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ABSTRACT: With the capabilities to localize light at the subwave-
length scale and flexibly control the full dimensions of electromagnetic
fields, planar optical artificial nanostructures have been widely explored
to innovate next-generation multifunctional compact photonic devices
in recent decades. To further improve the efficiency, quality (Q)
factors, and design degrees of freedom of photonic devices, recent
research advances have brought in comprehensive consideration of
both local and nonlocal modes in nanostructures with blurred
distinctions between metasurfaces and photonic crystals. In this
Perspective, we review the recent progress in planar nanophotonics
involving localized resonances, nonlocal modes, and their couplings. Many intriguing physical effects correlated to local and/or
nonlocal modes and the corresponding applications are reviewed, as well as large-area optimization strategies to directly simulate
local and nonlocal optical responses. We also summarize several current challenges and foresee various future directions of the
attractive field.
KEYWORDS: photonic crystals, metasurfaces, bound states in the continuum, mode couplings, optimization strategies

■ INTRODUCTION
Optical artificial nanostructures can achieve subwavelength
localization of light by various resonances, such as localized
surface plasmon resonances (LSPRs) in metallic nano-
particles,1 Bragg resonances in photonic crystals,2 and Mie
resonances in dielectric resonators.3−6 These resonances
provide unprecedented light−matter interaction strengths,
which can be used to enhance many optical effects, including
optical force, Raman scattering, lasing, and optical harmonic
generation.7−11 In recent years, planar optical artificial
nanostructures have received a substantial amount of attention
from researchers owing to their feasibility in fabrication,
efficient light−matter interaction, and flexible manipulation of
electromagnetic fields.12 Planar optical artificial nanostructures
can be classified into two main categories: two-dimensional
(2D) photonic crystals and metasurfaces. Photonic crystals
support extended nonlocal modes (typically Bloch modes or
waveguide modes propagating along the array directions) and
generally achieve in-plane light confinement by defect modes
inside the photonic band gap.13 Here we clarify that the
“nonlocal modes” refer to the optical responses of individual
meta-atoms, which are dictated by fields or scatters at distant
locations, including Bloch modes, waveguide modes, and
various bulk modes with mode volumes far larger than the
wavelength. The nonlocal modes in periodic structures are
generally analyzed by band theory and depicted by wave
vectors instead of positions.2 Photonic crystals are excellent

media to trap spatial light but lack effective methods to achieve
multidimensional manipulation of optical fields.
On the other hand, metasurfaces exploit local modes that are

not sensitive to the differences among elementary resonators
empowering flexible manipulation of the amplitudes, phases,
and polarizations of light by subwavelength spatial arrange-
ments of nanoresonators. The local modes are functions of
certain locations, highlighting the independence of optical
responses at a single meta-atom or metamolecule from
neighboring unit cells, including LSPRs, Mie resonances, and
defect modes with a subwavelength mode volume and
negligible neighboring interactions. For example, metasurfaces
usually load desirable phase distributions by Pancharatnam−
Berry (PB) phases14 or resonant phases15 of unit cells with
periodic boundary conditions. Then the various unit cells are
regarded as building blocks to construct the phase distributions
in a discretized way (this process should satisfy the Nyquist
sampling theorem). However, this design strategy has several
natural drawbacks: First, metallic nanostructures suffer from
intrinsic ohmic loss in the visible and infrared bands16 and thus
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the quality (Q) factors17 are limited to a typical value of 10,
even though the light localizations by metallic nanoparticles
can reach a deep-subwavelength scale (the localization
assumption of unit cells is valid). Second, subwavelength
nanostructures made of dielectric materials (low intrinsic loss)
support Mie resonances that have larger mode volumes and the
collective lattice resonances (nonlocal modes) can be easily
excited.18,19 Some of the coupled modes oscillating in
nondiffractive metasurfaces possess high Q factors, but the
neighboring interactions can hardly be neglected, which means
that the local optical response of the meta-atoms in the
supercells cannot be simply determined by the elementary
nanoresonators. As a result, the non-negligible neighboring
interactions lead to low efficiency if one constructs
metasurfaces according to the conventional strategy. Third,
an ultrahigh refractive index material is essential for Mie
resonators to achieve ideal spatial and temporal confinements
of light.20 However, ultrahigh refractive index materials are rare
in the visible and infrared bands since the refractive index of
natural dielectric materials is lower with higher frequencies.
For example, the refractive index of water can reach 9 in the
microwave band but decrease to approximately 1.4 in the
visible and infrared bands. In brief, the simultaneous realization
of high-Q, highly efficient, and multidimensional light
manipulation is very challenging.
Fortunately, an emerging design strategy with blurred

distinctions between photonic crystals and metasurfaces is

expected to solve the long-standing problem.21−26 Considering
both the local and nonlocal optical responses of nanostruc-
tures, one can potentially achieve both flexible and high-Q light
manipulations enabled by subwavelength structural designs
and nonlocal collective resonances, respectively. In the past
decade, a concept that originates from quantum physics named
bound states in the continuum (BICs)27,28 has been
introduced in photonic crystals and metasurfaces, revealing
that these optical artificial nanostructures can support nonlocal
modes with infinite Q factors at some discrete k points, as a
result of destructive interference.29 Being embedded in the
radiative continuum, BICs can be selectively out-coupled to
the spectral continuum with specific narrow-bands, amplitudes,
phases, and polarization states by elaborate structural
perturbations.22,30 The structural perturbations transform
ideal BICs into quasi-BICs and the behavior of Q factors is
typically inverse exponential for the dimensionless perturbation
parameters.31 Emergent optical nanostructures apply subwa-
velength perturbations on the unit cells of photonic crystals or
waveguides to locally manipulate the leaky waves. However, it
is difficult to eliminate the neighboring couplings, leading to a
lower efficiency. One direct solution is seeking compensation.
For example, the rippled PB phases that result from the
neighboring couplings can be compensated by resonant phases
through tiny geometric adjustments of meta-atoms.24−26,32

However, this approach still focuses on the local construction
of metasurfaces and relies on time-consuming simulations to

Figure 1. Nonlocal modes and their couplings with other modes or waves. (a) Schematic of nonlocal modes with different momentum supported
by periodic artificial nanostructures. (b) Weak couplings between nonlocal Bragg modes and localized Mie modes, in which metamaterials and
photonic crystals are distinguished by the Bragg and Mie band gaps. Not only weak couplings but also strong couplings between Bragg modes and
Mie modes can be realized by engineering the system parameters (for example, periods and wave vectors, respectively). Mode exchange and
avoided crossing can be observed in the strong coupling regime. (c) Couplings between nonlocal guided modes and localized surface plasma
resonance (LSPR) modes. (d) Conventional BICs in periodic nanostructures such as binary gratings originate from the destructive interference
between a pair of counter-propagating guided waves in momentum space, while constructive interference leads to the formation of leaky modes.
Fourier-component-engineered metagratings can support BICs at both upper and lower bands by eliminating specific Bragg scattering processes.
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build structural libraries of meta-atoms, especially for nonlinear
metasurfaces. The high demands on the nanostructure
geometry limit its efficiency and practical applications as
well. Another idea is large-area simulation or optimization,
which directly counts the neighboring interactions within the
large-area nanostructures and neglects the dispensable
neighboring effects at the boundary.33 This approach regards
large-area meta-atoms as unity, which means that researchers
require a targeted design of the overall optical potential (or
impedance) and/or assisted optimization algorithms. Large-
area optimizations exploit the global effects to design optical
functionalities, which are more robust to disorders in
nanofabrications and are expected to develop multifunctional,
well-performing, highly efficient optical devices with ultrahigh
Q factors.34

In this Perspective, we emphasize the emerging concepts of
artificial nanostructures involving both local and nonlocal
modes. We review the key advances of this promising field,
discussing the physics of the correlated optical effects and their
applications. We concentrate on nonlocal modes and their
couplings to local resonances, guided modes, and spectral
continuums. Particularly, we touch on the interference
between counter-propagating guided modes and couplings
with localized surface plasma resonances (LSPRs), Mie
resonances, and free-space radiative waves. In addition, we
summarized the current tendency to consider and utilize the
neighboring couplings in meta-atoms, including engineering
the Fourier components of the dielectric functions and
algorithm-supported large-scale optimizations. Finally, an
outlook expressing our viewpoints on challenges and future
directions in artificial nanostructures involving both local and
nonlocal modes is presented.

■ NOVEL OPTICAL EFFECTS
Metasurfaces are planar ensembles of nanoresonators or meta-
atoms that can flexibly control the frequency, amplitude, phase,
wavefront, and even coherence of light.12,35−39 Compared to
three-dimensional metamaterials, metasurfaces can not only
dramatically reduce the optical loss and fabrication complexity
but also provide the flexibility to efficiently manipulate various
degrees of freedom of light and thus have received tremendous
attention from researchers. Traditionally, metasurfaces with
subwavelength elementary units control the electromagnetic
fields through an independent spatial arrangement of meta-
atoms, which have been widely applied to many fabulous
implications, such as metalenses, holography, optical vortex
beams, lasing, and nonlinear harmonics.39−43 In contrast to the
conventional metasurfaces exploiting local resonances, the
nonlocal artificial nanostructures, such as metagratings and
photonic crystal slabs, can support high-Q guided mode
resonances that transversely extend over a large area of the
nanostructures.21,44 Very recently, a novel design route has
been suggested to effectively realize functional and compact
photonic devices with sharp spectral responses combining the
concepts of nonlocal modes and locally designed metasurfa-
ces.22 In addition, numerous intriguing optical phenomena
have been uncovered based on this newly developed
strategy.45−47

We first summarize the optical coupling relations of nonlocal
modes in planar artificial nanostructures in Figure 1, including
couplings with the local resonances (Mie resonances for
dielectric nanostructures and LSPRs for metallic materials) and
with themselves via radiation continuum by Bragg scatterings

(typical BICs). The behaviors of optical modes in periodic or
quasi-periodic nanostructures can be effectively analyzed by
band theory with different Bloch wave vectors k as long as
neighboring interactions exist, as shown in Figure 1a. Dielectric
artificial nanostructures can support both nonlocal Bragg
modes and localized Mie resonances, and the interactions or
dominant modes can be engineered by the system parame-
ters.48 For example, in a 2D photonic crystal consisting of
dielectric nanorods, the nonlocal Bragg modes and the
localized Mie modes can couple with each other in the weak
or strong coupling regimes, as illustrated in Figure 1b. In the
weak coupling regime, the Bragg and Mie modes cross at
specific parameter coordinates (for example, period a) owing
to the different dispersion relations for the system parameters.
Researchers usually concentrate on several fundamental modes
with lower frequencies because the low-frequency modes have
no diffractive loss. The dominant modes in the low-frequency
region shift from Mie modes to Bragg modes when one tailors
the period of the 2D nanorod array, showing a phase transition
from metamaterials to photonic crystals. The resultant crossing
regions of the fundamental Mie and Bragg modes show blurred
boundaries between metamaterials and photonic crystals. On
the other hand, strong couplings in parameter space result in
avoided crossings and hybridization of the Mie modes and
Bragg modes, as shown in the lower panels in Figure 1b.
Taking the momentum space as an example, the dispersive Mie
bands maintain their characteristic of near-field localization
around the Γ point, but their electromagnetic energy gradually
expands to the whole unit cells with the wave vector shifting
from the Γ point to the M point. Indeed, both local and
nonlocal optical responses can coexist within the same
dielectric nanostructure, and the dominant effect or their
superposition depends on the system parameters.49

We now briefly discuss metallic metamaterials that support
local modes such as LSPRs on a deep-subwavelength scale.
LSPRs are collective oscillations of the conduction electrons
and the irradiating light on the surface of a nanoparticle with a
size comparable to or smaller than the incident wavelength.1 In
metallic or semiconductor nanostructures, LSPRs can couple
with nonlocal modes as well.50−52 The common configurations
are metallic nanoparticle arrays with covering or underlying
thin dielectric layers to take advantage of the near-field
couplings between LSPRs and guided modes, as depicted in
Figure 1c. The guided modes are highly dispersive with in-
plane momentum kx, while the local modes of LSPRs are flat
bands due to the absence of interactions between neighboring
plasmonic resonators. Interestingly, the neighboring interac-
tions can be introduced by an indirect route�via nonlocal
guided modes.53 Strong or weak couplings between LSPRs and
guided modes can be realized by tailoring the system
parameters such as the height or period of the metallic meta-
atoms. Underpinned by these rich coupling mechanisms, the
complex frequency and the spatial properties of the
eigenmodes can be engineered at will, which inspires many
novel effects, such as exceptional points (EPs),53 BICs,54−56

and unidirectional lossless surface plasma propagations.57

BICs are bound states embedded in but orthogonal to the
radiation continuum, ideally possessing infinite radiative Q
factors.28,58 The novel photonic bound states originate from
the destructive interference of the counter-propagating guided
mode resonances in the strong coupling regime,59 as illustrated
in Figure 1d. At the same time, the other guided mode is
leakier due to constructive interference. In addition, the
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symmetry and topological properties of BICs are revealed at
both highly symmetric and general points in momentum
space.31,60−64 Very recently, a novel class of BICs has been
achieved by engineering Bragg scattering processes in
metagratings, which can be tailored by the Fourier components
of the nanostructures’ dielectric functions.65 In contrast to the
conventional BICs that are located at discrete points in the
momentum space and show a sharp decline in the Q factors
when deviating from BIC points, the metagratings with
meticulously engineered Fourier components support BICs
at arbitrary bands in a considerable range centered on the
highly symmetric points (for example, Γ points). The Fourier-
engineering strategy directly manipulates the coupling
strengths between nonlocal guided modes and the free-space
radiation continuum,66−68 inspiring k-space engineering of the
metasurfaces involving nonlocal modes.69 The Fourier-
component-engineered BICs are angular robust, naturally
multiband, and independent of geometric parameters, making
it a promising mechanism to realize many fascinating
applications such as high numerical aperture (NA) filters,
high harmonic generation by tightly focused pumping, and low
threshold lasers.
To experimentally demonstrate BICs, it is necessary to

transform ideal BICs into resonant modes with ultrahigh but
finite Q factors (quasi-BICs). High-Q metasurfaces based on

BICs are typically realized by structural and symmetrical
perturbations in periodic planar nanostructures, with an
inverse exponential dependence on the asymmetry parame-
ters70 (the power depends on the order of BICs62). However,
conventional strategies that locally manipulate the amplitudes
and phases of light are not suitable for quasi-BIC metasurfaces
because the high-Q characteristic originates from the couplings
of the nonlocal Bragg resonances. In addition, the near-field
couplings can hardly be neglected because these BICs are
protected by the symmetry of the near-field distributions.71

Based on the aforementioned concept of BICs, an emergent
strategy was proposed and proved to be effective to manipulate
light with various degrees of freedom and simultaneously
maintain high Q factors, in which deliberate perturbations were
introduced on the bound states inside the waveguides to cancel
out the neighboring interactions. Figure 2 shows metasurfaces
with perturbations on the nonlocal modes, which introduce
weak couplings to the diffraction channels. Figure 2a−c
illustrates the nondiffractive perturbative guided mode
metasurfaces,21−23 which can be regarded as perturbations
on BIC modes supported by the original photonic slabs, a kind
of quasi-BIC.24,25,32 For example, in Figure 2a, the original air
holes of the photonic slabs are perturbed from circular to
elliptical with varying orientation angles to generate phase
gradients (PB phase). The authors proposed using a pair of

Figure 2. Perturbative nonlocal metasurfaces and metagratings. (a) Wavefront shaping and focusing based on quasi-BIC metasurfaces.21 (b)
Schematic of on-chip quasi-BIC metasurfaces achieving full-dimensional manipulations (amplitudes, phases, and polarizations) of leaky waves.22 (c)
SEM image of multifunctional few-layer metasurfaces exploiting multiperturbations on nonlocal modes.23 (d) Dynamic focusing by perturbative
metagratings composed of photorefractive silicon nanolines.72 (e) SEM image of superthin high-Q matagratings with independent diffraction
efficiency across different wavelength bands.44 (f) High-Q phase gradient metagratings based on perturbations on guided modes.73 (a) Reprinted
with permission from ref 21. Copyright 2020 American Physical Society. (b) Reprinted under the terms of Creative Commons license (https://
creativecommons.org/licenses/by/4.0/) from ref 22. Copyright 2022 the Authors. (c) Reprinted under the terms of Creative Commons license
(https://creativecommons.org/licenses/by/4.0/) from ref 23. Copyright 2022 the Authors, published by Springer Nature. (d) Reprinted with
permission from ref 72. Copyright 2020 American Chemical Society. (e) Reprinted with permission from ref 44. Copyright 2021 Nature Publishing
Group. (f) Reprinted with permission from ref 73. Copyright 2020 Nature Publishing Group.
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orthogonal elliptical holes as a rotation unit to cancel out the
neighboring interactions.21 Based on the perturbative nonlocal
metasurfaces, the phase of the circularly polarized light can be
locally engineered with a high and roughly invariant efficiency.
Furthermore, the authors demonstrated resultant function-
alities, including focusing, abnormal reflection and trans-
mission, and multiband abnormal refractions by utilizing the
perturbed nonlocal metasurfaces. In addition, the polarization
conversion efficiency can be further enlarged to approximately
1 by few-layer metasurfaces with subtle scales among unit cells
in the supercell.26 This strategy can be extended to waveguides
as well, as shown in Figure 2b.22 Full degrees of freedom
including amplitude, phase, and polarization states of light can
be further manipulated by tailoring the geometric parameters
of the perturbed meta-atoms. Accordingly, on-chip beam
convergence and holography were achieved.22Figure 2c shows
the SEM images of the multilayer perturbative nonlocal
metasurfaces, by which multifunctional resonant focusing and
abnormal refraction were experimentally observed, and
applications of augmented reality were further conceptually
demonstrated.23

In addition to perturbative nonlocal metasurfaces, diffractive
metagratings are an alternative to achieve efficient narrow-band
optical field manipulations. Figure 2d−e illustrates representa-
tive works of diffractive metagratings that apply nanoscale

defects in homogeneous waveguides to construct supercells
and introduce minimal couplings to the diffraction chan-
nels.44,72,73 The periodic metasurfaces consist of multiple
equally spaced nanobars with slightly different widths and
subtle perturbations, as illustrated in Figure 2d. The
nanostructure can be constructed in two steps to realize
phase gradients and high-Q resonances. The first step is a
width perturbation of the nanobar meta-atoms, which provides
in-plane phase gradients, enlarges the meta-atoms to supercells,
and folds the bands under the light cone to the upper spectral
continuum (BICs). Next, the nanonotch defects are intro-
duced, leading to weak couplings to the free-space diffraction
channels, realizing transitions from BICs to quasi-BICs (modes
shown in Figure 2d).72 The high-Q gradient metasurfaces are
constructed in such a way that the phase modulations are not
correlated with the high Q factors resulting from the nonlocal
guided modes. Utilizing the perturbative metasurfaces made of
nonlinear Kerr materials, the authors further demonstrated a
dynamic focusing metalens controlled by the pump light
intensity.72 Following the theoretical design, an experimental
demonstration of narrow-band beam steering metagratings was
reported with a measured Q factor of approximately 8200.73

The SEM image of the typical nanostructure and the resonant
mode distributions are shown in Figure 2f. Furthermore, slow-
light beam steering and beam splitting were experimentally

Figure 3. Novel optical effects in artificial nanostructures involving local and nonlocal modes. (a) Illustration of the second harmonic
enhancements from a gold split-ring-resonator metasurface coupled with guided modes. Measured transmitted second harmonics versus the
incident angle and the wavelength of the fundamental waves. The dispersion of the second harmonics roughly follows the guided TE mode.74 (b)
Schematic of the on-chip photonic spin Hall effect, in which the artificial nanostructures on the microcavity selectively couple the spatial light into
the guided modes with different propagation directions. Coupling efficiency difference between incident optical waves with opposite spins.75 (c)
Transition of spatially localized mode and nonlocal mode by engineering the magic angle and the modulation depths of two sublattices in a Moire ́
lattice.45 (d) SEM images of the open Dirac optical cavity made of InGaAsP multiple quantum wells. The finite open photonic crystal cavity still
maintains the Dirac dispersion. Pure nondegenerate mode B is located at the apex of the Dirac cone, and it expands the whole cavity with a flat
envelope despite cavity scales.46 (a) Reprinted under the terms of Creative Commons license (https://creativecommons.org/licenses/by/4.0/)
from ref 74. Copyright 2022 the Authors, published by American Chemical Society. (b) Reprinted with permission from ref 75. Copyright 2021
The Optical Society. (c) Reprinted with permission from ref 45. Copyright 2020 Nature Publishing Group. (d) Reprinted with permission from ref
46. Copyright 2022 Nature Publishing Group.
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achieved by harnessing the interplay between nonlocal guided
waves and the gradient phase profiles of the perturbative
metagratings.73 In addition to nanonotch defects, an atomically
thin perturbative metasurface was reported in recent years, as
shown in Figure 2e.44 The 7 nm thick polycrystalline silicon
(pSi) layer can be regarded as periodic perturbations on the
original guided waves that are trapped beneath 200 nm thick
silicon nitride slabs. The authors achieved decoupling between
visible and near-infrared resonant diffractions by leveraging the
absorption difference of pSi between the visible and near-
infrared bands.44 In the visible band, the thin pSi layer absorbs
more light energy so that the light energy in high-order guided
modes dissipates before it decouples to free space, leading to a
low first-order diffraction efficiency and a higher zero-order
transmittance. In the near-infrared bands, the pSi layer acts as a
high-Q grating coupler connecting spatial waves to the guided
modes, showing resultant narrowband resonant diffractions.
Taking advantage of the wavelength-decoupled diffraction, an
eye-tracking glass without intense rainbows was demonstra-
ted.44

In addition to BICs, there are other prominent advances and
nontrivial optical effects involving local and nonlocal modes, as
shown in Figure 3. Consistently, nonlinear harmonic
excitations are research hotspots in nanophotonics due to
the extreme enhancement of nonlinear efficiency enabled by
the ability to spatially and temporally trap electromagnetic
energies.39,70,76−80 Benefiting from the strengthened light−
matter interactions, various applications have been demon-
strated based on local and nonlocal modes, ranging from
nonlinear coding,81 harmonic optical vortices,82 multiplexing,42

and holography83 to high-order harmonic generation,84 hybrid
metasurfaces with 2D materials,85 and asymmetric nonlinear
grayscale imaging.86 In the earlier studies of nonlinear
metasurfaces, it was suggested that nonlinear signals can be
prominently enhanced when satisfying resonant conditions at
both fundamental and harmonic frequencies.87 Very recently, a
hybrid metasurface composed of gold split-ring resonators
(SRRs) and a sandwiched TiO2 thin layer was proposed to
further enhance the nonlinear harmonic efficiency, as shown in
Figure 3a.74 The dispersion of the second harmonic roughly
follows that of the transverse electric (TE) guided modes,
indicating that the nonlinear enhancements mainly stem from
the coherent collective scattering of the nonlocal guided
modes. Due to the efficient spectral overlap between the
fundamental LSPRs and the guided mode resonances, the
suppressed radiative loss, and the effective excitation of the
nonlinear polarizability in SRRs, the evaluated nonlinear
enhancement factors enlarge by 2 orders of magnitude
compared with the bare gold resonator metasurfaces. Addi-
tionally, metasurface-assisted on-chip nonlinear generations are
free of phase matching thanks to the multiple in-plane
momentum provided by different subwavelength nanoscat-
ters.88 The efficient mode overlapping inside the waveguides
and coherent superposition of nonlinear polarizability empow-
er efficient nonlinear generation of the hybrid nanostructure,
which is very promising for applications of photonic chips.
In addition to metasurfaces, trapped light in waveguides or

nanocavities may probably be out-coupled and further
manipulated by meticulous designs.22,89,90Figure 3b shows an
example of circularly arranged, zigzagged aluminum nanorods
on a silicon nitride microcavity with a coupled waveguide,
which guides incident light with different spins to specific ports
of the waveguide.75 The relative coupling efficiency shown in

Figure 3b suggests that the waveguide mode with the opposite
direction is excited when the incidence polarization changes
from right-handed circularly polarized to left-handed circularly
polarized, realizing the on-chip photonic spin Hall effect.75

Similarly, considering the momentum-matching conditions
between the local resonances and the nonlocal modes, a spin-
selective directional coupler and wavelength demultiplexing
device was proposed and demonstrated in waveguides
integrated with metasurfaces.91 In addition, the optical
properties of the hybrid nanostructures involving nonlocal
modes can be easily tailored by tuning different geometric
parameters, providing a new route to couple and manipulate
light fields bounded in microcavities and waveguides.
Another important class of artificial structures to achieve

localization of electromagnetic fields is the Moire ́ latti-
ce.92−94Figure 3c demonstrates the transition of local and
nonlocal mode in an optical Moire ́ lattice made of photo-
refractive crystals directly written by lasers.45Figure 3c clearly
shows a phase diagram of (de)localizations in the parameter
space, in which θ describes the magic angle of the Moire ́ lattice
and the potential depths of the sublattices are p1, and p2,
respectively. The mode localization and expansion can be
tailored by the system parameters, namely, the magic angle and
the two potential depths corresponding to the two sublattices,
as shown in Figure 3c.45 Recently, flat bands utilizing the
interlayer couplings and/or intralayer couplings were demon-
strated in twisted bilayer photonic slabs95 and applied to
angular-robust harmonic enhancements.96 Enhanced second-
harmonic generation with focused beam incidence was
achieved thanks to the flat-band Moire ́ quasi-BICs.96 The
transition between local and nonlocal modes is expected to
underpin flexible manipulation of optical harmonics, which is
highly desirable in nonlinear optical switching and on-chip
communications.
On the other hand, band engineering is a successful route to

design local or nonlocal modes with distinct advan-
ces.97,98Figure 3d shows a flat-envelope nonlocal mode
supported by open photonic crystal cavities with a Dirac
dispersion, which is counterintuitive.46 In contrast to the
common idea that one needs reflectors to build resonators,
Contractor et al. proposed building a laser cavity with open
boundary conditions.46 The intriguing cavity maintains Dirac
dispersion even with a finite dimension (scalable), which
ensures the orthogonality of the symmetry-protected mode
with the other two C2 symmetric modes near the Dirac point,
as shown in Figure 3d. The symmetry-protected mode
experiences zero effective refractive index and thus expands
the whole nanostructure without phase retardation, as depicted
in Figure 3d. The open Dirac cavities are made of InGaAsP
multiple quantum wells to further generate single mode lasing
by exploiting the flat-envelope nonlocal mode. Conventional
finite-size microcavities have total-reflection or open bounda-
ries without Dirac dispersions, and the modes are generally
accompanied by Gaussian or high-order envelopes that satisfy
the conditions for a standing wave.99 In contrast, the open
Dirac cavity supports a flat-envelope nonlocal mode that can
avoid spatial hole burning effects, and the Dirac dispersion also
enlarges the complex free spectral ranges between the lasing
mode and the other undesirable high-order modes, which is
very fascinating for high-power single-mode surface-emitting
lasers.47,100,101
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■ APPLICATIONS
The aforementioned novel physical mechanisms involving both
local and nonlocal modes have promoted many representative
applications, which will be briefly summarized in this section.
Based on high-Q collective Mie resonances supported by
hollow rectangular nanopillar metasurfaces, the transmission
amplitude can be tuned by the geometry of the hollow
nanopillars, realizing narrow-band grayscale near-field imag-
ing.102 The fabricated samples and corresponding transmission
intensities are shown in Figure 4a. The hollow rectangular
nanopillars have higher Q factors than the original rectangular
nanoblocks, and the corresponding electric field distributions
show a confinement of Mie resonances, as illustrated in Figure
4a. Based on the narrow-band engineering of the amplitudes of
light, frequency-selective optical encryption was further
demonstrated.102 In addition to the amplitudes of light, the
phases and polarization states are expected to be manipulated
by nanostructures involving high-Q nonlocal modes as well,
achieving multiple intriguing functions such as optical coding
and encryption, imaging, and spin detection.107−112

One important trend is on-chip light manipulation by
metamaterials, which underpins the advances of photonic
integrated circuits.89,90 Recently, a hollow air slot array has
been employed to offer phase modulations on in-plane
propagating waveguide modes.103 The schematic and SEM
image are shown in Figure 4b. Focusing phases were applied to

the lights in the waveguides when traveling through an array of
air slots. Then the focused light signals were collected by
several tiny waveguide ports to monitor the focusing
properties. The employed air slots with different lengths
have different phase retardations, which stem from the
propagation phase of the guided modes shown in Figure 4b.
The focusing characteristics are depicted in Figure 4b, showing
a good focusing performance at the focal plane. The
ultracompact metasurface-integrated waveguides served as an
on-chip metalens with an NA up to 2.14 and could focus light
to within 10 μm with less than 1 dB loss.103 In addition, the
authors demonstrated on-chip spatial Fourier transform and
spatial differentiation in experiments as well, showing
promising potentials in various applications such as ultra-
compact mode division multiplexing and on-chip optical
computation.103

Another substantial application of artificial nanostructures is
metalenses, which are expected to replace conventional bulk
lenses due to their compact size and abilities to correct various
aberrations.40,104,113 With a tailored hyperbolic phase distri-
bution, a metalens can convert a plane wavefront to a spherical
wavefront with an ultracompact size, and various well-
performing metalenses against one or more optical aberrations
have been proposed in recent years.114−116 However, most
metalenses work under paraxial conditions because controlling
the angular dispersions of the phase distribution is very
challenging. Recently, Liu et al. proposed a wide-angle Fourier

Figure 4. Applications of local and nonlocal metasurfaces. (a) SEM images of hollow Mie resonators with different transmittances corresponding to
different scales. Mode profiles of the hollow Mie resonators. Illustration of narrow-band grayscale imaging using collective Mie resonances.102 (b)
SEM images of on-chip focusing using air-slot resonators as phase retarders. Mode distributions of the air-slot resonators in silicon waveguides.
Received intensities by waveguide arrays showing a focusing behavior.103 (c) Concept of the Fourier lens and the employed waveguide modes.
SEM micrograph of the fabricated Fourier metalens composed of dielectric nanolines.104 (d) Simulated reflection spectra of multilayer nanoblocks
with suppressed Mie scattering at shorter wavelengths (lower panel), showing better monochromaticity than that of single-layer nanoblocks (upper
panel). Measured colors in the CIE 1931 chromaticity coordinates, exceeding the Adobe RGB space.105 (a) Reprinted with permission from ref
102. Copyright 2022 WILEY-VCH. (b) Reprinted under the terms of Creative Commons license (https://creativecommons.org/licenses/by/4.0/)
from ref 103. Copyright 2019 the Authors, published by Nature Publishing Group. (c) Reprinted with permission from ref 106. Copyright 2018
WILEY-VCH. (d) Reprinted with permission from ref 105. Copyright 2019 American Chemical Society.
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lens up to 60° with 85% efficiency, as shown in Figure 4c.106

Fourier lenses are perfect lenses for Fourier transforms due to
the strict angular dispersion relations of the foci offset. Similar
to the gradient metasurfaces, the phase distributions of the
Fourier metalens were realized by tailoring the width of the
consisting nanolines, as shown in Figure 4c. The large-angle
dispersion of resonant phases is a haunting problem for
dielectric Mie resonators, which was recently solved by
employing waveguide modes inside the nanolines, as illustrated
in Figure 4c. Due to the horizontal localization property of the
vertically guided modes, flat-band effects maintain the phase
functions of the metalens even in a large-angle incidence. The
Fourier transform of a grating and the spatial filtering
performed by the wide-angle Fourier lens were experimentally
demonstrated as well.106

In addition to applications based on manipulations of the
intensity, phases, and polarization states of light, implements
achieved by engineering the spectrum of artificial nanostruc-
tures will be subsequently discussed. One significant
application of optical artificial nanostructures is structural
colors because of their distinct advantages in resolution, color
purity, and stability.117,118 Historically proposed in photonic
crystals that can reflect photons with energy and momentum
residing in the band gaps, structural colors are flourishing in

the research field of metasurfaces.119−121 Based on the rich
local and nonlocal modes, the spectrum in the visible band can
be flexibly engineered.122−124 However, the structural colors
generated by simple plasmonic and dielectric nanostructures
are generally limited by the relatively low color saturations.
Recently, ultrahigh-saturation structural colors were theoret-
ically proposed and experimentally demonstrated based on
multilayer TiO2 metasurfaces.105 The subtle multilayer design
successfully suppresses the high-order Mie multipolar scatter-
ing of the single-layer metasurfaces by impedance matching on
the nanostructure interfaces, as shown in Figure 4d.
Consequently, the single Fano resonance peak dramatically
enhances the monochromaticity of the reflection spectra,
exhibiting more vivid colors. The theoretical and experimental
color gamut can occupy 127% and 95% of the Adobe RGB
space by tailoring the geometric parameters of the nanostruc-
tures. Colors with ultrahigh saturations are very promising for
miniature high-end displays, advanced imaging, and vivid
virtual reality technologies.125

■ ALGORITHM EMPOWERED NONLOCAL
OPTIMIZATION

To exploit the near-field coupling between meta-atoms and
expand the available degrees of freedom of the optical system,

Figure 5. Examples of nonlocal metasurface optimized by different algorithms. (a) Computation of large-scale metasurfaces based on a T-matrix
method with GPU acceleration.33 (b) Coupled-mode-theory (CMT) computations on the far-field distributions of the metasurfaces with adjoint
optimization.126 (c) A metalens design based on a deep neural network (DNN) to consider the coupling of adjacent resonators.127 (d)
Topologically optimized metasurfaces with a unit section of approximately 3λ, in which the coupling between nanowaveguides is considered.128 (a)
Reprinted under the terms of Creative Commons license (https://creativecommons.org/licenses/by/4.0/) from ref 33. Copyright 2022 the
Authors, published by Nature Publishing Group. (b) Reprinted with permission from ref 126. Copyright 2021 American Chemical Society. (c)
Reprinted with permission from ref 127. Copyright 2021 American Chemical Society. (d) Reprinted under the terms of Creative Commons license
(https://creativecommons.org/licenses/by/4.0/) from ref 128. Copyright 2019 the Authors, published by Nature Publishing Group.
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various optimization algorithms have been applied to design
metasurfaces. Conventionally, the target electromagnetic fields
are constructed through a structural meta-atom library built
from the full-wave simulation,107 which is time-consuming to
find the best solutions and the adjustable parameters are
usually limited. Such a strategy requires negligible interactions
between adjacent unit cells and is widely used in designs such
as metalenses,115,129 metaholography,130,131 and multifunc-
tional metasurfaces.132 Moreover, the cost of time and
computational resources grow exponentially with the ex-
pansion of the optimization area of the metasurface.133

These difficulties impose many restrictions on structural
designs, especially in the optimization of large-scale meta-
surfaces and the exploration of neighboring and nonlocal
effects. Fortunately, with the upgrading of computing power
and algorithms, some of the aforementioned problems can be
effectively solved with the support of high-performance
computers or well-designed algorithms. Recently, deep
learning has attracted much attention because of its excellent
abilities for feature extraction of physical effects and data
fitting. Compared with conventional algorithms, deep learning
has achieved outstanding performance in computer vision,
automatic drive, and natural language processing. For metasur-
face research, deep learning also brings convenience for
artificial nanostructure design and data analysis including
forward prediction,41,134 inverse design,135 and result fit-
tings.136,137

The most direct way to consider near fields with coupling
effects is to compute the entire array. One of these numerical
strategies to design and analyze large-scale metasurfaces is
shown in Figure 5a.33 The incident fields were first
decomposed into a set of sources with distributions of jinc
functions following the Nyquist sampling rule, and each source
illuminates a part of the metasurface. Then, the divided
metasurfaces and source arrays were parallelly distributed in
several graphics processing units (GPUs) to compute the near-
field interactions using the T-matrix method. Finally, a
gradient-based method was applied to optimize the design
parameters of the metasurface. The near-field calculation by
the T-matrix method agrees well with the conventional full-
wave simulations. Based on such a strategy, a metasurface
consisting of silicon nanostructures with a size of 645λ × 645λ
was calculated in 10 h, which is hard to address for traditional
simulation software. The coupling between the nanostructures
was also considered in the metasurface design by taking
advantage of the large-scale computation. A metalens
consisting of lower aspect ratio silicon scatterers was
optimized, and the efficiency was improved from 0.1 (local
field approximation) to 0.2 (nonlocal interactions) in 35
iterations.
In addition to direct calculations, the coupling effects can

also be theoretically analyzed through the coupled-mode-
theory (CMT). The coupled mode equations can be written
as138
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where a is the complex amplitudes of the resonances and the
matrices D, Sin (Sout), and C are the coupling coefficients,
incoming (outgoing) waves, and background reflection and

transmission coefficients, respectively. The equation describes
the relationship between the outgoing and incoming waves.
Figure 5b shows a near-field optimization method based on the
CMT, and the figure of merit (FOM) was calculated and
optimized in the far-field.126 Compared with traditional
simulation methods, solving the CMT equations is advanta-
geous to save computational resources, which enables large-
area optimization of metasurfaces. Furthermore, an inverse-
design-based adjoint optimization was applied to optimize the
structure distribution of the metasurfaces, i.e., the design
parameters were updated following the gradient of the FOM in
every iteration step. A 10000λ scale metalens with an NA of 0.9
can be obtained using CMT. Angle-multiplexed holograms
were also presented in this work. Although the superiority of
CMT-based optimization is remarkable, this strategy still has
some restrictions, such as the requirement for the isolation of
the resonance modes, limiting its applications in random
shapes and materials.
Figure 5c shows another method to investigate the nonlocal

interactions of nanostructures based on deep learning.127

Taking the near-fields of nine random scatterers from the
finite-difference time-domain (FDTD) simulation as the input
data, a deep neural network that can extract the coupling
features between the nanostructures was efficiently trained
with TensorFlow. The neural network was trained and
optimized with the near-field coupling incorporated by
maximizing the FOM, which is defined as the difference
between the calculated results and design target. An extended
depth of focus (EDOF) lens with a focus depth of 100−350
μm was achieved. The predicted results from the neural
network are in good agreement with the FDTD simulations
but require less solution time. Topological optimization is also
popular in metasurface design because it can construct
nanostructures with arbitrary shapes and designs. As shown
in Figure 5d, topological optimization combined with adjoint
simulation was employed to enhance the operating efficiency
of the metalens.128 Topological optimization usually treats the
structure domain as an entirety to find the optimized material
distributions, leading to dramatically increased computational
requirements related to the device size. To overcome this
disadvantage, the metasurface was divided into several sections
at a 3λ-scale, and topological optimization was performed in
each section. In the forward adjoint simulation of each section,
an aperiodic Fourier model method (AFMM) was employed
to keep every section isolated. The optimization begins with a
random dielectric distribution whose indices are between the
air and the exact material and then updates the distribution
with the iteration under the guidance of the gradient of FOM.
After that, the material distribution is binarized to ensure
feasibility in fabrication. Such a strategy can combine the
advantages of topological optimization and unit design, with
the size of the unit reaching several wavelengths. This work
realized a metalens with a radius of 30 μm and an NA of 0.2 to
0.9, and the improved working efficiency was verified through
simulations and experiments.

■ SUMMARY AND OUTLOOK
In this Perspective, we have encapsulated various optical effects
in the emerging field of artificial nanostructures involving local
and nonlocal modes, including local and nonlocal resonance
couplings, BICs, on-chip light manipulations and calculations,
and control of mode (de)localizations. We reviewed the
applications for optical field manipulations such as near-field
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imaging, nonlinear harmonics generation, on-chip lens and
Fourier operations, wide-angle Fourier lenses, and artificial
structural colors. For a long time, many of those developments
were established on direct assemblies of plasmonic nano-
antennas and/or Mie resonators using local optical properties.
However, metallic nanostructures suffer from severe ohmic loss
in the visible and infrared bands, which hinders the
development of highly efficient optical devices. On the other
hand, Mie resonances supported by high-index dielectric
nanostructures have inevitable neighboring interactions
especially in nonlinear metasurfaces, causing difficulties in
precisely harnessing the phase and amplitude distributions of
the overall metasurfaces. Based on the comprehensive
consideration of both the local resonances with abilities to
confine electromagnetic fields on a subwavelength scale and
the nonlocal collective modes involving the neighboring
interactions, we envision efficient multifunctional nanostruc-
tures with high Q factors and strong frequency selectivity. The
exclusive narrow-band and extended modal overlap properties
are highly promising for applications such as augmented
reality, controllable lasers, and nonlinear harmonic generations.
We expect that rapid developments exploiting local and
nonlocal modes will boost a range of significant innovations in
integrated photonics and compact quantum chips and will
provide foundations for next-generation of highly efficient
multifunctional optical devices.
We next summarize the advantages and disadvantages of

local and nonlocal resonances. The local modes can locally
manipulate the optical fields, including optical amplitudes,
phases, and polarization states, by the spatial arrangement of
the nanoresonators, which are flexible and easy to develop.
Local metasurfaces generally show broadband and wide-angle
functionalities because of their lower Q factors and flat-band
features. However, the lower Q factors of local modes limit
their effective light−matter interaction distances for special
functionalities and applications. On the other hand, nonlocal
modes can support ultrahigh-Q resonances such as BICs,
which can dramatically enhance the efficiency of light−matter
interactions70 and are promising for narrow-band applications
such as biosensing and multiplexing.139 Nonlocal modes are
dispersive and can be easily engineered in momentum space,
which opens new degrees of freedom to manipulate optical
fields. Furthermore, nonlocal modes are more robust to
fabrication errors since their properties depend on the global
effects of the nanostructures.62

Nonlocal modes are promising for metasurface applications,
but there are still some challenges in the design of desiring
optical fields by exploiting local and nonlocal modes. The first
is the lack of theoretical underpinnings. To date, dealing with
both local and nonlocal optical properties of nanostructures
lacks effective and succinct theories and relies on large-scale
simulations and optimizations because band theory and PB-
phase are insufficient to describe hybrid local and nonlocal
modes. Second, it is difficult to simultaneously achieve local
modulations of optical responses and high Q factors. The
introduced phase or amplitude modulations will inevitably lead
to red/blue-shifts of the local resonances owing to the different
neighboring coupling conditions, so that the spectral overlap
among meta-atoms becomes very low when the Q factors are
extremely high, resulting in low efficiency of the overall
functional metasurfaces. Another challenge is the absence of
desirable materials with a high refractive index in the optical
band to control couplings between local and nonlocal

resonances by tailoring the refractive index contrast, which is
much easier in the microwave band.
In this Perspective, we provide several future directions for

local and nonlocal nanostructures. Importantly, resonant
nanostructures are attractive for enhancing and tailoring
nonlinear harmonic signals because of their ability to trap
light at the nanoscale. However, the temporal trapping of
electromagnetic fields is not satisfying because of the intrinsic
loss of plasmonic structures. On the other hand, dielectric
nonlinear metasurfaces generally employ low-Q Mie modes to
manipulate nonlinear phases, amplitudes, or polarization
states,140−143 and the functionalities of ultrahigh-Q nonlinear
metasurfaces are limited because it is difficult to modulate
nonlinear phases and amplitudes without sacrificing Q factors.
It is known that high Q factors are critical for nonlinear
enhancements and highly efficient nonlinear devices. There-
fore, functional nonlinear metasurfaces with ultrahigh Q factors
and nonlinear conversion efficiencies are in high demand.
The interplay between local and nonlocal modes employing

novel materials such as semiconductors, nonlinear Kerr
materials, and 2D materials is another frontier area in the
field of light manipulation. The excited polaritons in the
metasurfaces made of semiconductor materials can be easily
controlled by the gate voltage and one can accordingly
manipulate the corresponding mode couplings. It is believed
that many nontrivial phenomena concerning interactions
between various polaritons and nonlocal modes will be
revealed in the near future.144,145 For example, exploiting the
topological band behaviors of hexagonal boron nitride (hBN)
metagrating, the deep-subwavelength canalization of polaritons
was achieved and observed based on strong near-field
polaritonic couplings.146 Hybrid nonlocal metasurfaces sup-
ported by low-loss dielectric resonators and emerging semi-
conductor nanostructures are expected to provide new
opportunities for highly efficient and versatile photonic
devices, with the underpinning physics being gradually
elucidated in recent years.147

Owing to the extended nature of nonlocal modes, functional
nanostructure arrays are challenging to design because the
resonance modes are sensitive to both the geometric setup and
lattice arrangement of resonators. As a result, a feedback-based
simulation or optimization is required to fulfill the function of
the device,21 leading to time-consuming optimization,
especially in a high-dimensional parameter space. For example,
the deep-learning-based method usually requires tremendous
training data that are obtained by full-wave simulations.
Therefore, the cost of computation will grow exponentially
with increasing degrees of freedom to obtain global functions
involving nonlocal effects. To overcome the difficulty in
optimization, several newly developed deep learning models,
such as Transformer148 and graph neural network (GNN),149

may potentially find their applications in metasurface designs
owing to their excellent capacities in extracting features and
predicting results with higher accuracy than simple neural
networks such as multilayer perceptron (MLP). Another
challenge is that the design target (figure of merit) may
converge to a local extremum point or a saddle point but not
the global optimum, especially for metasurfaces with a high-
dimensional parameter space and significant nonlocal effects.
Fast convergence and global optimization can be obtained by
combining the physical model and a neural network to predict
the nonlocal effects based on a smaller data set and improve
the prediction accuracy. The solution to these design
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difficulties may provide many more possibilities for nano-
photonics with integrated multiple metasystems.
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