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ABSTRACT: Metasurfaces have recently risen to prominence in

optical research, providing unique functionalities that can be used

for imaging, beam forming, holography, polarimetry, and many

more, while keeping device dimensions small. Despite the fact that

a vast range of basic metasurface designs has already been

thoroughly studied in the literature, the number of metasurface-

related papers is still growing at a rapid pace, as metasurface

research is now spreading to adjacent fields, including computa-

tional imaging, augmented and virtual reality, automotive, display,

biosensing, nonlinear, quantum and topological optics, optical

computing, and more. At the same time, the ability of metasurfaces to perform optical functions in much more compact optical
systems has triggered strong and constantly growing interest from various industries that greatly benefit from the availability of
miniaturized, highly functional, and e cient optical components that can be integrated in optoelectronic systems at low cost. This
creates a truly unique opportunity for the field of metasurfaces to make both a scientific and an industrial impact. The goal of this
Roadmap is to mark this “golden age” of metasurface research and define future directions to encourage scientists and engineers to
drive research and development in the field of metasurfaces toward both scientific excellence and broad industrial adoption.

KEYWORDS: metasurface, metalens, flat optics, inverse and topological design, computational imaging, tunable metasurfaces,
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1. INTRODUCTION

Arseniy I. Kuznetsov and Mark L. Brongersma

Optical metamaterials, which are artificial materials
composed of light-scattering nanostructures with engineered
optical properties, have long been sought after by scientists in
various fields of physics and engineering. While the first
theoretical discussions of such materials date back to 1940s,
their rapid experimental development has only started around
20—30 years ago driven by rapid advances in nanotechnology
and semiconductor manufacturing. The early theoretical
studies in this field primarily considered 3D bulk nano-
structured materials, but most of the experimental e orts in the
optical domain have been directed toward essentially flat,
nanostructured optical elements that can be realized by single-
or a few-step lithographic processes. It was soon appreciated
that these two-dimensional (2D) elements, now termed
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metasurfaces, can be used to control light in unprecedented
fashion due to a rapid nanoscale phase and amplitude change
imprinted to light waves by each individual nanostructure.
Interested readers are encouraged to look through some
excellent reviews of this field, which can help to trace its
explosive development over the past decades.'™® Recent
demonstrations in this field have shown that even a single-
layer metasurface can e ciently bend or focus light, generate
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complex holograms and wavefronts, and control polarization of
light in a previously unachievable fashion with much higher
spatial resolution, thus, at higher di raction angles/numerical
apertures, as compared to conventional di ractive optical
elements. This has triggered a strong and constantly growing
interest from various industries that greatly benefit from the
availability of miniaturized and highly e cient optical
components, which can more easily be integrated in
optoelectronic systems at low cost. Research on optical
metasurfaces is currently flourishing as it is evolving from
simple optical functionalities to complex optical systems and
spreading into various adjacent fields, including computational
imaging, augmented and virtual reality, automotive, display,
biosensing, nonlinear, quantum and topological optics, optical
computing, and more. The first industrial products have also
been announced, driving rapid development of large-scale and
low-cost manufacturing that will allow for the broad adoption
of the metasurface-based flat optics technology. The strong
scientific e orts that coincide with substantial industrial
demand are creating a truly unique opportunity for the field
of metasurfaces and metamaterials. The goal of this Roadmap
is to highlight the broad diversity of opportunities and drive
the metasurface research and technology development toward
future impact (see Figure 1).

Figure 1. Road ahead for optical metasurfaces.

This Roadmap consists of seventeen sections highlighting
di erent future directions of science and technology develop-
ment for optical metasurfaces. Following this brief introduction
(Section 1), we will first focus on the key applications of
metasurface technology to imaging, highlighting the challenges
and opportunities of metalenses for aberration-free imaging
with di raction limited resolution (Section 2) as well as super-
resolution imaging for picophotonics (Section 3). We will then
continue with a discussion of other metasurface functionalities
that capitalize on e ective phase, amplitude, and polarization
control (Sections 4 and 5). We end this part with an analysis of
more complex multilayered flat optical elements and multiele-
ment meta-optics systems (Section 6). We will then proceed
by surveying the application of emerging computational
methods, such as machine learning and inverse design, to
complement the metasurface design capabilities (Section 7) as
well as to process metalens-obtained images to improve their
quality (Section 8). We will also describe how metasurfaces
themselves can be used for optical computing (Section 9).

Then, from passive flat optical components we switch to active
metasurface devices, in particular, focusing on tunable
metasurfaces that can control the wavefront of light
dynamically (Section 10), as well as on those that can either
help to emit or detect light in optoelectronic devices (Section
11). Finally, we will focus on more advanced concepts of
metasurface research including nonlinear (Section 12),
quantum (Section 13), topological, nonlocal, and other new
directions (Section 14). The research roadmap is comple-
mented by a discussion of novel material platforms (Section
15) and large-scale manufacturing methodologies (Section 16)
for optical metasurfaces as well as industry perspective for the
field (Section 17).

2. META-LENSES: CONCEPTS, IMPLEMENTATIONS,
AND APPLICATIONS

Jin Yao, Mu Ku Chen, Uriel Levy, and Din Ping Tsai

2.1. Current State of the Art. 2.1.1. Introduction. Meta-
lenses have attracted tremendous attention due to their
compact size and flexibility in manipulating light as compared
to conventional lenses. Benefiting from novel design concepts
and advanced implementation techniques, various applications
have been developed based on meta-lenses, such as focusing,
imaging, sensing, polarization detection, and nonlinear
generation, as shown in Figure 2.

2.1.2. Concepts. A meta-lens can manipulate the incident
planar wavefront to focus light by e ectively selecting and
arranging meta-atoms. Various phase profiles have been
demonstrated for functional focusing and imaging. The
hyperbolic phase profile is originally free of spherical
aberration, beneficial for high numerical aperture (NA)
focusing, while restricted by strong coma aberrations in
imaging configuration. Recently it was shown that a quadratic
phase profile can give wide field of view (FOV) imaging,
avoiding coma aberration, but su ers from spherical aberra-
tions.” Even better imaging with meta-lenses can be achieved
by computer-optimized phase profiles, which is a promising
direction for advanced meta-lens design (see Section 2.3 and
Section 7). According to di erent operating mechanisms to
imprint a phase on an incident light wave, the design principles
for a meta-lens can be classified into four categories that are
listed below.

2.1.2.1. Geometric Phase. The geometric phase, also known
as the Pancharatham—Berry (P-B) phase, is based on the
spatial symmetry of the meta-atom local field. The sudden
phase change @ = —208 of the electromagnetic wave can be
generated by adjusting the rotation angle 6 of the meta-atom,
where 0 = %1 represents the state of left- or right-handed
circularly polarized light, respectively. The use of the geometric
phase can greatly reduce the complexity of meta-lens design,
o ering more freedom for wavefront manipulation. To achieve
high di raction and polarization conversion e ciencies,
geometric phase meta-lenses generally require resonant or
high aspect ratio meta-atoms.®

2.1.2.2. Propagation Phase. The propagation phase (also
known as the truncated waveguide approach) is produced by
the optical path di erence of electromagnetic wave prop-
agation in di erent meta-atoms. The accumulated propagation

phase ¢(X, Yy, 4) = 2T”neff(x, y, A)d of electromagnetic waves

can be flexibly manipulated by varying the waveguide mode
index ngz(xy,A) of the truncated guides and the physical
propagation length d through the meta-atom, where x and y are

https://doi.org/10.1021/acsphotonics.3c00457
ACS Photonics XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsphotonics.3c00457?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00457?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00457?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00457?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

Figure 2. Concepts, implementations, and applications of meta-lenses. Full-color routing: Reproduced with permission from ref 13. Copyright 2017
American Chemical Society. Achromatic imaging: Reproduced with permission from ref 14. Copyright 2018 Springer Nature. Biomedical imaging:
Reproduced with permission from ref 15. Copyright 2021 American Chemical Society. Edge detection: Reproduced with permission from ref 18.
Copyright 2021 De Gruyter. Phase sensing: Reprinted or adapted with permission under a Creative Commons CC-BY 4.0 from ref 19. Copyright
2021 Springer Nature. Polarization detection: Reproduced with permission from ref 20. Copyright 2018 American Chemical Society. Nonlinear
generation: Reprinted or adapted with permission under a Creative Commons CC-BY 4.0 from ref 22. Copyright 2022 American Association for
the Advancement of Science. Quantum source: Reproduced with permission from ref 23. Copyright 2020 American Association for the

Advancement of Science.

spatial coordinates and A is the wavelength. Benefiting from the
mechanism, the propagation phase meta-lens can be polar-
ization-independent and e cient. In order to acquire the 2n
phase distribution in practical operations, the refractive index
and aspect ratio of the meta-atom need to be high in general °

2.1.2.3. Resonance Phase. The resonance phase is the
sudden phase change at a resonant wavelength, which can be
manipulated by modifying the meta-atom geometry. First
resonance phase meta-lenses had the problems of narrow
bandwidth and low e ciency. Later, the e ciency was
improved in Huygens’ meta-lenses based on the Kerkers’
condition, which can achieve a 2m phase shift. Their
fundamental limitations, such as reciprocity, multimode/
monomode operation, and symmetry breaking should be
carefully considered.™ Integrated-resonant units (IRUs) that
incorporate multiple resonators and resonances into one meta-
atom, can e ciently engineer the phase distribution across a
continuous, broad spectral range. The aspect ratio of these
structures is typically lower than those of optical elements that
rely on a propagation phase.

Furthermore, associating two or more types of phase
mechanisms can boost the multifunctionality and performance
of a meta-lens. Independent phase control for each circular
polarization can be realized by combining the propagation
phase with the geometric phase. Merging geometric and
resonance phases can also provide an e ective strategy for the
wideband reflective and transmissive achromatic meta-lenses.

2.1.3. Practical Implementations. The fabrication of meta-
lenses can be generally categorized in several ways. The layout
of the meta-lenses can be transferred to a mask layer or a target

material. By using the mask layer, the pattern prepared by
electron-beam lithography (EBL) and photolithography is
further transferred to the target material via an etch process.
The layout can also be directly created by focused-ion-beam
(FIB) milling, nanoimprinting, 3D printing, laser direct
writing, etc. The choice of implementation method needs to
take into account the fabrication requirements of the meta-
lenses. The target material selection, sample size, unit-cell
feature size, and structure complexity have to be considered.
The critical dimensions and empirical parameters of processes
are helpful for the fabrication selection of the meta-lens
implementation.

2.1.4. Applications. 2.1.4.1. Focusing of Light. When the
meta-lens is employed in optical systems, its focusing
properties require to be considered and modified. Di rac-
tion-limited focusing and extra-high NA focusing are significant
for applications requiring small light—matter interaction
volume or large angular collection. Kuznetsov et al. proposed
a novel concept based on di racted energy redistribution by
nanoantenna inclusions with asymmetric scattering patterns. A
di raction-limited meta-lens with a near-unity NA > 0.99 and
subwavelength thickness of  A/3 was demonstrated to operate
upon unpolarized excitation at 715 nm. This work can
e ciently bend light at angles as large as 82°, which are not
achievable with conventional bulk optics."* Dispersive proper-
ties of monochromatic meta-lenses can be another interesting
property to highlight from a potential application standpoint.
On the other hand, achromatic meta-lenses might be much
more attractive from the point of view of imaging applications.
Capasso et al. demonstrated an achromatic meta-lens by
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engineering the phase and dispersion of titanium dioxide
(TiO,) nanopillars on a dielectric spacer above a metallic
mirror."? An optimization algorithm was utilized to select the
nanopillars simultaneously possessing identical phases but
distinct dispersions at desired wavelengths. The achromatic
meta-lens realizes a constant focal length from 490 to 550 nm
with 0.2 NA and 15% di raction e ciency. To extend the
versatility and e ciency of the meta-lens, the multiplex color
router has been proposed with a GaN meta-lens integrating
four out-of-plane focusing meta-lenses.*® Three primary colors
at 430, 532, and 633 nm can be focused to the desired spatial
positions with e ciencies of 87%, 91.6%, and 50.6%,
respectively. This technology provides great potential for
metal-oxide-semiconductor (CMQOS) sensor applications.

2.1.4.2. Imaging. Imaging brings the focusing ability of
meta-lenses to practical applications. FOV is a crucial
parameter in imaging systems, which is generally limited by
the compromise with high NA. Kuznetsov et al. analyzed this
problem of quadratic metalens and demonstrated wide FOV
imaging with a focusing e ciency of 8% and FOV of about
100°. Full imaging of a 5 mm fingerprint with features of about
100 um was experimentally captured at a distance of 2.5 mm.
This work realized the most compact imaging system for
fingerprint detection to date. High-quality images also require
achromatic meta-lenses to achieve full-color imaging. Tsai et al.
developed the strategy of IRU to achieve the broadband
achromatic meta-lens, which is comprised of GaN nanopillars
and their inverse structures.** The operating range (400—660
nm) nearly covers the visible region. Full-color imaging can be
achieved with a high average e ciency of 40% and an NA =
0.106. The meta-lens is also a preeminent candidate for high-
resolution biomedical imaging. A configurable GaN meta-lens
has been implemented to realize high-contrast optical
sectioning in fluorescence imaging.'> The imaging perform-
ance can achieve a lateral resolution of around 2 pm and an
optical sectioning capability of around 7 pm. Levy et al.
implemented the first meta-lens for outdoor imaging; in
external passive lighting conditions (sun illumination).”® A
detailed discussion regarding the limits of achievin7g broadband
imaging with meta-lenses is given by Levy et al.*

2.1.4.3. Sensing. Light-field sensing and imaging can
capture the high-dimensional information of objects, such as
depth and edge. A 60 x 60 GaN achromatic meta-lens array
has been reported to capture the light-field information.
Rendered images with di erent depths can reconstruct the
depth of the object. This system possesses a di raction-limited
resolution of 1.95 um with incoherent white light incidence.
Light-field edge detection was further demonstrated based on a
GaN meta-lens array.'® The focused edge images and depth
information of objects from 1D to 3D can be extracted by the
di erentiated and rendering algorithm. This device exhibits the
advantages of broadband, data volume reduction, and device
miniaturization. Sensing the phase distribution of meta-lenses
is also significant, which can connect the design and fabrication
processes. Tsai et al. proposed an interferometric imaging
phase measurement system to realize the phase sensing of the
meta-lens through only one photo.”® Both geometric phase
meta-lenses and propagation phase meta-lenses are demon-
strated at di erent wavelengths. The phase measurement was
exploited to comprehensively characterize these meta-lenses
and its accuracy can achieve 0.05 rad.

2.1.4.4. Polarization Detection. Polarization detection and
imaging based on polarization-dependent meta-lenses can

provide higher polarization contrast ratios and more compact
sizes than conventional optical systems. Three polarization
states can be split and focused to six di erent domains on an
image sensor by designing a metasurface device integrating
three meta-lenses.”® The polarization state can be detected by
measuring four Stokes parameters for each domain. This
device can form the image of the complicated polarization
object, exhibiting the capability of making a full-Stokes
polarization camera. Another direction of polarization
detection is to combine it with meta-lens imaging. Capasso
et al. demonstrated the chiral imaging capability and the
spatially resolved chiral spectroscopy by TiO, meta-lens with a
geometric phase design.”* Two images with opposite helicities
of a biological specimen can be simultaneously generated
within the same FOV, without the addition of dispersive
polarizers.

2.1.4.5. Nonlinear Generation. The functionality of meta-
lenses can be extended to nonlinear generation and quantum
photonics. Nonlinear imaging by harmonic generation from
nonlinear meta-lenses with specific symmetry meta-atoms has
been achieved. Combining both the focusing ability and
nonlinear generation of nonlinear meta-lenses, they can be
applied as short-wavelength light sources. Halas et al. proposed
a 150 nm thick zinc oxide (ZnO) nonlinear meta-lens
simultaneously converting 394 nm of light to 197 nm of
radiation and focusing the generated vacuum ultraviolet
(VUV) light** The power density of the VUV light at the
focal point is 21 times higher than that on the meta-lens
surface. In order to generate a quantum light source with high-
dimensional entanglement and multiphoton-state generation,
Tsai et al. integrated a 10 x 10 GaN meta-lens array with a 0.5
mm beta barium borate (BBO) crystal to realize a 100-path
spontaneous parametric down-conversion photon-pair
source.”® Four-photon and six-photon generations are
demonstrated with high indistinguishability of photons
generated from di erent meta-lenses. Besides meta-lenses,
there are various preeminent metasurfaces and meta-devices
that generate, enhance, and manipulate nonlinear and quantum
e ects (see Sections 12 and 13).

2.2. Challenges and Future Goals. Meta-lenses 0 er new
opportunities for the development of flat, compact, low-weight,
and multifunctional meta-devices. However, they are still
facing many challenges to satisfy the requirements of practical
applications. The focusing e ciency of high-NA meta-lenses is
originally restricted by phase discretization and di raction
constraints. Achromatic meta-lenses su er from small size
resulting from large phase compensation and the image quality
with ambient white-light illumination. The tradeo among
di erent performances, such as high NA, high e ciency, large
FOV, aberration elimination, and multifunctionalities, needs
further consideration and design. Conventional design
approaches are still limited by the physical mechanism, degree
of freedom, and optimization speed.

2.3. Suggested Directions to Meet Goals. Meanwhile,
these challenges provide some potential directions for research
and development. (i) To acquire novel properties and more
versatile applications, meta-lenses can be integrated into
existing photonic devices, such as optical fibers, light field
cameras, and vivo imaging systems. Compact meta-lenses and
their subsequent applications are expected to replace many
conventional di ractive optical elements, which can be
employed in di erent environments apart from on the ground,
such as in the sky and under the water. Metalenses can also be
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combined with other metasurfaces to enhance functionalities
such as multispectral imaging and polarimetric imaging. (ii)
The building blocks of meta-lens can be tailored by combining
multiple IRUs with specific optical properties, which can
further constitute their large libraries. Physical phenomena
producing e ective mode coupling e ects, especially for those
with strong nonlocal responses, such as Fano resonances and
bound states in the continuum, provide the potential for
performance enhancement. Two-dimensional and active
materials are excellent candidates for functional IRUs with
compact size and fast response time. (iii) The design process
can be assisted by artificial intelligence technology to quickly
obtain the optimal solution. Photons carrying high-dimen-
sional information can e ectively expand the bandwidth of
data processing. Optical neural network computing associating
both artificial intelligence technology and meta-optics can
overcome the bottleneck of electronic computing power and
computing speed. It is important to understand the advantages
of meta-lenses over di ractive lenses.?* It is also essential to
test meta-lenses properly,” and to choose proper metrics for
comparing broadband meta-lenses.”® Furthermore, one may
even take advantage of the metalens strong chromatic
dispersion to mitigate challenang applications such as 3D
imaging and depth sensing.”’ Eventually, it is crucially
important to understand the fundamental limitations of
metasurfaces and to properly match its degrees of freedom
to the specific application in hand. Finally, metalenses can be
integrated with conventional lenses for the purpose of
minimizing the thickness of the lens stack or compensating
distortions (e.g., compensation of chromatic aberrations
originated from the material dispersion).

Looking into the future, we envision that meta-lens will be
widely applied in variety of applications, ranging from machine
vision, virtual and augmented reality to quantum optical chips
and optical computation. In fact, some of these applications are
already benefiting from metalenses.

3. METAMATERIALS FOR PICOPHOTONICS: DEEPLY
SUBWAVELENGTH OPTICAL METROLOGY AND
LOCALIZATION

Nikolay 1. Zheludev

3.1. State of the Art. The photonics community is well
aware of the metamaterial superlens which uses a slab of
negative index metamaterial to recover evanescent waves from
the object in the image plane (see Section 2). Realization of a
negative index superlens in the optical part of the spectrum
faces a number of steep challenges. However, the metamaterial
approach is a practical way of creating a di erent type of
superlenses that does not use evanescent waves but instead
creates topologically structured light fields and superoscillatory
foci in the far-field from the lens. Such fields are needed for
advanced super-resolution metrology and imaging.

The phenomenon of optical superoscillations, first intro-
duced in 20062 and experimentally identified shortly after,?
describes the rapid subwavelength spatial variations in the
intensity and phase of light in complex electromagnetic fields
formed by interference of several coherent waves. Its discovery
stimulated the intense revision of the limits of classical
electromagnetism in particular the study of structure of
superoscillatory fields in free space using robust metamaterial
microinterferometric techniques. They experimentally revealed
subwavelength energy hotspots and topological features such
as phase singularities, energy backflow, anomalously high

wavevectors and identified intriguing similarities of the
superoscillatory fields in free space to the evanescent
plasmonic fields on metals.* In the last ten years, the better
understanding of superoscillatory light has led to the
development of superoscillatory lensing, imaging, and metrol-
ogy technologies.®*

Initially, super-resolution technologies used subwavelength
light localizations in superoscillatory fields. Indeed, dielectric
or metallic binary nanostructured superoscillatory lenses can
create hotspots smaller than allowed by conventional lenses.*!
Reconfigurable binary lenses based on phase change
materials®” have also been introduced.

The nearly complete design freedom on transmissivity and
retardation of the lens mask can be achieved using a
metasurface manufactured by well-established nanomanufac-
turing techniques and are scalable to operate at any
wavelength. In such a lens, light is scattered on a planar
array of “metamolecules”, individual scatterers providing the
prescribed levels of phase delay and scattering amplitude at
di erent radial positions on the lens in such a way that the
entire array di racts light into a superoscillatory hotspot. A
plasmonic metamaterial superoscillatory lens that is 40 um in
diameter and contains 8500 metamolecules allows subdif-
fraction hotspots as small as 0.33A, large fields of views up to
6A in diameter and robustly performs in imaging applications
with an e ective numerical aperture of 1.52 that is unattainable
in conventional lenses.*

Far-field, label-free nonintrusive super-resolution imaging
and metrology techniques that exploit the high light local-
ization in superoscillatory fields have been developed for
biological and nanotechnology imaging tasks.****~*" They use
a superoscillatory hotspot for illumination of the object and a
conventional lens for imaging in the confocal setting. Here, the
resolution is limited by the size of the hotspot that, in principle,
can be arbitrarily small. However, since the intensity of light in
the hotspot polynomialy reduces with its size, the practically
achieved resolution was limited by about one-fifth of the
wavelength.

3.2. Recent Developments: Picometer Resolution.
Considerably higher resolution in metrology and localization is
possible by exploiting rapid phase variations in topologically
structured superoscillatory fields. Indeed, we introduced the
“optical ruler”, an electromagnetic analog of a physical ruler,
for nanoscale displacement metrology. The optical ruler is a
complex electromagnetic field in which singularities serve as
the marks on the scale. It is created by the di raction of light
on a Pancharatnam—Berry phase metasurface, with singularity
marks then revealed by high-magnification interferometric
observation. The “optical ruler” has been applied to detect
mutual displacement of two macroscopic platforms. A
displacement resolving power of better than 1 nm (A/800,
where A is the wavelength of light) at a wavelength of 800 nm
has been demonstrated. An optical ruler with dimensions of
only a few tens of micrometers o ers applications in
nanometrology, nanomonitoring, and nanofabrication, partic-
ularly in the demanding and confined environment of future
smart manufacturing tools.*®

Recently we demonstrated that illumination with super-
oscillatory, topologically structured light allowed localization
metrology of nanoscale objects with not yet seen accuracy and
precision reaching A/5000 in a single short measurement.***°
In experiments with a semiconductor nanowire, we employ a
deep learning analysis of the scattering of topologically
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structured light, which is highly sensitive to the nanowire’s
position, Figure 3. This is a noninvasive optical metrology with

Figure 3. Measuring picometer nanowire displacements via scattering
of topologically structured light (following ref 39). Incident light is
topologically structured. Light scattered from the 100 nm wide
nanowire is mapped in transmission through a high-NA microscope
objective (not shown). Deeply subwavelength lateral (x-direction)
displacements of the wire, controlled by application of a DC bias
between the wire and the adjacent edge of the supporting membrane,
are quantified via a deep-leaning enabled analysis of single-shot
scattering patterns.

sub-Brownian absolute errors, down to a few tens of
femtometre that is a fraction of the typical size of an atom
(Si atom is of 220 pm in diameter). There are several factors
contributing to the high resolution of this technique.** From
the perspective of Fourier optics, topologically structured
superoscillatory illumination gives access to high local
wavevectors and ensures much higher sensitivity of the pattern
of scattered light to the small features of the investigated object
than unstructured light. From the perspective of information
theory, recording of multiple scattering patterns during the
training process and imaging provides much more information
on the imaged object for the retrieval process than what is
available in the lens-generated single image for which the Abbe
limit applies. Sparsity of the object and prior knowledge about
the object shall also be a helpful factor in imaging simple
objects such as a dimer, as this helps the retrieval process,
similar to how sparsity facilitates “blind” compressed sensing
techniques. The retrieval of the image from its di raction
pattern can be mathematically reduced to solving the
Fredholm integral equation. It has been proven mathemati-
cally** that neural networks are very e cient in solving these
sort of problems. Indeed, the deep-learning process trained on
a large data set creates a powerful and accurate deconvolution
mechanism without using explicit information on the phase of
the detected signals. Experiments show that larger training sets
give higher resolution.

3.3. Future Developments. The deeply subwavelength
topological metrology and visualization techniques outlined
above require the stable synthesis of well-defined topologically
structured fields. Generators of such fields could be based on
liquid crystal spatial light modulators, digital micromirror

devices (DMD) and binary and continuous parameters
metasurfaces.

DMDs and liquid crystal spatial light modulators o er
dynamic control of the field structure. However, they su er
from flickering noise and thermal instabilities. Moreover,
pixelation of these devices at the typical level of 10 pm x 10
pm and larger limits accuracy with which the desired wavefront
profile can be synthesized, in particular, at singularities.
Although static metasurfaces do not allow dynamic control
of the generated field, they have superb stability of generated
fields and can be routinely manufactured with nanometric
precision using a focused ion beam or high-resolution
lithography. They can be deployed in a cost-e ective scheme
for deeply subwavelength metrology and visualization, for
instance, replacing a conventional lens in the illumination
channels of a standard optical microscope.

The next challenge is the development of high rate versions
of the deeply subwavelength topological metrology and
microscopy. Indeed, the rate of measurements will only be
limited by the image sensor and a rate of one million frames
per second has been achieved with 150pm resolution.*?
Metamaterial-enabled noninvasive single-shot optical metrol-
ogy with sub-Brownian resolution, that can be performed with
high frame rate image sensors, opens up the exciting field of
picophotonics. This includes the study of Brownian motion
thermod;/namics of nano-objects, including the ballistic
regime;* the study of Van Der Waals forces and non-
Hamiltonian forces in nanomechanics;***> configuration
chemistry of individual molecules; protein folding; and other
dynamic events in macromolecules and nanomachines, such as
time crystals.*®

4. FLAT OPTICS BEYOND LENSES: HOLOGRAMS,
POLARIZATION CONTROL, AND
MULTIFUNCTIONALITY

Andrei Faraon, Amir Arbabi, and Nanfang Yu

4.1, Current State of the Art. Lenses are some of the
most ubiquitous optical components as they are used in a
plethora of imaging systems that impact people’s daily lives. As
was discussed in detail in Section 2, a lot of e ort has gone into
developing metasurface lenses for imaging applications. A lens
makes use of the metasurface’s capability to control the phase
or the propagation direction of light, generally at a fixed
frequency. Phase control can be used to generate arbitrary
phase masks that can be utilized, for example, in applications
related to computational imaging (see Section 8), optical
computing (see Section 9), and wavefront shaping. Besides
phase and k-vector, light has other degrees of freedom, like
polarization, frequency, and amplitude, and optical metasurfa-
ces can also be used to modify these properties (Figure 4).
This opens the opportunity to realize multifunctional optical
components that can simultaneously control multiple degrees
of freedom. One of the initial examples of multifunctionality is
metasurfaces that impose two independent phase masks for
two di erent orthogonal polarizations at a given frequency
using meta-atoms with mirror symmetry.*” These devices can
have multiple applications, spanning from optical components
similar to polarizing beam splitters (e.g., Wollaston prisms), to
systems used for di erent microscopy modalities.*® In the most
general case, three di erent holograms could be encoded in the
state of polarization using such a metasurface.*’

Metasurfaces composed of meta-atoms with mirror
symmetry enable many applications. However, they lack a
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Figure 4. (a) Schematic of wavelength multiplexing where the metasurface imposes di erent transformations for di erent wavelengths (colors). (b)
Polarization multiplexing where the transformation is di erent depending on the polarization. (¢) Angular multiplexing where wavefronts incident

at di erent angles experience very di erent transformations.

chiral response due to their linearly polarized polarization
eigenstates. A chiral response such as circular birefringence or
dichroism requires meta-atom unit cells with circularly
polarized eigenstates. Many metasurfaces with unit cells that
lack mirror symmetry have been shown to have di erent levels
of chiral response.”® Using a bilayer meta-atom, a universal
technique for designing lossless metasurfaces with any desired
set of polarization eigenstates has been introduced,” and
metasurfaces with arbitrary circular birefringence strengths
have been demonstrated.”® Nonetheless, there is currently no
universal analytical technique available for implementing a
general lossy Jones matrix at the unit cell level, preventing the
realization of the most comprehensive chiral metasurfaces that
simultaneously exhibit optical activity and circular dichroism.

Metasurfaces can also be configured to impose di erent
phase masks at di erent frequencies.*®® This has been used to
create multiwavelength lenses with agé)lications in color
imaging® and two-photon microscopy.”® One of the main
drawbacks of metalenses is that they exhibit pronounced
chromatic dispersion, which results in chromatic aberrations in
broadband imaging applications. However, the chromatic
dispersion can also be used as an advantage, so dispersive
lenses can be employed in spectral imaging applications.®®
Optical metasurfaces with an engineered spectral response and
transmission have also been used for optical pulse
compression.”” By exploiting the multimode nature of the
meta-units that compose the metasurface, which can be excited
di erently depending on the direction of light, it is also
possible for metasurfaces to impose di erent phase masks
depending on the direction of incidence.”®

4.2. Challenges, Future Goals, and Suggested
Directions to Meet These Goals. One of the main future
challenges is how to enhance the amount of control that can be
achieved with metasurfaces, i.e., multivariate optical wavefront
shaping. This refers to utilizing single-layered metasurfaces
composed of complex meta-units for complete control over all
optical degrees of freedom, amplitude A, phase @, polarization
orientation , and polarization ellipticity X, at each point in
space, and independent control over these degrees of freedom
at distinct wavelengths.

Future research should investigate fundamental limitations
on multivariate optical control using nanostructured materials:
To what degree can one optical parameter be controlled by a
unit volume of a nanostructured material? What are the design
rules for constructing a metamaterial with minimal volume to
control multiple optical parameters independently and

completely? One would intuitively hypothesize that given a
fixed volume of space, the more degrees of freedom in
structuring a meta-unit (i.e., the number of constitutive
materials used and the variety of ways they are arranged),
the more expansive the command over the optical properties
(A, @, U, x) of the outgoing wavefront. Metasurface literature
indeed witnessed ever-increasing complexity in meta-unit
designs for multivariate optical control: the geometric degrees
of freedom that have been explored include the cross-sectional
shape of meta-units,”® their anisotropy or in-plane orientation
angle,®® monolithic bilayer/multilayer meta-units,** and meta-
units supporting multiresonances.”® The majority of metasur-
face devices are excited by waves at near-normal incident
angles or emitting into the free space over a limited angular
range; the question remains open as to what degree meta-unit
designs or near-field coupling between neighboring meta-units
could be utilized to engineer the optical responses at distinct
excitation or emission angles (e.g., di erent sets of meta-unit
modes excited and di erent near-field coupling conditions
encountered at distinct incident angles, so that a meta-unit
provides angle-dependent phase responses).

Compared to controlling various optical degrees of freedom
at a single wavelength, it is considerably more di cult to
achieve independent control of one or more optical parameters
at distinct wavelengths. In the realm of “local metasurfaces”,
where the localized modes of individual meta-units govern the
wavefront, one can resort to dispersion engineering®® and
resonant mode engineering of meta-units. In the latter
approach, high-refractive-index dielectric materials must be
used for a meta-unit to support a set of Mie resonant modes at
desired wavelengths; in the former approach, a meta-unit is
treated as a segment of a waveguide, standing vertically on the
substrate, and its phase response is engineered via controlling
modal overlap between a waveguide mode and the meta-unit
(akin to dispersion engineering of waveguides employed in the
field of photonic integrated circuits). Recent progress along the
line of research on “nonlocal metasurfaces” suggests an entirely
di erent and more scalable approach to realize multi-
wavelength optical wavefront shaping.’* Distinct from the
operational mechanism of local metasurfaces, nonlocal
metasurfaces are characterized by optical responses dominated
by collective modes over many meta-units. Here, one enters a
region somewhere between photonic crystals and metasurfa-
ces: the wealth of knowledge on symmetry and photonic band
structure engineering can be utilized to first generate a set of
resonant nonlocal modes, and the techniques developed by the
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metasurface community can then be utilized to impart unique
optical response profiles onto the wavefront at these nonlocal
modes. For example, multifunctional metasurfaces supporting
multiple quasi-bound states in the continuum, each encoded
with a unique spatially varying geometric phase, have been
demonstrated to mold optical wavefront distinctively at
multiple wavelengths, while remaining transparent over the
rest of the spectrum.®®

Technological implications of multivariate optical wavefront
shaping will be broad and far-reaching. For example, the
capability of controlling all optical degrees of freedom at one
wavelength will enable holographic shaping of the point spread
functions (PSFs) of imaging systems to realize imaging
modalities unattainable or di cult to implement in conven-
tional imaging systems; these include improved microscopy
resolution,”® extension of the depth of field,®® and enhance-
ment of the localization precision in 3D tracking of small
particles.®” An exciting avenue is to explore the joint design of
metasurface PSFs and ima%e processing algorithms as an
integrated imaging system.”® Nonlocal metasurfaces with
multi-wavelength wavefront shaping capabilities o er a
promising solution for augmented reality (AR) technologies
(e.g., AR goggles and head-up displays on the front windshield
of cars), where an optical see-through metalens can reflect
contextual information to the viewer's eye at selected narrow-
band wavelengths of the miniprojector while also allowing an
unobstructed, undimmed, broadband view of the real world.
One can also envision such multifunctional metasurface
devices being used to substantially reduce the complexity of
quantum optics setups that manipulate ultracold atoms, where
a single metasurface can simultaneously shape the multiple
laser beams used for cooling, trapping, and monitoring cold
atoms. Multifunctional metasurfaces will also lead to
spectrometers and polarimeters with higher overall perform-
ance in a compact size, with a plethora of applications spanning
from biosensing to chemical analysis.

All these capabilities can be further enhanced by utilizing
multiple metasurface layers. This is essential in certain
applications, like imaging, where the free-space propagation
provides a necessary transformation of the optical wavefronts.
One of the drawbacks of using multiple layers of metasurfaces
is that the e ciency decreases with adding each metasurface
layer. Thus, special care needs to be given to engineering
metasurfaces with maximized transmission. Design procedures
where the interactions between multiple layers are taken into
account may lead to enhanced overall transmission. In the
future, these structures will transition to fully three-dimen-
sional systems that can perform custom splitting of light based
on all its degrees of freedom.®

5. SPECTRAL AMPLITUDE CONTROL: FUTURE OF
COLOR COATINGS, HIGH-DENSITY INFORMATION
CARRIERS, AND MINIATURIZED SPECTROMETERS
AND DISPLAYS

Debashis Chanda, Kenneth B. Crozier, Alexander V. Kildishev,
Hao Wang, and Joel K. W. Yang

5.1. Introduction to Nanophotonic Structural Colors.
Recent e orts have shown the e ectiveness of nanostructures
in controlling the spectral amplitude of light to produce colors
through newly discovered optical modes, advancing beyond
the well-known di ractive and thin-film interference e ects.
Plasmon resonances and Mie scattering by the individual,

array, and disordered nanostructures (Figure 5a) exhibit
spectral responses in the visible that are a function of
nanostructure material and geometry, surrounding refractive
index, incident light polarization and angle. Naturally, these
new dye and pigment-free color generators and light
manipulators have shown promise in myriad use-cases, from
commercial paints to cosmetics to display applications. Here,
we provide a perspective on three categories of promising
applications, i.e., surface coatings, high-density data storage
and information carriers, and miniaturized spectrometers and
displays.

Nanophotonic structural colors hold the promise of color
coatings that are lightweight, fade-resistant, and potentially less
polluting than the chemical approaches used today in dyes and
colorants. From applications requiring uniform and large area
coatings, e.g., vehicles and consumer products, we then discuss
structural colors enabling high-density optical data storage.
Here, the aim is to store information using as small an amount
of material as possible in a robust and near-permanent form.
Encoding information in visually appealing and covert means is
useful in optical anticounterfeiting and tamper detection
applications where nanophotonic structural colors o er unique
attributes. Finally, we discuss sophisticated systems where
electronic devices are integrated with these nanophotonic
structures to enable miniaturized spectrometers and futuristic
ambient-light displays.

5.2. Surface Colorants: Future “Paints” and Coatings.
For centuries, most colorants have relied on a combination of
organic and inorganic compounds producing the appearance of
color by absorbing specific wavelengths of the incident light.
While such traditional pigment-based colorants o er a viable
commercial platform for large-volume and angle-insensitivity,
they are limited in resolution, unstable in the atmosphere, and
environmentally toxic. These widely used pigment-based paints
adversely a ect the environment and aquatic life, and
contribute to global warming by acting as heat traps.

Colors generated by engineered structures, such as
plasmonic colors, photonic crystals, or dielectric metasurfaces,
are intensively explored for their unique advantages over
chemical colorants. However, due to the geometrical nature of
their response, structural colors usually present directional
e ects, ie, their color varies with the positioning of the
observer and the angle and polarization of the incident light.
Challenges remain in nanostructure designs for enhancing
color hue, saturation, and brightness. Still, many proposed
architectures rely on costly and low-throughput nanofabrica-
tion techniques incompatible with mass-production. For
industrial production, promising directions must rely on new
thin-film optical modes, processes, and disordered or random
nanostructures produced without lithography. For instance,
Franklin et al. report a subwavelength plasmonic cavity that
0 ers a tailorable platform for rendering angle and polar-
ization-independent vivid structural colors by coupling
incident light with gap-plasmons (Figure 5b).”® The structures
are fabricated through a large-area, highly versatile, and
reproducible technique, where aluminum nanoislands self-
assemble in an electron beam evaporator onto a transparent
thin optical cavity. The optical response of these artificially
engineered nanostructures can be spectrally tuned to form a
full-color gamut by controlling the geometrical parameters.
Crucially, these structures can be flaked o0 and mixed with a
binder to develop hundreds of times lighter structural color
paints than commerecially available paints (Figure 5b).”* These
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Figure 5. Spectral amplitude control: future of color coatings, high-density information carriers, and miniaturized spectrometers and displays. (a)
Categories of nanostructures interacting with incident white light to generate color. (b.1) Advantages of photonic surface colorants over traditional
dyes. (b.2) Self-assembled Al particles on the Al,O5-coated Al mirror to generate angle and polarization-independent structural color. (b.3) Mass
production of structurally colored Al/Al,O;/Al and cellulose pigments, scalebar 1 cm. (c.1) Gold nanorod-based 5D optical recording with
polarization, wavelength, and space, scalebar 100 um; multiple images stored in one structure made of Al nanoantenna and revealed with polarizer
and analyzer, scalebar 40 ym; gap-plasmon resonator-based color print at the optical di raction limit, scalebar left 1 pm, middle and right 500 nm.
(c.2) Reconfigurable structural colors with 3D printed shape memory gratings, scalebar 1 um in SEM image and 40 um in the optical image; three
holographic images hidden in one color print with 3D printed nanopillars on phase plate structures, scalebar 200 um; colorful benchy made of 3D
printed woodpile photonic crystals with di erent parameters, scalebar 30 um. (c.3) Optical authentication with a physical unclonable function
(PUF). (d.1) Photograph of structurally colored silicon nanowire microspectrometer with 5 mm scale bar, middle shows bright field optical
microscopic image of the center of device, scalebar 200 um, the colorful texts and palettes are made of nanowires with di erent radii, scalebar 1 um.
Photocurrent value from each photodetector forms an initial data cube and a spectral data cube can be obtained from the photocurrent data cube to
reconstruct the spectrum using di erent algorithms. (d.2) Schematics of the operating principle of a 2D extrinsic chiral metasurface, 3D intrinsic
chiral metamaterial, and optically thick planar structure with intrinsic chirality under their respective illumination conditions. (d.3) Microscopic
images of a colorful Afghan Girl image with di erent electric fields applied on the reflective plasmonic-liquid crystal display, scalebar top 100 pm,
bottom left 20 ym, bottom right 150 nm; schematic of a universal photonic pixel consisting of two color-tunable elements and a top transmission-
tunable layer. Right of (b.3) adapted with permission from ref 72. Copyright 2022. Top of (c.1) adapted with permission from ref 73. Copyright
2009. bottom of (c.1) adapted with permission from ref 74. Copyright 2012. Left top of (c.2) adapted with permission under a Creative Commons
CC-BY 4.0 from ref 76. Copyright 2021. Left bottom of (c.2) adapted with permission under a Creative Commons CC-BY 4.0 from ref 77.
Copyright 2019. (d.2) adapted with permission under a Creative Commons CC-BY 4.0 from ref 83. Copyright 2018. Left of (d.3) adapted with
permission under a Creative Commons CC-BY 4.0 from ref 84. Copyright 2015 Nature Publishing Group. Middle of (c.1) adapted with permission
from ref 75. Copyright 2021 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Right of (c.2) adapted with permission from ref 78. Copyright
2022. Top of (d.1) adapted with permission from ref 79. Copyright 2019. Right of (d.3) adapted with permission from ref 85. Copyright 2020
American Chemical Society.

futuristic color coatings are also showing great potential for
energy savings. Being highly reflective in the infrared bands,
objects coated with this paint and exposed to direct sunlight
radiation could maintain temperatures 30 °F cooler than
their uncoated counterparts.”” The versatility of the process
permits the use of many di erent substrates, including flexible
platforms required in wearable electronics and roll-to-roll

manufacturing,’” and takes on the scattering properties of the
target surface to produce both di use and specular coloration
modes.

5.3. High-Density Information Carriers: Optical Data
Storage, Anticounterfeiting, and Tamper Detection
Applications. From microfilms of the 19th century to today’s
Project Silica at Microsoft, we witness an ever-increasing need
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