, while
another metric, focusing efficiency, is defined as the ratio of op-
tical power within three times FWHM of PSF over the whole
incident optical power!"**\. The overall focusing efficiency of the
AMDL in this work is around 10%, as shown in Fig. 22(a).
Yifan Peng et al. demonstrated an AMDL by equalizing the
spectral focusing performance within the whole visible spec-
trum in the same year, as shown in Fig. 22(b)"*". The AMDL
is made of silica with working spectra over 410-690 nm,
diameter equal to 8 mm, thickness equal to 1.195 pm, and
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Fig. 22 Typical examples of achromatic MDLs. (a) 2D broadband AMDL working in the visible
region"®!. (b) Broadband AMDL over the visible range from 410 nm to 690 nm with
NA = 0.04 and diameter equal to 8 mm!'*®, (c) Broadband AMDL working in the visible region
with NA = 0.18 and diameter equal to 370 pm!'®., (d) Schematic of an imaging system composed
of two AMDLs!"""., (e) Broadband AMDL over the visible and near-infrared range from 450 nm to
1000 nm with NA = 0.3 and diameter equal to 3.145 mm!"®"., (f) Multiwavelength AMDL working
over 450 nm to 620 nm!"®, (g) Broadband AMDL over the long-wave infrared region (8-12 um)
with NA = 0.45 and diameter equal to 15.2 mm®®. (h) Broadband AMDL over the microwave
region (10-14 GHz) with NA = 0.99 and diameter equal to 186 mm'".
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NA = 0.04. They also made a comparison between images
taken by the AMDL and a conventional Fresnel lens. The per-
formance of the AMDL is a little bit worse than that of the
Fresnel lens at the design wavelength (550 nm), but the overall
performance of the AMDL under broadband illumination is bet-
ter, which demonstrates the achromatism of the AMDL. In
2018, Nabil Mohammad et al. proposed an AMDL working
in 450-750 nm, as shown in Fig. 22(c)". Although the diam-
eter of such an AMDL is only 370 pm, its NA reaches 0.18 and
overall efficiency increases to 22.1%. They also demonstrated a
simple imaging system composed of two AMDLs in the same
year, as shown in Fig. 22(d)"”". In 2020, Monjurul Meem et al.
demonstrated an AMDL working at 450-1000 nm, with diam-
eter of 3.145 mm, thickness of 2.6 pm, NA of 0.3, and overall
focusing efficiency of 12%, as shown in Fig. 22(e)"*". In the
same year, Leonid L. Doskolovich et al. demonstrated an
AMDL working at several discrete wavelengths (450-620 nm),
with diameter equal to 8 mm, thickness equal to 6 pm, and
NA = 0.04, as shown in Fig. 22(f)"*. The average focusing
efficiency of this AMDL reaches 39.6% (simulation) and
16.4% (experiment).

In the long-wave infrared region to microwave region, a pol-
ymer AMDL with a relatively high NA of 0.371 and working at
8 pm to 12 pm was proposed by Monjurul Meem et al. in 2019,
as shown in Fig. 22(g)™. The diameter and total thickness of
this AMDL are 15.2 mm and 10 pm, respectively, and the aver-
age focusing efficiency in the range of 8—12 pm reaches 43%
experimentally. The AMDL exhibits aberrations comparable to
or better than those seen in conventional refractive lenses, which
shows great potential in applications in the long-wave infrared
region. In 2021, Bumin K. Yildirim et al. demonstrated an
AMDL working at 10 GHz to 14 GHz with ultrahigh
NA = 0.99, as shown in Fig. 22(h)""". A multi-objective differ-
ential evolution algorithm was incorporated with the 3D finite-
difference time-domain method to optimize both the heights and
widths of each concentric ring of the AMDL. The diameter and
total thickness of this AMDL are 186 mm and 26 mm, respec-
tively, with average focusing efficiency of around 35%. They
also numerically demonstrated an AMDL working in the visible
(380-620 nm) with diameter of 3.3 pm, thickness of 0.46 pm,
NA of 0.985, and overall efficiency of around 44%.

All the above works demonstrated the feasibility of the
AMDL to realize achromatism, but none of these AMDLSs si-
multaneously achieve a large diameter, high NA, small thick-
ness, and high focusing efficiency, which indicates that there
may exist a fundamental physical bound for the AMDL like that
for the achromatic metalens. To work out the physical bound
would provide an important guidance for us to realize
AMDLs (as well as achromatic metalenses) with better perfor-
mance. However, most previous theoretical works analyze such
a physical bound based on the group delay of the ideal achro-
matic flat lens, of which an important assumption is that the
phase profile of the lens always follows hyperbolic distribution
[Eq. (10)]. In fact, the focus and image performances of most
reported AMDLs are below the diffraction limit, which indicates
that such AMDLs are non-ideal achromatic flat lenses, or equiv-
alently, there will exist distortion Ag in the phase profile of such
AMDLs:

go(p,w):—%(\/pz-i-Fz—F) + Ap(p, ®). 27)
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The general form of group delay dp/dw cannot be derived in
this case, for the specific form of phase distortion Ag remaining
unknown. Thus, it is very hard to work out a quantitative restric-
tion relation for non-ideal achromatic flat lenses based on the
previous method. Considering that the effect of phase distortion
is in fact to decrease the coherence of a light field at both the lens
surface and focus, Xingjian Xiao et al. introduced light fre-
quency domain coherence into the analysis"®. The coherence
function at a lens surface is defined as

To(p1.p2) = (800D ib0p20)) (28)

where (), means frequency-averaging operation, and p; and p,
are two radial coordinates on the lens surface. Based on the
propagation of coherence and several approximations, the re-
striction relations between the upper bound of the coherence
function at the focus [denoted as max J,(F)] and other param-
eters can be derived:

4(nmax - l)H

[1- VT=max 7,(F)|Na

where n,, is the maximum refractive index over the whole
spectrum, and D, is the maximum diameter of a non-ideal
achromatic flat lens with given thickness H, NA, n.,,, and
max J,(F). Additionally, max J,(F) is approximately propor-
tional to the maximum average diffraction efficiency that an
achromatic flat lens with given parameters can reach. Thus, even
though Eq. (29) is just a rough approximation, it gives us intui-
tive insight into the design trade-offs for non-ideal achromatic
flat lenses. It reveals that to realize an achromatic flat lens with a
large diameter, high NA, and high focusing efficiency, the thick-
ness of the lens must be relatively large. Based on Eq. (29), the
comprehensive performance of an achromatic flat lens, which
includes lens aperture, NA, and focusing efficiency, can be de-
fined using an index of product P = D[l — /1 — J,(F)|NA.
The comprehensive performances of some reported AMDLs
and achromatic metalenses with respect to the effective thick-
ness H. s = (g — 1)H are summarized in Fig. 23(a) and
Table 1, where P indeed displays a strong positive correlation
with H.g. Under the guidance of this theory, they further dem-
onstrated several AMDLs with diameters ranging from 1 mm to
1 cm and thickness ranging from 1 um to 15 um. Figure 23(b)
shows the top view and side view of a typical AMDL with
D =1cm, H=15pm, with working wavelength ranging
from 400 nm to 1100 nm, while Fig. 23(c) exhibits the achro-
matic focusing performance of this lens in the visible. The ad-
vantages in imaging performance of the AMDL are also
evaluated by comparing it with a conventional refractive lens
(LE1234) and a commercial Fresnel lens, as shown in
Figs. 23(d) and 23(e). Although the images taken from the
AMDL are a little bit dark due to the relatively lower efficiency,
there is no color blurring effect that is obvious for the Fresnel
lens or the refractive lens. Considering it is thin and lightweight,
such an AMDL is very promising for portable and convenient
applications in the near future.

As a summary for the state-of-the-art performances of ach-
romatic flat lenses (including AMDLs and achromatic metal-
enses), Table 1 presents the major parameters with an
assessment of the comprehensive performances!®®). The referen-
ces in Table 1 are sorted into two categories. The first category

Dmaxz

(29)
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Fig. 23 Large-scale achromatic flat lens by light coherence optimization!™®., (a) Comprehensive
performance P of reported achromatic metalenses and AMDLs with respect to effective thickness
Hqg. (b) Photographs of a fabricated AMDL; left and right are top and side views, respectively.
(c) Experimental light intensity profiles for AMDL at seven different incident wavelengths in the
visible. Scale bar: 15 um. (d) Image of 1951 USAF resolution test chart taken from the
Fresnel lens, refractive lens, and AMDL. (e) Image of Nanjing University logo taken from the re-
fractive lens and AMDL. Zoom-in image shows the edge details of the logo.

contains several works on achromatic metalenses, denoted by
the superscript O. The second category contains several works
on achromatic MDLs, denoted by the superscript A. All refer-
ences in each category are sorted by publishing time. The mea-
sured efficiency in most reported works is the total efficiency
(including focusing efficiency and transmittance). Here, to nor-
malize them for comparison, we calculated them according to
their detailed structural parameters and retrieved their diffraction
efficiency, J,(F), and P with respect to the effective height
H ;. As details indicate in Ref. [188], the effective height
H. is equal to (n— 1)H, diffraction efficiency is equal to
the total efficiency/[transmittance X polarization conversion ra-
tio] (PCR), and J,(F) is equal to the average diffraction
efficiency /FWHM?. It should be noted that only the diffraction
efficiency can be calculated theoretically, which would be rea-
sonably a little bit larger than the total efficiency according to
the non-unity transmittance. For some high-transmittance cases,
these two values are very close. However, for some metalens
cases with polarization rotation (i.e., based on the PB phase
design), it needs to take the PCR into account besides the trans-
mission efficiency. Therefore, the diffractive efficiencies re-
trieved purely from diffraction would be much higher than
the measured data, which is indicated by asterisks (*) in the
column “Diffraction efficiency.” From the data, we can clearly
observe the strongly positive correlation between the compre-
hensive performance [diffraction efficiency, J,(F), and P]
and the effective height (H ), which further proves that increas-
ing the height is an effective means to further improve the com-
prehensive performance of the achromatic lens even to an
applicable level.
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4.3 MDLs with Function Extensions

By setting different FoM forms in Eq. (24), the free-form MDL
with other novel functionalities can also be realized based on the
inverse design, such as an MDL with a long DOF and an MDL
with a large FOV.

MDL with long DOF. A photoresist MDL working at
0.85 pm with an extremely long DOF was demonstrated by
Sourangsu Banerji et al. in 2020, as shown in Fig. 24(a)"®.
Such an MDL is realized by setting FoM as the focusing effi-
ciency along the propagation axis. The diameter and total thick-
ness of this MDL are 1.8 mm and 2.6 pm, respectively, while its
DOF reaches 1195 mm (focal length f ranges from 5 mm to
1200 mm). As a comparison, the diffraction-limited DOF for
a common lens with the same parameters is only 26 pm, which
means the enhancement in DOF is about four orders of magni-
tude for this MDL. The imaging ability of objects spread as far
apart as almost 6 m is also demonstrated where all such objects
were in focus. This work shows the potential to substitute the
conventional imaging module with a single flat lens. However,
the modulation transfer function (MTF) of this MDL is rela-
tively low compared to the diffraction limitation, and thus,
the SNR of images taken by this lens is low as well, which
may limit its practical use. An alternative method to improve
the MTF is to increase the thickness of the MDL as well as
to change the design goal from focusing at every point along
the propagation axis to focusing at just several discrete points
on the propagation axis, which was proposed by Fengbin Zhou
et al. in 2022 and is shown in Fig. 24(b)*”, The MDL works at
RGB channels (658 nm, 532 nm, 450 nm) with large DOF to
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Table 1 State-of-the-Art Performances and Related Parameters of Reported Achromatic Flat Lens.

Reported Data Calculated Data

H Refractive Measured Hest Diffraction

Ref. D (pm) (pm) A (pm) NA Index n Efficiency (pm) Efficiency J,(F) P

[27]° 25.72 0.6 0.47-0.67 0.2 25 ~30% 0.9 ~T2% 0.7 25
[291° 100 1.4 1.2-1.4 0.88 3.5 ~50% 3.36 ~71% 0.67 37.4
[29]° 100 1.4 1.2-1.65 0.24 3.5 ~39% 3.36 ~56% 0.62 9.2
[291° 200 1.4 1.2-1.65 0.13 3.5 ~38% 3.36 ~55% 0.55 9.6
[26]° 50 0.8 0.4-0.66 0.106 2.4 ~40% 1.2 ~94 % 0.93 42
[122]° 26.4 0.6 0.46-0.7 0.2 2.4 ~35% 0.9 ~84%x* 0.84 3.5
[198]° 21.6 0.8 0.4-0.66 0.216 2.4 ~40% 1.2 ~94% % 0.92 3.7
[127]° 20 3.9 1-1.8 0.27 1.5 ~68% 1.95 ~72% 0.71 27
[199]° 20 0.35 0.64-1.2 0.12 24 ~70% 0.53 ~85% 0.85 1.6
[126]° 30 1.5 0.65-1 0.24 24 ~78% 2.25 ~95% 0.95 7.2
[200]1° 490 15 1.3-1.7 0.238 3.5 ~25% 3.6 ~37% 0.34 26.3
[1301° 20 25 0.45-1.7 0.27 1.57 ~65% 1.42 ~69% 0.65 2.7
[130]° 200 25 0.45-1.7 0.04 1.57 ~42% 1.42 ~45% 0.44 25
[196]* 370 2.6 0.45-0.75 0.18 1.61 ~22% 1.59 ~23% 0.08 2.7
(1971 2500 2.6 0.44-0.66 0.05 1.61 ~60% 1.59 ~63% 0.2 13.2
(197 2500 8 0.44-0.66 0.05 1.61 ~38% 4.88 ~40% 0.35 24.2
[1871* 3145 2.6 0.45-1 0.3 1.61 ~12% 1.59 ~12% 0.06 28.7
[201]* 992 10 0.45-15 0.0275 1.61 ~85% 6.1 ~90% 0.73 13.1
[188]* 1024 15 0.4-1.1 0.1 1.63 ~64% 9.45 ~68% 0.61 38.2
[188]* 3072 15 0.4-1.1 0.1 1.63 ~40% 9.45 ~42% 0.34 58.2
[188]* 10,240 15 0.4-1.1 0.1 1.63 ~29% 9.45 ~31% 0.18 97.0
[188]* 10,240 5 0.4-1.1 0.1 1.63 ~17% 3.15 ~18% 0.09 44.0
[188]* 10,240 1 0.4-1.1 0.1 1.63 ~5% 0.63 ~5% 0.014 7.2

realize a vector light field display. The diameter and total thick-
ness of this MDL are 10 mm and 5 pm, respectively. The DOF
ranges from 20 mm to 110 mm. This MDL exhibits much higher
image quality. By integrating the MDL with a liquid crystal dis-
play (LCD), a smooth horizontal parallax with cross talk below
26% over a viewing distance from 24 cm to 90 cm is demon-
strated. The proposed display system has the advantages of a
thin form factor, high efficiency, high color fidelity, and large
viewing distance, showing potential applications including port-
able electronics, 3DTVs, and tabletop displays.

MDL with large FOV. In 2019, Yifan Peng et al. proposed a
diffractive lens with a large FOV (=53°), which provides almost
an order of magnitude increase compared to a conventional
aspherical lens"®. Such a lens is designed in two steps. The
first step is to generate an ideal phase profile for spatially invari-
ant PSFs over the full FOV, which ensures a large FOV. The
second step is to generate a height profile to approximately pro-
vide such an ideal phase profile. The FoM in this optimization
problem is set as the difference between the phase profile pro-
vided by the lens and the ideal phase profile, and corresponding
inverse design is performed on Zemax. Strictly speaking, the
diffractive lens does not apply multilevel approximation and
is more like a harmonic diffractive lens with a smooth free-form
height profile in each zone. The diameter, effective modulation
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thickness, and NA of this lens are 23.4 mm, 120 pm, and
0.2625, respectively. Figure 24(c) shows the spatial distribution
of the PSF under different incident angles and example captures
of a checkerboard target across the full sensor. The experimen-
tally measured PSF of this lens preserves high-frequency details
and is almost spatially invariant, while the PSF of a conventional
aspheric lens exhibits large aberrations when the incident angle
is large. The image results demonstrate that this lens balances
the contrast detection probability (CDP) across the full FOV.
CDP is a probabilistic measure to characterize the ability of
a higher-level processing block to detect a given contrast be-
tween two reference points after the full imaging chain. For this
diffractive lens, a significant CDP floor of almost 50% is pre-
served across the full FOV, ranging from 40% at on-axis angular
direction to above 80% at the most tilted angle. In contrast, the
CDP of an aspherical lens drops drastically and approaches 0%
at view directions larger than 0.5x half-FOV. Both focus results
and imaging results demonstrate the ability of the diffractive
lens to realize a large FOV.

4.4 Computation-enhanced MDL Imaging

Although free-form MDLs show great potential in extending
working spectra, FOV, and DOF of optical imaging while
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reducing the volume of an imaging system, the quality of images
taken from most free-form MDLs is relatively low due to the
low focusing efficiency and MTF. As discussed above, focusing
efficiency is limited by the generalized restriction relations,
which means low focusing efficiency is an intrinsic problem
and cannot be solved just by applying more advanced design
methods (if thickness of MDL is fixed). Therefore, it is difficult
to directly apply free-form MDLs in practical imaging systems
to provide performance comparable to state-of-the-art imaging
modules composed of conventional refractive lenses.

One possible solution is to combine free-form MDLs with
advanced image processing technology. Yifan Peng et al. intro-
duced a two-step deconvolution algorithm to improve the image
quality of the AMDL in 2018, as shown in Fig. 24(d)"*". The
first step is the deconvolution on a down-sampled image to de-
blur large edges and remove strong color corrupted noise. The
second step is to apply a cross-scale prior in our regularization
term, which borrows the relatively sharp and denoised edge in-
formation from the up-sampled image of the first step’s result to
benefit the deconvolution at full scale. The AMDL combined
with the deconvolution algorithm is able to image natural scenes
with competitive resolution and color fidelity.

(b)

Conventional Lens

PELELEN
eme Depth of Focus

The deep neural network (DNN) is another powerful tool to
improve image quality. In 2019, Yifan Peng et al. introduced a
learned generative adversarial network (GAN) to recover high-
quality images taken by a diffractive lens"™. The structure of
the GAN is shown in Fig. 24(e). Data used to train the network
are generated by a display-capture laboratory setup composed of
an LCD monitor, the diffractive lens, and image sensor. Such a
setup omits the manual acquisition of the dataset in the wild and
reduces difficulties in alignment. After training, the GAN was
able to map captured blurry images to clean reconstructed im-
ages. This work made a significant step towards the quality of
commercial compound lens systems with just a single free-form
diffractive lens.

5 Application Scenarios

We have reviewed the progress of three types of lenses based on
or related to meta designs: superlens, metalens, and MDL. It is
undoubted that the concept of the superlens proposed by John
Pendry has tremendous significance in scientific innovation,
though it still suffers from massive applications in either sub-
wavelength bio-imaging or nano-lithography™. Under some
special conditions, it has been developed to SPP lithography,
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Fig. 24 Typical examples of free-form diffractive lenses applied in other areas. (a) Free-form MDL
working at 850 nm with extremely long DOF (5-1200 mm)!*®%., (b) Free-form MDL working at RGB
(658 nm, 532 nm, 450 nm) with long DOF (2-10 mm)®®2, (c) Free-form diffractive lens over the
visible region with large FOV (53°)1'®2. (d) Combination of diffractive lenses with deconvolution
algorithm!™, (e) Combination of diffractive lenses with GAN!],
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which could be possibly generalized for wider applications. For
example, Xiangang Luo et al. built an SPP lithograph system to
realize sub-22-nm half-pitch lithography, providing a viable al-
ternative to traditional costly and complex optical lithography
systems”™**!, Moreover, the innovative concept also illumi-
nates possible applications in other fields, such as photonic
chips with signal transmission in subwavelength scales™ and
new platforms revealing novel physics such as photonics
Weyl media™®.

5.1 Zoom Imaging

Zoom imaging is a noteworthy functionality of lenses when
dealing with complex scenarios. Tunable and varifocal metal-
enses, which break the limits of bulky refractive optical zoom
systems, have attracted great attention among researchers. The
key point to obtain different focal lengths is to empower metal-
enses with distinct phase profiles under different external
stimuli. Several strategies have been proposed to realize efficient
modulation. Among them, referencing conventional optics,
mechanical deformation or displacement-enabled zoom is the
most widely utilized method. For instance, as shown in
Fig. 25(a), by mechanically stretching the polydimethylsiloxane
substrate, the lattice constant of a complex Au nanorod array
fabricated on the substrate can be changed, and with the recon-
figurable phase profile, a 1.7x zoom metalens in the visible was
demonstrated®®'. Kentaro Iwami et al. also reported an exper-
imental demonstration of a moiré metalens that shows focal
length tunability in ranges between +1.73 and £+ 5 mm by mu-
tual angle rotation between +90° at the wavelength of 900 nm
71 [see Fig. 25(b)]. Yuan Luo et al. also implemented a dielec-
tric moiré metalens for fluorescence imaging, with variable fo-
cal length ranging from ~10 to ~125 mm at 532 nm by tuning
mutual angles®. Inspired by an Alvarez lens, Shane Colburn et
al. built a 1-cm aperture varifocal metalens system at 1550-nm
wavelength and demonstrated a nonlinear change in focal length
by minimally actuating two cubic phase metasurfaces laterally
[see Fig. 25(c)], with focusing efficiency as high as 57% and a
wide focal length change of more than 6 cm (>200%)""".
The required mechanical displacement can also be modu-
lated electrically. Incorporated with microelectromechanical
systems (MEMS), Andrei Faraon’s group demonstrated tunable
metasurface doublets with more than 60 diopters (about 4%)
change in optical power upon a 1-um movement of one metasur-
face, and a scanning frequency that can potentially reach a
few kHz [see Fig. 25(d)]*'”. This kind of MEMS-integrated
metasurface performs as an applicable platform for tunable
and reconfigurable optics. Reconfigurable materials with optical
properties changed by external actuation can be utilized to real-
ize multi-focus metalenses as well. The most representative
material is the so-called optical phase change materials
(OPCMs). As shown in Fig. 25(e), the OPCM-based metalens
is optimized by a generic design methodology at 5.2-um wave-
length, and the corresponding focal length can be switched be-
tween 1.5 mm and 2 mm with the tuned amorphous and
crystalline state”''. Zoom metalenses can also be realized
through polarization switching with meta-atoms carrying polari-
zation-dependent phase shifts. Rao Fu et al. reported a step-
zoom metalens with dual focal lengths based on double-sided
polarization-dependent metasurfaces™'?. By carefully assigning
the focal power and balancing the aberrations, the step-zoom
metalens has a large FOV (420°) and unchanged image plane.
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Furthermore, the above-mentioned manipulation methods can
be incorporated together to implement more complex functions.
For instance, Shumin Xiao’s group developed and combined
two types of TiO, metalenses with polarization independence
and polarization sensitivity into a doublet”’”. As shown in
Fig. 25(f), by controlling the polarization of incidence and
the separation distance between the two metalenses, the doublet
can show three distinct zoom effects, i.e., camera lens, com-
pound microscope, and Galileo telescope.

5.2 3D Imaging

Most optical zoom imaging is suitable only for several discrete
object planes, while for 3D scenes or objects, the depth infor-
mation is of great importance as well. A light-field camera is one
of the promising techniques to address this issue. Microlens ar-
rays, as its vital inclusion, are utilized for acquisition of the in-
tensity and direction of incoming light. However, the inherent
aberrations, especially chromatic aberration, hinder the camera
from obtaining high-quality images. Combining PB phase and
dynamic phase, Ren Jie Lin et al. designed a polarization-de-
pendent achromatic GaN metalens array (60 x 60) to capture
light-field information, and reconstructed the depth of every ob-
ject in a full-color scene [see Fig. 26(a)]"*®. Combined with a
differentiated and rendering algorithm, they also demonstrated
edge detection from 1D to 3D with the light-field imaging sys-
tem™'¥. Moreover, this metalens array even enables a compact
framework in generating entangled photons. Lin Li et al
successfully integrated a GaN metalens array (10 x 10) with
a nonlinear crystal, and demonstrated a 100-path spontaneous
parametric downconversion photon-pair source. 2D, 3D, and
4D two-photon path entanglement with different phases en-
coded by metalenses was demonstrated in experiments with
fidelities of 98.4%, 96.6%, and 95.0%, respectively®'”.
The same group even extended the metalens to work in the non-
linear optics and push the focusing function at the vacuum UV
regime™'®,

Recently, Qingbin Fan et al. demonstrated a nanophotonic
light-field camera incorporating a spin-multiplexed bifocal met-
alens array [see Fig. 26(b)] capable of capturing light-field im-
ages over a record DOF ranging from centimeter to kilometer
scale. Different from previous work!"**, the metalens array is not
designed with achromatism. Yet with a multi-scale convolu-
tional-neural-network-based reconstruction algorithm, the cam-
era can simultaneously enable macro and telephoto modes
with high quality, correcting imaging aberrations in a snap-
shot"'*. As well known, longitudinal chromatic aberrations will
undoubtedly blur images. In contrast, transverse chromatic aber-
ration, with images of different wavelengths being spread out
across the imaging plane, can greatly facilitate the extraction
of spectral information. Xia Hua et al. combined the light-field
technique with a transversely dispersive metalens array, and
with only one snapshot, they demonstrated advanced 4D imag-
ing with a 4 nm spectral resolution and near-diffraction-limit
spatial resolution”'”’. Different objects can be well imaged in
terms of both spatial positions and colors. They also demon-
strated an imaging case beyond the ability of the naked eye
and light-field imaging with a trained spectrum reconstruction
algorithm. As illustrated in Fig. 26(c), two kinds of materials,
“I” shaped magenta chemical fabric cloth and “O” shaped
water-color-painted paper, with close spectral peaks at
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Fig. 25 Zoom metalens. (a) Tunable metalens on a stretchable substrate and its experimental
zoom effect?®. (b) Focal length tuning with rotational varifocal moiré metalens®”. (c) Varifocal
zoom Alvarez metalens with two cubic metasurface phase plates actuated laterally®*.
(d) MEMS-enabled tunable metalens doublets®®'?, (e) Reconfigurable varifocal metalens with op-
tical phase change material®'"l. (f) Metalens doublet with functions including camera lens, com-
pound microscope, and Galileo telescope enabled by polarization and distance manipulation'.

618 nm and 626 nm can be distinguished evidently using their
methods.

Despite the achievements of light-field imaging, there is still
a trade-off between spatial and angular resolutions, which are in
positive correlation with the spatial density of the lens array and
the aperture of each lens, respectively. To mitigate this issue,
Min-Kyu Park et al. proposed a virtual-moving metalens array
based on a multifunctional dielectric metasurface. By tailoring
the incident polarization, the sampling position can be laterally
shifted without physical movement, and thus, a fourfold en-
hanced spatial resolution can be achieved through algorithms
without sacrificing the angular resolution™®.
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Nature provides various intriguing solutions to depth sens-
ing. The above-mentioned light-field technique is actually sim-
ilar to the compound eyes of insects. Inspired by the jumping
spider, Qi Guo et al. also introduced a compact depth sensor
combined with metalens optics. As illustrated in Fig. 26(d),
the metalens splits the light that crosses an aperture and simul-
taneously forms two differently defocused images at distinct re-
gions of the photosensor®”., The distance can be decoded from
these images with relatively little computation, and a system that
deploys a 3-mm-diameter metalens to measure depth over a 10-
cm distance range was demonstrated for proof of concept.
Another method for 3D imaging based on a single metalens
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was also proposed by Chungi Jin et al. They designed a
Huygens metasurface with a phase mask implementing a rotat-
ing PSF, and encoded the depth information from the shifted
distance in the images [see Fig. 26(e)]™*.

Tomography is an informative imaging modality in the bio-
medical domain, in which mechanical scanning is usually imple-
mented for the acquisition of images with different depths. Chen
Chen et al. utilized the large diffractive chromatic dispersion of
the metalens to access spectral focus tuning without mechanical
movement [see Fig. 26(f)]"*%. They designed and fabricated an
aplanatic GaN metalens with NA = (.78, ensuring high resolu-
tions both transversely and longitudinally. Microscopic tomog-
raphy of frog egg cells was demonstrated, and from the clear
evolution of the defocus—focus—defocus process, one can clearly
distinguish the depths of the cell membrane and nucleus.

5.3 Polarization Imaging

Metalenses with wavefront engineering together with polariza-
tion manipulation not only enrich the functionalities of metasur-
face devices, but also benefit image quality with polarization
analysis and decompress the burden of auxiliary optical ele-
ments. The widely designed PB-phase-based metalens actually
acts as a half-wave plate, and with a related polarization ana-
lyzer, it can obtain image quality superior to lenses without
polarization modulation""*”. Similarly, Chen Chen et al. pro-
posed a highly efficient metalens concurrently acting as a quar-
ter-wave plate™", as shown in Fig. 27(a). By combining the
propagation phase and PB phase, the superposition of co-polar-
ized and cross-polarized light can be controlled precisely, and
arbitrary wave plates and more complex wave manipulation
were demonstrated as well.

Moreover, polarization properties of scattered light during
the imaging process can reveal some valuable information
such as texture, orientation, and constituent materials®**.
Especially, for some biologically active compounds, the intrin-
sic handedness results in distinct imaging chiral properties.
Mohammadreza Khorasaninejad et al. presented a multiplexed
metalens based on PB phase that simultaneously forms two im-
ages with opposite helicity of an object within the same FOV,
and mapped the circular dichroism of the exoskeleton of a chiral
beetle for application demonstration [see Fig. 27(b)]**,

The Stokes vector S =[Sy, S}, Sy, S3] is defined to determine
the polarization of incoming light in a more general case, where
So =1, §; = loo — Iope, S = Ius> — 1350, S5 = Ircp — ILcps [
is the total intensity, Iy, lgge, 1450, and I3so are the intensity
of light in linear polarization bases along 0°, 90°, 45°, 135°, re-
spectively, and Ixcp and I; cp are the intensities of circularly po-
larized light. To measure the polarization state of light in a
compact manner, Zhenyu Yang et al. proposed a generalized
Hartmann-Shack array based on dielectric metalenses™". As
shown in Fig. 27(c), each pixel of the array consists of six
tailored polarization dependences [0°, 90°, 45°, 135°, RCP
(right-handed circular polarization), LCP (left-handed circular
polarization)]; the polarization state can thus be calculated
through the measured focus amplitudes, and the focus shifts
can also indicate the phase gradients. Ehsan Arbabi et al. pre-
sented a more compact imaging polarimetry based on metalens
arrays. As illustrated in Fig. 27(d), the superpixel of the polari-
zation camera contains three metalenses, each designed with
two orthogonal polarization dependences, e.g., 0° and 90°, 45°
and 135°, and RCP and LCP™!, Besides the pure polarization
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state, a complicated polarization object was also correctly im-
aged and analyzed with the metasurface polarimetry.

Most polarimetry works are based on determination of the
full-Stokes vector, which necessitates at least four (normally
six) individual measurements, and it undoubtedly results in lim-
ited efficiency and spatial resolution. To address this issue, Noah
A. Rubin et al. reported a new strategy for a compact, snapshot,
full-Stokes polarization imaging system with no specially pat-
terned camera pixels. They introduced matrix Fourier optics and
developed an optimization scheme to design the diffraction or-
ders as polarizers for an arbitrarily selected set of polarization
states. By analyzing the intensity of light on a set of diffraction
orders, the polarization of the imaging scene can be recon-
structed readily. They also packaged the imaging system into
a practical, portable prototype with adjustable focus, as shown
on the left of Fig. 27(e)™°. Different from traditional intensity
images, the polarization imaging of 3D glasses, a stressed laser-
cut acrylic piece, and an injection-molded plastic part shows
fruitful properties [right panel in Fig. 27(e)] indicating powerful
applications in machine vision and other areas.

5.4 Microscopy Applications with Enhanced
Functionalities

In the application of microscopes, super-resolution is
undoubtedly the ultimate goal, and it has been significantly pro-
moted by electronic microscopes [i.e., scanning electron micro-
scope (SEM) and transmission electron microscope (TEM)] and
luminescence optical microscopes. However, in principle, the
superlens based on NIM should be the revolutionary solution
as intensively discussed in Section 2. Although incapable of
achieving super-resolution imaging, ultrathin, lightweight,
and multi-functional metalenses show unlimited potential in
compact and miniature imaging systems. There has been much
progress towards the compacted microscopes implemented by
incorporation with CMOS chips!*'****7),

It is well known that microscope imaging cannot reach a high
resolution and large FOV simultaneously due to the constraint
from the space-bandwidth product. A lens array provides an
alternative solution to break the constraint to cover a large im-
aging area and enlarge the effective FOV. Unlike light-field im-
aging with a micro-lens array that works in telescope or
landscape imaging modes!*'* this wide-field microscope
should work in an equal-size (4f) imaging mode with the scene
area rightly mapped to the image plane and recorded by a
CMOS detector. However, conventional micro-lens arrays can-
not provide a complete image by stitching sub-images, because
the arrangement of refractive lens arrays always has blind areas
at the boundaries of lenses, which makes a complete stitching
image impossible. Interestingly, Tao Li’s group from Nanjing
University proposed a polarization multiplexed silicon metalens
array with two sets of focusing phase profiles intersecting each
other for two orthogonal circular polarizations [see Fig. 28(a)].
Based on this, two groups of sub-images can be obtained to
compensate for the blind areas of each other and provide a com-
plete wide-field microscope image after a certain stitching pro-
cess [see Figs. 28(b) and 28(c)]"**. More recently, Xin Ye et al.
from the same group further expanded the metalens array (made
of SiN,) from 6 x 6 to 16 x 16, which covers a whole image
area to 4 mm x 4 mm [see Figs. 28(d) and 28(e)] and changes
the working wavelength to blue light (A = 470 nm)**". More
importantly, they adopted a co- and cross-polarization
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Fig. 27 Polarization imaging. (a) Metalens concurrently acting as a quarter-wave plate®",
(b) Chiral imaging with a metalens®®®. (c) Generalized Hartmann-Shack array of dielectric metal-
ens sub-arrays for polarimetric beam profiling®?®“. (d) Polarimetric imaging based on polarization
multiplexed metalenses®?. (e) Portable prototype of the polarization imaging systems enabled by
matrix Fourier optics, and the exemplified imaging results®®?°.,

multiplexed metalens array that enables a fixed polarizer
[termed CPF in Fig. 28(d)] to work embedded in an encapsu-
lated imaging device. It therefore greatly improves the image
quality in both contrast and SNR. Finally, a compact meta-
microscope was implemented with a very small size [3 cm X
3.5cmx4cm, see Fig. 28(f)] that enables a wide field
(4 mm x 4 mm) and relatively high resolution (1.74 pm). As a
result, Fig. 28(g) shows the wide-field microscope image of a
bio-specimen obtained by the meta-microscope, where the blue
boxed area is the FOV obtained by a commercial Olympus mi-
croscope with the same resolution, and insets (g1) and (g2) are
zoom images from the meta-microscope and Olympus one,
respectively, showing almost identical image quality.
Endoscope imaging is another important scenario that is in
high demand of miniaturization. In particular, endoscopic opti-
cal coherence tomography (OCT) is a promising tool for diag-
nosis and detection, but still with shortcomings (mostly the
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trade-off between transverse resolution and DOF), limiting ap-
plications in routine clinical practice. Harvard University and
Harvard Medical School together developed a nano-optic endo-
scope integrated with a metalens for high-resolution OCT
in vivo. As shown in Fig. 29(a), the metalens, fiber, and prism
are assembled with precise alignment at the distal end of the
catheter™!, With tailored chromatic dispersion, the metalens en-
ables the maintenance of high-resolution imaging significantly
beyond the Rayleigh range of incident light and thus brings in
the large DOF. Compared with images of a swine airway using a
ball lens catheter, the proposed nano-optic endoscope shows
superior image quality. In addition to the capability of high lat-
eral resolution, the wide FOV of the microscope objective is also
essential to the endoscope. Jianwen Dong’s group proposed a
meta-objective composed of two cascaded metalenses mounted
on both sides of a 500-pm-thick silica film with diameters of
400 pm and 180 um™”. The lateral resolution reaches as high
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Fig. 28 Meta-microscope implemented by polarization multiplexed metalens array. (a) Two-
polarization multiplexed focusing phase design in four lens units. (b) Two groups of sub-images
captured by the integrated imaging system with respect LCP and RCP light illuminations.
(c) Stitched large FOV (1.2 mm x 1.2 mm) microscope image of resolution chart with resolution
of 1.74 um"™3, (d) Schematic of SiN, metalens array covering the whole CMOS. (e) Photograph of
metalens imaging chip and (f) implemented meta-microscope with a total size of 3 cm x 3.5 cm x
4 cm. (g) Large FOV (4 mm x 4 mm) microscope image with comparison to that obtained through
a commercial Olympus microscope (blue boxed area is FOV); insets (g1) and (g2) display the
zoom-in images from the meta-microscope and Olympus, respectively®?”,

as 775 nm in such a naked meta-objective, with monochromatic
aberration correction in a 125-pm full FOV and near-diffraction-
limit imaging. The single cell contour of biological tissue can be
clearly observed when combined with a fiber bundle microscope
system.

Normally, there exists a trade-off between lateral resolution
and the DOF. With the rapid spread of tightly confined light due
to diffraction, high-resolution optical imaging is hardly pre-
served in a relatively large depth range. To address the issue,
Masoud Pahlevaninezhad er al. showed that a particular dispo-
sition of light illumination and collection paths can liberate op-
tical imaging from the restrictions imposed by diffraction™”. As
shown in Fig. 29(b), the special design based on metasurfaces
can decouple the lateral resolution from the DOF by establishing
a one-to-one correspondence (bijection) along a focal line be-
tween incident and collected light. Implementing this approach
in OCT, they further demonstrated tissue imaging at a wave-
length of 1.3 pm with ~3.2 pm lateral resolution, maintained
nearly intact over a 1.25-mm DOF. This method, termed bijec-
tive illumination collection imaging, requires no additional ac-
quisition or computational burden, and might be adapted across
various existing imaging modalities.

Phase contrast imaging is a powerful technique to observe
non-labeled biological samples with small variations in
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refractive index or thickness. Developing a relevant miniature
and low-cost system is attractive for various applications.
Pengcheng Huo ef al. demonstrated a Fourier transform setup
incorporating a spin-decoupled metasurface for switching be-
tween bright-field imaging and phase contrast imaging modes
[see Fig. 29(c)]*'". With 2D spatial differentiation capability,
the system can achieve isotropic edge detection with samples
such as resolution test charts and undyed onion epidermal cells.
Junxiao Zhou et al. also demonstrated broadband 2D spatial dif-
ferentiation and high-contrast edge imaging across the whole
visible spectrum for both intensity and phase objects by
inserting the metasurface into a commercial optical micro-
scope™. Furthermore, Youngjin Kim et al. demonstrated a
single metalens without a Fourier transform setup for more com-
pact phase contrast imaging™?. As illustrated in Fig. 29(d),
the metalens in which the phase profile is a sum of the hyper-
bolic phase and spiral phase (topological charge =1), termed spi-
ral metalens, can also perform 2D isotropic edge-enhanced
imaging of various samples. Recently, a single metalens with
an illumination-intensity-dependent computational function
has been proposed and experimentally demonstrated. The
metalens consists of nanoantenna structures with a static geo-
metric phase and nonlinear metallic quantum well layer; it
can offer an intensity-dependent dynamic phase, resulting in
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contrast imaging®®. (e) Single-shot quantitative phase gradient microscopy using a system of

multifunctional metasurfaces?®,

a continuously tunable coherent transfer function. With high-
intensity illumination, the metalens presents an edge-detection
image, while diffracting full images with low-intensity light-
ing™. Phase contrast imaging can capture only qualitative
phase information, while acquiring quantitative phase data is
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a rapidly growing demand for more sophisticated analysis.
Inspired by a classical differential interference contrast micro-
scope (DIC), Andrei Faraon’s group proposed a miniaturized
quantitative phase gradient microscope (QPGM) based on two
dielectric metasurface layers [see Fig. 29(e)]*”. Combining
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both polarization and spatial multiplexing methods, the cas-
caded metasurfaces can simultaneously capture three DIC im-
ages to generate a quantitative phase gradient image in a single
shot. The demonstrated system is of the order of 1 mm?, and the
phase gradient sensitivity is better than 92.3 mrad pm~'. All
these results showcase the potential of metalenses for develop-
ing miniaturized microscopy systems with enhanced functions.

5.5 Landscape Imaging

In most previous metalens imaging, we find it always suffers
from small apertures (though new progress has been made
for imaging without a need of achromatism). To develop a
white-light landscape camera, a macroscopic (millimeter to cen-
timeter sizes) lens is necessary, as a larger aperture determines a
larger FOV, as shown in Fig. 30(a)"*®. To be more specific,
white-light landscape imaging through two achromatic metal-
enses with diameters no more than 500 pm is first shown in
Figs. 30(b) and 30(c)"**'**. It is clear that the imaging perfor-
mance is high at the center of the picture, while there exist ob-
vious aberrations at the edge, even after the imaging process. As

_§
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a contrast, the images taken from the AMDL with diameter
nearly equal to 1 mm have fewer aberrations in a larger FOV,
as shown in Fig. 30(d)®"". By further increasing the diameter to
8 mm or 23.4 mm and incorporating the AMDL with an
advanced image processing algorithm, such as deep learning,
imaging performance can be improved to a level nearly on
par with that of the lens modules in cell phones, as shown in
Figs. 30(e) and 30(f)"*>"", Therefore, the AMDL shows its
advantages over metalenses in this area.

Imaging systems with folded/compressed working distances.
Metalenses are viewed to have great potential for miniaturizing
imaging systems due to the ultrathin and ultralight features.
However, in most imaging systems, lenses occupy a very limited
volume, while the space between lenses or the lens and detector
takes up the most room in imaging systems. Folding or
compressing the space/working distance is crucial to obtain
the utmost miniaturization of imaging systems, especially in
landscape and telescope applications. To address this issue,
Cheng Guo et al. numerically demonstrated a nonlocal flat optic
operating directly in the momentum domain to substitute free
space. They derived the general criteria for a device to replace

97mm

Lens design B

3 4 5

Fig. 30 (a) Three AMDLs with different diameters and the image of USAF taken from them with
the same magnification. The closed blue dashed lines denote the FOV in each figure!'®®,
(b) Achromatic metalens with diameter equal to 20 ym and the images taken from it
(c) Achromatic metalens with diameter equal to 500 pm and the images taken from it (after image
processing)''®. (d) AMDL with diameter equal to 992 pym and the images taken from it
(e) AMDL with diameter equal to 8 mm and the images (before and after imaging process) taken
from it (f) MDL with diameter equal to 23.4 mm and the images (before and after imaging

process) taken from itl"¢2,
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free space and provided two concrete designs of such a device
utilizing photonic Fano resonances™. Soon after, Orad Reshef
et al. also proposed an optic to replace space, termed spaceplate
371 As shown in Fig. 31(a), the spaceplate occupies a physical
thickness of d while propagating light for an effective length of
d.ss > d. The spaceplate relies on the momentum-dependent
phase as

=2 1/2
Dop ey dr) = dee (K] =12 =)' (30)

Such a phase response is called a nonlocal response, which is
different from the position-dependent response (local response).
It cannot redirect the angle of a light ray and has no optical
power. Two types of spaceplates are proposed to shorten the dis-
tance from the lens to the focus: one is multilayer metamaterial,
and the other is a uniaxial birefringent medium. Figure 31(a)
also illustrates the images of a lens with and without a uniaxial
spaceplate, indicating effective space compression. This design
strategy has aroused great interest™® and opens an avenue for
ultrathin monolithic cameras.

In addition to the nonlocal solution, the pancake optic, which
is usually composed of a beam splitter (BS) and a reflective
polarizer (RP), also provides possibilities to fold the propagat-
ing space. However, due to the two interactions with the BS, the
overall light efficiency is at most 25%. To address this issue,
recently Chen Chen et al. proposed a pancake metalens that
can fold the optical path almost at will while without light waste,
in principle™” [see Fig. 31(c)]. The working principle can be
understood as first squeezing the imaging system with multiple
k-vector manipulations, and then folding the squeezed optical
path to a more compact lens system [Fig. 31(b)]. The pancake
metalens is based on a meta-cavity consisting of a spin-depen-
dent bifacial metasurface and a mirror. Imparting the bifacial
metasurface with a specifically designed phase, they demon-
strated a pancake metalens with on-demand (e.g., 2/3 and
4/5) reduction of imaging distance and relatively good imaging
performance. Figure 31(d) shows the experimental setup and the
imaging results of a pancake metalens (2/3 reduction of imaging
distance) and its comparison with a normal metalens. This pan-
cake meta-optics framework provides a new possible solution to
the miniaturization of imaging systems and would provide in-
sights for other meta-device applications.

5.6 AR/VR Application

In recent years, AR and VR have gained increasing attention in
both academia and industry, and have experienced enormous
growth. Comfortable wear of AR/VR headsets is an essential
requirement for commercial applications, and is in high demand
of a compact form factor. Planar optics including conventional
diffractive optics and meta optics hold great promise to manipu-
late light and tackle this challenge®**'!. Researchers have been
developing various systems based on metalenses to address
these concepts. For instance, Byoungho Lee et al. incorporated
a see-through metalens to an AR near-eye display with an ultra-
wide FOV, full-color imaging, high resolution, and sufficiently
large eyebox™?. By virtue of the anisotropic optical response,
the PB-phase-based see-through metalens can simultaneously
serve as an imaging lens for virtual information and as transpar-
ent glass through which a real-world scene is viewed [see
Fig. 32(a)]. The chromatic aberration of the metalens can be
corrected by varying the imaging position with the wavelength
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using three dichroic mirrors. Based on nanoimprint technology,
the metalens has a diameter of 20 mm and NA of 0.61, showing
feasibility for practical mass-production.

To further reduce the form factor, the same research group
proposed a holographic AR near-eye display using a PB phase
eyepiece (PBPE) and a methodology to correct optical aberra-
tions to discard other additional optical components™. The
PBPE consists of two PB phase metalenses, a linear polarizer,
and a quarter-wave plate [see Fig. 32(b)]. It acts as a convex lens
with effective focal length f/2 for RCP light, and becomes a
transparent plate for LCP light. The monochromatic aberration
is corrected with computer-generated hologram calculation, and
the chromatic aberration is corrected by floating the holographic
images at different depths depending on the wavelength. As
shown in Fig. 32(b), the observed images present quality supe-
rior to that without correction.

As seen above, chromatic aberration is one of the main
challenges hindering metalens application in AR/VR. Many
pioneering works have been reported to solve the problem.
Different from the methods proposed by Byoungho Lee’s
group, Federico Capasso’s group demonstrated a millimeter-
scale diameter, high-NA, and RGB-achromatic metalens for di-
rect utilization in AR/VR near-eye displays [see Fig. 32(c)]**.,
By exploiting constructive interference of light from multiple
zones and dispersion engineering, the metalens can achieve dif-
fraction-limited achromatic focusing of the primary colors. It
opens a new paradigm of metalens design with a combination
of forward and inverse design methods. The excellent mixture of
a real-word scene and a floating image indicates the limitless
potential of metalenses in the field more than AR/VR.

It is worth noting that most of the above-mentioned metasur-
faces modulate the optical wavefront through the independent
response of each meta-atom, which can be categorized as local
metasurfaces, although it can shape a wavefront at multiple se-
lected wavelengths, but inevitably modifies light across the
spectrum. As another category, nonlocal metasurfaces™*>*" tai-
lor the wavefront through collective modes. It can produce great
frequency selectivity based on high-quality-factor (Q factor)
modes™***!. Bound states in the continuum (BICs) are proto-
typical states with infinite radiative Q factors despite having mo-
mentum matched to free space™. Applying a perturbation to
break in-plane inversion symmetry of meta-atoms may create
a quasi-BIC (q-BIC) that is leaky and excitable from spatial
light™>", The Q factor of q-BICs can be controlled by the
strength of the perturbation, enabling simultaneous light con-
finement in both space and time. Encoding q-BICs with spa-
tially varying PB phase, Nanfang Yu’s group demonstrated
nonlocal metasurfaces that can offer both spatial and spectral
control of light, for instance, realizing metalenses focusing
exclusively over a narrowband resonance while leaving off-
resonant frequencies unaffected™”. As shown in Fig. 32(d), a
doublet with a single-function metasurface operating at the
green wavelength and a dual-function metasurface operating
at red and blue wavelengths can serve as an optical see-through
lens in an AR headset. It reflects contextual information to
the viewer’s eye at selected narrowband wavelengths while per-
mitting an unobstructed broadband view of the real world. Such
a design strategy does not require extra polarizers or BSs, and
has great potential in AR and other transparent display
applications.

2023  Vol. 2(1)



Li et al.: Revolutionary meta-imaging: from superlens to metalens

object Image plane

uniaxial

spaceplate

with spaceplate without spaceplate

(b)

() Pancake optics

RCp Wwasted
100%
50%¢ 25%
o%;’ \25%

LCNZS%

-

Pancake meta-optics

100%
RCPl \

meta

: v mirror

pancake metalens

normal metalens

1
NJU '
0

Fig. 31 Miniaturization of imaging systems by folding/compressing the working distance.
(a) Spaceplate to compress the propagation distance and its imaging results combined with a
lens®, (b) Operating principle of a pancake metalens. (c) Comparison between pancake optics
and pancake meta-optics. (d) Comparison of the experimental setup and imaging results of pan-
cake metalens and normal metalens®®,

100%

(a@)

=3h=2400 pm

pancake normal
metalens metalens

Photonics Insights R01-39 2023 o Vol. 2(1)



Li et al.: Revolutionary meta-imaging: from superlens to metalens

Lens mode See-through mode

Il

See-through metalens

(a) Q
; S i

4-f relay RCP H I
ML S cREsams- ML (————— 8 CEERRRE— ML
RCP N1+ 4 t1 21 ¢
4 ' :
- DMs
Human eye
(b) PBPlens LP QWP PBPlens
i I
O WO ~ | Olo
RCP [ LCP || LPS || RCP {LCP
f [
w72
I
|
O O 70N O
LCP [ RCP (| LPS RCP | LCP
I
g i Before correction
--------- PBPE --------*
(c)
Real-world scene
/ﬂ
KK
— Display
Optical combiner:
e.g., beamsplitter
— ath- :—) Human eyeball
(d)

External scene: «——————
Broadband transparency

p2 Green metasurface

Transmission

Contextual information:
narrowband focusing

5

A

,\I\/\/\—I—IN/\/\,\‘_

p1Blue & Red metasurface

Reflection

Fig. 32 Metalenses with AR/VR applications. (a) See-through near-eye display with a PB phase
based metalens®?; the left is the illustration of the prototype, the middle is the principle of the see-
through metalens, and the right is the experimental AR image. (b) Aberration-corrected full-color
holographic augmented reality near-eye display using a Pancharatnam-Berry phase lens®®.
(c) Full-color VR/AR display with RGB-achromatic metalens®®*. (d) lllustration of an AR headset
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less addressed by other review papers, for example, Refs.
[31,49,82,83,253-265]. This paper tries to provide an overall
and historic view on this interesting and valuable progress from
the perspective of imaging technology, where the intrinsic log-
ical routes are worth revisiting carefully. The development con-

6 Conclusion and Perspectives

During the past two decades, we have witnessed tremendous
conceptual efforts associated with micro/nano optics and pho-
tonics researches, among which new concepts for revolutionary
imaging functions and techniques have emerged, such as

negative index metamaterials, superlenses, hyperlenses, and
metalenses. In fact, each part of the text has been more or
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text will have great inspiration for those carrying out the next
stage of research.
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Benefiting from the advances of micro/nano-fabrications,
subwavelength artificial structures enabled the emergence of
new conceptual metamaterials in the new century. They have
significantly renewed recognition of the functional materials
that were usually limited by their chemical compositions in
the past, and opened a new avenue to design wave-functional
materials (not limited in optics) almost at will. The superlens
originating from negative refraction has excited worldwide
research interest according to a revolutionary working principle,
even bringing in a new era of super-resolution. Unfortunately,
the development of engineering steps is far behind the advanced
theory, resulting in big challenges for mass application. Even so,
its derivative techniques (such as SPP nanolithography and plas-
monic sensing) are still forging ahead toward applications**%,
and some new developments are cast in related fields (e.g., com-
pact photonic integrations®’) and novel physics platforms™®’.

In the optical regime, ultrathin metalenses recovered research
vitality towards practical applications, because they circumvent
the two major problems of extreme difficulty in nanofabrication
and huge propagating loss of light inside bulk metamaterials.
Nevertheless, to further reduce the loss, the constitution of met-
alens/metasurface material has been gradually changed from
initial metal to dielectric, though it increases fabrication chal-
lenges to some extent. This review summarized part of the
major progress of the metalens from the design principle, im-
aging performances, and possible and suitable applications sce-
narios. It can be concluded that the metalens holds two major
advantages in compactness and multifunction, although its com-
prehensive performances are still inferior to those of traditional
refraction lenses and compound lenses. However, both advan-
tages favor very much the current developments of optical de-
vices to ultra-compact and highly integratable. Therefore, the
pressing matter of the moment is to improve the comprehensive
performance of metalenses to a commercially acceptable level.
Extensive efforts and detailed progress have been addressed in
this review. Besides many new functions such as polarized im-
aging and differential imaging, high efficiency together with
broadband achromatism and aberration-free images is still main-
stream for imaging applications.

The development of MDL explicitly interpreted in
Section 4 is indeed a parallel strategy to achieve light-thin
and multifunctional flat lenses. In principle, the metalens is
implemented by structuring a flat lens in the transverse

dimension, specifically, the detailed sizes of nano-posts to con-
trol the resonance/guided modes to tune the resonance and
propagation phases, and the rotation of units to tune the geom-
etry phase. Correspondingly, the freeform MDL is intended to
control the propagation phase in the longitudinal dimension by
sophisticated diffractive ring heights with respect to certain
FoMs. It has been well demonstrated that freeform MDL has
many advantages in realizing large-sized and broadband achro-
matic flat lenses. A reasonable fact is that MDL usually can be
fabricated with much higher height variations of each ring,
which gives rise to the huge compensation phase as required
in large-scale achromatic lenses, for example, the development
of more than 10—15 pm maximum height rings, which is almost
inaccessible for metalens units currently. Moreover, it is more
feasible in large-scale and mass-production for a great reduction
in structural data due to radial symmetry, although several
methods have been proposed for data compression in mass-
fabrication"”. As a short summary, Table 2 intuitively shows
the characteristics of the superlens, hyperlens, metalens, and
MDL for imaging, which may be helpful for readers to quickly
catch the major information of each type of these lenses.

To point out the major trends in lens development for
revolutionary applications based on meta-designs, we provide
several clues. The first is extending the design dimensions of
metalens/MDL to introduce DoFs to further manipulate the spa-
tial and frequency dispersion to access the highly efficient ach-
romatic and large-FOV singlet flat lens. In this regard, the MDL
could be considered as one step towards the longitudinal direc-
tion. Further opportunities still lie in a multilayered metalens/
MDL, where interlayer coupling can be managed as a new
DoF. Of course in a planar dimension, topological optimization
can be widely adopted to generate non-periodic structures that
can be considered a renewed transverse dimension. Second, new
frameworks of the current metalens/MDL for particular appli-
cation scenarios should be further explored, which can obtain
equivalent high performances far beyond conventional lenses,
e.g., by a metalens array for a large DOF'*'* FOV!!42227),
and view angle!"*. In this regard, to find appropriate applica-
tion scenarios is more important than purely improving the com-
prehensive imaging performance of lenses, while the unique
features of metalenses are exploited (such as polarization multi-
plexing, large dispersion for spectral resolution) for particular
purposes. The third is the deep involvement of advanced

Table 2 Characteristics of Superlens, Hyperlens, Metalens, and MDL for Imaging.

Hyperlens

Metalens

MDL

Superlens
Working Evanescent wave
principle amplification in bulk
Resolution Super-resolution
Imaging region Near field
Optical axis None
Lens geometry Flat
Thickness Tens of nm to microns
Constitutive Metal
materials
Unit cell Meta-atom with negative

eoru

Evanescent wave
amplification in bulk

Super-resolution
Near field/far field
None
Flat/curved
Tens of nm to microns
Metal/dielectric

Nanowire array or
multilayered nanofilm

Propagation wave/phase

reassemble
Diffraction limited
Far field
Yes
Flat
Tens of nm to microns
Metal or dielectric

Meta-atom varies in
shape, size, orientation

Propagation wave/
diffraction effect

Diffraction limited
Far field
Yes
Flat

Microns to tens of microns

Dielectric

Diffraction ring varies in

height
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computational techniques. In fact, much recent impressive 13.
progress has demonstrated the important role of computational
imaging processes!'*?*’!. There have been a wide range of these 14.
newly emerging and developing techniques, including topologi-
cal optimization, inversion design, and deep learning based on 15
various frameworks”®**", Especially, the neural-network-based ’
algorithm has demonstrated its powerful capability in improving 16.
imaging quality. For example, the recent AR-oriented RGB ach-
romatic metalens has efficiency of only less than 20%, which 17.
appears to work well for noise reduction™”. Note that computa-
tional imaging itself has been a hot topic due to its advanced 18.
functionalities”***!, which is out of the scope of this review.
As a final perspective, more advanced manufacturing techniques 19.
are always in high pursuit. For instance, with mass-nanofabri- 20
cation of meta nano-pillars with aspect ratios larger than 100:1 '
and maximum heights over 20 pm, the comprehensive imaging 1.
performances of a large-sized metalens is undoubtedly acces-
sible. Another solution lies in the exploration of new quality 22.
optical materials with low loss, high refractive indices, ease
of manufacturing, and tunability by external means. We have 23.
witnessed and are working in a great era opened by metamate-
rials, and we believe that there are tremendous revolutionary ap-
plications that will be enabled by meta-imaging sooner or later. 24
With more and more involvement of industry, the revolution is
beginning. 75
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