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Abstract: Optical imaging systems, like microscopes,
cameras, and telescopes, continue to expand the scope of
humanobservationof theworld.Asone of the key indicators
of imaging systems, the field-of-view (FOV) is often limited
by coma aberration. Expanding it generally relies on a
combination of complex lenses, leading to a bulky and
cumbersome system. Recently, the emergency of meta-
optics provides an alternative to constructing compact and
lightweight large-FOV metalens through elaborated phase
modulation within a flat surface, showing great potential in
surveillance, unmanned vehicles, onboard planes or satel-
lites, medical science, and other new applications. In this
article, we review recent advances of wide-angle metal-
enses, including operationprinciples, design strategies, and
application demos. Firstly, basic principles of wide-angle
imaging using a single metalens are interpreted. Secondly,
some advanced methods for designing subwavelength
structures with high angle robustness and high efficiency
are discussed. Thirdly, some representative functional de-
vices and applications are surveyed. Finally, we conclude
with an outlook on future potentials and challenges that
need to be overcome.

Keywords: flat optics; large field of view imaging; meta-
surfaces; wide-angle metalenses.

1 Introduction

As an effective expansion of the human eye, optical imaging
systems like microscopes and telescopes open the door to
themicroworld and themacroworld,wherein classical laws
of refraction and reflection have underpinned the develop-
ment of optical systems for hundreds of years. Although
traditional optics has achieved great success, it still suffers
from some inherent problems such as large volume, heavy
weight, and single function, posing an obstacle for the ur-
gent requirement of modern optical systems for integrated,
planar, and multifunctional devices. Although the current
advances in micro-nano fabrication technology have
allowed significant integration of many optical elements,
such as ultracompact multi-lens objectives [1], high nu-
merical aperture (NA) microlens arrays [2, 3], and other
micro-optical elements [4–6], these devices still rely on
classical laws of refraction and reflection and the pixel size
of these devices is generally about tens of lightwavelengths,
leading to limited optical performances.

In recent years, metasurfaces consisting of sub-
wavelength structures have shown great potential to trigger
an optical revolution of Engineering Optics from 1.0 to 2.0 [7],
which benefits from its unprecedented electromagnetic
properties not available in natural materials. It has been
shown that the basic properties of light including amplitude,
polarization, phase, and frequency can be flexibly controlled
in a virtually planar surface by adjusting the geometry shape,
material composition, and spatial arrangement of sub-
wavelength structures [8–14]. Many exotic phenomena and
applications have been realized, such as asymmetric pho-
tonic spin–orbit interactions [15–24], spatiotemporal light
control [25–28], multi-dimensional full-color holography
[29–38], invisibility cloaking [39–42], tunablemultifunctional
devices [43–50], miniaturized spectrometers and polarime-
ters [51–53], quantum control [54–56], image differentiation
[18, 57–59], and many others [60–64].

Besides the aforementioned achievements, meta-
surfaces have also been successfully applied in the imaging
field. Many works and reviews related to metalenses were
reported in recent years [65–72]. Compared to traditional
bulk lenses, metalenses are an emerging technology that
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utilizes subwavelength structures to modulate the phase,
amplitude, and polarization of light, and thus exhibit
great advantages in the planar configuration, light weight,
binary structure, CMOS compatibility, high-NA capability,
tunability, polarization selectivity, and so on [73]. For
example, one metalens can readily enable a high-NA hy-
perbolic phase profile to be free from spherical aberration,
thus resulting in high diffraction-limited resolution [69]. In
contrast, this property is difficult to obtain in traditional
optics, especially with a single element, owing to the diffi-
culty inmask an aspherical lenswith large curvature [74]. In
addition, a lightweight and planar configuration is very
suitable for high-resolution telescope imaging and long-
distance laser communication requiring a large aperture
primary mirror. Objectively speaking, metalenses belong to
diffractive elements and still suffer from chromatic aberra-
tion [66]. By merging the dispersion propagation phase and
dispersion-free geometric phase respectively introduced by
the size and orientation difference, broadband achromatic
metalenses have been demonstrated in multiple spectral
bands ranging from the visible band to themicrowave band
[75–77]. Since group delay dispersion achieved by sub-
wavelength structures is limited, up to now the reported
ones have a very small aperture or NA [65, 72, 78]. Simul-
taneous realization of a large aperture and high NA is still a
big challenge. Nevertheless, a small-aperture achromatic
metalens array has been applied in full-color light-field
imaging by Lin et al. [79]. In addition to dispersion control,
asymmetric photonic spin–orbit interactions, enabled by
themerging of the propagation phase and geometric phase,
have also been applied to construct polarization imaging
metalenses, showing the ability to identify artificial
targets in complex environments [52, 53]. Using the
polarization degree of freedom, optical edge detection
and three-dimensional imaging metalenses have been
demonstrated through various methods [18, 59, 80, 81].
Especially, a single-chip edge-detectionmetalenswithout
4F-systems was experimentally demonstrated, suggest-
ing a simpler and more compact edge detection system in
practical applications [18].

As a key indicator of imaging systems, the FOV is
usually limited by off-axis aberration (especially coma
aberration), which makes the cascade of multiple lenses
with different materials and shapes necessary for tradi-
tional large-FOV imaging systems. In recent years, metal-
enses have opened a new degree of freedom for addressing
the problem of FOV [74, 82–94]. As a representative
example, ultra-large FOV (178°) diffraction-limited imaging
has been experimentally demonstrated using a single
wide-angle metalens with unprecedented imaging perfor-
mance regarding the efficiency and angular range [82].

This review concentrates on recent advances of large-FOV
imaging technology based on single-chip wide-angle
metalenses. The impact of these ultrathin wide-angle
metalenses may be substantial in a variety of fields,
including large-FOV imaging, beam steering, Fourier op-
tics, and so forth. The review is organized as follows. In
Section 2, five basic configurations of sing-chip wide-angle
imagingmetalenses are briefly introduced. In Section 3, we
discuss high-performance wide-angle metalenses from
three aspects, including basic requirements and chal-
lenges, limitations of traditional methods, and advanced
design methods. In Section 4, several representative ap-
plications of wide-angle metalenses are reviewed. In Sec-
tion 5, we give a personal outlook on future potentials and
challenges that need to be overcome.

2 Mechanisms of wide-angle
metalenses

2.1 FOV limitation of single-chip metalenses

An ideal planar wide-angle metalens would focus light
beams from different incident directions on the same focus
plane without aberration. Since the focal position is
dependent on the incident angle, the ideal phase of such
metalenses should be a function of the incident angle.

For the sake of simplicity, a cylindrical metalens is
analyzed and the incident plane is assumed to be the xz-
plane. As shown in Figure 1A, two light pathswith different
colors start from an isophase surface of the oblique inci-
dent plane wave and end in the focus on the focal plane. To
satisfy the condition of the same accumulated phase along
the two light paths, the ideal phase profile of the metalens
as a function of the incident angle θi at the position x,
calculated by the method of the equal optical path (well-
known Fermat’s principle), can be written as [94]:

ϕ(x, θi) = − k0[x sin θi +
̅̅̅̅̅̅̅̅̅̅̅̅̅
(x − s(θi))2 + f 2

√
−

̅̅̅̅̅̅̅̅̅̅
(s(θi))2 + f 2

√ ] + const.,
(1)

where k0 = 2π/λ is the wavenumber in free space at the
design wavelength of λ, f is the focal length at the design
wavelength, and s(θi) is the focus offset as a function of the
incident angle. Note that Eq. (1) yields a commonly utilized
hyperbolical profile when θi = 0, and the ideal phase is
dependent on the function of s(θi) when θi ≠ 0.

Figure 1B shows three typical caseswith the focus offset
being f·tanθi, f·sinθi, and f·θi, respectively, assuming f = 15λ
and the aperture equal to 2.5f. For thefirst case, themetalens
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projects an undistorted image on the image plane. This
leads to perfect imaging regardless of resolution, but the
corresponding phase profile is strongly dependent on the
incident angle. The focus offset properties of the latter two
are somewhat similar to Fourier lenses and f-theta lenses.
Comparedwith the ideal lens, phaseprofiles of the latter two
are flatter with respect to the incident angle inmore regions.
Therefore, they are relatively easy to approximate with
incident-angle-independent phase profiles [94], although
the image distortion exists but can be corrected by later
image processing. Nevertheless, the ideal phase is still
strongly angle-dependent and asymmetric whatever the
focus offset is. In addition, traditional metalens designs
usually ignore angular dispersion of phase and even hopes
that the phase shift is angle-independent [89, 90, 95], so
traditional metalenses have a very limited FOV.

2.2 Different configurations for sing-chip
wide-angle metalenses

In traditional optics, the FOV of an optical imaging system
is expanded by cascading multiple optical elements with
the help of the light-ray tracing method, increasing the
complexity, volume, and weight of optical systems. The

reason for this restriction is that such angle-introduced
coma aberration results from broken rotational symmetry of
the lens configuration. The well-known pronounced Lune-
burg lens and compound eyes possess spherical symmetry
in the geometry shape, and thus light beams from different
directions can also be focused on a spherical surface.
Although their FOVcanbe close or even larger than 180°, the
fabricationprocess of spherical sensors is extremelydifficult
and the rotational symmetry is not compatible with flat
optics as well as current planar fabrication technologies.

In recent years, expanding the FOV of metalenses has
attracted increasing attention, because it is one of the crit-
ical indicators for imaging applications and can be achieved
with the help of the unprecedented electromagnetic control
ability of metasurfaces. In special, sing-chip wide-angle
metalenses can greatly enhance the integration level of
optical systems, showing great potential in surveillance,
unmanned vehicles, onboard planes or satellites, medical
science, and other new applications [82–94]. Figure 2 sum-
marizes five basic configurations to correct coma aberration
for single-chip metalenses. These methods are mainly
divided into two categories, namely the single-structural-
side method (top panel of Figure 2) and the double-
structural-side method (bottom panel of Figure 2) in this
paper, which will be discussed in detail below.

Figure 1: Schematic illustration of perfect wide-angle metalenses and corresponding ideal phase profiles.
(A) A flat lens is illuminated with the parallel light incident at angle θi with the optical axis. (B) Ideal phase profiles of perfect wide-angle
metalenses. Their corresponding focus offset functions from top to bottom are s(θi) = f·tanθi, s(θi) = f·sinθi, and s(θi) = f·θi, respectively.
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As mentioned above, an ideal phase profile free from
off-axis aberration is necessarily angle-dependent. There-
fore, the most direct way to build perfect wide-angle met-
alenses is to control the angular dispersion of meta-atoms.
To improve degrees of freedom for angular phase control,
multi-parametric geometries and advanced designmethods
are necessary. For example, Lin et al. proposed a general
topology-optimization framework for inverse design of
multilayered wide-angle metalenses [90], as illustrated in
Figure 2A. As a concept-proof, a near-perfect wide-angle
metalens composed of five layers of topology-optimized
aperiodic silicon gratings was numerically demonstrated
with an effective NA of 0.35, a focal length of 30λ, and a FOV
of 40°. The simulated phase profile showed good agreement
with the ideal one at several optimized half FOVs (0°, ±7.5°,
±15°, and ±20°). In addition, an epsilon-greedy algorithm-
based scheme was proposed by Hao et al. to optimize
aberration-compensated flat lenses, which is composed of
two layers of nanoring structures contributing to focusing
and off-axis aberration compensation, respectively [86]. A
wide-angle multistep flat lens was demonstrated with an
effective NA of 0.45, a focal length of 1 mm, and a FOV of
32° × 32° at the wavelength of 633 nm, but both point spread
function and modulation transfer function are still some-
what far from the corresponding diffraction limit. Therefore,
how to optimize large-area wide-angle metalenses with
continuous diffraction-limited FOVs is still an open ques-
tion, because both of them would greatly increase the
burden of time-consuming bruteforce numerical solvers.

Another single-structural-side method is to use symme-
try transformation of quadratic metalenses from rotational
symmetry to translational symmetry. This new concept of
symmetry transformation was proposed by Pu et al. for the
first time in 2017 [74]. Since the phase profile of such wide-
angle metalenses follows a quadratic form, it was also
termed as “quadratic metalens”. Assuming that the incident
collimated light beam lies in the xz-plane with an arbitrary
incident angle of θi to the normal axis of the quadratic met-
alens, the phase carried by outgoing light should be:

ϕ(r, θi) = − k0
2f
r2 − k0x sin θi

= − k0
2f

[(x + f sin θi)2 + y2] + k0f sin
2θi

2
,

(2)

where k0 = 2π/λ is the wavenumber in free space at the
design wavelength of λ; f is the focal length at the design
wavelength; kxsinθi is the gradient phase introduced by the
oblique incidence. Since the last term in the right hand is
independent of the coordinate and can be ignored, each
incident angle of θi corresponds to a focus in the corre-
sponding focal plane, with a focus offset of −f·sinθi. Thus,
the rotational effect of the oblique incidence light is
perfectly converted to the translational symmetry of the
focus, as shown inFigure 2B. Thephysical properties of such
wide-angle metalenses were further discussed through
Fourier analysis byMartins et al. [85]. The Fourier Transform
spectrum of the quadratic metalens is flat enough, which
guarantees its symmetry at oblique incidence ignoring

Figure 2: Schematic diagrams of several basic configurations for sing-chip wide-angle metalenses. The red and blue lines represent the light
rays with different incidence angles.
(A) Optimized multi-parametric geometries. (B) Monolayer quadratic metalens. (C) Landscape quadratic metalens using an air gap. (D)
Landscape quadratic metalens using a dielectric gap. (E) Metalens doublets.
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evanescent components. As shown in Figure 3A and B, for
an NA ≈ 0.9 the Fourier Transform covers the range of
normalized k0 vectors from −2 to 2, whichmakes the Fourier
Transform invariant for oblique incidence, resulting in a
FOV of ∼180°. Here, NA is defined asD/(D2 + 4f 2 )½, where D
is the diameter of the metalens. Note that it differs from the
effective NA. Furthermore, an in-depth analysis of imaging
properties of quadratic metalenses was also provided by
Lassalle et al. [83]. This work underlined the importance of
consideringbarrel distortion in combinationwith theoptical
resolution limit and/or cut-off frequency of detectors when
designing quadratic metalenses for imaging configuration,
especially for a short focal length.

When the quadraticmetalens directly faces the object, the
effective aperture can reach the maximum but at the cost of
large spherical aberration, resulting in strong background
noise and low imaging contrast. Therefore, the second cate-
gory of FOV expanding methods requires an additional aper-
ture stop in the front ofmetalenses, sowe refer it to thedouble-
structural-sidemethod. It is anancientandcommonmethod to
compensate for coma aberration in traditional optics. For
example, the classical landscape lens is based on this princi-
ple.Anearly study showed that a simple systemconsistingof a

single planar diffractive lens with an aperture stop can correct
thecoma,astigmatism,and fieldcurvatureand thusprovidesa
(monochromatic) imaging performance superior to conven-
tional systems consisting of several lens elements [96]. Recent
studies showed that ultra-large FOV with considerable imag-
ing resolution can be realized by the quadratic metalens
incorporated with an aperture stop [82, 84, 87, 88, 92, 93].

Specifically, this method can be subdivided into three
types, as illustrated in Figure 2C–E.An easyway to compress
spherical aberrationwithin the toleranceof themetalens is to
place an aperture stop in front of the metalens with an air
gap, as shown in Figure 2C. For example, a near-infrared
large-FOV metalens was proposed by Engelberg et al. via
putting a 1.35 mm aperture stop in front of a quadratic
metalenswith a focal length of 3.36mm [88].With thehelp of
the aperture stop, a near-diffraction-limited FOV of 40° × 40°
was realized at the wavelength of 800 nm in the design.
However, simply placing an aperture stop in front of the
quadratic metalens can only support a limited diffraction-
limited FOV, because the actual position (−d·tanθi) of the
light axisprojectedonto thequadraticmetalensafterpassing
through the small hole cannot match well with the ideal
position (−f·sinθi), where d indicates the distance between

Figure 3: Performance of quadratic metalenses.
(A) Fourier transform spectra of the wide-angle metalens for an NA of 0.4 (black), 0.65 (blue), and 0.9 (red), for normal incidence. (B) Same as
the red line in (A), but for oblique incidence. Adapted with permission from ref. [85]. Copyright 2020, American Chemical Society. (C–D)
Position of the light axis projected onto two kinds of landscape quadratic metalenses after passing through the aperture stop for the
configuration of Figure 2C and E, assuming that the refractive index of the dielectric gap is equal to 1.45.
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the aperture stop and the quadratic metalens. This issue can
bewell addressed viaputting themetalens and aperture stop
on two sides of a high-index transparent plate, as shown in
Figure 2D. In this case, after optimizing the thickness d, the

actual of −d sin θ/
̅̅̅̅̅̅̅̅̅
n2 − sin2θi

√
mathematically gets closer

to −f·sinθi in awide angular range,when the refractive index
n is larger than 1. For example, a diffraction-limitedmetalens
with a record FOV of 178° × 178° at the wavelength of 940 nm
has been demonstrated by two groups using a 5 mm thick
silica plate [82] and a 3.9 mm thick sapphire plate [84],
respectively. The smaller the aperture stop, the closer
the quadratic phase is close to the hyperbolic phase. As a
result, the effective NA of wide-angle metalenses based on
Figure 2D is around0.2 [82, 84, 87], because onlya small area
can approximate with an incident-angle-independent phase
profile, as illustrated in themiddlepanel of Figure 1B. Strictly
speaking, it just means that the aberration is within the
tolerance of the metalens for the two configurations shown
in Figure 2C and D. One can employ metalens doublets to
correct spherical aberration and thus increase the effective
NA at the cost of higher fabrication complexity [92, 93], as
shown in Figure 2E. Using this method, a miniature meta-
surface doublet camera has been proposed with an effective
NAof 0.49 and a FOVof 60° × 60° [16]. However, the effective
NAneeds to be compromised if a larger FOV is required. This
trade-off may be alleviated via properly using angular
dispersion properties of special subwavelength structures.

3 Challenges of high-performance
wide-angle metalenses

3.1 Basic requirements and challenges

Although the principle of wide-angle metalenses seems
straightforward, the aforementioned symmetry trans-
formation could not be easily realized with a traditional
refractive or diffractive lens. As demonstrated by Martins
et al., the wide-anglemetalens can focus light beams from
different directions at the same distance, but the focal
length of the bulk quadratic lens, in contrast, is depen-
dent on the angle of incidence, as shown in Figure 4. This
effect is schematically highlighted by comparing the blue
dashed line with the red dashed line in the right panel of
Figure 4. These two lines mark the focal point for different
angles of incidence and the focal distance at normal
incidence, respectively. To further prove the point that the
optical performance could not be realized through a bulk
lens, one can readily deduce [85]:

ϕsph(r) = lim
(R,Δn)→(+∞,+∞)
f const.

− 2k0nextΔn(R −
̅̅̅̅̅̅
R2 + r2

√ )

= − k0r2

2f
next,

(3)

where next is the refractive index of the focusing media; Δn
is the difference in refractive indices between spherical
lens media and focusing media; R is the spherical lens
radius of curvature. As can be seen from Eq. (3), one met-
alens with a quadratic phase profile corresponds to the
limit of a spherical lens with infinite curvature radius and
infinite refractive index. As a result, it is concluded that, if
near 180° FOV is required, the wide-angle metalens has no
bulk counterpart and a flat design is necessary [85].

Next, we will explain why the wide-angle metalens can
hardly be realized by traditional diffraction elements, which
implement a 2π-phase delay across the component surface

Figure 4: Comparison between the wide-angle metalens (first col-
umn) and an equivalent bulk quadratic lens (second column) at
different angles.
The red dashed lines mark lenses’ output aperture and focal position
at normal incidence, which coincides with oblique incidence for the
wide-anglemetalens. The blue dashes linemarks the focal position of
the bulk lens for different angles of incidence. The two lenseshave the
same focal length of 750 μmwith NA = 0.8. Adapted with permission
from ref. [85]. Copyright 2020, American Chemical Society.
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by a ϕ(r)λ/[2π(n − 1)] thickness profile, such as the well-
known “échelette” blazed grating. Nowadays, échelette-
typediffractive elements canbemanufacturedat lowcost by
replication technologies including embossing, molding,
and casting [68]. However, the discontinuous of wrapped
phase introduces a shadow, leading to light waste into un-
desired diffraction orders, especially for short period
échelettes. For the quadratic phase profile, the effective
transverse wavevector induced by the phase gradient is
quite large, i.e., ∂ϕ/∂r = 1.2k0 at r = 1.2f for normal incidence.
Such a big phase gradientmakes the period smaller than the
operating wavelength, and thus strong diffraction effect
would bring obvious phase error. Even using metasurfaces
composed subwavelength substructures, it is still difficult to
build high-performance wide-angle metalenses, which will
be discussed in the next section.

3.2 Limitations of traditional methods

In general, metalenses are composed of subwavelength
structures that are usually arranged in the tetragonal lattice
or the hexagonal lattice. Both of them face the same problem
of insufficient phase sampling over limited space, especially
for large-NA metalenses. This issue lies in the trade-off
between phase sampling and electromagnetic coupling.
According to the diffraction theory, the diffraction efficiency
depends on the discrete level N of quantized phase distri-
butions and can be given as [(N/π)sin(π/N)]2 [97]. This
equation indicates that for 2, 4, 8, and 16 phase quantization
levels, the diffraction efficiency will be 40.5%, 81.1%, 95.0%,
and 98.7%, respectively. Increasing the phase sampling by
the smaller spacing of unit cells seems to be an easy solution
to improve diffraction efficiencies. However, the small unit
spacing will enhance electromagnetic coupling among
adjacent structures, even though for waveguide-type nano-
structures with strong electromagnetic confinement. Figure 5

given by Lalanne et al. summarizes the main design con-
straints on the spacing values for both propagation-phase
and geometric-phase waveguide-typemetalenses [68]. When
the phase sampling is fine (right panel), the supermode
propagationconstantkz changeswith theparallelwavevector
k// of incident light owing to the strong electromagnetic
coupling, and there is still the shadow effect. In contrast,
when the spacing is too large (left panel), two propagating
supermodes make the phase delay hard to accurately
controlled, especially when the incident angle varies. Accu-
rate control of the phase delay requires monomode propa-
gation for light in the nanostructures whose spacing should
be smaller than the structural cutoff, where the structural
cutoff is defined as the period above which the periodic
structure no longer behaves like a homogenous thin film and
below which only one propagating mode is supported [98].
In the central panel, the spacing is appropriate and the
normalized propagation constant is equal to the effective
index of the isolated waveguide. Thus, these nanostructures
are uncoupled and the phase delay becomes independent of
the incident angle, resulting in strong angular robustness. It
is showed that the intermediate spacing usually chooses
spacing-to-wavelength ratios ranging from0.4 to 0.5 [98, 99].
In this case, the big phase gradient of the wide-angle metal-
ens causes the fact that the discrete level of thewavelength at
the edge is less than 2, resulting in extremely low diffraction
efficiencies and strong scattering noise.

As discussed above, electromagnetic coupling among
adjacent subwavelength structures is the main factor for
the difficulty in achieving large phase gradients with high
efficiency. Someone may think that this issue can be avoi-
ded as long as the influence of electromagnetic coupling is
considered in the simulation, but it is unsubstantial for the
traditional design method of metalenses or more general
metasurface devices. In conventional metasurface designs,
subwavelength structures optimized by parameter scanning
and manual selection are stitched together to produce a

Figure 5: Critical choice of the unit spacing in waveguide-type structures.
Left panel: large spacing. The phase delay that depends on both modes is hard to be accurately controlled. Central panel: intermediate
spacing. The nanostructures are uncoupled and the phase delay is independent of k//. Right panel: small spacing. The phase sampling is fine
but the nanostructures are coupled electromagnetically. Adapted with permission from ref. [68]. Copyright 2017, WILEY-VCH.
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desired phase profile response, where Bloch or periodic
boundary conditions are assumed. If the phase gradient is
small, the size gradient is also so small that the periodic
assumption almost holds. However, for high-NA metalens,
significant local aperiodicity would cause unpredictable
differences in electromagnetic response (especially for
phase shifts) between the periodic unit cell and the aperi-
odic full model [100]. As a result, it is still hard to design
high-performance wide-angle metalenses with traditional
methods. In the next two subsections, two advanced
methods, namely adjoint optimization and catenary optics,
will be discussed, which can or have great potential to
overcome the aforementioned limitations.

3.3 Advanced design methods for wide-
angle metalenses

3.3.1 Adjoint optimization

Traditional metasurface design belongs to a forward prob-
lem, in which, a given geometry and set of conditions
correspond to a unique electromagnetic response. To over-
come the limitations of traditional methods mentioned
above, it is common to attempt a slightly modified inverse
problem: which geometry is closest to achieving the desired
electromagnetic response [101]. In this case, the inverse
problem becomes an optimization problem. Many optimi-
zation algorithms like thewell-knowngenetic algorithmand
particle swarm optimization algorithm have been proposed
tomodulate the local size of metasurface devices [102–106].
However, these optimization algorithms usually need hun-
dreds of populations in a single iteration, which causes the
problems of the huge amount of calculation and low design
efficiency. Adjoint optimization is a versatile and powerful
technique that has been extensively exploited to design
high-performance metasurface devices [107–110]. Adjoint
optimization calculates Maxwell’s equations twice in every
iteration operation [111], offering a potential inverse design
approach with high design efficiency. The most important
advantage of adjoint optimization is that only two simula-
tions, namely forward and adjoint simulations, are required
to get the gradient of all variables relative to the single-
objective figure of merit, and thus its design efficiency
is independent of optimization variables [101]. For multi-
objective optimization, each objective function usually
requires two simulations to understand how structural
changes can increase the total figure of merit. According to
the way of structural deformation, adjoint optimization can
split nicely into two categories: topological optimization
(topological deformation, i.e., new inclusions) and shape

optimization (shape deformation, i.e., boundary move-
ments) [101]. Here,webriefly reviewsomehigh-performance
metasurfaces that are designed using adjoint optimization.

Adjoint-based topological optimization usually aims to
optimize the permittivity distribution and has been exten-
sively exploited to design freeform metasurfaces with non-
intuitively quasi-continuous topological shapes. For example,
Piggott et al. experimentally demonstrated a freeform on-
chip wavelength demultiplexer that can split 1300 nm and
1550 nm light from an input waveguide into two output
waveguides, showing low insertion loss, low crosstalk, and
wide bandwidth [115]. Z. Shi et al. proposed the concept of
continuous angle-tunable birefringence with freeform met-
asurfaces [112]. As shown inFigure 6A, it canbe continuously
adjusted from linear to elliptical birefringence by changing
the angle of incidence. Since the freeform structures have
no limitation of phase sampling, adjoint-based topological
optimization has shown great potential to design large-angle
deflectors and high-NA metalenses [113, 116–118]. As illus-
trated in Figure 6B and D. Sell et al. demonstrated large-
angle freeform metagratings that can deflect light to angles
as large as 75° with efficiencies higher than 80%, showing
great advantages compared with traditional discrete struc-
tures [113]. After that, Kim et al. demonstrated wide-angle

Figure 6: Some metasurface devices based on adjoint-based to-
pological and shape optimization.
Schematic of continuous angle-tunable birefringence. Adapted with
permission from ref. [112]. Copyright 2020, American Association for
the Advancement of Science. (B) Plot of deflection efficiency during the
topological optimization process for the freeform metagrating with a
deflection angle of 75°. Adapted with permission from ref. [113].
Copyright 2017, American Chemical Society. (C) Evolution of the
focusing efficiencies over the course of the shape optimization.
Adapted with permission from ref. [100]. Copyright 2020, Optical
Society of America. (D) Computation time of single finite element
methodsimulationandone iterationusinganapproachcombinedwith
coupled-mode theory (CMT) and shape optimization. Adapted with
permission from ref. [114]. Copyright 2021, AmericanChemical Society.
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two-dimensional diffractive metagratings whose power dis-
tribution of diffraction orders can be arbitrarily tailored,
showing great application potential in three-dimensional
imaging [117]. In addition to periodic metagratings, adjoint-
based topological optimization has also been used to design
high-NAbroadband achromaticmetalenses,with an average
efficiency being around 40% over 450–700 nm wavelength
range for NA = 0.9 [118]. Adjoint-based topological optimi-
zation has high degrees of freedom but at the cost of high
difficulty in parameterizing structural shape and more iter-
ation for binarization.

In contrast, adjoint-based shape optimization does not
change thebasic shape, and thedeformation of the structure
boundary is changed along its normal direction every iter-
ation operation, resulting in easier quantized compensation
of fabrication error [119]. Another important advantage is
that the initial structure of adjoint-based shape optimization
can be a binary structure. In this case, an optimized binary
structure obtained bymanual or computer optimization can
be selected as the initial one. Therefore, the optimization
parameters can be flexibly adjusted to further improve the
performance, because the performance of the final structure
could be guaranteed notworse than that of the initial one. In
contrast, the initial structure of topological optimization
requires a continuous permittivity distribution, and thus an
artificially optimized binary structure cannot be directly
utilized as the initial one [120]. As a result, adjoint-based
shape optimization has recently attracted increasing atten-
tion in metalens design [100, 119, 121, 122]. For example,
compared with monolayer metasurfaces, multilayer meta-
surfaces provide more degrees of freedom and can be uti-
lized for the implementation of multifunctional devices, but
the traditional design method usually assumes layers to
be non-interacting and ignores inter-layer interactions
[123, 124], losing part of degrees of freedom. In contrast,
Mansouree et al. experimentally demonstrated 2.5D dual-
wavelength achromatic metalenses, in which both inter-
post and inter-layer electromagnetic couplings were
accurately accounted for, with average focusing effi-
ciency increased from ∼30% to ∼50% through adjoint-
based shape optimization [100], as shown in Figure 6C.
More recently, Liu et al. proposed a fast design of high-NA
polarization-multiplexing metalenses with a uniform
array as the initial structure, and its diffraction efficiency
can reach about 92% after about 20 iterations [122].

The adjoint optimization technique provides an effective
approach for overcoming the design limitations ofwide-angle
metalenses, but it is also limited by time-consuming brute-
force numerical solvers to simple demonstrations of either
very small or period devices. Current computer technology
cannot cope with large-area electromagnetic simulations. To

address this limitation, Phan et al. proposed a strategy for
optimizing large-area metalenses by stitching together indi-
vidually optimized sections [125]. A curvilinear phase profile
was divided into a series of linear sections that were about 3λ
wide and optimized in isolation. This method enables the
optimization of large-area devices; however, linear approxi-
mation and individual optimization do not accurately model
the local response of high-NA metalenses, resulting from the
fact that near-field coupling between sections cannot be
considered fully. Recently, adjoint optimization has been
combined with other fast-approximate solvers for inverse
design of high-NA and large-area metalenses [114, 121]. As
shown in Figure 6D, the combination of CMT and adjoint
optimization can enable the inverse design of ametalenswith
a size up to 104λ, but the largest size of approximately 200λ is
allowed forfinite elementmethodsimulations [114].However,
these methods still require direct or indirect full-model sim-
ulations many times and thus are still very time-consuming.
Another important issue required to be further addressed is
the initial structure. Mathematically, adjoint optimization is
based on the method of gradient descent, in which the po-
tential to yield exceptional devices after a large number of
iterationsdepends to someextent on the initial structure [101].
However, there currently are no effective and predictable
methods for specifying good initial structures for adjoint
optimization [120], although high-performance devices were
demonstrated in prior work using random initial structures or
manually optimized initial structures.

3.3.2 Catenary optics

Using catenary-like quasi-continuous structures is another
effective method for designing high-performance wide-
angle metalenses. Catenary structures were first introduced
from architecture to subwavelength optics by Pu et al. in
2015 [126]. After that, a new research direction of catenary
optics was developed and has been extensively exploited
[127–131]. Owing to the ability of quasi-continuous wave-
front control, catenary structures have attracted increasing
attention for a large number of applications, such as high-
efficiency accelerating beam generation [132, 133], tunable
circular-polarization beam splitting [134], polarization-
controlled unidirectional excitation of surface plasmon
polaritons [135], wide-angle imaging [82], and many others.
One can see a recent review for the history, basic theories,
functional devices, and applications of catenary optics and
catenary electromagnetics [127]. In this section, we briefly
introduce how to construct a high-performance catenary-
based wide-angle metalens without the requirement of
extensive numerical simulations.
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First, we start from catenary structures with equal
phase gradients to explain the basic principle and ad-
vantages of catenary structures. Catenary functions have
two basic forms, i.e., the ordinary catenary and the
catenary of equal strength, which were formulated in
1691 and 1826, respectively [127]. The ordinary catenary
has the form of hyperbolic cosine, and the catenary of
equal strength can be given as:

y = Λ
π
ln(|sec(πx/Λ)|), (4)

where Λ is the horizontal length of the catenary. Under the
illumination of circularly polarized (CP) light, the spin-
flipped component of output light fields will carry well-
known Pancharatnam–Berry phase (also called geometric
phase) [136], which can be given as −2σξ(x, y), where σ = ±1
denotes left- and right-handed CP light and ξ(x, y) indicates
the rotation angle of an anisotropic structure. Because
the inclination angle of such curves has a form of ξ(x,
y) = tan−1(dy/dx) = πx/Λ, there is a linear and dispersion-
free phase distribution of ϕ(x) = −2σπx/Λ for catenary
structures. It should be noted that the two ends of the
catenary should be truncated because the value of Eq. (4) is
infinite for x = ±Λ/2. One merit of catenary structures over
traditional discrete metasurfaces is the quasi-continuous
phase distribution; thus, a much larger phase gradient and
better performance are possible. As shown in Figure 7C, the
unit cell of the catenary structure can allow higher con-
version efficiency and bandwidth than that of traditional
discrete metasurfaces. It is worth noting that the two unit
cells shown in Figure 7A and B only differ from each other
in the length of the metallic bar. Recently, during the
optimizing large-angle metagratings by adjoint-based to-
pological optimization, Xu et al. successfully observed the
topological transformation process from discrete struc-
tures to catenary-like quasi-continuous structures [116],
which can further prove that the quasi-continuous meta-
surface outperforms the discrete one.

Inherent advantages in realizing a large phase
gradient make catenary structures very suitable for con-
structing wide-angle metalenses. A general method for
constructing catenary-like streamline metasurfaces with
any continuous phase distribution was proposed recently
[82]. As shown in Figure 7D, onemetalens that focuses left-
handed CP incidence into a tight spot is taken as an
example. One can obtain the electric field (blue arrows) on
the xy-plane (z = 0) by time reverse, which is given as
Ex = exp[iϕ(x,y)] and Ey = iexp[iϕ(x,y)], where ϕ(x,y) in-
dicates the time-reversed phase distribution. According to
the principle of geometric phase, such a field could be
generated by a spatially variant half waveplate under the

illumination of the left-handed CP light. Mathematically,
the continuous main axes (orange arrows) of the half
waveplate could be seen as the streamlines of a new vector
field defined byUx = exp[iϕ(x,y)/2] and Uy = iexp[iϕ(x,y)/2].
Then, the local slope of such an auxiliary vectorial field is
determined by a differential equation:

dy
dx

= Re(Uy)
Re(Ux) = −tan[ϕ(x, y)/2]. (5)

Subsequently, numerical integration is employed to
obtain the coordinate of the catenary-like streamline (red
curves):

xm+1 = xm + cos[ϕ(xm, ym)/2]dr
ym+1 = ym − sin[ϕ(xm, ym)/2]dr, (6)

Figure 7: Comparison of the conversion efficiency between the
catenary structure and discrete nanostructure.
(A) and (B) Schematic diagrams of unit cells in the catenary structure
(A: s = p) and discrete nanostructure (B: s < p). (C) Simulated
conversion efficiency of the unit cell A and unit cell B. (D) Concept
illustration of catenary-like streamline metalenses. (A–C) Adapted
with permission from ref. [126]. Copyright 2015, American
Association for the Advancement of Science. (D) Adapted with
permission from ref. [82]. Copyright 2021, WILEY-VCH.
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where dr indicates the integral step length and should be
small enough. By appropriately choosing the starting/end
points, the whole plane can be filled with catenary-like
streamlines with desired density.

After that, the catenary-like streamlines should be
converted into solid shapes. For metallic materials, one can
readily construct a solid structure or an aperture by two
same streamlines with a proper shift, but they suffer from
the ohmic loss. For loss-free dielectric materials, there
would be a parasitic propagation phase gradient that is not
required, owing to the spatially variant local equivalent
period of these catenary-like streamlines. It is worth noting
that there is almost no propagation phase gradient for
metallic streamline structures exist, because of their ultra-
thin thickness. To avoid the existence of the parasitic phase
gradient, which would enhance scattering noise, an iso-
phase streamline optimization strategy was proposed to
realize pure geometric phase modulation [82]. The key of
this method is to spatially vary the width of dielectric
streamline structures by resorting to a database of the local
period, width, and propagation phase. Such a database can
be built by simple numerical simulations, so the design time

is almost independent of the area. As a result, a centimeter-
scale wide-angle metalens was experimentally demon-
stratedwith themaximumdiffraction efficiency approached
100% in ultra-wide spectral and angular ranges.

4 Representative functional
devices and applications

4.1 Flat imaging with an ultra-large FOV

One representative application of wide-angle metalenses is
flat imaging with an ultra-large FOV. Owing to the advan-
tages of ultra-thin and planarization, the wide-angle met-
alens can be integrated with a sensor for realizing a planar
configuration. Figure 8A shows the imaging setup and cor-
responding image captured by a miniature metasurface
doublet camera proposed by Arbabi et al. in 2016 [93]. This
camera has an effective NA of 0.49, a pupil diameter of
0.8 mm, a FOV of 60° × 60°, and operates at 850 nm wave-
lengthwith 70% focusing efficiency. The total dimensions of
the camera are 1.6 mm × 1.6 mm × 1.7 mm, showing a high

Figure 8: Applications of wide-angle metalenses for flat large-FOV imaging.
(A) Imaging setup and the image captured by theminiaturemetasurface doublet camera. Scale bar: 100 μm. Abandpassfilter (850± 5 nm)was
placed in the front of the LED to reduce the chromatic aberration. Adaptedwith permission from ref. [93]. Copyright 2016, Distributed under the
Creative Commons Attribution 4.0 International License (CC BY). (B) A human thermal image formed by the long-wave infrared metacamera.
Adapted with permission from ref. [82]. Copyright 2021, WILEY-VCH. (C) Artistic picture of the fingerprint capturing device applied for
fingerprint detection. Scale bar: 100 μm. Adapted with permission from ref. [83]. Copyright 2021, American Chemical Society. (D) An outdoor
image formed by the near-infrared metacamera with a FOV of 40° × 40°. Adapted with permission from ref. [88]. Copyright 2020, Distributed
under the Creative Commons Attribution 4.0 Public License (CC BY). (E) An indoor image formed by a near-infrared metacamera with a FOV of
178° × 178°. The picture of the metacamera is shown at the bottom left with optical and SEM images of the wide-angle metalens shown in the
right panel. Adapted with permission from ref. [82]. Copyright 2021, WILEY-VCH.
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level of integration. After that, meta-lens doublet in the
visible, which has an effective NA of 0.44, a pupil diameter
of 0.31 mm, and a FOV of 50° × 50°, was demonstrated by
Groever et al. in 2017 [92]. It could operate at wavelengths
from 470 nm to 660 nm with focusing efficiencies ranging
from 25% to 50%. It is noted that the focal length of this
meta-lens doublet changes with the operating wavelength
owing to the existence of chromatic aberration. As a result, a
narrowband light source is still necessary.

Comparedwithmeta-lens doublets,monolayer quadratic
metalenses are easier to be implemented and do not need to
consider the alignment of two layers. In 2021, a highly inte-
grated long-wave infrared metacamera, composed of a
quadraticmetalens (focal length: 6.5mm;diameter: 25.4mm),
an infrared band-pass (10.6 μm ± 125 nm), and an infrared
detector, was reported [82]. Owing to the high performance of
streamline structures obtained by the isophase streamline
optimization, this metacamera had an angular-independent
diffraction efficiency of around 90%andwas directly used for
human thermal imagingwith the FOV larger than 140° × 140°,
even if a narrow-band filter was embedded and the infrared
detector was uncooled. As shown in Figure 8B, the body
contour and gesturewere clearly captured, and the resolution
could reach the cut-off spatial frequency of the employed
infrared detector. In the same year, the application of finger-
print detection was experimentally demonstrated by Lassalle
et al. using the quadratic metalens [83]. The quadratic met-
alens has a diameter of 0.5 mm, a focal length of 203 μm, and
an operating wavelength of 740 nm. As shown in Figure 8C, a
whole 5 mm × 5 mm fingerprint with features of ∼100 μm can
be captured by a quadratic metalens at a distance of 2.5 mm
under the illumination of laser light. In this work, discrete
nanopillars arranged in a hexagonal lattice with a pitch of
300 nmwere employed. Owing to the influence of insufficient
phase sampling, a FOV of about 100° × 100°was allowed and
the simulated focusing efficiency was about 14%.

When the quadratic metalens directly faces the object,
the effective aperture can reach themaximumbut at the cost
of large spherical aberration, resulting in strong background
noise and low imaging contrast, as discussed in Section 2.2.
Using the configuration shown in Figure 2C, a near-infrared
large-FOV metalens for outdoor imaging applications was
proposed by Engelberg et al. in 2020 [88], as shown in the
inset of Figure 8D. Even under the illumination of natural
sunlight, good imaging quality was obtained over a FOV of
±15°with a band-pass filter (800 nm ± 5 nm) incorporated in
front of theaperture stop.However, owing to the limitationof
traditional discrete metasurfaces, the maximum diffraction
efficiency was measured by about 20%, and the angular
sensitivity makes the brightness of the center significantly
higher than that of the outside, as shown in Figure 8D. As

discussed in Section 2.2, such a configuration can only
support a limited diffraction-limited FOV. In 2021, using the
configuration shown in Figure 2D, Zhang et al. experimen-
tally demonstrated a record diffraction-limited FOV of
178° × 178° by employing a 5 mm thick silica plate [82]. The
employed wide-angle metalens has a diameter of 12 mm, a
focal length of 4.48 mm, and a working wavelength of
940 nm. Furthermore, owing to the high efficiency and
strong angular robustness of optimized streamline struc-
tures, the overall image brightness is uniform under the
illumination of a normal near-infrared LED source, as can be
seen intuitively from the right panel of Figure 5E. Besides
nocturnal active imaging, this metacamera has also been
demonstrated for day-timepassive imaging,because aband-
pass filter (940 nm ± 5 nm) had been incorporated in front of
the sensor, thus showing great potential for night vision,
spectral imaging, 3D imaging, etc.

4.2 Wide-angle Fourier transformation and
beam steering

Fourier optics has been applied for many important applica-
tions, such as holography [29, 35, 137], spatial filtering [138],
and compressed sensing [139]. As the basic optical element
of Fourier optics, the Fourier lens can perform a Fourier
transformation, and thus the spatial frequency of incident
light can be measured at the focal plane. However, the
operation of traditional Fourier lenses based on both
refractive optics and diffractive optics usually is limited to
the paraxial approximation and thus high-frequency infor-
mation will be lost.

Quadratic metalens provides a powerful framework
for realizing optical Fourier transformations in a large
incident angle range, because a focus offset of −f·sinθi,
which is required for a Fourier lens, can be perfectly real-
ized. For example, wide-angle 1D Fourier transformation
with a FOV of 120° was experimentally demonstrated by a
1D quadratic metalens composed of an array of dielectric
waveguides [89]. When the incident linear polarization is
parallel to the waveguide, the 1D quadraticmetalens shows
good performance within a broad bandwidth from 1100 to
1700 nm, and the focusing efficiency was in a range from
30% to 60% for different incident angles and operating
wavelengths. The authors carried out a comparative
experiment using the 1D quadratic metalens and a com-
mercial Fourier lens (GCO-0201M). A diffraction grating
with a period of 2 μmwas employed as the target. As shown
in Figure 9A, experimental results showed that the com-
mercial Fourier lens could not work for incident angles
larger than 30°. Because the employed 1D waveguides are
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sensitive to the incident polarization and suffer from
insufficient phase sampling, it is hard to construct high-
performance 2D Fourier devices for a larger FOV, as dis-
cussed in Section 3.2.

The quadratic metalens made of optimized streamline
structures can address this issue well. Wide-angle 2D
Fourier transformation with a FOV of 178° × 178° was
experimentally demonstrated within the wavelengths from
9.3 to 10.6 μm [82]. The spatial frequency distributions of a
Bessel metalens and a meta-hologram were measured us-
ing this 2D quadratic metalens with a diameter of 12 mm
and a focal length of 5.12 mm. The blue dashed curves
shown in Figure 9B indicate the theoretic results with the
wave vector of k0sin45°. The measured results show good
agreement with the theoretical results. The streamline
quadratic metalens is very suitable for characterizations of
PB-basedmeta-holograms in the laboratory, because it has
a chiral response to prevent the detectors from damage by
the focused co-polarized CP light (the 0th-order light). It
means that such a single-chipmetalens can replace a bulky

combination of a quarter waveplate, a linear polarizer, and
a Fourier lens, and thus more high-frequency information
could be collected.

According to the principle the reciprocity, the
quadraticmetalens canbe utilized to realize beam steering,
providing a promising candidate for lightweight and wide-
angle lidar systems. By adjusting the horizontal position
and the distance between a point source and the quadratic
metalens, the radiation direction and side lobe of the
output beam can be flexibly controlled. This initial idea
was proposed by Pu et al. in 2017 [74]. A large radiation
angle range can be readily realized by horizontally moving
the point source perpendicular to the optical axis with a
distance of s, corresponding to a radiation angle of −sin−1

(f/s). Figure 9C shows simulated results with the side lobe
of radiation patterns below −20 dB, assuming λ = 532 nm,
R = 100 μm, f = 50 μm, and d = 50 μm. In particular, the side
lobe approximately increased by 8 dB after decreasing
the distance between the point source and metalens from
50 μm to 46 μm. After one year, the wide-angle beam

Figure 9: Applications of wide-angle metalenses for flat large-FOV imaging and beam steering.
(A) Comparison of the 0th and 1st order diffraction at different wavelengths between the theoretical calculation and the corresponding
measurement by Fourier transformation through GCO-0201M and the 1D quadratic metalens. Adapted with permission from ref. [89].
Copyright 2018, WILEY-VCH. (B) Spatial frequencymeasurement for a Bessel metalens (left) andmeta-hologram (right) at 10.6 μmwavelength
using a 2D quadratic metalens. Adapted with permission from ref. [82]. Copyright 2021, WILEY-VCH. (C) Schematic and performance of beam
steering by the quadratic metalens operating at the wavelength of 532 nm. Adapted with permission from ref. [74]. Copyright 2017, Optical
Society of America. (D) Measured far-field power patterns at the frequency of 19 GHz when a circularly polarized antenna is transversely
shifted. Right insets show a perspective view of the quadratic metalens and the schematic of the unit cell. Adapted with permission from ref.
[91]. Copyright 2018, WILEY-VCH.
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steering ability beyond 120° × 120° was experimentally
demonstrated by Y. Guo et al. in the microwave band with
the sidelobe below −20 dB [91], as shown in Figure 9D. The
proposed ultrathin (≈0.127 λ) quadratic metalens was
composed of bilayer geometric metasurfaces, where the
transversal catenary field was utilized for high polarization
conversion efficiency larger than 80%, while the wide-
angle operation was ensured by the longitudinal catenary
field and symmetry transformation. Owing to the insuffi-
cient phase sampling caused by discrete building blocks, it
is hard to enable a larger FOV with high efficiency. The
aforementioned quadratic metalens made of optimized
streamline structures was also employed to realize laser
scanning with a FOV larger than 170° × 170° at the wave-
length of 10.6 μm [82]. Owing to its high diffraction effi-
ciency and strong angular robustness, there is almost no
noise or stray light for output beams, which is very
important for the application of lidar techniques. For the
further development of laser scanning techniques based on
the quadratic metalens, one can combine one quadratic
metalens with an array of vertical cavity surface lasers to
achieve multi-channel laser parallel scanning, and multi-
channel independent detection can be realized by the
combination of another quadratic metalens and an array of
avalanche photodiodes. Through the above configuration,
all-solid-state, large-FOV, and high-frequency lidar sys-
tems become possible.

4.3 Simultaneous detection of spin and
orbital angular momenta of light

All of the above quadraticmetalenses havea radial-quadratic
phase distribution, which enables optical symmetry trans-
formation that translates the rotational symmetry of illumi-
nation to the translational symmetry of focus shift. Recently,
the azimuthal-quadratic metalens has been shown to allow
photonic momentum transformation [140]. Different from
radial-quadratic metalenses mentioned above, the phase
distribution of azimuthal-quadratic metalenses has a form of
l0φ2/2, where l0 is the quadratic phase coefficient andφ is the
azimuthal angle defined as tan−1(y/x). When incident light
carrying orbital angular momentum with a topological
charge of l passes through such an azimuthal-quadratic
metalens, thephase carriedbyoutgoing light canbegivenas:

ϕ(φ) = l0
2
φ2 + lφ = l0

2
(φ + l

l0
)2

− l2

2l0

= ϕ(φ + l
l0
) − l2

2l0
(7)

After neglecting the azimuth-independent term on
the right side of the equation, one can conclude that the
orbital angular momentum of light is transformed into
the azimuthal rotation of the focal spot, as shown in
Figure 10A. Therefore, the topological charge of incident
light can be obtained after recording the azimuthal co-
ordinate φl of the focal spot, with the value determined
by –l0φl, where φl belongs to [−π, π]. In addition, spin-
decoupled metasurface design merging the geometric
phase and propagation phase was further employed to
transform vortex beams of different spins into focusing
patterns on two separated halves of the screen on a
transverse focal plane. As a result, spin and orbital
angular momenta of light can be simultaneously detected
via the concept of momentum transformation. As a proof-
of-concept demonstration, Guo et al. designed, fabri-
cated, and characterized an azimuthal-quadratic metal-
ens operating at the wavelength of 532 nm. As can be seen
from Figure 10B, vortex beams with different topological
charges and spins can be mapped into focusing patterns
on different halves of the screen with different azimuthal
angles.

Figure 10: Applications of azimuthal-quadratic metalenses for
detection of photonic angular momenta.
(A) Principle of the photonic momentum transformation. (B)
Schematic diagram of a spin-decoupled metasurface merging the
geometric phase and propagation phase for simultaneous detection
of spin and orbital angular momenta. Adapted with permission from
ref. [140]. Copyright 2021, the authors. Distributed under the
Creative Commons Attribution 4.0 International License (CC BY).
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5 Summary and outlook

In conclusion, wide-angle metalenses have attracted
increasing attention in recent years, owing to their wide
application prospect in surveillance, unmanned vehicles,
onboard planes or satellites, medical science, and many
others [82–94]. Compared with the traditional one, meta-
surface design has advantages of thin thickness, flat ge-
ometry, light weight, and so on. Five basic configurations
for sing-chip wide-angle metalenses are summarized in
this review. It is concluded that all wide-angle metalenses
have a large phase gradient at the edge and require strong
angular robustness for their basic building blocks. These
properties make traditional metasurface designs hard to
construct high-performance wide-angle metalenses. On
the one hand, according to the diffraction theory, discrete
metasurfaces suffer from insufficient phase sampling,
because a small unit pitch will cause unpredicted electro-
magnetic coupling, resulting in strong noise and low effi-
ciency. On the other hand, the traditional design method
utilizes the phase response of periodic unit elements as
the reference standard for device design. However, the
assumption of periodic boundary conditions can be
approximately established onlywhen the phase gradient is
small, which is contrary to the large phase gradient char-
acteristic of wide-angle metalenses. As a result, the real
electromagnetic responses including phase, amplitude,
and polarization deviate from the ideal one.

This review introduces two potential methods, namely
adjoin optimization and catenary optics, to overcome these
limitations. The advantages and disadvantages of adjoint-
based topology optimization and adjoint-based shape
optimization are discussed. It is concluded that the former
has higher design freedom,while the latter ismore suitable
for parameterized devices, showing more potential to
realize the optimal design of large-area devices. Since
adjoint optimization requires time-consuming full-model
simulations, how to optimize large-area devices is still a big
challenge. We think the combination of deep learning and
adjoint-based shape optimization may be a good solution.
In addition, one successful none-time-consuming solution,
namely isophase streamline optimization, is proposed to
construct high-efficiency, broadband, and wide-angle
catenary-like metasurfaces. It is commonly regarded that
catenary-like structures outperform discrete structures
[127], because they can enable continuous wavefront con-
trol, thus avoiding insufficient phase sampling. Through
the isophase streamline optimization [82], the parasitic
propagation phase in the dielectric streamline structures is
suppressed, so pure and precise geometric phase control
results in high diffraction efficiency in a wide spectral and

angular range, which is very suitable for the construction
of wide-angle metalenses.

Following the mechanisms, challenges, and design
methods of wide-angle metalenses, representative func-
tional devices and applications including wide-angle im-
aging, Fourier transformation, beamsteering, andphotonic
momentum detection are reviewed. In particular, a record
diffraction-limited FOV of 178° × 178°was demonstrated for
wide-angle imaging by quadratic metalenses incorporated
with an aperture stop, anda FOV larger than 170° × 170°was
realized for laser scanning [82]. We believe that these
metalenses will soon be practical in many fields, such as
night vision, spectral imaging, 3D imaging, lidar detection,
etc., in which lasers or narrowband light sources are
employed. For wider applications or research, however,
there are still many challenges to be addressed.

First of all, how to improve spectral bandwidth is an
urgent challenge. Although geometric-phase-based met-
alenses can operate within a wide spectral band and have
considerable efficiencies, the chromatic aberration still
exists and the imaging quality decreases rapidly with the
increase of light source bandwidth, especially for the off-
axis FOV. Broadband achromatic metalenses have been
demonstrated through dispersion engineering of sub-
wavelength structures, but up to now, the reported ones
have a very small aperture or NA [65, 72, 78]. Fortunately,
multiwavelength achromatic metalenses get rid of these
restrictions and show potential for wide-angle holographic
display, virtual reality display, and augmented reality
display [103, 104, 141–143]. How to design large-scale
broadband achromatic wide-angle metalenses is still an
open question. The combination of traditional lenses with
positive dispersion and metalenses with negative disper-
sion should be a feasible compromise to improve achro-
matic bandwidth [144, 145].

Secondly, further study is required for breaking the
trade-off of wide-angle metalenses between the FOV and
effective NA. In most designs, the yielded phase profile is
independent of the incident angle [89, 90, 95], which is the
fundamental limitation of the aforementioned trade-off.
Early study has shown that near-ideal wide-angle metal-
enses can be realized at several discrete FOVs when
employing the angular dispersion of subwavelength
structures [90]. As a result, it is expected that the effective
NA could be further increased through the joint design of
ray tracing and numerical simulation, where angular
dispersion is considered and artificially engineered.

Thirdly, it should be interesting if the FOV of metal-
enses can break through 180°. For planar configurations,
diffraction metagratings or metaholograms can easily
operate in both transmission mode and reflection mode
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[16, 146–148], but how to control the transmission field and
reflection field independently and arbitrarily still requires
further research. One potential approach is to utilize the
local polarization-selective interference effect that is
enabled by merging the geometric phase and propagation
phase [16, 146]. For imaging applications, one should
probably consider combining traditional lenses and a
wide-angle metalens to make FOV exceed 180°. Specif-
ically, the curved optical component might be necessary to
compress light rays from the back of the metalens to its
front side, and then the light tracing method can be
employed to optimize their curvatures, materials, relative
positions, and phase distributions.
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