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Abstract:

The full manipulation of intrinsic properties of electromagnetic waves has become the central
target in various modern optical technologies. Optical metasurfaces have been suggested for a
complete control of light-matter interaction with subwavelength structures, and they have been
explored widely in the last decade for creating next-generation multifunctional flat-optics
devices. The current studies of metasurfaces have reached a mature stage where common
materials, basic optical physics, and conventional engineering tools have been explored
extensively for various applications such as light bending, metalenses, metaholograms, and
many others. A natural question is where the future research on metasurfaces will be going:
Quo vadis, metasurfaces? In this mini review, we provide perspectives on the future
developments of optical metasurfaces. Specifically, we highlight recent progresses on hybrid
metasurfaces employing low-dimensional materials, and discuss biomedical, computational
and quantum applications of metasurfaces, followed by discussions of challenges and
foreseeing the future of metasurface physics and engineering.
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Introduction

Metasurfaces are made of artificial subwavelength elements with small thickness, which
provides powerful capability to manipulate waves'”’. Well before the exploration of
metasurfaces, tailoring the light scattering with planar optical structures has majorly been
pursued in diffractive optical elements, such as high-efficiency dielectric gratings® and space-
variant Pancharatnam—Berry-phase-based diffraction gratings®. Nevertheless, the concept of
metasurfaces provided much deeper insight and many more degrees of freedom to play with,
for complete control of light. As one of the very first proposals, phase-discontinuity
metasurfaces based on plasmonic V-shape nanoantennas with different geometries have been
suggested and demonstrated to exhibit anomalous reflections and refractions governed by the
generalized Snell’s law !, which stimulated a widespread interest of the optics community.
Following this, new designs including those exploiting the geometric phases and dynamic
phases have been proposed'®!!; more materials such as dielectric materials and emerging
materials have been explored!?; tremendous new functionalities have been demonstrated
including metalens®, metaholograms®*-2¢, beam steering with nonlinear metasurfaces’'8,
versatile polarization generation®®, and many others. Nowadays, the study of metasurfaces
grows rapidly reaching a new stage, blending various novel concepts, and exploring new
materials for multiple cross-discipline applications.

General principles, functionalities, and applications of metasurfaces have been reviewed
comprehensively in previous works?®-?2, Here, we aim to provide most recent perspectives on
the future directions of metasurfaces and address emerging and promising fields of optical
metasurfaces that are less emphasized previously. Therefore, in this mini-review, four major
promising paths for the future development of metasurfaces are exclusively highlighted (see
Fig. 1). Specifically, we provide an overview of metasurfaces integrated with low-dimensional
materials, and then discuss metasurfaces for biomedical, computational and quantum
applications. Firstly, hybridizing metasurfaces with two-dimensional (2D) materials, such as
2D Transition Metal DiChalcogenides (TMDCs)?2 and polar van der Waals (vdW)
materials?®-3!, can realize advanced manipulations of light-matter interactions at the nanoscale
in a designer manner, offering a new platform for next-generation photonics. For new
applications such as in biological systems, metasurfaces can largely enhance the sensitivity of
biomolecular detection3**°, distinguish chiral biomolecules®®, and achieve high-resolution
bioimaging®’. Another important trend is employing metasurfaces to process®*8, optimize*®>°
and code information®*>* which can perform mathematical computations and image
processing. Finally, we discuss most recent applications of metasurfaces to quantum
technologies. Meditated quantum entanglement®>-® and a new platform for integrated quantum
devices®®®® may be possible with emerging metasurfaces. Nevertheless, these selected topics
are exclusive, and we do not aim to cover all exciting trends in the study of metasurfaces. Other
promising and paradigm-shift developments of metasurfaces, discussed in this perspectives,
could be merging advanced computer algorithms®%? (machine learning, neural networks, and
others), demonstrating topological physics and applications in flat metasurfaces®, introducing
time-variant metasurfaces to enrich dimensionality®*, combining metasurfaces with a micro-
electro-mechanical system® (MEMS) and many other continuously emerging advances.
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Hybridization with two-dimensional materials

One significant advance in developing new types of metasurfaces is to hybridize them with 2D
and layered 2D materials. Beyond the general advantage of atomic thickness for ultracompact
and ultrathin devices, those emerging nanomaterials offer exotic optoelectronic properties with
rich physics and applications when interacting with photons. However, light-matter interaction
in atomically thin materials is generally weak, so engineering their photonic behaviors and
boosting their interactions with light are practical issues. Optical metasurfaces could allow the
advanced manipulation of light-matter interaction in a designer manner, providing a nearly
perfect engineering platform to fully unveil the great potentials of 2D materials in
nanophotonics.

Figures 2a-b present examples of the hybridization of 2D TMDCs with metasurfaces. TMDCs
are a representative kind of 2D materials with visible-frequency optoelectronic applications.
Most 2D TMDCs present a direct bandgap in the visible and render the excitons when
interacting with photons, with large excitonic binding energy. Besides, the broken time-
reversal symmetry of the atomic structures induces the opposite Berry curvatures and pseudo-
spins in the electronic band structures, lifting the valley degeneracy and resulting in a valley-
contrast absorption and emission of spin-photons. Moreover, their broken inversion symmetry
could allow the strong photonic spin-dependent second-harmonic generation (SHG), coupled
to the interband transition in different valleys. Hybridizing the metasurface with 2D TMDCs
can help to address the valley excitons and even their nonlinearity. Fig. 2a shows that a
metasurface made of asymmetric plasmonic grooves would break the in-plane mirror
symmetry, which supports the unidirectional propagation of surface plasmons excited by
different circularly polarized in-plane dipoles?*. This allows the excitons from different valleys
with opposite pseudo-spins, strongly coupled to surface plasmons, to be separated and directed
to opposite directions in the near field and at room temperature, promising the valleytronics
and excitonic devices?* 2%, Differently, Fig. 2b illustrates a strategy of synthesizing
metasurfaces with 2D TMDCs which exploits the coherent valley-contrast SHG process to
address the valleys?’. The plasmonic metasurface carries the geometric phase that is spin-
dependent and boosts the light-matter interaction due to its strong field confinement®. The
photons at the fundamental frequency, after being modified to carry the Pancharatnam-Berry
phases by the metasurface, could access and pump the valleys coherently, resulting in SHG
photons with a spin-valley-dependent geometric phase. Emission from the opposite valleys,
boosted by the strong plasmonic localization, could be controllably separated, and steered to
different directions, facilitating room-temperature valleytronics and nonlinear photonic devices.

Figures 2c-d show the hybridization of metasurface with layered 2D materials or polar vdW
materials. Here, instead of simply synthesizing vdW materials with a metasurface, the
hybridization strategy is implicit since it applies the advanced engineering in metasurface to
the polar vdW materials for sophisticated photonic applications. Polar vdW nanomaterials can
support the phonon polaritons (PhPs), which could be extremely anisotropic if the optical
phonon frequencies at different crystal axis are separated enough, inducing the natural
hyperbolicity®’. Figure 2c shows that the grating metasurface of hexagonal boron nitride (hBN)
can support the in-plane hyperbolicity, where the pristine hBN can only support in-plane
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isotropic PhPs?. In metasurface, the homogenization of structured materials can render exotic
effective properties that are significantly different from their original ones. This concept is the
root of hBN grating metasurface, where its in-plane isotropy can be broken to be extreme,
allowing the hyperbolic PhPs propagation. Moreover, one can apply the rotation-induced
engineering in twisted bilayer hyperbolic metasurface®® to polar vdW materials. Fig. 2d shows
that applying the metasurface’s extreme dispersion engineering via the rotation®, PhPs in
twisted o-phase molybdenum trioxide (a-MoO3) bi-layers can experience a hyperbolic-to-
elliptic topological transition as the rotation angle changes, although each a-MoOs layer is in-
plane hyperbolic®®®-"1 Near the topological transition angle, the isofrequency contours
necessarily become flattened, demonstrating a highly collimated polariton propagation, i.e., the
polariton canalization. Such hybridization schemes are conceptual and allow to explore and
utilize the metasurface concept to 2D materials and their layers.

Figures 2e-f depict light-matter interactions in the hybrid systems of excitonic 2D materials
and plasmonic metasurfaces. Surface plasmons (SPs) excited in the metasurface can efficiently
confine electromagnetic fields into deep-subwavelength volumes with highly enhanced field
intensity, which, in turn, will strongly modify the light-matter interactions in excitonic 2D
materials. Thus, excitons and SPs are coupled through coherent dipole-dipole interactions, and
different coupling regimes are identified depending on the energy exchange rate between
excitons and SPs. When the coupling becomes stronger and enters the intermediate regime,
Fano-type interference is emergent and manifested as transparency resonances in the SP
spectrum. As shown in Fig. 2e, the localized surface plasmon resonance of the bowtie
metasurface is spectrally overlapped with the A-exciton resonance of MoS, monolayer at
around 1.9 eV. As a result, a sharp and asymmetric feature resembling Fano lineshape is
presented in the reflection spectra at around 1.9 eV, while the absorption of the MoS>
monolayer is enhanced due to the strong plasmonic field”2. Once the coherent coupling between
SPs and excitons is dominant over all the loss channels, the strong coupling regime is achieved
in the hybrid system. Then, two new mixed states possessing half-light-half-matter properties
are formed and energetically separated by a Rabi splitting, which is manifested as a
characteristic anticrossing of two branches. As depicted in Fig. 2f, a clear anticrossing of 18.2
meV is observed for the plasmonic cavity mode and the neutral exciton resonance of WSe>
monolayer®. Such polaritonic devices promise great potential in ultrafast optoelectronics, all-
optical logic, and low-threshold lasers.

Finally, the examples discussed above serve to showcase the general philosophy of hybridizing
metasurface with 2D materials, which can be extended to many other emerging material
platforms, including perovskites’*, phase changes materials’®, and even topological and
quantum materials. For example, common challenges of conventional metasurfaces are losses
and weak tunability, which however may be circumvented 2D materials. By incorporating a
gain material, such as MAPDIz perovskite, with conventional metal-dielectric hyperbolic
metasurface, its metal loss can be compensated so that the polarization anisotropy of emission
can reach the same level as absorption’. Besides, the PhP responses are in principle immune
to Ohmic losses offering a low-loss platform for nanophotonic metasurfaces. When combined
with phase-change materials such as single-crystal vanadium dioxide (VO), the PhP
metasurfaces with VO.-hBN can facilitate the active and reconfigurable control of light in
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nanoscale’®. Therefore, more exciting, and newer opportunities with hybridizing 2D materials
and other emerging novel materials should be explored in the future.

Biomedical applications

Electromagnetic waves exhibit a rich yet safe range of interactions with biological systems
from radio to optical wavelengths that are the basis for many biomedical technologies essential
to modern life””. Therefore, besides incorporated low-dimensional materials, metasurfaces
have also been harnessed to realize the next generation of biomedical devices that can rapidly
and conveniently detect diagnostic signals and deliver medical treatments. They provide
distinct capabilities being exploited to enhance the interface between engineered devices and
biological systems. First, metasurfaces can concentrate electromagnetic fields at the deep
subwavelength scale and resonantly amplify or suppress interaction with biological objects.
Second, metasurfaces can freely tailor the electromagnetic response of a device, enabling
wavefronts of the specific amplitude, phase, and polarization to be generated. Third,
metasurfaces can be fabricated in flat and compact formats that can gain proximity to otherwise
inaccessible physiological regions. The development of metasurfaces with such versatile
capabilities has enabled advances in applications for biomedical sensing and imaging.

Optical techniques, such as infrared spectroscopy, are routinely used in biotechnology and
medicine to analyze the molecular content of biological samples, in which changes in
wavelength indicate the binding of specific biomolecules. The sensitivity of molecular
detection is determined largely by the magnitude of optical change induced by a small
concentration of the target molecule. The use of metasurfaces in biomolecular sensing can be
traced to their ability to increase the strength of light-molecule interactions and convert
biomolecular signals into changes in amplitude, wavelength, phase, and polarization of light
for convenient readout. For example, metasurfaces composed of nanospheres, being capable
of generating strong localized surface plasmon resonance, have emerged as an ideal platform
for sensitive biomolecule detection” (Fig. 3a).

To further enhance the sensitivity, metasurfaces based on Fano resonance have been proposed
thanks to the sharp intensity changes and extreme singularities of Fano lineshape. As shown in
Fig. 3b, a biosensor based on Fano resonance has been demonstrated by asymmetry
metasurface consisting of two plasmonic antennas in parallel and a perpendicular antenna
coupler attached to one of them®2. Two current modes were excited and coupled as electric
dipole and quadrupole/magnetic dipole, corresponding to the super-radiant mode and
subradiant mode, respectively. This asymmetric metasurface has shown the ability to determine
the vibrational fingerprint and measurement of the thickness of the recognition protein. High
sensitivity has also been achieved by a metasurface biosensor operating at a plasmonic
exceptional point (Fig. 3c), where the sensitivity was enhanced by the nonlinear responses near
the exceptional point®. In addition, hyperbolic metasurfaces have also been proposed for
sensitive biomolecular sensing benefiting from the bulky modes and highly confined fields.
Two typical architectures of hyperbolic metamaterials, parallel gold nanorod array” (Fig. 3d)
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and metal-dielectric multilayer® (Fig. 3e), have been demonstrated for biomolecular sensing
using a streptavidin-biotin model.

Metasurfaces based on bound states in the continuum (BIC) have also been proposed for
biomolecular detection®* 3, by which the high sensitivity has been achieved due to high-quality
factors and strong field confinement of the metasurfaces. For example, a two-dimensional
pixelated dielectric metasurface (Fig. 3f) has been proposed as an ideal platform for label-free
and imaging-based molecule fingerprint detection®*. The proposed dielectric metasurface (a-
Si: H) consisted of a two-dimensional array of high-quality-factor pixels. Each pixel contains
a zigzag resonator array recognized as supercavity modes driven by BIC, exhibiting a discrete
resonant frequency linearly varied over a target mid-infrared fingerprint range. The pixel
design of the metamaterial enabled molecular absorption signatures to be read out at multiple
spectral points. The measured spectrum was then translated into a barcode-like spatial
absorption map for imaging. Similar BIC-based metasurface combining with hyperspectral
imaging has also been proposed to develop an ultrasensitive label-free analytical platform for
biosensing®®. Without using a spectrometer, this technique can acquire spatially resolved
spectra from millions of image pixels and use smart data-processing tools to extract high-
throughput digital sensing information.

Chiral metasurfaces can also be applied for chiral biomolecule sensing, which is important to
distinguish different pharmacological potency and toxicity of chiral biomolecules with
different handedness. Chiral metasurfaces can concentrate and tailor the near-field polarization
of optical fields to generate super-chiral fields and amplify interactions with chiral molecules.
As an example, a pair of plasmonic ‘twisted” metasurface with opposite rotations (Fig. 3g) has
been proposed to detect chiral biomolecules®®. Two opposite responses corresponding to the
opposite rotation of the metasurfaces were observed, which can be summed up to remove
background signals and enhance the sensitivity of chiral biomolecular detection.

In addition to biosensing, metasurfaces can also play an important role in bioimaging.
Benefiting from the subwavelength control, metasurface-based bioimaging systems can
achieve high compactness as well as high imaging resolution. For example, a metasurface has
been proposed as a metalens integrated into an optical coherence tomography (OCT) catheter’
(Fig. 3h). The optical components at the distal end of the catheter were assembled using a
custom-built platform comprised of holders for the metalens and traditional optical systems,
such as fiber and prism. This metalens can tailor the phase such that it is free of spherical
aberration and astigmatism, overcoming the essential barriers to diffraction-limit focusing and
imaging. The building blocks of the metalens are amorphous silicon nanopillars, where each
building block was distributed according to the calculated phase profile of a focusing spot with
diffraction-limit resolution and free of chromatic dispersion, spherical aberration, and
astigmatism. The imaging qualities of metalens endoscope and conventional OCT catheters
were compared by imaging on fruit flesh and animal models (swine airways ex vivo and
pulmonary airways of the sheep in vivo), both showing that the metalens endoscope captured
images with higher qualities and more details.

Recently, a reconfigurable and intelligent metasurface imager has been proposed for high-
accuracy microwave imaging and recognition of the human body*® (Fig. 3i). Machine learning
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technology was applied and combined with the tunable metasurface to generate optimized
radiation patterns in real time, which enabled high-speed data acquisition and high-quality
imaging. The metasurface with operation frequency around 3 GHz was reprogrammable by
tuning the meta-atoms, each of which was composed of three subwavelength-scale square
metallic patches. Two adjacent patches were connected via a PIN diode that was digitally
controlled by the applied bias voltage. The meta-atom supported four digitized phase levels by
controlling the states of three diodes in a judicious combination. The metasurface was trained
by the random projection and the principal component analysis. After being trained, the
metasurface generated the optimized measurement mode in real-time to reconstruct a person,
which was used to monitor the movement of the person. Recognition of human-body gestures
was also demonstrated by the machine-learning metasurface imager with faster data acquisition
compared to the random projection without training.

The above examples show the versatility of metasurfaces in biomedical sensing and imaging.
The future development of metasurfaces for biomedicine could focus on solving the clinical
problems by new designs and new mechanisms of metasurfaces, which could be the key
components for future healthcare systems.

Computational and information metasurfaces

In addition to the interaction with biological systems, electromagnetic waves have also been
widely used as an efficient and versatile information carrier for communication and signal
processing®l. With its compact structure, metasurface brings promising new possibilities in this
direction. The computational and information metasurfaces are proposed to process
information in systematic ways, thereby achieve functionalities like mathematical operation,
computational imaging, wireless communication, etc.

The concept of computational metamaterial was proposed in 2014. It refers to metamaterials
that can perform mathematical operations®®. The concept was suggested for a metasurface
sandwiched between two graded-index (GRIN) slabs (Fig. 4a). The GRIN slabs perform
Fourier and inverse Fourier transformations, and the metasurface applies the required filtering
in the momentum domain corresponding to the desired mathematical operator (Fig. 4b). The
metasurface is a conceptual one and its realization may suffer from problems of low efficiency
or complex structure. Therefore, considering these obstacles, a computational metasurface,
which works high efficiently in reflection and consists of uncomplicated array structure, has
been designed and experimentally demonstrated®® to perform highly efficient spatial
differentiation and integral based on gap-surface plasmons. The setup only requires one
component to perform two Fourier transformations before and after the reflection.

However, the above metasurfaces still cannot perform analog computation by themselves
because Fourier components are required to perform the operation in the momentum domain.
A much simpler reflective design that directly works in the momentum domain makes use of
the surface plasmon excitations in a Kretschmann configuration (a dielectric prism on a thin
metal film)*°. The system has a transfer function which approximates that of a first-order spatial
differentiation at critical coupling, so it directly performs the operation without using any meta-

ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

structure or Fourier components. Similarly, based on the intrinsic transfer function near a
bound state in the continuum, a photonic crystal slab was theoretically proposed to perform a
2D Laplacian operation on normal incident fields in transmission*!. Despite their simpler
design, both schemes still require other components to facilitate the functioning of the 2D
structure (a prism, in Ref.° and a dielectric slab, in Ref.*!). Moreover, both schemes work in a
small incident angle range and do not spare the designing for other mathematical operations.

To overcome these limitations, it was proposed theoretically to introduce strong nonlocality in
the transmission spectrum of a split-ring-resonator array with periodically modulated
permittivity in the ring gaps*2. The Fano-shape leaky-wave resonance due to the interference
between the incident and surface waves is sensitive to the oblique incident angle, which
supports second derivative and edge detection with a large numerical aperture. To perform the
first derivative, the vertical and horizontal mirror symmetry must be broken, which is achieved
by adding misplaced metallic wires into the metasurface. The complex design was drastically
simplified and experimentally demonstrated in 1D using silicon nanobeams*® with uniform and
two different widths for the second and first derivatives, respectively. Recently, a 2D
experimental implementation was also realized, using silicon nanorods embedded in
polymethyl methacrylate (PMMA) on a silicon dioxide substrate** (Fig. 4c). Due to the leaky
guided resonance, the spatial differentiator has a large numerical aperture and can be integrated
with either conventional imaging systems, like commercial optical microscope and camera
sensor, or metalenses to form a monolithic compound optical system. The latter forms a
compact 2D nanophotonic system for edge detection (Fig. 4c).

Metasurfaces are also frequently used with/in computational imaging techniques. On the one
hand, postprocessing algorithms in computational imaging provide feasible approaches to
optimize the images generated by metalenses. For example, chromatic aberration is strong in
metasurfaces due to the local resonances and phase discontinuities. It was proposed that full-
color imaging and depth sending of light-field images can be realized by using an array of
gallium nitride (GaN) achromatic metalenses with numerous GaN resonators®?. Also, another
work demonstrated that the defocused images from a metalens with cubic phase profile and an
extended depth of focus (EDOF) can be recovered using deconvolution to realize full-color
metasurface imaging®’. The method was further developed to simultaneously achieve
achromatic and varifocal metasurface imaging*® where two aligned metalenses with quartic
phase profiles are used as inspired by the traditional Alvarez lens (Fig. 4d). By performing
spatial Laplacian and finite difference on images from a metalens that incorporates two phase
profiles with different in-focus distances, metasurface depth-sensing from the point spread
function width was experimentally demonstrated recover®® (Fig. 4e). On the other hand,
metasurface is itself an efficient tool in computation imaging, giving rise to numerous
interesting applications like optical steganography, storage, and encryption®8°, For example,
the polarization sensitivity of nanorod reflective metasurface was proposed to encrypt single-
pixel (SP) computational ghost imaging with a strong helicity dependence® (Fig. 4f). Also,
Zhang et al. proposed another encryption scheme by introducing metasurface-images into the
encoding and decoding processes as the keys of SP imaging encryption®”. Another work
demonstrates the realization of covert images with accurate color reproduction by using
plasmonic metapixel arrays®®.
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Metasurface not only can process information or be optimized by information techniques as
mentioned above, but also can be coded by information. In 2014, digital metamaterials were
proposed where each unit only takes discrete (binary) values of material parameters®..
Compared with metamaterials based on analog parameters, it is convenient to form a universal
design procedure for digital metamaterials and to incorporate them with existing algorithms
and devices for the processing of digital signals. Digital metasurfaces® appeared in the same
year under similar considerations. For a 1-bit digital metasurface, the 0 and 1 elements are two
kinds of meta-atoms with near 0 and & phase responses thanks to their different geometries. In
the same work, a programmable digital metasurface was also proposed where each meta-atom
can have 0 and © phase responses based on the OFF and ON states of a biased diode connecting
two metallic structures (Fig. 4g). Such a device is suitable for information processing in
dynamic and complex working conditions and implies novel reconfigurable functionalities.
Digital metasurfaces with programmable meta-atoms are called information metasurfaces®°*,
To date, due to its high demand on the control of each individual meta-atom, the working
frequency of information metasurfaces is limited to gigahertz.

Information metasurface is a suitable platform for machine-learning assisted computational
imaging since its large number of configurations provide a convenient training set. Using a 2-
bit configuration, a real-time metasurface imager has been trained to quickly identify body
gestures*®. Moreover, information metasurface trained with artificial neural networks has been
demonstrated to image and recognize people using standard WIFI signals®. The real-time
tunability of information metasurface introduces another dimension to the code sequences.
Space-time coding metasurfaces are such devices that work according to three-dimensional
coding matrices (two spatial and one temporal dimension)®. Based on it, a new scheme for
wireless communication has been demonstrated with high quality and robustness®. It is also
worth noting that metasurface with carefully designed geometric phase acts as a desired
platform for the generation of complex vectorial beams, which can be further used for
information transportation and optical communication®. Recently, a generic approach was
proposed to efficiently generate arbitrary vectorial optical fields based on metasurfaces by
exploiting the full-matrix inhomogeneous Jones matrix®.

The studies mentioned above imply broad potentials of computational and information
metasurfaces in smart sensing, imaging, healthcare monitoring, internet of things, wireless
power transfer, etc. Towards these applications, higher working frequency, more sophisticated
algorithms, and more convenient implementation techniques are still in great demand.

Metasurfaces for quantum technologies

The critically important next step in the flat optics is to combine the physics of metasurfaces
with quantum technologies. By coupling quantum emitters to elements of metasurfaces, we can
achieve a flexible control of quantum light that can be captured, stored, manipulated, and
emitted as a flow of single photons. The corresponding quantum devices can become essential
building blocks for realizing secure quantum communication and quantum computing systems.
The use of quantum metasurfaces with the direct integration of nonclassical sources of light
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such as single-photon emitters would allow achieving an unprecedented control over emission
of photons, thus endowing metadevices with quantum information processing capabilities.
High efficiency in such devices requires a collection of photons and control over their emission.
In addition, metasurfaces can be employed to mediate quantum entanglement between two
qubits trapped on a chip and separated by macroscopic distances, by engineering their coherent
and dissipative interactions via the metasurface, as was predicted theoretically®. Importantly,
spatially scalable interaction channels offered by metasurfaces enable robust entanglement*®,

Figures 5(a-e) illustrate several concepts and recent realisations of metasurfaces for
manipulating or enhancing quantum effects. Fig. 5(a) presents the recent experiments by Stav
et al®® on the generation of entanglement between the spin and orbital angular momenta of
photons®®. In the first experiment, the photon pairs are splitted by directing one photon through
a metasurface and the other photon --to a detector, then detecting the arrival of the other photon.
Stav et al®® measured the single photon that passed through the metasurface and reveal that it
acquired an orbital angular momentum and that it became entangled with the spin. In the second
experiment, Stav et al®® passed the single photon pairs through the same metasurface and
employ two detectors to show that the photons became entangled, so that the spin of one photon
is correlated with the orbital angular momentum of the other photon, and vice versa.

Generation of photon pairs in nonlinear materials enables the creation of non-classical
entangled photon states. By integrating metasurface lens with a nonlinear BBO crystal as
shown in Fig. 5(b), one can realize a multi-path spontaneous parametric down-conversion
photon-pair source which is promising for high-dimensional entanglement and multi-photon
state generations. Such a structure was realized by Li et al®® for metalens 10x10 array who also
demonstrated four-photon and six-photon generation with high indistinguishability of photons
generated from different metalenses. This metasurface-based quantum photon source is
compact, stable, and controllable, indicating a new platform for integrated quantum devices.

Huang et al®® developed a quantum platform based on diamond with small defects, called
nitrogen-vacancy (NV) centres, are known to harbour electron spins that can be manipulated
at room temperature, see Fig. 5(c). Each NV centre emits light that provides information about
the spin’s quantum state. Huang et al® fabricated a metasurface on the surface of diamond that
acts like metalens to collect photons from a single qubit in diamond and direct them into an
optical fibre. This is a first key step in larger efforts to realize compact quantum devices
operating at room temperature.

Being integrated with quantum emitters, metasurfaces can create a special meta-platform for
guantum photon sources. In the regime of weak coupling, the Purcell enhancement of quantum
emitters, or their enhancement of spontaneous emission rates, could enable the development of
efficient single-photon sources for quantum optics. From the other hand, we observe the
development of the fundamental conceptual and practical advances in realization of multi-
photon quantum interference, taking place at subwavelength scale within its short interaction
with the metasurface and paving the way to novel types of ultrathin metadevices for the
manipulation and measurement of multi-photon quantum entangled photon states.
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Unique properties of metasurfaces to manipulate quantum light could find use in a variety of
areas, including free-space communications and quantum imaging. A key strength of the
system is that it allows photon correlations and quantum state measurements to be harvested
using only polarization-insensitive single-photon click detectors. Combining the metasurface
with single-photon-sensitive CCD cameras could allow multiple-time-frame images of
quantum states. The metasurface is thus analogous to a quantum “camera lens” to allow fast,
imaging-based measurements of quantum states.

The use of metasurfaces for quantum optics reveals new opportunities not yet fully explored in
both the fields. As an example of the opportunity to enrich both fields of metasurface and
quantum optics, in Fig. 5(d) we show the recent experimental demonstration of Zhou et al*
that a polarization-entangled photon source can be used for switching from “on” to “off” states
and back in the optical edge detection realised with optical imaging employing high-efficiency
dielectric metasurfaces. This represents a promising direction toward quantum edge detection
and image processing with a remarkable signal-to-noise ratio. Another recent work®?
demonstrates first-time generation of photon pairs via spontaneous parametric-down
conversion in quantum optical metasurfaces with Mie-like resonances at various wavelengths,
enabling flat-optics sources of entangled photons.

Recently suggested spatiotemporally modulated quantum metasurfaces provide a novel
flexible platform for generating nonclassical light with designer spatial and spectral shapes®*.
As shown in the conceptual figure Fig. 5(e), they can be employed for on-demand entanglement
for free-space communications and for reconfigurable imaging systems. Selective quantum
information encoding can be achieved with specific frequency, linear momentum, or orbital
angular momentum harmonics. Such novel space-time metasurfaces can provide breakthrough
advances in quantum photonics.

As summarized in the recent review®, special properties of metasurfaces are extremely
attractive to manipulate photons and to produce states of nonclassical light, and such important
functionalities can be useful in many areas, including free-space communications and quantum
imaging. Such metasurface systems can enable complete quantum-state measurements using
simple polarization-insensitive single-photon click detectors. Combining the metasurface with
single-photon-sensitive charge-coupled device cameras could allow multiple-time-frame
images of quantum states. Such metasurfaces can be made similar to quantum cameras
allowing fast imaging of quantum states.

In addition to the manipulation of quantum light, metasurfaces may become themselves a novel
type of quantum device playing an important role in the field of quantum information and
computing, thereby paving the way for numerous practical applications that may include,
among others, the development of unbreakable encryptions, as well as opening the door to new
possibilities for quantum information systems on a chip.

ACS Paragon Plus Environment



oNOYTULT D WN =

Nano Letters

Perspective and Outlook

It is now widely accepted that photonics plays an important role in our everyday life being
closely connected with the progress of technology and key scientific discoveries. Metasurface-
empowered flat optics is advancing several grand challenges in photonics. One of those
challenges is to realize tunable and switchable metadevices enabling dynamic and active
control of the properties of light including its amplitude, phase, wavevector, and polarization.
Beam steering with metasurfaces emerged as one of the first important functionalities that
immediately opened new applications, also underpinning, and driving new discoveries.
Integration of metasurfaces with quantum emitters and creation of multifunctional modulators
for light would follow naturally those initial steps.

We Dbelieve that further advances in fundamental research in metaphotonics and technological
innovations in flat optics will uncover a tremendous potential of metasurfaces making their
rapid impact on science, technology, and society. In addition to what we have described above,
there are many other areas in physics and applications of metasurfaces that we believe will
undergo rapid development in the coming years. Below we mention just a few additional
examples of the most recent specific advances in new physics, innovative engineering, and
intelligent design of photonic metasurfaces.

New physics with metasurfaces. Metasurfaces suggest the opportunities to go beyond the
design limitation by employing subwavelength structure engineering in addition to chemistry-
based material arrangements, and thus providing unprecedented innovations in material-based
photonic devices and systems. New developments in physics of metasurfaces are driven by
the approach to increasing the dimensionality of metamaterials bringing the dimension of “time”
into the metasurfaces platform®, and considering some parameters such as dielectric
permittivity e changing with time in addition to its variation in space, namely &(x, y, z, t). In
this case, novel physics is associated with causality, so events always move forward in time,
being consistent with the second law of thermodynamics. Such differences between space and
time provide additional richness to wave-matter interaction in spatiotemporal metamaterials,
and such spatiotemporal structures can be used to break the reciprocity without using any
biasing magnetic field®, and temporally varying media exhibit more complex effects such as
time-varying polarizabilities.

Metasurfaces have refreshed the considerable interest to the study of special classes of
nonradiating modes associated with the so-called bound states in the continuum (BICs)
described by embedded eigenvalues®*® because they can provide a physical mechanism for
trapping electromagnetic energy in small volumes for a long time. A true BIC is a mathematical
object with an infinite value of the resonance spectral width, often called the quality factor (Q
factor). In practice, BIC can be realized as quasi-BIC, being directly associated with the so-
called supercavity mode, where both the Q factor and resonance width become finite.
Nevertheless, BIC-inspired resonances of metasurfaces can be employed for many applications
such as biosensing, and they can also empower the chiral properties of metasurfaces®.
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Metasurfaces allow to engineer polarization singularities of vectorial electromagnetic fields
starting from meta-atoms where polarization singularities may appear already at the level of
the Mie theory, and considering various metasurface structures for which both near- and far-
field patterns manifest diverse polarization singularities characterized by the integer Poincaré
or more general half-integer Hopf indices (topological charges)®. Such polarization
singularities can provide novel perspectives in the physics of light-matter manipulation for both
fundamental physics and practical applications of metasurfaces. A recent example is the
demonstration of vortex microlasers generated by a metasurface made of halide perovskite
MAPbBr3 by Huang et al.”. The authors created a metasurface membrane supporting BICs at
the I'-point of the spectrum associated with vector singularity, and they observed the vortex
nature of the laser beams and ultrafast switching. The polarization responses of resonant modes
of the metasurface were utilized to induce helical geometric phase shifts to the incident light-
generating phase singularities in the far field. Another example of a new physics enabled by
metasurfaces is the recent demonstration of a metasurface-based optical chip for the trapping
of ensembles of cold atoms with a single incident laser beam. By employing a metasurface,
Zhu et al.2% achieved the trapping of ~107 atoms relevant to quantum sensing, making a step
forward for fully integrated cold atom quantum devices by exploiting metasurface optical chips.

Innovative engineering and tunability. Despite many advances, most of the currently
demonstrated metasurfaces are static and feature optical responses determined by
configurations of meta-atoms set during their fabrication. Significant challenges are to design
and realize active metasurfaces with pixel-level programmability and addressability, given the
intrinsic impediments to impose active responses and gain accurate control over the individual
optical elements at the nanoscale. Metasurfaces with spatially arranged meta-atoms can directly
change light properties such as phase, amplitude, and polarization. If each meta-atom serves as
a pixel, and it can be controlled independently, it becomes possible to realize addressable and
programmable metasurfaces at the subwavelength pixel level. Dynamic configurations
investigated so far by using controlled constituent materials or geometrical parameters often
exhibit specific limitations and reduced reconfigurability. ~ Very recently, Meng et al.®
combined a plasmonic metasurface with a thin-film piezoelectric MEMS and have developed
an electrically driven dynamic MEMS-metasurface platform for controlling phase and
amplitude of the reflected light by finely actuating the MEMS mirror. They have demonstrated
MEMS-metasurface components for polarization-independent beam steering and focusing
with high modulation efficiencies (~ 50%) and fast responses (< 0.4 ms).

Tunability of metasurfaces is a critically important feature required for many applications. It is
often achieved in hybrid systems when metasurfaces are combined with other materials such
as liquid crystals or phase-change material Ge.Sh,Tes (known as GST) embedded into meta-
atom arrays for active and non-volatile tuning of properties of light. As a recent example,
Abdollahramezani et al.!®* designed a meta-atom, which selectively controls the hybrid
plasmonic-photonic resonances of reconfigurable metasurfaces via the dynamic change of GST
optical constants. They have demonstrated two tunable metasurfaces that control the amplitude
(with modulation depth ~80%) or phase (with tunability >230°) of incident light for high
contrast switching and efficient beam deflection.
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Advanced design strategies. Recent advancements in machine learning and artificial
intelligence will contribute to reshape substantially some major areas of photonics where
metasurfaces may play a more and more important role. Indeed, to develop metasurfaces with
specific properties and functionalities, we need novel design strategies and approaches based
on advanced computational techniques. Machine learning is emerging as a special subfield of
artificial intelligence!® that is advancing many areas of science and engineering, and it is
expected that the methods of machine learning and deep learning will be useful for
sophisticated designs of smartphones, robotic systems, and self-driving cars.

Nanophotonics involves different platforms and designs which require careful engineering and
optimisation of the properties of meta-atoms and their arrays, especially for creating hybrid
systems integrated with 2D materials and quantum emitters. Unconventional optical designs
can be discovered via machine learning thus advancing imaging, sensing, and other
functionalities for on-chip circuitry. Many recent studies are devoted to photonic design
approaches and emerging material platforms showcasing machine-learning-assisted
optimization for intelligent metasurface designs.

The practical realization of efficient metasurfaces is a complex problem due to the multitude
of constraints implying large optimization spaces. Recently, Kudyshev et al®! suggested the
topology optimization method combined with deep learning algorithms, and they employed
this knowledge to optimize the design of a thermal emitter metasurface with high-efficiency
thermal emission reshaping. They demonstrated substantial improvement of computational
time (almost 5000 times faster) and final devices’ efficiencies (98%). A global optimization
allows uncovering efficient topology-optimized metasurfaces operating across a range of
parameters, with metasurfaces operating across a range of wavelengths and angles as a model
system. Jiang and Fan® demonstrated that devices produced from the trained generative
network have efficiencies comparable to or better than the best devices produced by adjoint-
based topology optimization while requiring less computational costs.

While metasurfaces have been intensively studied and enjoyed rapid development in the past
decade, several significant challenges still exist for practical and end-specific utilizations. Set
aside common challenges like loss and tunability mentioned above, when it comes to the
optical region, fabrication becomes a tricky problem for many accuracy-required structures
such as BIC-empowered metasurfaces, and it also becomes harder to modulate metasurfaces,
because the properties of common materials can rarely be tuned in billions or trillions per
second. With emerging materials, new physics and advanced nanofabrication techniques, those
challenges may be bypassed. We anticipate new insights being delivered by merging the
concepts from several fields exploring time-varying photonics and creating new types of hybrid
and multi-layer systems governed by the concepts of flat optics and metamaterial-inspired
subwavelength engineering. We expect that the future research in metasurfaces will
significantly broaden the horizons of photonics and offer new perspectives for metaphotonics,
leading to novel applications beyond our current imagination.
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Figure 2. Hybridization of metasurfaces with 2D materials. a, Metasurface made of an array of
asymmetric grooves directs the valley excitons. Adapted with permission from ref. 24. Copyright 2019
Springer Nature. b, Geometric phase metasurface steers nonlinear chiral valley photons. Adapted with
permission from ref. 27. Copyright 2019 Springer Nature. ¢, Grating hBN metasurface supports in-
plane propagation of hyperbolic phonon polaritons. Adapted with permission from ref. 29. Copyright
2018 AAAS. d, Twisted a-MoOs bilayers facilitates the extreme dispersion engineering originally
sustained in moiré hyperbolic metasurfaces. Adapted with permission from ref. 30. Copyright 2020
Springer Nature. e, Bowtie-MoS, hybrid system features intermediate light-matter interaction
manifested via Fano resonance. Adapted with permission from ref. 72. Copyright 2015 American
Chemical Society. f, Plasmonic -WSe; system supports strong light-matter interaction revealed by the
avoided anticrossing in the transmission spectra. Adapted with permission from ref. 73. Copyright 2019
American Chemical Society.
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Figure 3. Metasurfaces for biomedical applications. a, Metasurface consisting of nanoparticle-
enhanced graphene-gold multilayers for detection of single-stranded DNA. Adapted with permission
from ref. 78. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b, Metasurface
biosensor based on Fano resonance for detection of protein. Adapted with permission from ref. 32.
Copyright 2011 Springer Nature. ¢, Metasurface based on symmetry-breaking-induced plasmonic
exceptional point for immune-assay nanoscale sensing. Adapted with permission from ref. 33.
Copyright 2020 Springer Nature. d, Hyperbolic metamaterial consisting of parallel Au nanorod array
for detection of biotin. Adapted with permission from ref. 79. Copyright 2009 Springer Nature. e,
Metallic diffraction grating-coupled hyperbolic metamaterial biosensor with a fluid flow channel.
Adapted with permission from ref. 80. Copyright 2016 Springer Nature. f, Pixelated metasurface
composed of a two-dimensional array of high-Q resonant metapixels for molecular fingerprint detection.
Adapted with permission from ref. 34. Copyright 2018 AAAS. g, Chiral metasurface consisting of
twisted Au nanorods for enhanced chiral biomolecular sensing. Adapted with permission from ref. 36.
Copyright 2017 Springer Nature. h, Metalens endoscope for optical coherence tomography. Adapted
with permission from ref. 37. Copyright 2018 Springer Nature. i, Machine-learning reprogrammable
metasurface for microwave imaging of a moving person behind a wall. Adapted with permission from
ref. 49. Copyright 2019 Springer Nature.
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Figure 4. Computational and information metasurfaces. a, Performing spatial differentiation on
light fields. Adapted with permission from ref. 38. Copyright 2014 AAAS. b, Structure that performs
analog computation: two graded-index slabs with a conceptual metasurface or a meta-transmit-array.
Adapted with permission from ref. 38. Copyright 2014 AAAS. c, Using its leaky guided resonance, a
dielectric photonic crystal slab can perform two-dimensional (2D) Laplacian operation for edge
detection (upper). It can be combined with metalens to form a monolithic compound system that
processes the image of onion cells (lower). Adapted with permission from ref. 45. Copyright 2020
Springer Nature. d, Achromatic and varifocal imaging with a continuously tunable extended depth of
focus using two quartic metasurfaces. Adapted with permission from ref. 48. Copyright 2020 American
Chemical Society. e, Depth sensing using a metalens incorporated with two different in-focus distances.
Adapted with permission from ref. 83. Copyright 2019 National Academy of Sciences. f, Helicity
dependent computational ghost imaging with metasurface. Adapted with permission from ref. 86.
Copyright 2017 AAAS. g, Structure and phase response of the meta-atom in a programmable digital
metasurface or information metasurface. Adapted with permission from ref. 52. Copyright 2014
Springer Nature.
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28 Fig 5. Metasurfaces for quantum technologies. a, Quantum entanglement of the spin and orbital
29 angular momentum. Adapted with permission from ref. 56. Copyright 2018 AAAS. b, Metalens multi-
30 photon quantum source. Adapted with permission from ref. 59. Copyright 2020 AAAS. ¢, Diamond
31 metalens to collect and collimate emission of an individual NV centre. Adapted with permission from
32 ref. 60. Copyright 2019 Springer Nature. d, Demonstration of switchable edge detection. The image of
the object comprising the separated LCP and RCP components, which is the OFF state of the edge
detection mode. The image reveals edges for the ON state of the edge detection mode. Adapted with
permission from ref. 46. Copyright 2020 AAAS. e, Conceptual representation of a space-time quantum
metasurface. A spatiotemporal spinning modulation of graphene nanostructures generates entangled
vortex photon pairs out of the quantum vacuum. Adapted with permission from ref. 94. Copyright 2021
D.A.R. Dalvit.
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