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Metalens, a two-dimensional planar system composed of strategically engineered subwavelength structures,
facilitates precise manipulation in the process of both light and sound. Benefiting from the synergy between
theoretical exploration and cutting-edge fabrication in the past decade, metalenses have attracted considerable
attention owing to their thin structure and large number of degrees of freedom. Herein, we comprehensively
review recent developments in optical and acoustic metalenses. Initially, we provide an overview of the

fundamental principles and design perspectives of metalenses. Subsequently, we discuss the current challenges
affecting planar optical and acoustic technologies. Then, we introduce emerging applications that leverage the
capabilities of metalenses. Finally, we summarize this review with a discussion of various perspectives to guide

future works.

1. Introduction

Understanding the five fundamental human senses is undoubtedly
essential. Among these senses, sight and hearing play active roles in
interacting with waves. For instance, object shapes are recognized by
interpreting visible light reflecting off them, while audible sound facil-
itates inter-person communication through oscillations in media.
Remarkably, these interactions between waves and matter extend
beyond the visible and audible spectrum, and they have practical ap-
plications in various methods, such as X-ray and ultrasound inspections.

Efforts to harness wave-shaping have led to the development of
diverse components. In optics, for example, important optical compo-
nents such as lenses, prisms, and mirrors have contributed substantially
to various functionalities of microscopes, telescopes, cameras, displays,
and lithography technologies [1-3]. However, the associated intricate
manufacturing process and inherent material constraints have made it
challenging to achieve finely curved surfaces and optimal component
quality, resulting in system complexity and aberrations.

Meanwhile, on the acoustic side, diverse devices such as micro-
phones, loudspeakers, and absorbers, play indispensable roles. In
particular, ultrasonic transducers and curvilinear lenses are employed to
shape airborne sounds used for beamforming and sensing, and their use
extends to waterborne and ultrasound applications [4-7]. Given that

these components require electronic circuits with signal processing and
bulk systems a few practical limitations need to be solved. In the context
of sound-absorbing materials [8-10], adherence to the mass density law
[11] introduces limitations in terms of using higher thickness to achieve
effective absorption, particularly at lower frequencies. Although
considerable progress has been made, certain limitations remain, war-
ranting further research.

A metasurface is a two-dimensional (2D) wave manipulator that has
capabilities for modulating the amplitude, phase, and polarization of
waves, via tailor-made arrangements of subwavelength structures called
meta-atoms. The concept of using subwavelength structures to manip-
ulate waves has been employed for quite some time [12-14] and has
garnered attention in both optics and acoustics over the past decade. It
has led to the implementation of a planar system capable of replacing
traditional bulk components such as beam-steering, focusing, and ab-
sorption [15-18]. Furthermore, it has paved the way for the develop-
ment of novel wave manipulators that can be extended to intriguing
applications, such as holograms [19], molecular barcoding [20], analog
computing [21], drug delivery [22], wireless communication [23], and
extreme ultraviolet light guiding [24].

In this review, we address recent challenges and advancements in
metalens technology in optical and acoustic domains. The roadmap is as
follows: we start with a concise overview of the design principles of
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metalenses. Then, we introduce the current challenges, including high-
numerical aperture (NA) implementation, aberration correction, and
achieving broadband operation. Moreover, we highlight the advances in
tunability and multifunctionality, and describe emerging applications.
Finally, we summarize our discussion and provide an outlook for the
future.

2. Design principles
2.1. Fundamentals of electromagnetic and acoustic wave physics

Theories of light have drawn inspiration from analogies with sound.
In the 17-th century, Robert Hooke speculated that light was a form of
vibrating motion within a medium through which it traveled at a finite
speed (later, it was found that no medium was required for light prop-
agation) [25,26]. Moving forward to the 19-th century, Maxwell and
Lord Kelvin extensively employed physical and mathematical parallels
between electromagnetism and acoustics. The visco-elastodynamic
equations can be modified so that they closely resemble Maxwell’s
equations. This analogy establishes a mathematical equivalence that
allows us to interpret wave phenomena in both domains using the same
analytical approaches [25,27].

Acoustic waves are longitudinal scalar waves in fluids or gases. The
fundamental field equations can be expressed in terms of particle ve-
locity v(t, r) and acoustic pressure p(t, r) with two constitutive param-
eters, p and « (mass density and bulk modulus, respectively), which are
listed in Table 1. By contrast, electromagnetic waves are transverse
vector waves with two polarizations, characterized by electric and
magnetic fields (E(t, r) H(t, r), respectively). These waves are governed
by Maxwell’s equations, which are also outlined in Table 1, and involve
two constitutive parameters, ¢ and u (permittivity and permeability,
respectively). The speeds of sound and light are expressed as ¢ = \/x/p

and ¢ = /1/eu, respectively. The duality within these constitutive pa-
rameters can be readily comprehended, where pairs in distinct domains
can be mutually correlated, such as p < € and 1/« < p. This suggests that
acoustic and electromagnetic waves have a significant overlap in their
underlying physics, explaining why advancements in electromagnetic
metamaterials have progressed alongside developments in their acoustic
counterparts [28]. We note that the characteristics of a metasurface can
be understood by its effective wave speed along the propagation direc-
tion, which is related to its effective refractive index ne¢ or phase delay
¢ = negkd, where k is the wavevector and d is the thickness of the slab
[29]. In particular, considering that unit cells are generally much
smaller than the wavelength of interest, the entire structure (i.e., met-
asurface) can be considered a homogeneous medium with effective
material characteristics. This implies that we can control the response of
light and sound by tailoring their constitutive properties to our needs.
From a mathematical viewpoint, two physical domains share the wave
equation V2y = % ";TZ’, where y can represent variables such as p in
acoustics or E and H in electromagnetism. In Table 1, we summarize the
main quantities of acoustic and electromagnetic field theory.

In what follows, we begin by describing the conventional approach

Table 1
Duality between electromagnetism and acoustics.
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for designing metalenses, known as local phase modulation, and then
shift our attention to the non-local phase modulation strategy.

2.2. Local phase modulation

In traditional components, a gradual phase accumulation occurs as
the wave propagates through curved bulk lenses to form a spherical
wavefront that converges at the focal point. By contrast, when a wave
passes through a metasurface, it undergoes an abrupt phase shift
induced by subwavelength structures. These structures introduce local
phase changes, thereby facilitating precise control over the trajectories
of light and sound through modulation of the material properties, di-
mensions, and compositions of individual meta-atoms. One fundamental
principle in metasurface design involves mapping the desired phase
profile using the generalized Snell’s law and allocating meta-atoms that
fulfill the transmission and local phase shift requirements relevant to the
spatial domain. In this approach, all meta-atoms are designed inde-
pendently, without taking into account nearest neighbor interactions, i.
e., each meta-atom operates in a decoupled manner. In an imple-
mentation of a metasurface as a single-wavelength lens, for example, a
bundle of rays should converge at the focal point through constructive
interference. This is achieved by placing meta-atoms that correspond to
the well-known hyperbolic phase profile as follows:

#x9) = (= V). ®
where 1 is the wavelength, f is the focal length, and x and y are in-
plane positions.

In optics, three categories of meta-atoms are mainly used to
manipulate the local phase of light: propagation phase, geometric phase,
and resonant phase. In the propagation phase, which is characterized by
its pillar-shaped configuration, a meta-atom can serve as a truncated
waveguide and cause phase retardation. The phase retardation effect
relies on the height and effective index of the nanopillars [30]. In gen-
eral, this mechanism is polarization-independent and has a high effi-
ciency. The geometric phase, called the Pancharatnam-Berry (PB)
phase, affords control over circularly polarized light. For example, when
the geometric phase of a meta-atom is used in conjunction with an
anisotropic metablock, an incident wave is decomposed into its
co-polarized and cross-polarized components. With this approach,
complete phase modulation of its cross-polarized components can be
realized by simply rotating the metablocks while maintaining a uniform
structure [31]. The resonant phase is another avenue for phase manip-
ulation, and it can be exploited through various physical phenomena,
such as localized surface plasmon resonance, Fabry-Pérot resonance,
and Mie resonance [32-34]. Although this phase offers narrow band-
width, a low aspect-ratio design can yield significant benefits from the
fabrication perspective.

In the acoustic domain, three representative toy models commonly
used in acoustic metamaterials for local phase modulation are zig-zag
structures, hybrid resonating structures, and phononic crystals (PCs).
A zig-zag structure effectively elongates the propagation path of waves
[35-38]. Within this coiled space, waves undergo phase retardation;
therefore, these structures can be used in both transmission- and
reflection-type metasurfaces [39-41]. This approach is suitable for
controlling the effective refractive index through space squeezing,
thereby allowing downsizing to subwavelength dimensions. Hybrid
resonating structures, which comprise Helmholtz resonators and a
straight waveguide, have been introduced as an alternative approach.
The Helmholtz resonator, with its neck and cavity, functions as an
equivalent mass-spring system that facilitates phase modulation
through impedance tailoring and the waveguide acts as an impedance
matcher, enabling efficient energy transfer to achieve the desired
functionalities [42-44]. PCs are constructed using wave scatterers, and
they offer advantages in achieving broad bandwidth [45-49]. Through a
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periodic arrangement of inclusions with a high contrast in impedance
compared to those of the host medium, PCs can form a bandgap within
the desired frequency spectrum. While wave propagation is effectively
suppressed within these bandgaps, various types of wavefront-shaping
can be implemented using the effective properties obtained from
non-dispersive responses at lower frequencies below the bandgaps. For
example, when the constitutive parameters change gradually, a gradient
index (GRIN) medium that provides wave-focusing capabilities can be
obtained [50-52]. The toy models in optics and acoustics are depicted in
Fig. 1C.

2.3. Nonlocal phase modulation

As previously discussed, in the context of local phase modulation, it
is postulated that each meta-atom operates independently. However,
subwavelength meta-building blocks are inherently bound to sense each
other, exhibiting both weak and strong couplings, leading to nonlocal
effects (Fig. 1B). In the case of strong interactions between adjacent
elements, nonlocal metasurfaces possess intriguing behaviors [57]. For
example, they offer a new degree of freedom that was once considered a
nuisance, resulting in enhanced performance (e.g., efficiency, Q-factor)
and new functionalities that have attracted significant attention in
recent years for sophisticated imaging and signal processing, such as
near-field imaging, high-NA focusing, bandpass filters and edge detec-
tion [57-61].

In optics, nonlocal metasurfaces have been advanced through two
emerging concepts: quasi-bound states in the continuum (quasi-BICs)
and guided-mode resonance (GMR) for the manipulation of light with
wavelength selectivity, leading to the realization of high-Q metasurfaces
(Fig. 1D). Quasi-BICs have been proposed and validated for effectively
manipulating light across multiple degrees of freedom, resulting in high-
Q resonance and free space coupling by introducing perturbations to
break the symmetry of the BICs [54,62,63]. This approach can be
applied to nonlocal phase-modulated metalenses [54,63]. Moreover,
interesting studies have proposed the incorporation of GMR into meta-
gratings to efficiently couple with the desired channel, featuring a
high-Q factor [53,64,65]. By incorporating periodic notches into nano-
bars, where the period matches the guided mode wavevector, mo-
mentum coupling with the external field is enabled, leading to the
excitation of GMR and a specific narrow spectral response [53].

In acoustics, two prominent concepts are employed in nonlocal
acoustics. The first concept involves establishing a direct connection
between adjacent unit cells, facilitating the tunneling of acoustic energy
across a metasurface, resulting in strong coupling between neighboring
meta-atoms. For example, waveguides interconnected by additional
bridges (Fig. 1D) serve as fundamental structural elements [55] for
harnessing nonlocality within acoustic metasurfaces. Moreover, non-
locality can be achieved in other structures, such as Helmholtz resona-
tors and zig-zag configurations, all grounded in the same fundamental
principle. These structures can be mathematically interpreted according
to the combination of their local acoustic impedances, irrespective of
their geometric complexity [66]. The second concept is based on the
coupling effects induced by mutual acoustic radiation, referred to as
radiation coupling, and it can be used for metagratings (Fig. 1D) [56].
Interestingly, nonlocal metagratings with radiation coupling inherently
comprise a "gain" region that emits acoustic energy and a "loss" region
that absorbs energy. This mutual energy exchange gives rise to non-
locality [67]. Ultimately, nonlocal effects enable extreme wave manip-
ulation, which cannot be achieved with the local phase modulation
regime, e.g., perfect reflection without leakage, highly efficient beam
steering, asymmetric transmission, and high-NA wave focusing [68].

For more comprehensive literature reviews regarding the evolution
of non-local photonic and acoustic metasurfaces, readers are encouraged
to consult Refs [57,61,68,69].
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2.4. Material choice

In optics, material properties exhibit strong wavelength dependence.
Therefore, it is crucial to select the appropriate materials for metalens
design and fabrication. The key factors guiding material choice include
refractive index, extinction coefficient and fabrication complexity [70].
Metals such as aluminum (Al), silver (Ag), and gold (Au) are primarily
utilized for plasmonic or reflective metalenses owing to their inherent
reflection and ohmic loss, particularly in the ultraviolet (UV) to
near-infrared (NIR) region. By contrast, transmissive metalenses are
predominantly composed of dielectric materials. In the visible range,
materials such as titanium dioxide (TiO3) [31], gallium nitride (GaN)
[71] amorphous silicon (a-Si) [72], and crystalline silicon (c-Si) [73] are
commonly employed, benefiting from their high refractive index and
convenience of fabrication. Recently, low-loss hydrogenated amorphous
silicon (a-Si:H) has been proposed, offering advantages in terms of
fabrication [74].

Notably, there is an increasing demand for UV metasurfaces in
various fields, including high-resolution spectroscopy, lithography,
biomedics, and quantum optics [75]. However, available materials face
limitations due to their absorption of high-energy photons, necessitating
narrow meta-atom periods to satisfy the Nyquist-Shannon sampling
theorem. Consequently, high refractive index and large-bandgap mate-
rials, such as silicon nitride (SiNy) [76], niobium pentoxide (Nb3Os)
[77], aluminum nitride (AIN) [78], and hafnium oxide (HfO,) [79], are
employed for meta-atoms. Recently, a zirconium dioxide (ZrOj)
nanoparticle-embedded resin (nano-PER) metahologram, replicable
through nanoimprint lithography, was demonstrated at 248 nm [80].

Acoustic metamaterials, in contrast to their optical counterparts, are
primarily characterized by the geometry of their structure rather than
the base materials of which they are composed. These metamaterials
often employ materials with high acoustic impedance. For instance, in
airborne acoustic metamaterials, common materials include engineering
plastics such as polymethylmethacrylate (PMMA), polylactic acid (PLA),
acrylonitrile butadiene styrene (ABS), and polyvinyl alcohol (PVA). In
underwater applications, metals such as Al, steel, and titanium are
predominantly chosen owing to their relatively high acoustic imped-
ance, resulting in near-rigid boundary conditions. This emphasis on
geometric design and high-impedance materials highlights the distinc-
tive characteristics of acoustic metamaterials compared to their optical
analogs. The advancements in additive manufacturing technologies,
particularly three-dimensional (3D) printing methods have facilitated
the production of meta-building blocks at a small scale (subwavelength)
with high printing resolution, ensuring the creation of intricate acoustic
components.

3. Challenges and progress

Over the past decade, metalenses have undergone significant ad-
vancements [81-84]. In particular, remarkable capabilities in terms of
achieving monochromatic focusing with an ultra-thin flat platform have
been demonstrated successfully, thereby distinguishing metalenses from
conventional systems. However, despite the remarkable progress,
various challenges persist, such as reducing aberrations, enhancing ef-
ficiency, and achieving broadband operation capability. Addressing
these challenges is crucial for realizing the integration of metalenses into
real-world applications. In what follows, we comprehensively discuss
the current progress and challenges, elucidating on the road ahead for
photonic and acoustic metalens technology.

3.1. Optical perspective

3.1.1. High numerical aperture

In an ideal lens, waves converge at an infinitesimally small point.
However, the diffraction pattern arising from a circular aperture im-
poses limitations on the ability to distinguish between two light sources,
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Fig. 1. Design principles of metasurfaces. Schematic of (A) local phase and (B) nonlocal phase modulation. (C) Representative optical and acoustic meta-building
blocks. Propagation phase meta-atom (scanning electron microscopy [SEM] image), reproduced with permission from [30], copyright 2016 American Chemical
Society, geometric phase meta-atom (SEM image), reproduced with permission from [31], copyright 2016 American Association for the Advancement of Science, and
resonant phase meta-atom (SEM image), reproduced with permission from [32], copyright 2016 American Association for the Advancement of Science, zig-zag
meta-atom, reproduced with permission from [38], copyright 2014 Springer Nature, Helmholtz-resonator array-type meta-atom, reproduced with permission
from [43], copyright 2015 American Physical Society, and PC-type meta-atom, reproduced with permission from [50], copyright 2020 American Physical Society.
(D) Basic mechanisms of nonlocal optical and acoustic metasurfaces: GMRs, reproduced with permission from [53], copyright 2020 Springer Nature, quasi-BICs,
reproduced with permission from [54], copyright 2020 American Physical Society, direct connections, reproduced with permission from [55], copyright 2019
American Physical Society, and radiation-induced coupling effects, reproduced with permission from [56], copyright 2021 Springer Nature.
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affecting the resolution. This resolution is closely linked to the NA of the
lens, which characterizes its capacity to capture and focus the wave. The
formula for the NA of the lens is classically defined as follows

. —1 D
NA = nsin <tan ﬁ) , 2)

where n is the refractive index of the medium, D is the diameter of
the lens, and f is the focal length of the lens. In this context, a high-NA
metalens can be designed by substituting a small focal length or large
diameter in eq. (2). However, spherical aberration still exists, and the
focusing efficiency of metalenses can decrease unless the arrangement of
meta-atoms complies with the Nyquist-Shannon sampling theorem in
the spatial domain, as expressed p < 4= [85], where p is the period of
the unit cell. This formula indicates that p should be small enough to
address spherical aberration for high-NA metalenses. However, it may
lead to unwanted coupling effects between individual meta-atoms and
pose challenges in a fabrication process employing high aspect ratio
meta-atoms with high refractive index materials to ensure perfect 2z
phase coverage [86]. Moreover, it is crucial to ensure that the lens
operates effectively across all regions, particularly at the periphery,
where high spatial frequencies are represented. This can be further
specified by comparing the point spread function (PSF), Strehl ratio, and
modulation transfer function (MTF) with the diffraction-limited case.

Persistent endeavors to achieve high-NA metalenses have been pur-
sued through advanced approaches. In one such study, a metalens with
an impressive NA of 1.48 was realized using a conventional immersion
technique and an optimization algorithm to determine the optimal
nanobrick dimensions. The optimized length, width, height, and center-
to-center spacing of the c-Si meta-atom were determined using algo-
rithms in terms of the hyperbolic phase profile and transmission. The
characteristics of the fabricated metalens at a wavelength of 532 nm
included NA values of 0.98 and 1.48 and focusing efficiencies of 67 %
and 48 % in air and oil, respectively (Fig. 2A) [73]. High-NA metalenses
can alternatively be realized using the inverse design approach, which is
used to solve problems through mathematical optimization [87-90].
Using this strategy, a metalens with an NA of 0.94 based on the adjoint
optimization has recently been reported [89]. Fig. 2B shows the sche-
matic of the optimization procedure. The parameters of meta-atoms are
updated iteratively by calculating the gradient of the figure of merit
(FOM) in a two-step simulation involving forward and adjoint simula-
tions until the FOM converges. The optimized metalens achieved a
focusing efficiency of 49 %, which is 13 % higher than that of the con-
ventional periodic unit-cell metalens. Interestingly, metagratings are
promising for the fabrication of high-NA metalenses. Metagratings
involve the precise arrangement of scatterers within a supercell to
redirect incident waves to the desired deflection angles with both su-
perior efficiency and improved fabrication tolerance [91,92]. To design
a metalens with an NA of 0.99, metagratings were substituted in the
outer region of the metalens [93]. The bending angle of the light was
determined by the period of the supercell, and optimization of the
metagrating was achieved by adjusting the number and parameters of
the elements. The entire lens area was functional, as demonstrated by
the collection of light from a sub-diffractive scatterer located at the focus
(Fig. 2C). Moreover, a polarization-insensitive metalens with an NA of
1.48 was demonstrated by combining two approaches: oil immersion
and metagratings (Fig. 2D) [94]. The focusing efficiencies of these two
lenses were approximately 10 % and 42 %; however, these values could
be increased by optimizing the metagrating structures. High-efficiency
supercells for large deflection angles can be realized through
adjoint-based topological optimization [95], and these structures could
be generated cost-effectively by using generative adversarial networks
[96].

High-NA lenses play a vital role in high-resolution imaging systems,
confocal microscopes, lithography, and optical trapping. For imaging
applications, metalenses with NAs of 0.8 [31], 0.85 [30], and 1.48 [73]
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have been successfully demonstrated. In addition, confocal imaging
applications have benefited from metalenses with NAs of 0.99 [93], 1.1
[85] and 1.48 [94]. Furthermore, recent advancements in fabrication
technology have sparked growing interest in metalens-integrated sys-
tems. For example, a patterned metalens on the facet of a functionalized
optical fiber was demonstrated, achieving an NA of 0.88 with
diffraction-limited performance. This advancement enables optical
trapping of microbeads and E. coli bacteria (Fig. 2E) [97]. Additionally, a
metasurface with an NA of 1.2 was demonstrated for on-chip trapping,
exhibiting trap stiffness comparable with that of a conventional objec-
tive lens [99]. Moreover, a metalens with an NA of 0.85, integrated at
the tip of a single-mode fiber for direct laser lithography, achieved a
remarkable width of written lines of 220 nm (Fig. 2F) [98].

3.1.2. Wide field-of-view

Field-of-view (FOV) is another critical metric of lens performance.
An imaging device with a wide-FOV can visually capture the sur-
rounding scene in a single frame [100]. Wide-FOV imaging is used
extensively in various fields, including photography, microscopy, and
light detection and ranging (LiDAR). At normal incidence, an
aberration-free metalens could be realized by using the hyperbolic phase
profile and sufficient meta-atom sampling [101]. However, at large
angles of incidence (AOIs), off-axis aberrations, such as coma, astig-
matism, and field curvature, are more pronounced and hinder wave
convergence at the focal point [102].

An ideal phase profile that is derived from Fermat’s principle can be
expressed as follows [103]:

Dx0) = [xsin 0+ \/f+ (- x0) —\/r +x0(9)2], @)

where 0 is the angle of incidence and x(6) indicates the focal loca-
tion. eq. (3) is evidently angle-dependent and cannot be realized unless
all the meta-atoms exhibit perfect angle-dispersive properties that
satisfy this ideal phase. A deviation between the ideal and hyperbolic
phases leads to off-axis aberrations. Traditional metalenses, which are
based on the hyperbolic phase profile, often have a restricted FOV due to
the typical neglect of angular dispersion of phase [101]. Therefore,
minimizing off-axis aberrations with a singlet metalens, particularly for
a high-NA, proves challenging. The limited FOV can be understood from
a Fourier transform analysis of the field distribution [104]. Only
k-vector components within the range of [—kg, ko] contribute to
focusing, while components outside this range become evanescent and
do not contribute to the focusing process. As discussed, achieving a
wide-FOV is particularly challenging for high-NA systems because
enlarging the NA increases the magnitude of the high-k components
[105]. For more details, readers can refer to Refs. [100,104,105]. One
method for reducing off-axis aberrations involves the use of a singlet
metalens with a solid substrate aperture stop, so-called Chevalier land-
scape metalens [106,107]. The incident waves, whether normal or
oblique, are effectively controlled by the aperture stop positioned at the
front focal plane of the metalens. This aperture stop enhances wave
focusing efficiently, resulting in improved angular response while
minimizing aberrations. This approach was employed to realize a flat
fisheye lens with a near-180°-FOV in the mid-infrared (MIR) range
[107]. Fig. 3A shows a schematic of a wide-FOV metalens, which ach-
ieves a focusing efficiency of approximately 40 % for all AOIs ranging
from 0° to 85°. In another study, a catenary optics-based wide-FOV
metalens was developed through isophase streamline optimization,
eliminating unwanted diffraction orders in the infrared range for diverse
angles [108]. It featured diffraction-limited imaging over a wide-FOV up
to 178> with an aperture stop in the silicon-on-sapphire substrate
(Fig. 3B). Additionally, a Huygens metalens based on this approach was
developed to create a compact wide-angle outdoor NIR camera with an
approximate FOV of 30° [106].

Interestingly, an alternative approach to make singlet wide-FOV
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[107]. Copyright 2020 American Chemical Society. (B) Side view of the catenary optics-based wide-FOV metalens with an aperture stop, and the SEM image of
fabricated metalens and realized ultr wide-FOV imaging. Reproduced with permission from [108]. Copyright 2021 Wiley-VCH. (C) The SEM image of the single-layer
quadratic metasurface (scale bar: 3 pm). and imaging test results of the quadratic- and hyperbolic-phase metalens with a USAF 1964 chart (scale bar: 100 pm).
Reproduced with permission from [109]. Copyright 2020 American Chemical Society. (D) Cross-sectional and SEM image of the 32°-FOV single-layer metalens,
microscopic imaging of the metalens (up), and 20 x Zeiss objective (down). Reproduced with permission from [110]. Copyright 2020 Wiley-VCH. (E) Schematic of
light focusing by singlet and doublet metalenses. Near-30°-FOV is realized by reducing off-axis aberrations with the doublet metalens. Reproduced with permission

from [111]. Copyright 2016 Springer Nature.

metalenses is to employ a quadratic phase profile, in contrast to the
conventional hyperbolic phase profile. The quadratic phase profile,
which was proposed in 2017, allows perfect transformation from rota-
tional to translational symmetry [112]. It can be expressed as follows:
L

Osin0. [€))

¢(r,0) = —I;—;rz — koxsin 6 = —% [(x + fsin 0) +37] + )

The last term on the right-hand side in eq. (4) can be ignored because
it is independent of r. There is only a translational shift of the focal
position with respect to the AOIs. Considering this, the rotational effect
of oblique incidence waves is perfectly converted into the translational
symmetry of the focusing beam along the focal plane. Fig. 3C depicts a
single-layer metalens designed with a quadratic phase profile. The full
width at half maximum (FWHM) of its focal spot remains consistent up

to 89°, enabling it to surpass existing metalenses in terms of imaging
quality and wide-angle capabilities [109]. Several studies have also
utilized the quadratic phase for various applications, including finger-
print detection [113], retroreflector [114], bi-functional imaging [115],
and spin-decoupled vortex recognition [116].

Moreover, the creation of a single-layer wide-FOV metalens is
feasible without relying on the quadratic phase profile. For example, a
32° FOV single-layer metalens was achieved using the epsilon-greedy
algorithm to optimize two sets of concentric nanoring structures with
varying heights [110]. The imaging performance of this metalens was
comparable with that of a commercial lens (Fig. 3D).

Utilizing the doublet configuration, which involves embedding two
metasurfaces on either side of a substrate, is another method for
achieving a wide-FOV. The hyperbolic phase profile effectively corrects
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spherical aberrations under normal incidence but introduces coma ab-
errations for oblique incidence. Conversely, the quadratic phase profile
is capable of effectively reducing off-axis aberrations while inherently
exhibiting spherical aberration. However, doublet metalenses can be
designed to simultaneously reduce both spherical and off-axis aberra-
tions [104,111,117,118]. In 2016, a monochromatic doublet metalens
with a FOV of 60° was demonstrated [111]. Fig. 3E presents a direct
comparison of the focusing performance between singlet and doublet
metalenses. In 2017, a metalens doublet was introduced, which
comprised of two metalenses: an aperture metalens serving as the
Schmidt plate for phase correction and a focusing metalens functioning
as the spherical lens [117]. The designed metalens had an NA of 0.44
and a FOV of 50°, and it demonstrated diffraction-limited mono-
chromatic focusing performance. Recently, a comprehensive analysis of
design methods and fundamental limitations was conducted [119],
which highlighted the constraints in optimization-based doublet met-
alens design. Besides single-wavelength applications, various studies
have explored the potential for developing doublet achromatic
wide-angle metalenses [120-122]. Doublet metalenses can also be
designed to have different functionalities, such as wide-angle sub--
diffraction focusing [123], focal adjustable system [124], and endos-
copy system [125].

3.1.3. Achromatic focusing

Material dispersion leads to variations in focal points, which can
degrade image quality and focusing efficiency, particularly in multi-
wavelength or broadband scenarios. Therefore, the correction of chro-
matic aberration is essential. In conventional optical lenses, this aber-
ration is typically corrected by combining multiple optical components,
resulting in a complex and bulky optical system. Chromatic aberration
also appears in metalenses owing to the dispersion characteristics of
meta-atoms. One strategy for achieving a broadband achromatic met-
alens involves introducing a wavelength-dependent reference phase C(4)
to compensate for the phase variations at different wavelengths. The
corresponding phase profile can be expressed as [126]

Moy =€) =2 (\/xz VAP —f) ®)

A reflective broadband achromatic metalens (1200-1680 nm) [127]
and its transmissive counterpart (400-660 nm) [128] were demon-
strated using a linear reference phase inversely proportional to the
wavelength, defined as C(1) = a/A + p. Here, a = y Zi':j*f;"""n and g = —
lxmi'f;mm’ where Apmin and Amax represent the lower and upper limits of

wavelength, and y is the largest additional phase shift. In this scenario,
the achromatic phase profile can be divided into two terms: the

2 (AR )

A¢1(x, Y }'): -

wavelength-independent phase ¢(x,y, Amax) =

and the wavelength-dependent phase

2n(\/x2+y2 +f? —f)(l//l—l/imax)—&- C(A). The former term was

realized using the geometry phase approach and the latter term was
obtained from the integrated-resonant states of coupled nanostructures.
In the development of the broadband achromatic metalens, Sajan et al.
[72] mathematically derived the fundamental limits of the trade-offs
among the lens diameter, NA, and operational bandwidth as follows:

dp  de
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where c is the speed of light, w is the angular frequency, Aw is the
operational bandwidth, and Ry, is the maximum radius of the lens. The

term % denotes the dispersion of eq. (5), which can be reformulated as

o(r,w) = ¢o(r) + % (0 — wy), with ¢o(r) representing the phase at a
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reference frequency wy. g—Z\ and ¥

max AN Gl

correspond to the dispersion at
the edge and center of the lens, respectively, with a choice of the
reference phase C(w) =%/r5 + f? + Co, wherery is the radius of the lens
and C is the constant phase. By considering this aspect, a broadband
achromatic metalens that approaches this limitation was designed and
fabricated (lens diameter: 100 pm, NA: ~0.24, operational bandwidth:
1300-1650 nm). The meta-atoms are designed to be rotationally sym-
metric with sufficient height to exhibit polarization-insensitivity and a
wide range of phase and dispersion coverage (Fig. 4A).

Another alternative approach is to compensate for group delay and
group delay dispersion. The Taylor expansion of the phase profile ¢(r, ®)
near the target wavelength wq can be expressed as [129]
0g(r, ®) 20°9(r, )

® — ay) 2 -
0w  w—wy + 1) 2007 w—awy +
@)

where the terms indicate the phase, group delay, and group delay
dispersion, respectively, in sequential order. Typically, conventional
dispersive metalenses are designed without considering higher-order
terms such as group delay and group delay dispersion, leading to
chromatic aberration. However, when these terms are considered, it is
feasible to obtain a broadband achromatic metalens. In Ref. [129], a
broadband achromatic metalens was realized by compensating these
terms using single and multiple TiO2 nanofin elements. The researchers
designed a broadband achromatic metalens with an NA of 0.2 and a focal
length of 63 pm for light with wavelengths ranging from 470-670 nm.
Fig. 4B shows the required group delay and group delay dispersion for
such a metalens. It exhibited achromatic focusing with an efficiency of
20 % at 500 nm. Additionally, full-color imaging was demonstrated
capability with a broadband achromatic metalens having an NA of 0.02
and a diameter of 220 pm. As discussed, the dielectric nanopillars can be
considered truncated waveguides, and the corresponding phase retar-
dation is ¢ = “n.h, where h is the height of the meta-atom. Thus, the
dispersion of this meta-atom is % = %nefchr %%h Here, the use of
meta-atoms with elongated structures and materials with higher
refractive indicies allows the realization of broadband achromatic
metalenses with larger diameters, higher NAs, and larger operational
bandwidths. However, owing to the limitations of the fabrication and
natural materials, discrete RGB metalenses are emerging as an alterna-
tive for practical applications.

One strategy for designing achromatic metalenses involves the
spatial-multiplexing and spatial-interleaving methods [135,130]. The
spatial-multiplexing method divides the aperture into multiple zones,
each assigned a corresponding lens profile. Meanwhile, the
spatial-interleaving method interleaves meta-atom configurations
within an aperture. Fig. 4C shows a schematic of an achromatic RGB
metalens designed using the spatial-interleaving method (NA: 0.87,
diameter: 450 pm) [130]. Despite its straightforward design strategy,
unwanted interference between meta-atoms may result in ghost imaging
and virtual focus.

Another method is stacking multiple layers of metasurfaces [131,
136,137]. For example, in one study, an RGB achromatic doublet met-
alens was demonstrated [131]. This metalens had an NA of 0.8 and a
diameter of 1 mm, with the reference phase optimized by utilizing an
additional degree of freedom in the vertical layer within the stack. The
inter-layer distance was less than three times the wavelength, and it
achieved simultaneous focusing of all three wavelengths (Fig. 4D).
Moreover, broadband achromatic metalenses were realized by merging
the phase plate and metalens layer [132]. The phase plate and metalens
layer were designed using recursive ray-tracing algorithms and phase
libraries. Metalenses with entrance pupil diameters of 20, 40, 80 pm and
NAs of 0.27, 0.11, and 0.06 were fabricated, exhibiting
diffraction-limited focusing with an average efficiency of over 60 %
across a broad bandwidth spanning 1000-1800 nm (Fig. 4E).

Furthermore, inverse design could be a promising strategy for

P(r,w) = (r,0q4) + (0 — 04)
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Fig. 4. Achromatic metalenses. (A) Spatial and spectral phase profiles for a broadband achromatic metalens and the calculated phase and dispersion of meta-atoms.
Reproduced with permission from [72]. Copyright 2018 Springer Nature. (B) Required group delay and group delay dispersion for achromatic metalens (orange line).
Reproduced with permission from [129]. Copyright 2018 Springer Nature. (C) Schematic of the spatial-interleaving method for the achromatic metalens. Reproduced
with permission from [130]. Copyright 2022 Optica Publishing Group. (D) Schematic of the RGB achromatic metalens doublet, and SEM image of the c-Si layer (up)
and the SisNy layer (down). Reproduced with permission from [131]. Copyright 2022 American Chemical Society. (E) Unit-cell of the merged phase plate and
metalens layer. Introduction of an air gap between the two layers enables the achievement of a higher NA and larger diameter. Reproduced with permission from
[132]. Copyright 2020 Springer Nature. (F) Schematic of forward simulator and adjoint method for designing a large scale achromatic metalens. Reproduced with
permission from [133]. Copyright 2022 Springer Nature. (G) Schematic of a metalens-integrated achromatic meta-fiber system. Reproduced with permission from
[134]. Copyright 2022 Springer Nature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

designing achromatic metalenses. For example, a high-NA and broad-
band achromatic metalens was designed through adjoint-based topology
optimization (NA: 0.9, operational bandwidth: 450-700 nm) [138]. In a
separate study, a large-area RGB achromatic metalens, featuring a
diameter of 1 cm and an NA of 0.3 was successfully created by
employing a fast approximate solver and an adjoint method, leading to a
substantial reduction in computational expenses while maintaining a

focusing efficiency of ~15 % across the RGB spectrum (Fig. 4F) [133].

Achromatic lenses are essential in hyperspectral imaging applica-
tions, including fluorescence microscopy [139], bioimaging [140],
coherent Raman scattering imaging [141], detection systems [142],
light-field camera [143,144], and augmented reality (AR) and virtual
reality (VR) devices [133,145,146]. Further details about two promi-
nent imaging applications, light-field camera and AR/VR devices, will
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be discussed in the applications section. Moreover, the correction of
aberrations is crucial for various optical systems. In fiber optics, for
example, correcting chromatic aberration is critical for realizing
long-range communications and fiber imaging. To address this issue, an
achromatic meta-fiber was proposed [134]. By patterning a metalens on
the hollow tower printed on the flat end of a single-mode fiber, it focuses
light, exhibiting a broad bandwidth of 1250-1650 nm and
polarization-insensitive properties (Fig. 4G).

3.2. Acoustic perspective

3.2.1. High numerical aperture

Achieving high-NA, which has been mainly discussed in the optical
field, can also play a key role in the acoustic domain. For instance, high-
NA metalenses possess the capability to enhance focusing efficiency and
improve imaging resolutions in acoustics. This, in turn, facilitates the
precise detection of internal defects and material damage, consequently
elevating the accuracy and reliability of non-destructive testing. More-
over, within the domain of medical imaging, high-NA acoustic metal-
enses can enhance the resolution of ultrasound. Furthermore, in
applications such as high-intensity focused ultrasound (HIFU), high-NA
acoustic metalenses enable the confinement of sound-matter in-
teractions to smaller volumes, thereby enhancing targeting accuracy and
efficiency with high intensities. Consequently, this ability has the
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potential to minimize damage to surrounding biological tissues [147].

As previously discussed, conventional metalenses rely on local phase
modulation, a process highly dependent on the discretization level of
meta-atoms. Achieving a high-NA requires a very dense array of small-
period meta-atoms. However, it is difficult to scale down complex
structures, such as zig-zag structures. Moreover, local phase modulation-
based high-NA metalenses are affected by higher-order effects due to the
impedance mismatch between the incident and scattered fields [148],
resulting in low focusing efficiency. To address these limitations, the
metagrating method, introduced as an alternative approach, has been
proposed to realize a high-NA acoustic platform with the help of the
nonlocality. For example, a high-NA ultrasonic metagrating lens was
proposed [149]. Multilayered stepped meta-atoms, as illustrated in
Fig. 5A, were used to achieve an NA of 0.94 (numerically) and 0.74
(experimentally). The basic mechanism of the proposed metagrating is
to create an uneven reflected pressure distribution with high diffraction
orders. To realize complex design, a semi-analytical approach was used
to optimize 26 metargratings, and 22.9 times intensity enhancement and
FWHM of 0.6 A were obtained experimentally (Fig. 5A).

High-NA metalenses also hold promise for wave-energy harvesting.
For example, Fan et al. [150] proposed a high-NA underwater metalens
for achieving acoustic focusing in a continuous water flow. This metal-
ens features flow-permeable characteristics and has two distinct regions:
a central area facilitating water flow and a peripheral region utilizing

Sound waves from marine life

Ocean current

Transducer

Fig. 5. High-NA acoustic metalenses. (A) Schematic of a high-NA acoustic metalens for reflected ultrasonic wave focusing, and illustration of the metagrating-based
design approach. Focusing performance is validated both numerically and experimentally and 0.6 A of FWHM is measured (10 % lower than the simulated result).
Reproduced with permission from [149]. Copyright 2021 American Physical Society. (B) A flow-permeable high-NA acoustic metalens composed of two elliptical
iron-cylinder meta-atoms, with sub-diffraction focusing performance obtained under different background flow rates. Reproduced with permission from [150].
Copyright 2023 American Physical Society. (C) Comparison of the focusing intensity field between the non-local high-NA metalens and local high-NA metalens.
Reproduced with permission from [151]. Copyright 2023 American Physical Society.
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metagratings to focus the incident waves onto the focal point (Fig. 5B). It
comprises 32 meta-atoms and was designed using the particle swarm
optimization method to control six diffraction orders, thus achieving
high focusing efficiency. The NA is 0.952, and the flow-permeable area
ratio stands at 26.5 %. Remarkably, despite the substantial
flow-permeable area ratio, sub-diffraction focusing was successfully
achieved under varying water-flow velocities (Fig. 5B). In another study,
Xie et al. introduced a high-NA nonlocal acoustic metalens that incor-
porated coupling effects, specifically lateral energy exchange along the
planar surface [151]. They demonstrated that local metalenses have
lower efficiency analytically and proposed a two-step approach to
design high-NA nonlocal metalenses: first, obtaining the desired
focusing field using an optimization algorithm, and subsequently
designing a power flow-conformal structure based on the methodology
proposed in Ref. [151]. The nonlocal metalens, characterized by an NA
of 0.994 and improved focusing capabilities, was verified through nu-
merical simulations (Fig. 5C).

3.2.2. Broadband operation

Acoustic metalenses offer remarkable focusing capabilities in the
planar and ultra-thin form factors. However, several notable challenges
remain. In comparison with their optical counterparts, acoustic metal-
enses encounter specific challenges. For instance, achieving achromatic
focusing is a primary goal, but it requires ensuring a broad operational
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range. However, most acoustic metamaterials rely on resonators, which
exhibit a limited operational bandwidth due to their highly dispersive
responses. Furthermore, consider the visible light spectrum, which
covers a relatively narrow range from 400 to 760 nm, spanning less than
an octave. By contrast, audible sound encompasses a vast frequency
range from 20 Hz to 20 kHz, spanning up to 10 octaves [68]. Conse-
quently, developing a mechanism for broadband sound manipulation is
inherently challenging. Thus, various efforts need to be undertaken,
aiming to advance the performance and use of acoustic metalenses in
real-world applications.

In a recent study, an achromatic acoustic metalens was developed
using a bottom-up inverse-design method and dispersion engineering
[152]. Through optimization, unit cells featuring counterintuitive de-
signs were designed to manifest either non-dispersive or dispersive
properties through adjustments in asymmetric scatterers and
zig-zag-like cavities. This metalens exhibited achromatic and broadband
focusing capabilities in the frequency range of 1-4 kHz (Fig. 6A). In
another study, an easily reconfigurable broadband metalens was
developed using a straightforward orifice-based design [153], allowing
acoustic focusing over a wide range of frequencies from 3.8 to 10 kHz.
However, its functionalities did not include achromatic focusing
(Fig. 6B). In addition, a broadband-focusing acoustic metalens, that
employed zig-zag channels and operated in the frequency range of
2.5-5.5 kHz was reported [154] (Fig. 6C). The main purpose behind the
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Fig. 6. Broadband acoustic metalenses. (A) Broadband achromatic metalens based on the inverse design affording 1-4 kHz wave focusing. Reproduced with
permission from [152]. Copyright 2022 Oxford University Press. (B) Broadband acoustic metalens providing 3.8-10 kHz focusing. Each single unit cell is constructed
from a straight waveguide decorated with a series of length-varying slits. Reproduced with permission from [153]. Copyright 2022 Wiley-VCH. (C) Broadband
acoustic metalens realized by constructing the impedance-matched unit cells, and 2.5-5.5 kHz acoustic focusing is demonstrated. Reproduced with permission from
[154]. Copyright 2022 Elsevier. (D) Multi-frequency achromatic acoustic metalens based on a supercell composed of Helmholtz resonators. Reproduced with

permission from [156]. Copyright 2019 American Physical Society.
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design of these zig-zag channels was to achieve impedance matching
[155], and various factors such as elastic deformation and thermo-
viscous losses were also considered in the design. Experimental results
demonstrated the occurrence of acoustic focusing within broadband
frequencies; however, the disadvantage was that the unit cells were able
to cover only a relatively narrow range of effective refractive indices.
Furthermore, a reflection-type achromatic metalens was developed
using the supercell approach [156]. The supercell comprised different
Helmholtz resonators that corresponded to equivalent electronic cir-
cuits, resulting in focusing capabilities at multiple frequencies (1.34,
2.04, and 3 kHz) (Fig. 6D). However, bandwidth operation is yet to be
achieved. In another study, a broadband acoustic metalens based on
cavity-like structures was realized [157], and broadband focusing
ranging from 7.56-9.66 kHz was demonstrated both numerically and
experimentally.

3.2.3. Others

Last but not least, despite the notable milestones achieved in acoustic
metalens technology, efforts are required to realize a wide angular
response. The existing acoustic metalenses focus primarily on the
normal incidence scenario [158-165], and greater emphasis on
exploring uncharted areas is needed to achieve wide-angle focusing
capabilities. Just as optical advancements related to wide-FOV have
revolutionized the imaging field, the pursuit of analogous strategies in
the acoustics domain would contribute to applications such as
wide-angle airborne sound collection, sound navigation and ranging
(SONAR), acoustic communication, biomedical imaging, diagnostics,
and treatments.

4. Tunability and multifunctionality

Despite significant advancements, the main drawbacks of the exist-
ing metalenses are their fixed operating bandwidths and functionalities
after the device is fabricated [166-169]. Therefore, it is intriguing to
explore tunable and multifunctional mechanisms controlled by external
stimuli, such as pressure, temperature, humidity, electrical signal, and
mechanical deformation [170-174]. In this section, we introduce recent
works related to tunable and multifunctional metalenses.

4.1. Tunable and multifunctional optical metalenses

Tunable metalenses, encoded with multiple functions in a single or a
few layers, enable selective operation by controlling external electrical,
thermal, or mechanical stimuli. Among these methods, the electrical
method can be easily and accurately controlled and combined with
electrical devices, paving the way for real-time measurements and de-
vice integration. We classify optically tunable metalenses according to
three tuning mechanisms: (1) controlling the properties of light, (2)
reconfigurable metasurfaces, and (3) using active materials.

Tunable metalenses, which depend on the properties of light, such as
polarization, wavelength, and orbital angular momentum (OAM), have
been employed in various applications. For example, varifocal and
multifocal metalenses, whose focal position and length can be arbitrarily
adjusted, hold value in capturing 3D information of objects [175],
zooming lens [176], and achieving compact polarization imaging [177],
chiral imaging [178], and spin-selective imaging system [179]. Inte-
grating liquid crystals (LCs) with a metalens makes it feasible to switch
the polarization state of light simply and precisely. For example, one
study proposed an electrically controllable bifocal metalens integrated
with LCs [176]. This metalens exhibits diffraction-limited focusing with
high efficiencies of 43.5 % for left-circular polarization (LCP) and 44 %
for right-circular polarization (RCP) and focal lengths of 7.5 and 3.7
mm, respectively (Fig. 7A). Furthermore, it demonstrates remarkable
versatility in applications such as sensitive and flexible spectroscopy
[180,181] and polarimetry systems [182]. As an intriguing example, a
high-resolution spectrometer based on a multi-focal metalens was
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proposed [181]. This spectrometer was designed to have 180 focal
points on the multi-focal ring for working wavelengths of 500-679 nm.
It is compact and enables the prominent integration of on-chip photonics
integration with 1 nm spectral resolution (Fig. 7B). Additionally, it is
possible to implement tunable metalenses that operate in various modes
depending on the state of light. In one study, a dual mode metalens
encoded by two arbitrary phases, namely the hyperbolic and spiral
phases, was proposed [183]. It operated in the bright-field imaging
mode for RCP and the edge-enhanced imaging mode for LCP by elec-
trical switching (Fig. 7C). The future direction of tunable metalenses is
toward achieving high efficiency and broadband operation while
employing a flexible tuning mechanism. However, supporting a variety
of functions on just one or a few metasurfaces can lead to crosstalk or
unwanted interference between meta-atoms, resulting in low efficiency.
Therefore, various algorithms are currently in development to optimize
such a design [184].

Reconfigurable metasurfaces provide practical tuning mechanisms
that involve adjusting physical dimensions, including the distance be-
tween meta-atoms or the relative position of layers. These tunable
metasufaces can be adjusted through various mechanical-control
methods, including mechanical displacement [185], stretching [186,
191], and rotation [187], which can be incorporated with micro-
electromechanical systems (MEMS) or electrical actuators for precise
and wide-range modulation. Fig. 7D shows the schematic of a
MEMS-integrated doublet metalens system [185]. The effective focal
length can be modulated by electrically adjusting the distance between
two layers. Fig. 7E shows a stretchable metalens capable of adjusting its
focal length through lateral stretching, enabling focal length tuning for
RGB wavelengths [186]. A graphene oxide metasurface is printed on a
flexible polydimethylsiloxane (PDMS) substrate. When the metalens is
uniformly stretched, the period of the graphene oxide ring increases,
leading to a change in the phase profile and thereby a longer focal
length. The focal length is proportional to the square of the stretch ratio.
Fig. 7F shows a Moiré metalens, which can tune the focal length by
rotation [187]. The focal length can be tuned over a broad range, from
approximately 10-125 mm, and it is inversely proportional to the rela-
tive angle of two complementary metasurfaces. This mechanism allows
the broad and continuous tuning of the focal length; however, there are
challenges to address, such as the alignment of metasurfaces and the
duration of the tuning process.

Another method involves composing metasurface with active mate-
rials, which exhibit high-contrast responses to various stimuli, such as
electrical, thermal, and optical signals. Phase change materials (PCMs),
including GesSboTes (GST) [192], GeaSboSesTe; (GSST) [193], and
antimony triselenide (SbySes) [188], exhibit distinctive optical proper-
ties in their two phases of matter. As an example, a schematic of the
tunable metalens based on SbySes is shown in Fig. 7G [188]. The phase
of SbySes can be switched using a hotplate or microheater. Despite the
distinct phase-based contrast in the optical properties and the tuning
speed of PCMs, achieving high efficiency in the UV to NIR region, which
is required in practical applications, remains a challenge. Moreover, LCs
[189] and graphene [190,194] are promising electrically active mate-
rials. In the terahertz region, a tunable chromatic aberration metalens
has been proposed [189], featuring a combination of a dielectric met-
asurface with a photopatterned LCs layer. Each layer is encoded by the
resonant and geometric phases, respectively. The metalens operates as a
broadband achromatic metalens in the range of 0.9-1.4 THz without an
applied bias. When a saturated external bias is applied, it functions as a
dispersive metalens by reorienting the LCs perpendicular to the sub-
strates, effectively eliminating geometric phase modulation (Fig. 7H).
Another method for a realizing a tunable metalens is to use graphene as
illustrated in Fig. 7I [190]. This tunable metalens is composed of a Au
film, SiO, dielectric layer, single doped graphene layer, and Au nano-
antennas. The application of a bias between the graphene layer and Au
filmchanges the Fermi energy of graphene, leading to phase modulation.
As the Fermi energy varies from 0.1 to 0.9 eV, the focal length shifts from
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251.5 to 161.1 pm at 10 THz. Moreover, semiconductors [195,196],
transparent conducting oxides (TCOs) [197,198] and perovskites [199]
are promising candidates for active materials. The use of active mate-
rials enables highly flexible metasurface design, and future directions
include aspects such as power consumption, response time, efficiency,
and flexible tuning systems.

4.2. Tunable and multifunctional acoustic metalenses

The use of mechanical devices may represent a straightforward
approach for the tunable control of acoustic waves. For example, the
actuators facilitate physical manipulation of cavity volume and length,
thereby enabling active modulation of both phase and transmission. By
using this strategy, an acoustic metalens that could modulate the re-
flected phase was realized successfully through the dynamic control of a
slider positioned within a Helmholtz resonator to achieve dynamic focal
spot transition (Fig. 8A) [200]. Similarly, a tunable acoustic metalens
composed of an array of Helmholtz resonators with continuously vary-
ing slit widths was developed [201]. Advances in programmable wave
manipulation were demonstrated through controlled sound focusing,
and other wave manipulation effects, including beam-steering, twee-
zer-like, and guiding beam generation, were achieved by dynamically
adjusting the cavity volume of Helmholtz resonators [202] that modi-
fied the water-contained volume using a fluid control system. In addi-
tion, an acoustic metalens that modified the channel size of a helical unit
cell based on a screw-nut mechanism was introduced [203]. Meanwhile,
a piezoelectric multifunctional metasurface powered by a single elec-
trode was developed [204]. This metasurface functioned as a control-
lable active sound source, combining the benefits of metasurfaces and
phased array transducers within a compact form factor. The information
related to multifunctionality can be encoded through binary polariza-
tion directions on piezoelectric materials—either upward or down-
ward—to facilitate ultrasound imaging and focusing within the MHz
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frequency range (Fig. 8B). Similarly, a multifunctional bio-inspired
metaskin was used to realize ultrasound focusing, vortex formation,
and talbot structures for contactless manipulation of living organisms
[205]. Furthermore, the introduction of the Janus acoustic metasurface
led to the realization of versatile operations, such as acoustic focusing,
diffusion, absorption, and beam splitting using unit cells featuring a
rotating core, which generated a bias owing to air flow circulation
[206]. One of the challenges in enhancing the functionality of metal-
enses is the coupled modulation of reflected and transmitted waves. To
address  this challenge, an approach for realizing a
transmission-reflected-integrated multifunctional metalens was pro-
posed [207]. Through precise adjustments to the horizontal and vertical
matching plates of coated unit cells, decoupled control of both reflected
and transmitted waves was achieved, and functionalities similar to a
pancratic and multi-focus lens were demonstrated (Fig. 8C).

Recently, a metasurface that generated acoustic vortices exhibiting
OAM with spiral phase modulation was proposed [209]. OAM has a
helical wavefront, and it has emerged as an innovative approach to
improve optical and acoustic information capacities. Further, a multi-
functional acoustic metalens rooted in an OAM-based geometric-phase
meta-array was introduced [208]. This meta-array utilized
pipe-Helmholtz resonator structures to achieve geometric phase modu-
lation [210], leading to the generation of topological charge multiplexed
waves and enablement of tunable focusing capabilities (Fig. 8D).

5. Emerging applications
5.1. Applications of optical metalenses

Conventional optical elements tend to be bulky and rigid and lack
integrability in optical systems. In this context, metalenses can be a

promising alternative in various optical systems owing to their extensive
design tools and compatibility with modern fabrication technologies,
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Fig. 9. Applications of optical metalenses. (A) Schematic of a metalens-integrated photonic crystal fiber system. Reproduced with permission from [211]. Copyright
2019 De Gruyter. (B) Schematic of metalens-integrated chromatic (up) and spherical (down) aberration-corrected lens. Reproduced with permission from [213].
Copyright 2021 Optica Publishing Group. (C) Schematic of a metasurface-integrated VCSEL. Reproduced with permission from [214]. Copyright 2020 Springer
Nature. (D) Schematic of a transversely dispersive metalens for spectral light-field imaging. Reproduced with permission from [216]. Copyright 2022 Springer
Nature. (E) Conceptual illustrations of a trilobite-inspired light-field camera. Reproduced with permission from [217]. Copyright 2022 Springer Nature. (F) Schematic
of a depth-sensing system,; the light-field collection system (bright mode) and the structured light projection system (dark mode). Reproduced with permission from
[218]. Copyright 2023 Wiley-VCH. Schematic of (G) VR and (H) AR systems, and imaging results with an achromatic metalens. Reproduced with permission from
[146]. Copyright 2021 American Association for the Advancement of Science. (I) An 80-mm-diameter metalens and its application in a telescope system. Reproduced
with permission from [219]. Copyright 2023 American Chemical Society. (J) A 1-cm-diameter metalens array on 4, 6, 8’, and 12" wafers and imaging applications.

Reproduced with permission from [220]. Copyright 2023 Springer Nature.

exhibiting significant weight reduction and device integration. In
modern optics, optical fibers play a crucial role, offering advantages
such as low loss, flexibility, and strong light confinement, benefiting
applications such as optical trapping, optical communications, and
endoscopy. By directly patterning a metasurface on the facet of the fiber,
the light in the fiber system can be efficiently manipulated (Fig. 9A)
[211]. In photonic integrated circuits, coupling the guided mode and
free space mode within the waveguide systems presents a challenging
problem. The integration of a metasurface can effectively address this
issue by providing flexible coupling of light within the system [212].
Moreover, the aberration of a conventional lens can be corrected by
integrating metasurfaces (Fig. 9B) [213]. With design optimization and
advanced fabrication technology, a centimeter-scale broadband achro-
matic metalens can be realized. Metasurfaces can also be integrated with
light source systems. For example, a metasurface-integrated vertical
cavity surface-emitting laser (VCSEL) was proposed [214]. The meta-
surface was directly patterned on the backside of the substrate of VCSEL
using electron-beam lithography (EBL), and it functioned as a lens for
compensating beam divergence. This system exhibits superior beam
collimation performance, reducing the beam divergence angle
compared to VCSELs without a metasurface (Fig. 9C). Efforts have also
been made to manipulate the light emitted by light-emitting diodes
(LEDs) [215]. Unlike lasers, the light emitted by LEDs has lower spatial
coherence and a broad angular radiation pattern.

3D information of objects can be captured with a light-field camera
and reconstructed through a rendering process. Conventional light-field
cameras using microlens arrays encounter a significant issue with
spherical aberration and restricted depth of field (DOF) due to their
large apertures. In 2019, a full color light-field imaging system was
demonstrated using a 60 x 60 array of achromatic GaN metalens [143].
The light-field image was captured with this metalens array and
reconstructed at different depths using a rendering algorithm. Addi-
tionally, a polarization-insensitive broadband achromatic metalens
array was developed and demonstrated for the reconstruction of
light-field images [144]. Recently, there has been a growing emphasis
on the synergy between computational imaging and meta-photonics. In
one study, spectral light-field imaging, which includes 3D spatial in-
formation with 1D spectral information, was demonstrated using a
transversely dispersive metalens array [216]. An impressive spectral
resolution of 4 nm and near-diffraction-limited image were obtained by
using a spectrum reconstruction algorithm (Fig. 9D). Furthermore, a
long DOF light-field camera inspired by trilobites was developed [217].
An array of spin-multiplexed metalenses, each with a different focal
length for RCP and LCP light, enabled the capture of a light-field image
with a broad DOF while maintaining spatial frequency information. A
convolution neural network-based reconstruction algorithm allowed the
formation of aberration-corrected images of the scene covering a range
of 3 cm to 1.7 km in depth (Fig. 9E). Interestingly, depth sensing for all
light levels can also be achieved using an achromatic metalens array
[218], which collects the light-field under bright illumination or projects
structured light at low light levels. Depth information of objects ranging
from 21.0 to 50.5 cm in depth was extracted using neural networks
(Fig. 9F).

AR and VR devices demand wide-FOV, full-color, and high-
resolution imaging systems. Existing AR and VR devices encounter the
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challenge of increased device volume due to the use of multi-lens sys-
tems for aberration correction [221]. The thin nature of metalenses of-
fers significant advantages in adoption of such systems. A wide-FOV
(~90°) AR system was implemented by placing a 20 mm transmissive
metalens in front of the eye [222]. This metalens was designed to
operate as a transparent glass for co-polarized real-world scenes and as a
focusing lens for cross-polarized display images. Chromatic aberration
was corrected by placing three dichroic mirrors, which increased the
system volume. In recent years, millimeter-to-centimeter-scale achro-
matic transmissive metalenses have been utilized in AR and VR systems
[133,146]. Fig. 9G and Fig. 9H show VR and AR imaging, respectively,
with an achromatic metalens [146]. This metalens was designed using
constructive interference of light coming from each concentric layer of
the dispersion-engineered metalens. For the AR system, the virtual
image and real-world scene are blended using an additional optical
combiner. The real-world scenes pass through the optical combiner and
are projected onto the retina, while the virtual images transmitted
through the metalens and deflected by the optical combiner are focused
onto the retina.

To realize practical metasurface applications, it is essential to
establish fabrication processes that are both cost-effective and scalable.
EBL and focused ion beam (FIB) have been used extensively to fabricate
pm-scale metalenses due to their high resolution; however, these
methods have limitations in terms of time and cost for large-area
fabrication. Alternatively, large-area metalenses were fabricated using
stepper photolithography [219,223,224] and nanoimprint lithography
(NIL) [225,220]. For instance, an 80 mm wafer-scale metalens was
fabricated using deep-ultraviolet (DUV) projection stepper photoli-
thography and applied in a telescope system, as depicted in Fig. 91
[219]. Meanwhile, NIL facilitates cost-effective fabrication by trans-
ferring the master stamp pattern onto wafers. As depicted in Fig. 9J,
arrays of 1-cm-diameter metalenses have been successfully produced
using NIL and atomic layer deposition (ALD) processes on wafers,
including 4", 6", 8" and 12” [220]. The high-resolution master stamp
enables the replication of complex metasurface patterns with a high
level of detail. Although stepper photolithography is affected by mate-
rial and substrate constraints and NIL is influenced by master stamp
dependency and operational lifetime, these technologies open up the
possibility of practical, real-world metasurface applications.

5.2. Applications of acoustic metalenses

Imaging systems have found significant applications in acoustics,
including subwavelength imaging and edge-enhanced imaging facili-
tated by acoustic metalenses. In 2010, a 2D planar superlens was pro-
posed for subwavelength acoustic imaging, and it exhibited an
impressive subwavelength image resolution of 0.074 [226]. Similarly, a
3D near-field super-resolution imaging metalens was developed to
achieve a resolution of 0.021 by using evanescent wave transmission
enhanced by Fabry-Pérot resonance [227]. Additionally, notable prog-
ress was made in super-oscillation packets for ultrasonic metalenses
[228], and their applications in far-field super-resolution ultrasound
imaging (Fig. 10A) and particle manipulation were showcased. In this
technique, non-trivial acoustic radiation forces were harnessed using
super-oscillation packets. Moreover, the use of acoustic metalenses can
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be extended to bio-imaging. A PC-based ultrasonic metalens was
designed for the subwavelength ultrasonic detection of target objects
within tissue-like phantoms [229]. Several studies on subwavelength
acoustic imaging ranging from audible sound to ultrasound have been
conducted [230-232], and a state-of-the-art acoustic metalens with a
groundbreaking resolution of less then 0.014 has been developed [233].
While conventional imaging methods are effective for revealing the
structures of objects, edge-enhanced imaging is crucial, particularly in
scenarios involving biological tissues that lack distinct natural colora-
tion [234]. This technique, which is beneficial in optical as well as
acoustic imaging [235], often requires intricate and time-consuming
image-processing algorithms. Moreover, an approach to sub-
wavelength edge-detection was devised using an acoustic metalens
(Fig. 10B) [236], which effectively converted evanescent waves into
propagating waves by utilizing trapped resonances, resulting in a sub-
wavelength resolution that was approximately five times smaller than
the operating wavelength. In addition, a strategy for far-field sub-
wavelength edge-detection was proposed [237]. This strategy relied on
spatial frequency filtering and conversion in the near-field, com-
plemented by a spatially symmetric receiving component in the far-field.
Acoustic metalenses have versatile applications in focusing and ampli-
fying acoustic energy, and they are particularly advantageous in the
ultrasonic domain. Ultrasound serves not only as an imaging tool but
also as a therapeutic technique, prominently by leveraging HIFU tech-
nology. As discussed, HIFU exploits the thermal effects arising from the
absorption of focused ultrasonic energy, thereby providing a robust
approach for non-invasive biomedical treatments. Traditionally,
non-invasive HIFU treatments for brain tumors have encountered diffi-
culties owing to the substantial acoustic impedance mismatch caused by
the skull. The high acoustic impedance of the skull results in near-total
reflection at the interface. Recent breakthroughs have emerged with the
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introduction of complementary metalenses, which are realized through
the use of impedance-matching meta-layers [238]. With the incorpora-
tion of such metalenses, ultrasound waves can effectively penetrate the
cranium with minimal reflection (Fig. 10C). This breakthrough not only
facilitates brain treatment [238-240] but also marks a pivotal moment
in overcoming the limitations imposed by the acoustic properties of the
skull. Acoustic metalenses have proved highly effective in underwater
environments, where acoustic waves dominate owing to their low
attenuation and scattering properties, which distinguish them from
electromagnetic waves [241]. Recent advancements include proposals
for acoustic vortex-based communication methods [242,243]. In one
study, a multipath acoustic communication platform was introduced for
enhancing both information capacity and signal-to-noise ratio (SNR)
[244]. By combining spiral and focusing phases, this approach facilitates
robust spatial information encoding and decoding with highly concen-
trated acoustic energy. The transmission of sound waves from water to
air (WTA) is challenging owing to the significant acoustic impedance
mismatch between these two media. This mismatch induces a pressure
release state, allowing the transmission of only ~0.1 % of the acoustic
energy [245]. In a recent work, an impedance-matching metalens was
proposed to realize WTA eavesdropping [246]. Successful WTA trans-
missions of tightly focused waves (Fig. 10D) and vortex waves were
demonstrated. Similarly, in a study, a hybrid metalens designed using a
decoupled inverse design method was employed, and it achieved an
~25.9 dB enhancement in the WTA transmission of focused waves with
a center frequency of 10.45 kHz [247]. Additionally, a bio-inspired lotus
acoustic metasurface was designed and fabricated for wide-angle WTA
transmission [248].
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6. Summary and perspective

In this review, we outline the recent strides made in optical and
acoustic metalenses. Over the past decade, notable advancements that
extend beyond wave focusing to more versatile manipulation of light
and sound in the planar form factor have been made. These milestones
were achieved through synergies between advanced design strategies
and rapidly advancing fabrication techniques.

To date, there has been a notable lack of reviews that bridge the gap
between optical and acoustic metalenses. We anticipate that this review
will foster a fruitful discussion on the state-of-the-art metalens tech-
nology in both wave domains. Given that duality in constitutive pa-
rameters can be achieved in controlling each type of wave, the
underlying wave physics and resulting wave phenomena share similar-
ities. By highlighting this common thread within a single treatise, we
aim to enhance mutual understanding of the principles and methodol-
ogies involved in designing metalenses.

In detail, we presented the design challenges involved in the optical
and acoustic domains, such as high-NA, wide-FOV, achromatic focusing,
and broadband operation. Moreover, we described the development of
multifunctionality and tunability to alleviate the constraints of early
passive metalenses, enabling wide degrees of freedom. Furthermore, we
highlighted emerging applications, such as metalens-integrated systems,
3D imaging and AR/VR devices in the optical domain, and biomedical
imaging, therapeutics, and communication in the acoustic domain.

In the field of optics, various exciting applications are possible,
including near-eye displays, 3D displays, mobile phone camera lenses,
LiDAR sensors for autonomous driving, wearable devices, healthcare,
biomedicine, and cutting-edge semiconductor technology. Notably,
metalenses have the potential for seamless integration into next-
generation electronic devices, including on-chip integrated devices.
However, most of these innovations have thus far remained confined to
the laboratory or low-volume production phases, requiring further ef-
forts for their transition into real-world commercial applications. To
achieve the same, ongoing endeavors encompass advanced fabrication
techniques such as cascade domino lithography, two-photon lithog-
raphy, and grayscale lithography for creating sophisticated meta-
surfaces. Simultaneously, single-step NIL, photolithography, and roll-to-
roll printing have been explored for cost-effective large-scale produc-
tion. Moreover, employing innovation design strategies through fast
solvers and inverse design to optimize devices is promising for
enhancing efficiency and expanding their range of functionalities.
Notably, in the microwave regime, metalenses fabricated by 3D printing
and printed-circuit-board technologies are poised to find applications in
5G networks, wireless communications, and antenna technology,
extending their utility beyond the optical regime.

Acoustic metalenses, characterized by their thin and lightweight
nature, are well-suited for diverse applications without adding signifi-
cant bulk or weight to the systems in which they are incorporated. These
acoustic metalenses can be tailored for specific frequencies and appli-
cations, allowing fine-tuning to meet precise requirements. Notably,
they have the potential to enhance the resolution and efficiency of ul-
trasound systems, offering the promise of more precise medical di-
agnostics and compact non-invasive treatment systems. These
advancements can be particularly beneficial in obstetrics, cardiology,
and neurodiagnostics. Furthermore, acoustic metalenses can be useful in
structural health monitoring, non-destructive evaluation of the struc-
tural integrity of buildings, and assessment of other critical infrastruc-
ture. They facilitate the detection of defects and weaknesses with
enhanced resolution and reliability. Additionally, acoustic energy har-
vesting using metalenses presents an exciting avenue for capturing and
converting sound energy into electricity. This innovation could provide
a sustainable power source for underwater low-energy devices and
sensor networks.

Metalens-rooted concepts involving active and multi-purpose meta-
materials, artificial intelligence and advanced fabrication techniques

18

Materials Today Physics 39 (2023) 101273

will provide promising opportunities by solving the existing challenges
that go beyond conventional trends. We hope that driven by ongoing
efforts, the development of intriguing applications on the industrial
scale will occur rapidly with the use of cutting-edge optical and acoustic
metalens technologies.
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