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Abstract: Artificial intelligence (Al) significantly enhances the development of Meta-Optics (MOs),
which encompasses advanced optical components like metalenses and metasurfaces designed to
manipulate light at the nanoscale. The intricate design of these components requires sophisticated
modeling and optimization to achieve precise control over light behavior, tasks for which Al is
exceptionally well-suited. Machine learning (ML) algorithms can analyze extensive datasets and
simulate numerous design variations to identify the most effective configurations, drastically speed-
ing up the development process. Al also enables adaptive MOs that can dynamically adjust to
changing imaging conditions, improving performance in real-time. This results in superior image
quality, higher resolution, and new functionalities across various applications, including microscopy,
medical diagnostics, and consumer electronics. The combination of Al with MOs thus epitomizes a
transformative advancement, pushing the boundaries of what is possible in imaging technology. In
this review, we explored the latest advancements in Al-powered metalenses for imaging applications.
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1. Introduction

Meta-Optics (MOs), a burgeoning field within optics, focuses on the manipulation
of light using engineered nanostructures called metasurfaces (MSs) [1,2]. These MSs are
composed of sub-wavelength structures arranged in specific patterns to control the behavior
of light in unprecedented ways [3-5]. The significance of MOs lies in its ability to surpass
the limitations of conventional optics and pave the way for a multitude of transformative
applications across various domains [6,7]. One of the key advantages of MOs is its potential
to miniaturize optical components significantly [2]. Traditional lenses, mirrors, and other
optical elements are bulky and often limit the design and portability of optical systems. MSs,
on the other hand, can manipulate light at a sub-wavelength scale, enabling the creation
of ultra-thin and lightweight optical devices. This capability is particularly valuable in
applications where size, weight, and form factor are critical considerations, such as in
mobile devices, cameras, and wearable technologies [1].

MSs offer unprecedented control over light properties such as phase, polarization,
amplitude, and propagation direction [3,5,8]. This precise manipulation capability allows
for the creation of optical components with enhanced performance characteristics. For
instance, MSs can be designed to achieve functionalities that are challenging or impossible
with traditional optics, such as achromatic lenses, flat lenses with high numerical apertures
(NAs), and lenses with tunable focal lengths [9,10]. These advancements open new possi-
bilities in high-resolution imaging, advanced microscopy, and laser-beam shaping [11-14].
MOs has vast applications in imaging and sensing technologies [15]. MSs can be tailored to
manipulate light across the entire electromagnetic spectrum, from visible light to infrared
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and terahertz frequencies [16,17]. This versatility enables applications in medical imaging,
remote sensing, security screening, and environmental monitoring [18,19]. In telecom-
munications and photonics, MOs holds promise for revolutionizing data transmission
and processing [20]. MSs can be used to control the properties of optical signals, such as
phase modulation and polarization, with unprecedented efficiency [21]. This capability
enables the development of compact and efficient components for optical communication
networks, including high-speed data transmission, wavelength division multiplexing, and
beam-steering technologies [22].

MOs is also advancing the field of quantum optics and quantum information pro-
cessing [23]. MSs can be engineered to manipulate and control the quantum states of
light, enabling applications in quantum computing, quantum cryptography, and quantum
sensing. By integrating MSs with quantum emitters and detectors, researchers can create
novel devices for generating, manipulating, and detecting quantum states of light with
high precision and efficiency [24,25]. In virtual and augmented reality (VR/AR), MOs can
play a pivotal role in enhancing user experiences [26]. MSs can be used to create compact
and lightweight optical components for head-mounted displays, enabling immersive visu-
alizations with high resolution, wide field-of-view, and reduced optical aberrations [27].
MOs could also contribute to developing holographic displays and AR glasses that overlay
digital information seamlessly onto the real-world environment [28].

Since the advent of computers, there has been a persistent interest in enabling machines
to emulate human intelligence, commonly referred to as artificial intelligence (AI) [29,30].
The ambitious objective of achieving human-like intellectual capabilities such as abstract
reasoning, decision-making, adaptation to new environments, creativity, and social skills
is known as general Al. While this milestone remains elusive, Al has made significant
strides in addressing specific tasks. Narrow Al applications are ubiquitous in daily life,
encompassing tasks like photo tagging, chatbot customer service, and personalized product
recommendations. Furthermore, Alis advancing in fields such as precise medical diagnosis,
drug discovery, and early cancer detection [31-33].

The rapid progress of Al owes much to the exponential growth in computational
power, particularly in terms of storage capacity and processing speed [34]. Notably, ad-
vancements in graphics processing unit (GPU) technology have played a pivotal role in
enhancing Al’s ability to learn from vast amounts of data, thus bridging the gap between
Al theory and practical application. This is an opportune moment to integrate Al with
interdisciplinary fields, particularly those related to optics. Particle Swarm Optimization
(PSO) [35], Differential Evolution (DE) [36], Genetic Algorithm (GA) [37,38], Artificial Bee
Colony (ABC) optimization [39], and the Firefly Algorithm [40] are all nature-inspired
optimization techniques that solve complex problems by mimicking biological or physical
processes. PSO is based on the social behavior of birds flocking or fish schooling, where
each “particle” adjusts its position based on its own experience and that of its neighbors. DE
relies on the concept of natural selection and mutation, evolving a population of candidate
solutions by mixing the traits of parent solutions. GA also mimics natural selection but uses
crossover, mutation, and selection to evolve solutions over generations. ABC optimization
simulates the foraging behavior of bees, where solutions are generated and improved
by exploring and exploiting food sources. The Firefly Algorithm emulates the flashing
behavior of fireflies, where the attractiveness between fireflies is used to guide the search for
optimal solutions. These algorithms are widely used in solving optimization problems in
various domains due to their flexibility and effectiveness in finding near-optimal solutions
in complex search spaces.

Recent years have seen remarkable advancements in Al, with transformative appli-
cations across numerous fields, including optics, engineering, medicine, economics, and
education [41]. Notably, the integration of Al with meta-optics—a cutting-edge technology
featuring advanced flat optics with unprecedented light-manipulation capabilities—has
led to significant breakthroughs in both domains. MOs are distinguished by their ability to
engineer optical properties through innovative designs, addressing a wide range of optical
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requirements with precision and flexibility. Given the rapid evolution and expanding
impact of Al in MOs, a comprehensive review is urgently needed to synthesize the latest
developments, identify emerging trends, and address the challenges and opportunities that
lie ahead. In this review, we focused on the recent developments in the field of Al-powered
metalenses for enhanced imaging. This review would provide a valuable resource for
researchers, practitioners, and industry professionals, offering insights into the current
state of the art and guiding future research directions in this dynamic interdisciplinary
field. Table 1 summarizes the multifaceted ways in which Al can enhance the field of MOs,
from design and optimization to real-time applications and material discovery.

Table 1. Transformative role of Al in MOs.

Benefit

Description Al Techniques Involved

Design optimization

Al can optimize the design parameters of meta-optical
components to achieve desired properties, such as
minimizing aberrations or enhancing resolution.

Machine learning (ML), Genetic
algorithms (GAs) [38]

Inverse design

Al algorithms can assist in the inverse design process,
where desired optical responses are specified, and the
system computes the necessary meta-structure to achieve
these responses.

Deep learning (DL), Neural
networks [42]

Performance prediction

Al can predict the performance of meta-optical devices
under various conditions, reducing the need for extensive
simulations and experimental trials.

Predictive modeling, Regression
analysis [43]

Material discovery

Al can help discover new materials with specific properties Data mining, Bayesian

suitable for MOs applications by analyzing large datasets of
material properties.

optimization (BO) [44]

Fabrication process
optimization

Al can optimize the fabrication processes of meta-optical
components, improving yield and reducing defects.

Reinforcement learning (RL),
Process control algorithms [45]

Real-time adaptive optics

Al can enable real-time adjustments and corrections in
adaptive optical systems, improving image quality and
system performance in dynamic environments.

Real-time data processing,
Adaptive algorithms [46]

Pattern recognition
and classification

Al can enhance pattern recognition and classification in
imaging systems, improving the accuracy of optical sensing
and imaging applications.

Computer vision, convolutional
neural networks [47]

Enhanced sensing

Al can enhance the capabilities of meta-optical sensors by
improving signal processing and noise reduction, leading to
more accurate and reliable measurements.

Signal processing, Noise
reduction techniques [48]

Automated data analysis

Al can automate the analysis of large datasets generated by
meta-optical systems, extracting meaningful insights and
reducing the need for manual analysis.

Big data analytics, Automated
feature extraction [49]

Virtual prototyping

Al can create virtual prototypes of meta-optical devices,
allowing for extensive testing and optimization before
physical prototypes are built.

Simulation, Virtual reality
techniques [50]

Performance prediction

Al can predict the performance of meta-optical devices
under various conditions, reducing the need for extensive
simulations and experimental trials.

Predictive modeling, Regression
analysis [51]

The adjoint method has emerged as a powerful tool in Al for solving complex optical
problems, particularly in the design and optimization of photonic devices, MSs, and optical
neural networks [52,53]. In these applications, the objective often involves optimizing
the physical structure or configuration of optical systems to achieve desired performance
characteristics, such as maximizing light transmission, minimizing reflection, or controlling
the phase and amplitude of light waves [54]. The challenge lies in the fact that these systems
are governed by Maxwell’s equations, which are computationally intensive to solve directly
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for each iteration of design optimization. By leveraging the adjoint method, Al-driven
optimization processes can efficiently compute the gradients of the objective function
with respect to design parameters, even when dealing with high-dimensional, nonlinear
optical systems [55]. The method works by introducing an auxiliary problem—the adjoint
problem—that is solved alongside the original forward problem [56]. This allows for
the efficient calculation of sensitivity information, essentially determining how small
changes in the design parameters affect the overall system performance. Once the adjoint
problem is solved, the resulting gradients can be used in conjunction with Al algorithms,
such as gradient-based optimization or machine learning models, to iteratively refine the
design [57].

This approach significantly reduces the computational cost associated with exploring
the design space, enabling the rapid development of highly optimized optical devices
that might otherwise be infeasible using traditional methods [58]. Applications of the
adjoint method in Al for optical problems include the design of wavelength-selective filters,
the optimization of photonic crystal structures, and the creation of advanced lenses with
tailored optical properties. The synergy between the adjoint method and Al thus represents
a cutting-edge advancement in the field of computational photonics, driving innovations
in telecommunications, imaging, and quantum computing [52,55].

2. Standard Refractive Lenses, Diffractive Lenses and Metalenses

Standard refractive lenses, diffractive lens and metalenses differ fundamentally in
their design and optical properties [18,19,59-63]. Refractive lenses rely on the principle
of refraction, where light passing through the lens changes direction due to variations in
the refractive index across the lens material. This bending of light allows refractive lenses
to focus or diverge light rays based on their curvature and thickness, whereas diffractive
lenses mimic the focusing capability of a conventional refractive lens but achieve this by
segmenting the lens surface into concentric radial zones [64,65]. In contrast, metalenses
utilize nanoscale structures, often made from arrays of tiny pillars or other geometries,
to manipulate the phase of light rather than its direction through refraction. This precise
control over the phase of light waves enables metalenses to achieve much thinner profiles
and potentially higher resolution imaging compared to refractive lenses [66,67]. Metalenses
also offer the possibility of correcting chromatic aberrations (CAs) more effectively, making
them a promising advancement in optics for applications ranging from imaging and sensing
to telecommunications [68-71].

A positive (focusing) lens, a diffractive lens, functions as an optical element that
mimics a plano-convex refractive lens (Figure 1a) [72]. Unlike the smooth curvature of
a conventional convex surface, a diffractive lens “flattens” this curvature by breaking it
into concentric radial zones (Figure 1b). This design simplification comes with a trade-
off: significant CA that can be partially compensated by optical design or by DL-based
approaches [73,74]. At wavelengths other than the design wavelength, the focal point shifts
linearly with the inverse of the wavelength. From a physical optics perspective, the phase
delay in a diffractive lens introduces modulo 27 (or its multiples) [72,75]. In a metalens, the
phase is induced through the response of nanostructures known as nanoantennas, which
are fabricated on the surface of the substrate material (Figure 1c). This approach contrasts
with that of a diffractive lens, where the phase-inducing mechanism is similar to that of
a refractive lens, relying on the length of the light path within the lens material [72,76].
The basic characteristics of a standard refractive lens, diffractive lens and metalens are
presented in Table 2.
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(a)
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Figure 1. Schematic illustration of (a) bulky refractive lens [72], (b) diffractive lens [72], (c) metalens [72].

Table 2. Specifications of refractive lens, diffractive lens and metalens.

Characteristic

Refractive Lens

Diffractive Lens

Metalens

Working mechanism

Bending of light rays
through refraction

Diffraction and interference

Manipulation of light
using nanostructures

Typically plastic or glass

Dielectrics or metals with nanoscale

Material Typically glass or plastic with microstructures structures
Thickness Generally .tthk’ especially Can be very thin Ultra-thin (sub-wavelength scale)
for high power
Weight Relatively heav Lighter compared to Extremely lightweight
& y y refractive lenses y g &
Aberrations Susceptible to CA High CA bu’F c.an.be f:1e51gned Can l?e engmeergd to correct:
to minimize it aberrations, including chromatic
Manufactu'rmg Moderate to high ’ High due to precise Very hlgh due to panoscale
Complexity microstructure fabrication fabrication requirements
Focal Length Variation Fixed for a given lens shape Fixed for a given structure Can be dyna.rmcz?lly varied using
external stimuli (e.g., voltage)
Applications Common in cameras, Used in diffractive optical Advanced imaging systems,
pp eyeglasses, microscopes elements (DOE), holography compact optical devices, AR
- . Moderate (eff1c1§ncy can High efficiency can be achieved, but
Efficiency High decrease with . .
. . depends on design and material
diffraction orders)
Scalabili Scalable, but size affects Scalable with microfabrication Highly scalable with advanced
ty weight and thickness techniques nanofabrication techniques
Wavelength Less wavelength Strong wavelength Can bivievs;ig(;iec}[ﬁcs)roipeaﬁc
Dependency dependent (broadband) dependence &

broadband operation

3. Types of Metalenses

Metalenses can be classified into several types based on their design, functionality, and
the materials used. Table 3 highlights the key characteristics, advantages, disadvantages,
and potential applications of each type of metalens. In this section, we have elaborated
some common types of metalenses which are widely used in modern optics.

3.1. Dielectric Metalenses

Dielectric metalenses represent a transformative innovation in optics, offering a fun-
damentally different approach to light manipulation compared to traditional refractive
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lenses [66,77,78]. These lenses utilize arrays of sub-wavelength dielectric nanostructures,
such as Si or titanium dioxide, arranged in precise patterns across a flat surface. Unlike
conventional lenses that rely on curvature and refractive indices to bend light, dielectric
metalenses achieve focusing by controlling the phase of light across their surface [77]. Each
nanostructure imparts a specific phase delay to impinging light, collectively forming a
gradient that directs light towards a focal point or image plane. In this case, it is possible to
carry out not only amplitude-phase, but also a polarization transformation of the impinging
beam [79]. This capability to manipulate phase allows for compact, lightweight lenses that
can be integrated into various optical systems with reduced complexity and size [80,81].

One of the key advantages of dielectric metalenses lies in their high efficiency and low
loss characteristics. Dielectric materials exhibit minimal absorption and dispersion in the
visible and NIR spectrum, ensuring that a high percentage of impinging light is transmitted
and focused [66]. This efficiency is crucial for applications requiring precise imaging, such
as in cameras, microscopes, and other optical instruments. Moreover, dielectric metalenses
can be engineered to correct optical aberrations, such as spherical aberrations and CAs,
which are common in traditional lenses [82]. This aberration correction capability enhances
imaging quality and sharpness, contributing to their appeal in high-resolution imaging
systems [83].

The design flexibility of dielectric metalenses allows for customization of optical prop-
erties over a wide range of wavelengths. By adjusting the size, shape, and spacing of
nanostructures, these lenses can be optimized for specific spectral bands or broadband
operation, depending on the application requirements. This versatility makes dielectric
metalenses suitable for diverse applications in telecommunications, sensing, and AR de-
vices. For instance, they can facilitate efficient beam shaping and collimation in optical
communication systems or provide compact optics for AR glasses, where size and weight
are critical factors [84]. Despite their advantages, dielectric metalenses face challenges in
terms of fabrication complexity and scalability. Achieving uniform nanostructure arrays
over large areas with high precision and reproducibility remains a significant technological
hurdle [85]. Advances in nanofabrication techniques, such as nanoimprint lithography
(NIL) and electron beam lithography (EBL), are crucial for overcoming these challenges
and enabling the mass production of high-performance metalenses. Furthermore, ongoing
research focuses on improving the operational bandwidth of dielectric metalenses, explor-
ing tunable designs, and integrating them seamlessly into next-generation optical devices
and systems [86].

The commonly employed fabrication techniques, such as EBL followed by the dry
etching or atomic layer deposition (ALD) of dielectric materials, are both expensive and
inefficient. Additionally, achieving the dry etching of dielectric materials at the sub-100 nm
scale with a high aspect ratio presents significant challenges. In this context, an innovative
approach for fabricating dielectric metalenses was proposed, which integrated multilayer
NIL with solution phase epitaxy [87]. This method successfully demonstrated high-aspect-
ratio ZnO nanopillars with a height-to-diameter ratio exceeding 7:1. The use of multilayer
NIL allowed for the creation of increased-aspect-ratio nanostructures even from shallow
imprinting molds. The anisotropic growth characteristics enabled the nanopillars to extend
to heights surpassing the resist thickness. Utilizing this technique, ZnO metalenses with
nanopillar heights reaching 1.1 pm were produced, achieving a focusing efficiency of 50%.
This process was both cost-effective and had a high throughput, making it suitable for a
wide range of optical applications [87]. Figure 2a presents SEM images of the metalens,
along with magnified views at three distinct positions. The images clearly demonstrate that
the features were accurately transferred from the Si mold to the final ZnO metalens. This
successful transfer underscored the significant potential of NIL for MS fabrication [87].

3.2. Plasmonic Metalenses

Plasmonic metalenses are a groundbreaking class of optical devices that leverage the
unique properties of plasmonic nanostructures to manipulate light at the nanoscale [88-91].
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Unlike conventional lenses that rely on refraction, plasmonic metalenses utilize surface plasmon
resonances—collective oscillations of free electrons on the surface of metal nanostructures—to
achieve sub-wavelength light manipulation [92]. These nanostructures are typically made
from noble metals such as gold or silver, which exhibit strong plasmonic effects in the
visible and near-infrared spectral regions [93]. By precisely engineering the size, shape,
and arrangement of these nanostructures, plasmonic metalenses can control both the
amplitude and phase of light across their surface, enabling unprecedented control over
light propagation and focusing [94,95].

One of the standout features of plasmonic metalenses is their ability to achieve ex-
treme focusing capabilities well beyond the diffraction limit of conventional lenses. This is
due to their ability to tightly confine light at the nanoscale through surface plasmon reso-
nances, which can compress optical fields into regions much smaller than the wavelength
of light [67]. This capability opens up exciting possibilities for high-resolution imaging,
nanoscale sensing, and optical data processing, where the precise manipulation of light is
critical [96,97].

Optical nano tweezers are highly precise tools that use focused laser beams to manip-
ulate and control nanoparticles, atoms, or molecules at the nanoscale [98-100]. By exerting
optical forces on these tiny particles, the tweezers can trap and move them with great
accuracy, making them invaluable in fields like nanotechnology, biophysics, and material
science [101,102]. These devices allow for the study of interactions at the molecular level,
enabling advances in the understanding and manipulation of biological processes, the
creation of nanostructures, and the development of novel materials [99,103]. An algorithm
is used to design plasmonic apertures for optical nanotweezers, which are then fabricated
using a helium ion microscope. Optical trapping experiments are conducted, and across all
laser intensities, the algorithm-designed structures consistently outperform conventional
plasmonic apertures [99].

Plasmonic metalenses also offer advantages in terms of compactness and versatility.
Unlike traditional bulky lenses, plasmonic metalenses can be fabricated on flat surfaces
with thicknesses on the order of tens to hundreds of nanometers. This ultra-thin profile
not only reduces the overall size and weight of optical systems but also enables integration
into devices where space is limited, such as in microscopy, spectroscopy, and even in
wearable technologies [104]. However, plasmonic metalenses face challenges related to
their spectral range and efficiency [19]. Plasmonic resonances are typically narrowband
and highly sensitive to the wavelength and angle of impinging light, which can limit their
performance in broadband applications. Additionally, plasmonic materials such as gold
and silver exhibit significant optical losses, leading to reduced efficiency and transmission
of light through the metalenses. Mitigating these losses and expanding the operational
bandwidth of plasmonic metalenses are active areas of research aimed at improving their
overall performance and applicability across a broader range of wavelengths [105].

An ultra-thin, planar, broadband metalens comprising metal rectangular split-ring
resonators (MRSRRs) was devised, exhibiting dual-polarity attributes for disparate types
of circularly polarized (CP) light [106]. The metalens functions as a focusing lens under
left-handed circularly polarized (CP) light and as a diverging lens under right-handed CP
light. The phase discontinuity of the cross-polarized transmitted light was achieved by
rotating the optical axis through the modulation of the MRSRRs” arm lengths. This MRSRR
metalens exhibited a wavelength-controllable focal length and displayed relatively larger
CA in comparison to conventional lenses. In particular, the focal length was observed
to vary from 9 to 7 um as the incident wavelength shifted from 740 to 950 nm. This
dual-polarity flat metalens has the potential to facilitate the development of innovative
applications in phase discontinuity devices and enhance the manufacturing capabilities of
on-chip or fiber-embedded optical devices.

The MRSRR unit was fabricated on a silica glass substrate with locally varying optical-
axis orientations in the x—y plane, as demonstrated in Figure 2b [106]. Figure 2c depicts the
amplitudes and phases of the scattered cross-polarized field from nine designed antennas
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under left-handed circularly polarized (LCP) light at a wavelength of 808 nm. The scattered
fields exhibited consistent amplitudes and phases that spanned the entire 27t range. The
final eight antennas exhibited incremental phase shifts of 1/4 between neighbors, with
the initial antenna displaying a phase of zero. The accomplishment of phase coverage
across the entire 27t range with equal scattering amplitudes was a pivotal element in
the design of planar metalenses with a diverse range of focal lengths. The L; values for
antennas 1-5 are 30, 120, 89, 62, and 31 nm, respectively, while the L, values are 145, 55,
86, 113, and 114 nm. The next set of antennas (6-9) was rotated clockwise by 90° relative
to the preceding set (2-5). Based on numerical simulations, a planar metalens design was
proposed (Figure 2d) [106].

3.3. Gradient Index (GRIN) Metalenses

GRIN metalenses represent a cutting-edge advancement in optical technology, com-
bining the principles of gradient index optics with the precision of MSs [107]. Traditional
GRIN optics utilize materials with a smoothly varying refractive index to manipulate light,
enabling efficient focusing and imaging. In GRIN metalenses, this concept is enhanced by
integrating nanostructured MSs that can finely control the phase and amplitude of light
across the lens’s surface [19]. This integration allows for unprecedented control over light
propagation, offering significant improvements in compactness, aberration correction, and
overall optical performance compared to conventional lenses.

The design of GRIN metalenses involves engineering nanostructures on a substrate
in a gradient pattern. These nanostructures manipulate the phase of impinging light in a
controlled manner, mimicking the refractive index gradient seen in traditional GRIN optics
but at a much smaller scale. The refractive index gradient can be tailored across the lens’s
surface by varying the size, shape, and arrangement of nanostructures, allowing for precise
control over the path and focusing of light. Fabrication techniques such as EBL or NIL are
employed to achieve sub-wavelength resolution in patterning, ensuring high fidelity in
light manipulation.

GRIN metalenses offer several advantages over conventional lenses [108]. They can
effectively correct spherical aberrations and other optical imperfections that limit the
performance of traditional optics. By controlling the phase gradient across the lens, GRIN
metalenses achieve better focusing efficiency and can maintain sharp image quality over a
wider field of view. Furthermore, these lenses exhibit broadband performance, capable of
focusing light across a range of wavelengths without significant CAs. Their compact size
and lightweight nature make them ideal for integration into various optical systems where
space and weight constraints are critical factors.

The versatility of GRIN metalenses makes them invaluable in a wide range of applica-
tions. In imaging systems, they enhance the resolution and clarity of cameras, microscopes,
and telescopes, enabling the detailed observation of microscopic and distant objects alike.
In telecommunications, GRIN metalenses facilitate the development of high-speed optical
communication networks by focusing and manipulating light signals with high efficiency.
They also find use in laser optics, where precise control over light propagation and focusing
is crucial for laser cutting, welding, and medical applications such as laser surgery. More-
over, GRIN metalenses are integral to emerging technologies like AR and autonomous
sensing systems, where compact and high-performance optical components are essen-
tial [107].

The ongoing research and development in GRIN metalenses are poised to revolutionize
optical technology further. Advances in nanofabrication techniques, materials science, and
computational modeling are expected to enhance the performance and scalability of GRIN
metalenses. Future innovations may lead to even smaller, more efficient lenses capable of
manipulating light at unprecedented resolutions and speeds [109]. These advancements
will drive the evolution of optics and photonics, paving the way for new applications
in fields ranging from healthcare and telecommunications to manufacturing and space
exploration. As GRIN metalenses continue to evolve, they promise to shape the future
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of optical systems, offering novel solutions to complex challenges in light manipulation
and imaging.

In a study published by Hassan et al., an integrated optical nanolens with a pseudo-
graded index distribution in a guided configuration was reported [110]. The dielectric
metalens employs a permittivity distribution achieved using dielectric strips within the
core material, thereby ensuring compatibility with prevailing Si photonic technology.
It was demonstrated that the effective medium theory (EMT) provided an inaccurate
prediction of the focal length of such devices. In lieu of this, an efficacious and precise design
methodology based on two-dimensional finite element method (FEM) mode calculations
was put forth, which demonstrated remarkable concordance with three-dimensional finite
difference time domain (FDTD) simulations. The lens was fabricated on a 200 mm SOI
pilot line and demonstrated a fiber-to-fiber optical transmission of 85% for TM polarization,
which closely matched the simulated performance of 90%. A 310 nm-thick Si top layer
was deposited on a 200 mm SOI wafer with a 1 um buried oxide layer, followed by the
deposition of a triple layer of resist and hard mask. The EBL technique was optimized by
depositing 85 nm of negative tone resist on a 30 nm Si antireflective coating and 130 nm
of spin-on carbon (SOC) HM8102. The trilayer configuration facilitated the definition
of features with a minimum dimension of 18 nm on the resist, which were subsequently
etched utilizing a HBr-based RIE process. The trilayer stack was etched in a single sequence,
with the etching times for each layer being adjusted based on data obtained from an optical
emission spectroscopy system: 20 s for the SiIARC, 38 s for the SOC. Four seconds were
allotted for the removal of any natural oxide on the SOI, while 105 s were set aside for
the 310 nm silicon, with an additional five seconds of overetching employed to guarantee
the attainment of unblemished right angles at the pattern bottoms. Initially, post-etching
revealed the lack of the external 37 nm-wide lines (Figure 2e) [110]. To mitigate this issue,
the process was repeated with two supplementary lateral lines on the device sides and one
at the GRIN area output (Figure 2f), thereby ensuring uniform energy density across the
device during lithography. Figure 2g—i illustrate the top-view SEM images of the Si device,
with strip widths ranging from 200 + 5 nm at the center to 40 4= 5 nm at the border. These
measurements were obtained with a regulated 200 mm pilot line SEM tool. The resulting
strip widths exhibited slight discrepancies from the intended values, indicating potential
for enhancement through optical proximity correction. This methodology can be adapted
to accommodate width-variable strips, enabling the fabrication of diverse graded index
devices, particularly those derived from transformation optics [110].

3.4. Chiral Metalens

These lenses represent a cutting-edge development at the intersection of metamaterials
and optics, leveraging the unique properties of chiral metamaterials to manipulate light in
unconventional ways [111]. Chirality refers to asymmetry in the response of a material to
left-handed and right-handed circularly polarized light [112]. Chiral metamaterials are arti-
ficially engineered structures designed to exhibit strong chiral optical responses, allowing
for precise control over the phase, polarization, and propagation of light [113]. In a chiral
metalens, these properties are harnessed to achieve functionalities that traditional optical
components cannot replicate, promising advancements in imaging and communication
technologies [114,115].

The design of chiral metalenses involves fabricating nanostructures with specific
geometries and arrangements that induce chiral optical responses. These nanostructures
are typically made from metals such as gold or silver, or dielectric materials like silicon,
arranged in patterns that exhibit chirality [116,117]. The design may include helical or
twisted structures at the nanoscale, which interact differently with left-handed and right-
handed circularly polarized light [112]. The production of chiral MSs was possible under
direct exposure of structured laser radiation [118,119].
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Chiral metalenses offer several unique advantages over conventional optics. They can
manipulate the polarization state of light, enabling polarization-dependent focusing and
imaging [120]. This capability is particularly useful in applications where controlling the
polarization of light is crucial, such as in polarization microscopy, optical data storage, and
quantum optics. Chiral metalenses can also achieve high-efficiency focusing and imaging
across a wide range of wavelengths, from visible light to infrared and beyond. Their ability
to selectively interact with circularly polarized light allows for enhanced sensitivity in
sensing applications, such as detecting biomolecules or pollutants with high specificity.

The applications of chiral metalenses span various fields of optics and photonics [121].
In microscopy, chiral metalenses enable polarization-resolved imaging techniques, en-
hancing the visualization and analysis of biological samples and materials with intricate
structural properties. In telecommunications, they contribute to the development of com-
pact and efficient photonic devices for polarization-based signal processing and modula-
tion [61]. Chiral metalenses are also promising in wearable optics and AR, where compact
and lightweight lenses with tailored optical functionalities are essential for immersive
experiences and advanced vision systems [122].

The overwhelming majority of biologically active compounds, ranging from amino
acids to crucial nutrients, for example, glucose, exhibit intrinsic handedness. This intrinsic
chirality upsurges the chiral optical properties that facilitate the detection and quantification
of enantio-specific concentrations. Conventional chiroptical spectroscopy and imaging
techniques commonly necessitate the utilization of intricate configurations comprising a
multitude of optical components. In contrast, a planar lens with an artificially engineered
dispersive response that simultaneously formed two images with opposite helicity within
the same field of view was demonstrated [123]. A multispectral chiral lens (MCHL) that
integrated the functionalities of polarization and dispersive optical components into a
single device was presented (Figure 2j,k). This approach permitted the investigation of
chiroptical properties across the visible spectrum to be conducted using solely the lens
and a camera, thus obviating the necessity for polarizers or dispersive optical devices.
The circular dichroism of the exoskeleton of the chiral beetle, Chrysina gloriosa, which is
renowned for its remarkable reflectivity of left-circularly polarized light, was mapped at
high spatial resolution. However, this was limited by the NA of the planar lens. These
results demonstrated the prospective of MSs in creating compact, multifunctional devices
with extraordinary imaging capabilities [123].

3.5. Parabolic Metalenses

Parabolic metalenses represent a significant innovation in the field of MOs, combin-
ing the principles of traditional parabolic optics with the advantages of nanostructured
MSs [124]. These metalenses utilize an array of nanostructures engineered to mimic the
parabolic shape, allowing them to focus light with high precision and minimal aberration.
The parabolic design is particularly effective at eliminating spherical aberrations, a com-
mon issue in conventional lenses, which leads to sharper and more accurate imaging [125].
This makes parabolic metalenses exceptionally well-suited for high-resolution imaging
applications, such as microscopy, where clarity and detail are paramount. Moreover, the
nanostructured nature of these lenses permits a level of control over light that is unattain-
able with traditional optics. They can manipulate the phase, amplitude, and polarization of
incoming light waves, enabling multifunctional and tunable imaging capabilities [126].

In practical imaging applications, parabolic metalenses offer several advantages. Their
compact size and lightweight construction make them ideal for integration into portable
imaging devices, including smartphones and wearable technology [127]. Additionally, their
ability to focus light precisely without the need for bulky curved glass lenses opens up new
possibilities for miniaturized optical systems in medical devices, drones, and satellites [128].
Parabolic metalenses can also enhance the performance of imaging systems in low-light
conditions due to their efficiency in light manipulation, which is crucial for applications
such as astronomical imaging and surveillance. The precise control over light provided by
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parabolic metalenses results in images with superior resolution and contrast, pushing the
boundaries of what is achievable in current imaging technologies.

The exploration of all-dielectric reflective metalenses, particularly in terms of off-axis
focusing performance, remains limited. After thoroughly examining the optical properties
of materials, Alnakhli et al. introduced a reflective metalens based on TiO, and SiO,,
designed to function at a visible wavelength of 0.633 pm. In contrast to typical reflec-
tive metalenses that rely on metallic mirrors, the suggested device utilized a modified
parabolic phase profile and was integrated onto a dielectric distributed Bragg reflector
periodic structure [124]. This configuration, which included five dielectric pairs, achieved
high reflectivity. The focusing efficiency of the metalens was empirically demonstrated
for impinging beam angles ranging from 0° to 30°. The findings demonstrated that the
modified metalens design maintained a focusing efficiency above 54%, outperforming the
50% threshold. These results underscored its potential for photonic miniaturization and
integration, positioning it as a promising candidate for advanced optical applications [124].

3.6. Hybrid Metalenses

The design of hybrid metalenses involves a detailed process where nanostructures
are engineered to perform specific optical functions, such as phase shifting, polarization
control, or diffraction [68]. These nanostructures are typically made from materials like tita-
nium dioxide, silicon, or other high-index materials. When combined with a conventional
lens, these metalenses are strategically placed to complement the lens’s optical properties,
effectively tailoring the light’s path to achieve desired outcomes. The fabrication process
employs advanced lithographic techniques, allowing for the precise patterning of nanos-
tructures onto substrates, ensuring high accuracy and efficiency in light manipulation [129].

Hybrid metalenses excel in delivering high-resolution imaging and focusing capa-
bilities across a broad spectrum of wavelengths. Their ability to correct CAs, which arise
due to the wavelength-dependent focusing of traditional lenses, is particularly noteworthy.
By integrating MSs that adjust phase profiles for different wavelengths, hybrid metal-
enses can achieve achromatic focusing, significantly improving image clarity and color
accuracy. Additionally, these lenses are typically thinner and lighter than their traditional
counterparts, making them ideal for compact optical systems [130]. Combinations of
metastructures which realize, for example, polarization transformation with a larger (focus-
ing) structure, make it possible to apply binary sub-wavelength gratings convenient for
fabrication [131,132].

The versatility of hybrid metalenses opens up a wide range of applications across
various fields. In imaging systems, they enhance the performance of cameras, microscopes,
and telescopes, providing clearer and more accurate images. In telecommunications, hybrid
metalenses contribute to the development of advanced photonic devices, enabling faster
and more efficient data transmission. They are also crucial in augmented and virtual reality
technologies, where compact and efficient optical components are essential for lightweight
and high-performance headsets. Furthermore, hybrid metalenses find applications in
biomedical devices, where precise and minimally invasive optical tools are required for
diagnostics and therapeutic purposes.

Balli et al. presented a Hybrid Achromatic Metalens (HAML) that resolved the trade-
off between correct CA and reduced focusing efficiency and offered an improved focusing
efficiency across a wide wavelength range from 1000 to 1800 nm [68]. HAMLSs were de-
signed using a combination of recursive ray-tracing and simulated phase libraries, bypass-
ing the need for computationally intensive global search algorithms. They can be fabricated
using low-refractive index materials via multi-photon lithography for customizable designs
or molding for mass production. The HAMLs exhibited diffraction-limited performance
for NAs of 0.27, 0.11, and 0.06, achieving average focusing efficiencies exceeding 60% and
peak efficiencies up to 80%. Furthermore, a more advanced variant, the air-spaced HAML,
introduced gaps between elements to allow for even larger diameters and NAs, enhancing
performance versatility [68].
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Multilevel diffractive lenses (MDLs) represent an innovative approach to achieving
achromatic focusing with quasi-flat optics. Unlike traditional metalenses, MDLs relax the
single feature-height constraint and can be fabricated using lower resolution lithography
techniques. However, their design typically relies on computationally intensive global
optimization algorithms, which can restrict the exploration of the design space and may
limit scalability. In contrast, the HAMLs introduced by Balli et al. combined a phase plate
and a metalens into a single thin element, as depicted in Figure 21-q [68]. This integration
promised enhanced efficiency and broader wavelength coverage compared to MDLs and
traditional achromatic metalenses.

3.7. Reconfigurable Metalenses

Reconfigurable metalenses represent a significant advancement in optical technol-
ogy, offering unprecedented flexibility and adaptability in manipulating light at the
nanoscale [4]. These lenses are constructed using arrays of sub-wavelength structures,
often nanoantennas or phase-shifting elements, which can be dynamically controlled to
alter the phase, amplitude, and polarization of light passing through them [133]. Unlike
traditional lenses that rely on fixed glass or plastic curvature, reconfigurable metalenses
leverage principles of metamaterials to achieve focal length adjustments and even switch
between different optical functionalities on demand [134].

By applying external stimuli such as electrical [135], optomechanical [136], ther-
mal [137], or optical signals [138], the refractive index or geometry of these nanostructures
can be modified dynamically [134]. This alteration allows for the rapid reconfiguration of
the metalens properties without physically changing the lens itself, offering unprecedented
adaptability in optical systems. Applications of reconfigurable metalenses span a wide
range of fields, revolutionizing areas where traditional lenses fall short. In telecommu-
nications, these lenses can dynamically adjust focal lengths and steer beams, enhancing
signal transmission efficiency and enabling adaptive optics in free-space communications.
In imaging and microscopy, metalenses can correct aberrations in real-time, improving res-
olution and depth of field. Moreover, they find utility in AR devices and virtual reality (VR)
headsets, where compact and lightweight optics are crucial for enhancing user experience.
In addition to these applications, reconfigurable metalenses hold promise in emerging
technologies such as LiDAR (Light Detection and Ranging), where precise control over
light propagation and focusing enables high-resolution 3D mapping and object detection.
They also play a pivotal role in biomedical imaging, enabling non-invasive diagnostic
techniques with improved resolution and sensitivity.

Shalaginov et al. introduced an active MS platform that combined full 27t phase
tuning capability with diffraction-limited performance, employing an all-dielectric, low-
loss architecture based on optical phase-change materials (O-PCMs) [139]. A novel design
principle enabling the binary switching of MSs between arbitrary phase profiles was
demonstrated and proposed a new figure-of-merit (FOM) tailored for reconfigurable MOs.
This approach was demonstrated through the realization of a high-performance varifocal
metalens operating at a wavelength of 5.2 um. The reconfigurable metalens achieved a
remarkable switching contrast ratio of 29.5 dB. Figure 2r shows the SEM image of the
fabricated MS. Additionally, the aberration-free and multi-depth imaging capabilities were
validated, marking a significant experimental advancement in non-mechanical tunable
metalenses with diffraction-limited performance [139].

Most existing reconfigurable MSs rely on manual control for function switching,
posing substantial limitations for practical applications. In response, She et al. proposed an
intelligent MS with self-adaptive EM manipulation capabilities [140]. This MS integrated
sensing and feedback components to form a closed-loop system, allowing for the automatic
adjustment of EM functionalities based on varying incident power information (Figure 2s).
The sensing module detected the intensity of the impinging EM power and sent feedback
to a field-programmable gate array (FPGA) control platform. This platform then instructed
the executing material to switch EM functionalities among transmission, reflection, and
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tunable absorption. The experimental results demonstrated the MS’s excellent self-adaptive
response capabilities and practicality. It can respond in real-time with adaptive EM behavior
to varying incoming wave power without human intervention. This design paved the
way for intelligent and cognitive MSs with vast application possibilities in smart skins,
intelligent absorbers, and associated EM fields [140].

3.8. Binocular and Metalens Array

Binocular metalenses refer to optical systems that utilize two metalenses to mimic the
function of human binocular vision [141]. These metalenses are made from MSs—ultra-thin,
nanostructured materials—that can manipulate light in ways traditional lenses cannot,
enabling them to focus light with high precision and minimal aberration. When configured
in a binocular setup, these metalenses can capture two slightly different perspectives of
a scene, similar to how human eyes perceive depth. This stereoscopic approach allows
for the precise determination of an object’s distance, making binocular metalenses highly
suitable for applications in depth imaging [142]. Their compact size and potential for
integration with electronic systems make them especially promising for use in compact
devices such as smartphones, AR glasses, and other portable imaging systems. Moreover,
by combining these metalenses with DL algorithms, it is possible to significantly enhance
depth estimation accuracy, as these algorithms can analyze the subtle differences in images
captured by the two lenses to infer depth information with high precision [143,144].

Arrayed metalenses expand upon this concept by using an array of metalenses to
capture multiple perspectives simultaneously [145]. This approach mimics the compound
eyes of insects, which consist of numerous small lenses that provide a wide field of view
and enhanced depth perception. In this setup, each metalens in the array can be designed
to focus on different depths or angles, allowing for the capture of a more comprehensive
dataset from which depth information can be extracted [146]. When paired with DL
techniques, these metalens arrays can analyze the multiple perspectives to generate highly
detailed depth maps. These systems are particularly advantageous in scenarios requiring
high-resolution depth imaging over large areas, such as in autonomous vehicles, robotic
vision, and advanced surveillance systems [147]. The ability to capture and process multiple
depth cues simultaneously offers significant improvements in speed and accuracy over
traditional single-lens systems [148].

Both binocular and arrayed metalenses, when integrated with DL, show significant
potential in revolutionizing various fields [149]. In medical imaging, for example, these
lenses could enable more precise and less invasive diagnostic techniques by providing
high-resolution depth maps of tissues. In autonomous navigation, the improved depth
perception and accuracy offered by these systems could lead to safer and more efficient
path planning for drones and self-driving cars. Additionally, in the field of VR/AR, these
metalenses could provide users with more immersive experiences by accurately capturing
and rendering three-dimensional environments [85]. The integration of DL is particularly
crucial as it allows these systems to handle the complex data they generate. DL algorithms
can process the vast amounts of visual information captured by metalenses to extract
meaningful depth cues, reduce noise, and enhance image quality [150]. This combination
of advanced optics and Al-driven processing could ultimately lead to smarter, more respon-
sive imaging systems capable of operating in real time and in challenging environments.
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Figure 2. (a) SEM images of the ZnO metalens. The left image shows a top view, while the right im-
ages display perspective views of three colored locations from the center to the edge. The nanopillar
height increases from the center to the edge due to diffusion-limited competitive growth, resulting
from variations in local nanopillar density [87]; (b) schematic of the basic MRSRR unit on a silica
glass substrate [106]; (c) phase shifts and scattering amplitudes of cross-polarized transmittance
with LCP incidence at 808 nm, with images of nine MRSRR antennas showing different phase
delays [106]; (d) phase shifts at different x positions of the metalens, with corresponding MRSRR
antennas displayed at the bottom [106]. SEM images of the fabricated metalens: (e) without lateral
sustaining strips [110]; (f) resist after lithography with strips [110]; (g) final metalens with strips [110];
(h) close-up of the maximal filling factor region [110]; and (i) close-up of the minimal filling factor
region [110]; (j) top-view SEM image of the fabricated MCHL with false-colored interlaced arrays
of nanofins [123]; (k) side-view SEM image showing high-aspect-ratio TiO, nanofins on a glass
substrate [123]; (1) schematic illustration of a HAML demonstrating broadband focusing capabili-
ties [68]; (m) unit structure of a merged HAML, comprising a phase plate and nanopillars [68]; (n) unit
structure of an air-spaced HAML, featuring two phase plates separated by an air gap along with
nanopillars [68]; (0) SEM image of a 20 um diameter HAML with a NA of 0.27, clearly showing both
the phase plate and nanopillars of the metalens [68]; (p,q) SEM images of 40 um diameter merged
(0.11 NA) and air-spaced (0.32 NA) HAMLs fabricated using multi-photon lithography on fused
silica substrates [68]; (r) images depict GSST meta-atoms characterized by vertical sidewalls and
exceptional pattern fidelity [139]; (s) reconfigurable intelligent MS [140].

Table 3. Characteristics of different types of metalenses.

Type of Metalens Material Mechanism Advantages Disadvantages Applications
High-index Phase control High efficiency, Fabrication Imaging,
Dielectric diele%trics (e through geometric low loss, complexity, microscopy,
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z propagation phase visible light precision [66,151]
. Surface plasmon Compeact, capable ngh loss, hn.uted Sensing, imaging,
Plasmonic Metals (e.g., efficiency, typically .
Metalenses Au, Ag) resonances to of sub-wavelength for near-IR or nano-optics
’ control light focusing [88,152]
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phase-change phase shift to varying fabrication systems [140,158]
materials) conditions challenges

4. Synergy between AI and MOs

The synergy between Al and MOs enhances optical device performance through
advanced design and optimization. Al algorithms streamline the creation of meta-optical
elements, enabling precise control over light at nanoscale levels. This collaboration paves
the way for innovative applications in imaging, sensing, and communication technologies.

4.1. Brief History of Al

The concept of Al dates back to 1950 when Alan Turing published his seminal paper
“Computing Machinery and Intelligence”. In this work, Turing laid the philosophical
groundwork for the idea of “thinking machines” and anticipated three strategies to accom-
plish this vision. Six years later, the Dartmouth Conference convened, during which John
McCarthy formally introduced the name “Artificial Intelligence” to classify this new field
from cybernetics [159]. Al is a crucial branch of computer science dedicated to mimicking
human behavior, processes, and problem-solving strategies through software and hardware.
The evolution of Al can be divided into three major stages:

The Initial Stage (1950s-1960s): focused on creating heuristic algorithms and programs
designed to solve artistic and intellectual difficulties.

The Intermediate Stage (Late 1960s-1970s): aimed at developing intelligent robots skilled
at modeling the external world, identifying and evaluating situations, making decisions,
forming behavioral plans, and engaging in natural language communication.

The Modern Stage (Mid-1970s—Present): characterized by the enhancement of intelligent
human-computer systems that combine human intelligence with computational abilities.

A pivotal milestone in Al history was achieved in 2012 when Alex Krizhevsky em-
ployed convolutional neural networks (CNNs) to outperform traditional ML methods in a
major competition, heralding the era of DL [160]. The advent of DL has led to significant
breakthroughs, enabling the extraction of complex features from vast amounts of data
through hierarchical representation learning. This has spurred advancements in various
fields, including image recognition and natural language processing. The endless progress
and revolution in Al have resulted in wide-ranging applications and immense poten-
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tial, demonstrating the field’s dynamic evolution and its profound impact on technology
and society.

4.2. Role of Al in MOs-Focus on Metalenses

The synergy between Al and MOs represents a cutting-edge convergence of two
rapidly evolving fields [41]. This partnership leverages the strengths of Al in data pro-
cessing, pattern recognition, and optimization to tackle the intricate challenges inherent in
MOs, which involves the design and manipulation of light using nanostructured materials
called MSs [161,162]. Designing MSs has always posed significant challenges due to the
high degree of freedom in their surface structures. To fully harness the potential of MSs,
it is crucial to reduce the computational burden involved in their design. The advent of
Al has opened new avenues for exploring diverse structural designs tailored to specific
properties. From classical ML algorithms to the emerging dominance of DL algorithms, and
from supervised (SL) to unsupervised learning (USL), appropriate AI methodologies can
significantly cut down the time required for conventional electromagnetic field simulations
and optimizations, thereby boosting R&D efficiency [163-165].

One of the primary challenges in Al-enhanced MS design is the size of the dataset. As
the degrees of freedom in the design space increase, the data can grow exponentially, and the
highly nonlinear relationships between inputs and outputs complicate the generalization
capabilities of learning algorithms. Presently, fitting low-dimensional inputs and outputs
achieves good results, but the performance of simple algorithms in high-dimensional
scenarios requires further investigation. A common approach is to expand the sample
size, though this can be constrained by the time needed to generate sufficient samples.
Additionally, RL offers a promising solution to this problem. Unlike SL and USL, RL
focuses on the interaction between the agent and the environment to enhance the agent’s
state, potentially addressing the challenges posed by high-dimensional design spaces [166].
The specification of SL, USL and RL are depicted in Figure 3.

Structure
discovery Image
classification

Customer
retention

Feature

elicitation Diagnostics

Identity fraud

detection
Dimensionality

reduction

Classification
Advertising popularity
prediction Weather

L forecasting

Regression
N Market

forecasting

Supervised
learning

Machine

learning

Population Estimating life
growth expectancy
prediction

Real-time
decisions

Reinforcement
learning

Game
Al

Robot

navigation Skill Learning

L tasks
acquisition

Figure 3. Types of ML: USL, SL and reinforcement learning.

Al excels in solving the inverse design problem, which is critical in MOs. Inverse
design involves specifying a desired optical functionality and then determining the MS
structure that can achieve it. This problem is highly nonlinear and multidimensional,
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making it challenging for traditional optimization techniques. Al approaches, including
neural networks and evolutionary algorithms (EAs), can effectively handle these complexi-
ties [167]. These algorithms mimic the process of natural selection to evolve solutions to
optimization problems. EAs begin with a population of potential solutions and iteratively
apply operations such as selection, crossover, and mutation to evolve these solutions to-
wards better performance [168]. In MOs, EAs can optimize the shape, size, and arrangement
of nano-structures on a MS to achieve desired optical characteristics [169].

One specific type of EA, the GA, has been particularly effective [37]. GAs are useful
for multi-objective optimization, where multiple conflicting goals must be balanced. For
instance, optimizing a metalens for both high resolution and broad bandwidth can be
challenging, but GAs can efficiently navigate this trade-off space to find optimal or near-
optimal solutions [170].

RL is an Al method where an agent learns to make decisions by taking actions in an
environment to maximize cumulative rewards. In the context of MOs, RL can be used to
develop adaptive optical systems that respond dynamically to changing conditions [171].
For example, an RL-based approach can be used to control a meta-surface that adjusts its
optical properties in real-time to maintain optimal performance in varying environmental
conditions, such as changes in light intensity or wavelength. RL is particularly powerful
when combined with real-time feedback systems. By continuously learning from the
performance of the MO device and adjusting parameters accordingly, RL can enable the
development of smart meta-materials that are capable of self-optimization and adaptation,
leading to highly efficient and versatile optical devices [172].

BO is a probabilistic model-based optimization technique that is well-suited for op-
timizing expensive-to-evaluate functions, which are common in MOs design [173]. This
method builds a surrogate model, often a Gaussian Process, to approximate the objective
function, using this model to make decisions about where to sample next [174,175]. The
primary advantage of BO is its efficiency in finding optimal solutions with a minimal
number of evaluations [60]. In the development of MOs, BO can be used to tune the
parameters of nano-structures to achieve desired optical responses with fewer simulations
or experiments [176—178]. This is particularly useful in scenarios where each simulation is
computationally intensive, or each experimental iteration is costly and time-consuming. By
intelligently selecting the most promising designs to evaluate, BO accelerates the discovery
process and reduces the overall development time and cost [179].

TL is a technique where a model pre-trained on one task is adapted for a different but
related task [180,181]. In MOs, TL can be used to leverage existing knowledge from previous
designs and simulations to accelerate the development of new optical devices [182]. For
instance, a DL model trained to predict the optical properties of one type of meta-material
can be fine-tuned to predict the properties of a different but related meta-material, thereby
reducing the amount of training data required and speeding up the design process [183,184].
This method is particularly useful when dealing with limited datasets, a common scenario
in cutting-edge research fields like MOs [185]. By transferring knowledge from well-studied
systems to new, less-explored areas, researchers can achieve significant improvements in
efficiency and performance, enabling faster innovation and the exploration of new meta-
materials and their applications [184,186].

The application of Al in the development of MOs spans a diverse range of methods,
each offering unique advantages and capabilities. From ML and DL to EAs, reinforcement
learning, BO, and TL, these Al techniques collectively drive significant advancements in
the design, optimization, and functionality of metamaterials and MSs. This integration
of Al not only accelerates the pace of discovery but also enables the realization of highly
sophisticated optical devices with unprecedented performance and versatility [187]. Table 4
provides a high-level overview of these techniques, their definitions, key characteristics,
and typical applications in Al and ML.
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Table 4. Characteristic table comparing various techniques in the field of Al and ML.

Technique Definition Key Characteristics Applications
Algorithms that learn SL, USL, and semi-supervised learning. Focus on Image. ar.1d speech.recogmtlon,
ML . ) predictive analytics, natural
patterns from data predictive accuracy. Requires labeled data for SL .
language processing
Hierarchical learning architecture. Automated
DL Subset of ML using NN fe.ature extracthn. State—qf—the-art performance Computer vision, natural.
in many domains. Requires large amounts of language processing, robotics
data and computational resources
Optimization techniques Popula’aon—based optimization. Usgs genetic Engmeer.mg design, fmz.maal
EAs LT . operators (mutation, crossover). Suitable for modeling, game-playing
inspired by natural selection . .
complex, nonlinear problems strategies
Learning through Agent learns by trial and error. Maximizes .
RL interaction with an cumulative reward. Markov Decision Processes Game: playing (e.g, AlphfiC.}o),
. robotics, Autonomous driving
environment (MDPs) are often used as a framework
Uses prior information and observations to Hvperparameter tunin
Optimization technique guide the search. Efficient for expensive, yperp . &
BO . . experimental design, robotics
based on BO black-box functions. Balances exploration : .
e motion planning
and exploitation
Transfers knowledge learned from one task to e
. . .. Image classification, natural
Leveraging knowledge from  improve learning in another task. Reduces the .
TL language understanding,

one domain for another

need for large amounts of labeled data in

. medical diagnosis
new domains

These algorithms can map desired optical outputs back to the appropriate structural
parameters, facilitating the creation of MSs with tailored functionalities. This capability is es-
sential for developing applications like flat lenses, beam-steering devices, and holographic
displays. Al also plays a crucial role in the fabrication and characterization of MSs. The
precise manufacturing of these nanostructures often encounters issues related to deviations
from intended designs due to fabrication imperfections. Al can predict and compensate
for these deviations, enhancing the fidelity of the fabricated MSs. Additionally, Al-driven
image analysis techniques are invaluable for characterizing the fabricated MSs. By analyz-
ing high-resolution microscopy images, Al algorithms can identify defects and assess the
quality of the structures, providing critical feedback to refine fabrication processes.

4.3. Examples of Recently Developed Al-Powered Metalenses for Imaging
4.3.1. Monocular Camera

Cockerham et al. are currently developing an advanced approach for the inverse
design of metalenses with the assistance of AI [188]. This innovative tool aims to facilitate
the design of metalenses capable of serving multi-functional applications. To validate its
effectiveness, they will fabricate devices using multiphoton lithography. Recently, they have
successfully fabricated a preliminary metalens prototype and conducted comprehensive
structural and optical characterizations [188].

Computational imaging, a cutting-edge imaging technique, leverages computational
power to enhance and optimize image acquisition processes. By integrating computa-
tional methods with physical imaging processes, this technique significantly improves
image quality, resolution, and the efficiency of information extraction. In 2023, Shen et al.
introduced a compact monocular camera featuring a single-layer metalens [189]. This
innovative metalens design utilized a pair of polarization-decoupled rotating single-helix
point spread functions. When combined with a straightforward, physically informed image
reconstruction algorithm, the camera achieved high-precision depth measurement and
high-fidelity polarization imaging, even in dynamic indoor and outdoor environments. As
computer technology continues to advance, Al techniques such as ML and compressed
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sensing have become highly effective tools for enhancing MS imaging, driving further
innovation and performance improvements in this field [189].

A monocular camera has the potential to capture both depth and intensity images
of a dynamic scene under ambient lighting in a single shot. To illustrate this capability,
a video of moving toy cars (one stationary, the other moving at a non-uniform speed of
approximately 10 cm/s) was recorded using the monocular MS camera under sunlight
illumination. The setup and the scene are depicted in Figure 4a,b, respectively. Figure 4c,d
display raw image pairs captured by the MS camera, along with the retrieved depth maps
for selected video frames. These images clearly reveal the absolute depth values and the
space—time relationship of the dynamic 3D scene, with one toy car traveling approximately
25 cm. The normalized mean absolute error (NMAE) of depth estimation is 0.78% for the
stationary toy car and 1.26% for the moving toy car. The slightly higher depth estimation
error in the outdoor dynamic scene, in comparison to the indoor static scenes, may be
attributable to the longer depth range and the trade-off between signal-to-noise ratio and
motion artifacts in the captured images. An increase in integration time could enhance the
signal-to-noise ratio, although this may also lead to an increased degree of image blur [189].
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Figure 4. (a,b) Graphical illustration and photograph of the outdoor scene used for the dynamic
imaging experiment under sunlight. In this setup, Car 2 moves towards the MS camera at a non-
uniform speed of approximately 10 cm/s, while Car 1 remains stationary [189]; (c) the decoded
all-in-focus polarization image pairs Iy and [, of the scene for selected video frames [189]; (d) the
retrieved depth maps for those frames from the recorded video [189].

Due to their ultra-lightweight, ultra-thin, and flexible design, metalenses hold sig-
nificant promise for advancing highly integrated camera systems. However, the fixed
architectures of current metalens-integrated cameras impose limitations on their perfor-
mance. To address this challenge, Zhang et al. proposed a novel high-quality imaging
method based on DL [190]. This approach leverages a multi-scale convolutional neural
network (MSCNN) trained on a comprehensive dataset comprising pairs of high-quality
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and low-quality images generated from a convolutional imaging model. This method
effectively enhanced imaging resolution, contrast, and distortion, culminating in a marked
improvement in overall image quality, characterized by Structural Similarity Index (SSIM)
scores exceeding 0.9 and a greater than 3 dB increase in peak signal-to-noise ratio (PSNR).
By integrating this approach, cameras can harness the benefits of high integration while
achieving superior imaging performance. This breakthrough underscored the immense
potential of future imaging technologies poised to revolutionize camera design and func-
tionality [190].

Zhang et al. believes that the forthcoming research focuses on enhancing metalenses
with additional functionalities such as color and wide circular polarization, alongside
refining artificial neural networks to elevate overall imaging quality. To bring this tech-
nology to market fruition, there is a pressing need to devise novel assembly methods for
embedding metalenses into smartphone camera modules, complemented by specialized
software aimed at enhancing image quality on smartphones. The advancement of Al plays
a pivotal role in the evolution of photonics, where ML is paving the path forward. The con-
tinuous innovation and optimization of ultra-lightweight, ultra-thin metalenses are poised
to revolutionize imaging and detection technologies, ushering in a new era of compact,
high-performance cameras. The integration of Al into metalens technology marks a radical
transformation in the field of imaging. By harnessing DL techniques, researchers have
unlocked the potential for small, lightweight metalenses to achieve high-definition imaging,
with profound implications for consumer electronics and scientific research alike. This
intricate fusion of Al and optics is expected to expand significantly in the future, promising
advancements that surpass current capabilities in visual imaging and analysis [190].

Traditional imaging systems rely on bulky and costly optical components to incre-
mentally correct aberrations. In contrast, MS optics offers a pathway to scale down these
systems by substituting bulky components with flat, compact alternatives. However, the
diffractive nature of MSs lead to significant CAs, and existing multiwavelength and nar-
rowband achromatic MSs fall short of supporting full visible spectrum imaging (400 to
700 nm). Colburn et al. addressed this challenge by integrating computational imaging
with MS optics, creating a system featuring a single metalens with a NA of approximately
0.45 [191]. This metalens produced in-focus images under white light illumination and
maintained a spectrally invariant point spread function, allowing for the computational
reconstruction of captured images with a single digital filter. This work bridges the gap
between computational imaging and MS optics, demonstrating the potential of this com-
bination to reduce aberrations and downsize imaging systems through simpler optical
designs [191].

The system underwent evaluation under conditions of broadband illumination utiliz-
ing a white light source, as depicted in Figure 5. In these circumstances, the singlet lens
produced images of color-printed RGB text that exhibited significant fading (Figure 5a),
with the green letter G demonstrating enhanced sharpness as a consequence of the lens
being focused for green light [191]. Figure 5a additionally illustrates the uniform blurring
of the RGB text that was recorded using the EDOF lens. After deconvolution, each character
is distinguishable. However, the blue B remains hazy, and the red R is nearly indistinct in
the image captured with the singlet lens. The deconvolved images displayed erroneous
horizontal and vertical lines due to the asymmetric shape of the point spread function
(PSF). This resulted in directional artifacts, which can be corrected with more advanced
deconvolution techniques or by utilizing a rotationally symmetric PSE. Figure 5b illustrates
a comparable enhancement in image quality for the ROYGBIV text. The characters, which
were initially substantially obscured by the singlet metalens, become discernible after being
captured with the EDOF device and deconvolved. In contrast, the chromatic blur from the
singlet lens hinders the visibility of individual color bands, with the green stripe barely
discernible. Conversely, the deconvolved EDOF image reveals distinct bands and edges.
For the landscape image (Figure 5d), which features multicolored flowers and leaves, the
stem and leaf structures, which are strictly faded by the singlet lens, become visible. Addi-
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tionally, the color-ringing artifact in the blossoms are lessened in the deconvolved EDOF
image [191].

EDOF + filter

Original Singlet EDOF

(d)

Figure 5. Images were captured under white light illumination of various subjects, including color-
printed RGB (a) and ROYGBIV (b) text, a rainbow pattern (c), and a landscape scene (d) featuring a
blue sky, green leaves, and multicolored flowers. The original, appropriately cropped object patterns
used for imaging are displayed in the left column [191].

4.3.2. Ultraspectral Imaging

In 2022, Yang et al. proposed a novel approach which involves using MSs with
freeform-shaped meta-atoms for on-chip ultraspectral imaging [192]. These freeform
patterns are created with controllable feature sizes and boundary curvatures, allowing
for feasible fabrication. This method expanded the design possibilities and enriched the
spectral response of the MS units with complex Bloch modes, thereby enhancing spectral
imaging performance. These enhancements were evident in the improved precision for
broadband spectra and reduced center-wavelength deviation for narrowband spectra. An
experimental demonstration of snapshot on-chip ultraspectral imaging with 356 x 436
spectral pixels showcased a state-of-the-art spectral resolution of 0.5 nm and an impressive
mean spectral reconstruction fidelity of 98.78% for a standard color board. These outcomes
indicated significant potential for future applications in precise intelligent perception.
Moreover, the method for generating freeform-shaped patterns is advantageous for both
forward and inverse designs of high-performance MSs.

Figure 6a illustrates the fundamental assembly of the ultraspectral imager, comprising
an MS layer, a microlens layer, and an image sensor layer. Figure 6a also displays SEM im-
ages of three kinds of freeform-shaped patterns. Figure 6b displays an optical micrograph
of 20 x 20 different MS units, each exhibiting various colors. The dimensions of an MS unit
are 17.58 um x 17.58 um, which corresponds to a 3 x 3 pixel area of a CMOS image sensor
with a pixel size of 5.86 um. The central pixel was considered effective, given that the
surrounding pixels might be partially obscured by the MS unit due to potential misalign-
ment. In the context of spectral imaging, the number of MS units in a micro-spectrometer,
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denoted as N, can be any positive integer up to 400. This encompasses configurations such
as5 x 5and 7 x 7, which are indicated by the red, green, and yellow boxes in Figure 6b.
The outcomes depicted in Figure 6¢c demonstrate that the number and distribution of the
propagative Bloch modes are contingent upon the meta-atom configuration, resulting in
distinctive transmission spectra and spectral modulation characteristics [192].

(b) Optical micrograph

b A s
» )¢

a.

L

)
N \}

550

550 650 750 450 550 650 750 450 550 650 750

Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

:’ - $I R x N
(iii) (iv) c (v) (vi)

Figure 6. The proposed ultraspectral imager is illustrated as follows [192]: (a) The imager is composed
of three layers: an MS layer, a microlens layer, and an image sensor layer. SEM images of three such
patterns are displayed on the right; (b) an optical micrograph shows the fabricated array of 20 x 20
different MS units, each measuring 17.58 um x 17.58 um and covering 3 x 3 pixels of a CMOS
image sensor [192]; (c) this section displays the transmission spectra and effective indices of the Bloch
modes for four MS units with freeform-shaped meta-atoms, highlighting their distinctive spectral
characteristics [192]; (d) the generation process of the freeform-shaped patterns is detailed here: (i) a
fine grid is generated; (ii) grid values are randomly assigned; (iii,iv) a blurring filter and thresholding
function are applied in the first binarization process; (v,vi) a second binarization process further
refines the patterns, smoothing edges and eliminating small features for feasible fabrication [192].

Figure 6d provides detailed instructions for the algorithm used to produce freeform-
shaped patterns. The process commences with the generation of a two-dimensional square
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grid (i). A random distribution was applied to a coarse grid, with different values assigned
according to a specific distribution, such as the standard normal distribution. Subsequently,
geometric symmetries, such as C4 symmetry for polarization independence, were imposed
on the pattern, resulting in a transformation from the coarse grid to the fine grid (ii). The
initial binary pattern was produced through the application of both a blurring filter and a
thresholding function (illustrated in Figure 6d(iii,iv)). A final blurring and thresholding
step (Figure 6d(v,vi)) was conducted in order to eliminate small features and smooth
the pattern edges, thus facilitating fabrication. In the final binary pattern, areas with a
value of 1 represent the dielectric material, while areas with a value of 0 represent air.
Assigning random values to the coarse grid rather than the fine grid ensures the pattern
in (iv) remains coherent. Erosion and dilation operations were employed to determine
the feature sizes of the dielectric and air regions. The boundary curvatures of the patterns
were influenced by the blurring parameters. This algorithm allowed for the generation of a
wide variety of patterns with desired feature sizes and boundary curvatures, facilitating
post-selection [192].

In imaging, Al-designed MSs can produce ultra-thin lenses with superior focusing
capabilities, potentially replacing bulky traditional optics in cameras and microscopes. In
sensing, Al-enhanced MSs can achieve high sensitivity and selectivity, useful in environmen-
tal monitoring, medical diagnostics, and security. An investigation into the optical response
of a GaN-based metalens was undertaken, coupled with the deployment of two consecutive
Al models to mitigate issues of blurriness and color cast in captured images [193]. It was
observed that optical losses within the metalens, particularly in the blue spectral range,
contributed significantly to color casting in the images. To address these issues, sequential
Autoencoder and CodeFormer models were employed. The Autoencoder model corrected
the color cast, while the CodeFormer model efficiently reconstructed image details. The
effectiveness of these sequential models was evident across all designated categories of
facial images. This success was further substantiated by quantitative assessments using
CIE 1931 chromaticity diagrams and peak signal-to-noise ratio analyses, demonstrating the
Al models’ proficiency in image reconstruction. Notably, the Al models were capable of
restoring image quality even in scenarios lacking blue spectral information. This integration
of metalens technology with advanced Al models represents a significant advancement in
enhancing the capabilities of full-color metalens-based imaging systems [193].

4.3.3. Virtual Reality (VR)

MOs has made significant advancements over the past decade; however, traditional
forward design methods encounter difficulties as the complexity of functionality and de-
vice size increase. Inverse design seeks to optimize MOs but has been constrained to
small devices due to the high computational cost of brute-force numerical solvers, and
these devices are often challenging to fabricate. Li et al. introduced a comprehensive
inverse-design framework for aperiodic, large-scale (20k x 20k A?) complex MOs in three
dimensions [6]. This framework reduced computational expenses for both simulation
and optimization through the use of a fast approximate solver and an adjoint method.
Additionally, it naturally integrated fabrication constraints using a surrogate model. Exper-
imentally, aberration-corrected polychromatic focusing metalenses operating in the visible
spectrum with a high NA and diameters extending to the centimeter scale were showcased.
These large-scale MOs herald a new era for applications, exemplified by this demonstration
of a meta-eyepiece for future VR platforms, which employed a laser back-illuminated
micro-LCD [6].

Figure 7a illustrates the schematic of the VR system, which incorporates a centimeter-
scale RGB-achromatic meta-eyepiece and a laser-illuminated micro-LCD [6]. The micro-
LCD was positioned near the focal plane of the meta-eyepiece, allowing the image displayed
to be projected onto the retina, establishing a virtual scene. In the experimental setup, a tube
lens was used to simulate the cornea and eye lens, and a CMOS camera to mimic the retina.
Additionally, a near-eye display was constructed employing laser light as the backlight
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source, providing high brightness and a wide color gamut due to its narrow linewidth. The
pixel size was approximately 8 um, aligning with current state-of-the-art technology [6].
Figure 7b highlights the essential components of the meta-eyepiece and display, as shown
in the dashed brown box in Figure 7a. Figure 7c displays the VR image of a red Harvard
shield logo, while Figure 7d provides a zoomed-in view of a corner (indicated by the white
dashed box in Figure 7c), showing the meta-eyepiece’s ability to resolve each pixel of the
display [6]. Figure 7e,f present the imaging results of the MIT logo under green and blue
illumination, respectively. Grayscale VR imaging was further explored; Figure 7g,h show
grayscale images of a Harvard building and statue, respectively, under red light. Figure 7ij
depict grayscale VR images of a building and a lighthouse in green and blue, respectively.
These RGB imaging outcomes suggested the capability to produce full-color images by
combining these primary colors [6].
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Figure 7. (a) Representation of the VR near-eye projection system featuring an RGB-achromatic MO
eyepiece paired with a laser-lit micro-LCD; (b) photograph of the optical setup corresponding to
the red dashed line in (a) [6]. The micro-LCD is positioned on a motorized stage in front of the flat
MOs [6]; (c) binary VR image displaying the Harvard logo in red, with a scale bar of 100 um [6];
(d) zoomed-in aspect of the dashed area in (c), demonstrating that the MOs resolves individual
pixels of the micro-LCD; (e,f) binary VR images of the MIT logo in green and blue, respectively [6];
(g/h) grayscale VR images of a building and a statue on the Harvard campus in red; (i,j) grayscale VR
images of a Boston building and a lighthouse in green and blue, respectively [6].

5. Challenges and Future Prospectives

The integration of Al with MOs in imaging applications faces several notable chal-
lenges, encompassing technical, computational, and practical aspects. One of the primary
challenges is the design complexity of meta-optical devices. MOs, relying on engineered
nanostructures, demands precise fabrication techniques that must align with Al-driven
designs. However, the current manufacturing technologies often struggle to meet the exact-
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ing specifications required by Al-optimized structures, leading to discrepancies between
theoretical designs and practical implementations [194]. Another significant hurdle is the
computational intensity required for Al algorithms to optimize MO designs. These pro-
cesses often involve complex simulations and iterative learning, necessitating substantial
computational resources and time. This challenge is further compounded by the need for
large datasets to train Al models effectively, which can be difficult to generate or acquire,
especially for highly specialized or novel imaging applications [195].

Moreover, integrating Al with MOs introduces a layer of unpredictability in per-
formance [196]. Al models, particularly those based on DL, can behave as black boxes,
making it challenging to predict how changes in input parameters will affect the final
output. This lack of transparency can hinder the trust and adoption of Al-driven MO
solutions in critical applications, such as medical imaging or defense, where reliability and
predictability are paramount. Scalability also poses a significant challenge. While Al can
optimize MO designs for specific use cases, scaling these designs for mass production or
varying applications can be problematic. The unique and intricate nature of MOs means
that each design is often highly specialized, requiring new rounds of optimization and fab-
rication for different applications, which is time-consuming and costly. Recently, black-box
optimization approaches were developed to address the high level of uncertainty inherent
in physical DL implementation and their fabrication issues [197].

Despite the challenges, the future prospects of integrating Al with MOs in imaging
applications are promising and potentially transformative [161]. Advances in ML and
computational power are expected to mitigate many of the current limitations. For instance,
the development of more efficient algorithms and the use of high-performance computing
resources can reduce the time and computational load required for optimization processes.
Al’s ability to discover novel designs and optimize parameters beyond human capability
will drive innovation in MOs [198]. This can lead to the creation of new imaging systems
with unprecedented capabilities, such as metalenses, super-resolution imaging, and novel
light manipulation techniques that were previously unachievable. These advancements
could revolutionize fields such as microscopy, photography, AR, and even telecommunica-
tions [199]. Hybrid optical-digital systems could increase DL performance in specific cases
related to high-performance inference, especially for transformer-based models [200].

Additionally, Al can facilitate the real-time adaptation of MO devices. By incorporating
ML models that can adjust the properties of MOs on-the-fly based on incoming data, it
will be possible to create dynamic imaging systems that adapt to different environments or
imaging requirements instantaneously. This adaptability could be particularly beneficial
in applications like autonomous vehicles, where imaging systems must perform reliably
under varying and unpredictable conditions. The convergence of Al and MOs is also
likely to spur advancements in materials science and nanofabrication techniques [162].
As the demand for precise and high-quality MOal components grows, so too will the
innovation in fabrication technologies, potentially leading to more affordable and scalable
production methods. In the long term, the synergy between Al and MOs is expected to
contribute to the development of intelligent imaging systems that not only capture images
but also understand and interpret them. This could lead to significant improvements in
fields such as medical diagnostics, where imaging systems could automatically detect
and highlight abnormalities, or in security, where real-time image analysis could enhance
surveillance capabilities.

6. Conclusions

The field of MOs, particularly through the development of metalenses, represents a
transformative leap in optical technology. Metalenses, which manipulate light through
arrays of nanostructures, come in various forms, each tailored for specific applications.
Diffractive metalenses exploit the diffraction of light to achieve focus, often providing high
efficiency and broad bandwidth. GRIN metalenses leverage spatial variations in refractive
index to bend light precisely, offering superior control over CAs. Hyperbolic metalenses,
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characterized by hyperbolic dispersion, enable sub-wavelength focusing and imaging,
pushing the boundaries of resolution beyond the diffraction limit. Each type of metalens
offers distinct advantages, making them suitable for diverse applications ranging from
microscopy and telecommunications to augmented reality and compact imaging systems.

Al plays a pivotal role in advancing MOs, particularly in imaging applications. Al
algorithms, including ML and DL, are increasingly employed to optimize the design and
functionality of metalenses. By analyzing vast datasets and identifying patterns, Al can
streamline the design process, predict optimal nanostructure configurations, and enhance
the performance of metalenses. In imaging, Al algorithms can correct aberrations and
distortions introduced by metalenses in real-time, improving image quality and fidelity.
Furthermore, Al enables the development of adaptive metalenses that can dynamically
respond to changing environmental conditions and imaging requirements, providing un-
paralleled flexibility and performance. As Al continues to evolve, its integration with
MOs will likely lead to the creation of intelligent imaging systems capable of real-time
adjustments and enhancements, thereby revolutionizing fields such as medical imaging, sci-
entific research, and consumer electronics. The synergy between metalenses and Al heralds
a new era of optical technology, characterized by unprecedented precision, adaptability,
and efficiency.
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Abbreviations

Abbreviation Full Form

MO Meta-optics

ML Machine learning

DL Deep learning

MS Metasurface

VR Virtual reality

AR Augmented reality

EA Evolutionary algorithm
GRIN Graded index

Al Artificial intelligence
TL Transfer learning

RL Reinforcement learning
BO Bayesian optimization
GA Genetic algorithms

CA Chromatic aberration
SL Supervised learning

USL Unsupervised learning
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