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Design Strategies and Applications of Dimensional Optical
Field Manipulation Based on Metasurfaces

Wenwei Liu, Zhancheng Li, Muhammad Afnan Ansari, Hua Cheng,* Jianguo Tian,
Xianzhong Chen,* and Shuqi Chen*

Recent rapid progress in metasurfaces is underpinned by the physics of local
and nonlocal resonances and the modes coupling among them, leading to
tremendous applications such as optical switching, information transmission,
and sensing. In this review paper, an overview of the recent advances in a
broad range of dimensional optical field manipulation based on metasurfaces
categorized into different classes based on design strategies is provided. This
review starts from the near-field optical resonances of artificial nanostructures
and discusses the far-field optical wave manipulation based on fundamental
mechanisms such as mode generation and mode coupling. The recent
advances in optical field manipulation based on metasurfaces in different
optical dimensions such as phase and polarization are summarized, and
newly-developed dimensions such as the orbital angular momentum and the
coherence dimensions resulting from phase modulation are discussed. Then,
the recent achievements of multiplexing and multifunctional metasurfaces
empowered by multidimensional optical field manipulation for optical
information transmission and integrated applications are reviewed. Finally,
the paper concludes with a few perspectives on emerging trends, possible
directions, and existing challenges in this fast-developing field.

1. Introduction

With the development of micro- and nanofabrication technolo-
gies, the exploitation of subwavelength localization of light has
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gathered burgeoning interest in the scien-
tific community due to the versatile physi-
cal effects and revolutionary applications in
photonics and quantum optics. Such local-
ization of electromagnetic (EM) waves ac-
companies strong light-matter interactions
and boosts the investigation of optical meta-
materials and metasurfaces, which consist
of arrays of artificial subwavelength build-
ing blocks that enable optical manipula-
tion with high degrees of freedom. For ex-
ample, numerous exotic optical effects and
functionalities have been proposed based
on the plasmonic electric and magnetic res-
onances induced by metallic meta-atoms,
such as generalized laws of reflection
and refraction,[1] negative permeability and
permittivity,[2] photonic spin Hall effect,[3]

cloaking,[4] and chirality.[5,6] In recent years,
inspired by the multipolar Mie-type reso-
nances in all-dielectric nanostructures, re-
searchers have designed and developed
more and more high-efficient functional
devices. Compared with the metallic-based
nanostructures, dielectric building blocks

with high refractive indices do not suffer from intrinsic thermal
loss, which leads to efficient designs with versatile functions,
such as metalenses,[7–9] giant asymmetric transmission and
chirality,[10,11] holography,[12–14] and special beams generation.[15]

On the other hand, mode coupling and mode superposition
occurring in nanostructures inspire more optical effects and
enable elaborate tailoring of optical properties.[16] For example,
with simultaneous generation of electric and magnetic dipole
resonances, split dielectric resonators can be used to realize
an efficient Huygens’ metasurface,[17] in which the Kerker
effect occurs and the intensity of backward and forward scat-
tering can be modulated through modes superposition when
tailoring the geometric parameters of the nanostructures.[18]

Strong coupling between the optical resonant modes can also be
generated when the coupling criterion is satisfied. One of the
most intriguing effects induced by the strong coupling is the
bound states in the continuum (BICs), which theoretically have
infinite state lifetime and ultra-high Q factors.[19,20] With the
coupling between leaky resonances and guided modes, photonic
BICs are actually vortex centers or polarization singularities
in the momentum space.[21] Recently, based on the topological
polarization singularities of symmetry-protected and acciden-
tal BICs,[22,23] researchers have developed more and more
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fascinating optical effects such as merging BICs,[24,25]

topological protected charges when varying the geometric
parameters,[19] generation and annihilation of BICs,[26] chiral
BICs generation,[27,28] parity-time symmetry-induced BIC,[29]

and enhanced nonlinear generation.[30,31]

The abundant optical resonances and mode interactions sup-
ported by the optical nanostructures further enable the multi-
dimensional manipulation of optical waves from near field to
far field.[32–34] Although most of the metasurfaces are based
on resonant optics, some intriguing effects are free from res-
onances such as the Pancharatnam–Berry (P–B) phase,[35,36]

which is induced from the symmetry of the optical build-
ing blocks, and the phase value is linearly determined by
the orientation angle of the nanostructure. Taking advantage
of the anisotropic designs of the building blocks, simultane-
ous and independent phase control under different polariza-
tion states has been realized based on metasurfaces,[37,38] which
have been applied in polarized holographic multiplexing and
polarization-controlled superposition of orbital angular momen-
tum (OAM) states.[39–41] Simultaneous intensity and phase ma-
nipulation of optical waves can be employed to accurately con-
trol the energy ratio of each optical information channel and
suppress the intrinsic noises in both linear and nonlinear
regimes.[42,43] By combining different optical dimensions to-
gether, such as amplitude, phase, and polarization, researchers
have also developed various multi-functional designs such as
metasurfaces for full-space control of EM waves,[44] spin-selective
chiral mirrors,[45,46] and waveguide-integrated metasurfaces.[47]

Recently, the rapid development of metasurfaces has offered
a profound perspective on photonics for integrated and func-
tional devices that are challenging to be realized in conventional
optics.

In this review article, we present an overview of the state-of-art
technology across the rapidly developing research field of multi-
functional metasurfaces for dimensional optical wave manipula-
tion. We highlight the newly developed and combined optical de-
grees of freedom that underpin the profound progress in photon-
ics in the past decade. We hope this review may serve the meta-
surfaces and photonics community as a catalyst for the future de-
velopment of more and more fascinating optical effects and appli-
cations. The paper is structured as follows. In Section 2, we start
from the basic principles of optical field manipulation in different
optical dimensions, including the fundamental resonances to re-
alize functional optical manipulation in different optical dimen-
sions and the construction strategy of optical dimensions. Sec-
tion 3 is dedicated to phase-based optical manipulation, includ-
ing the P-B phase, resonance phase for wave-front control, and
other optical dimensions induced from the phase such as OAM
and coherence. Section 4 discusses recent advances in multidi-
mensional metasurfaces empowered by polarization-based and
customized optical manipulation. Dispersions and frequency-
dependent optical manipulation are presented in Section 5,
where we introduce the characteristic designs and applications
operating in different frequency channels. Section 6 discusses
optical manipulation in the momentum space, where optical
functions are allocated to different directions. Finally, Section 7
offers an overview of several fascinating research fields that may
provide other novel directions for optical field manipulation with
metasurfaces.

2. Fundamentals and Principles: Resonances,
Arrays, and Optical Dimensions

Generally, metasurfaces are based on resonant photonics, which
enables light confinement at the sub-wavelength or even at the
deep sub-wavelength scale. As a result, the optical properties of
resonators, such as the lifetime of the states, dispersion, energy
band, and scattering directivity rely highly on the geometric pa-
rameters of the resonators. For example, Yu et al. have demon-
strated different phase abrupt by varying the shape of plasmonic
antennas, which directly corresponds to the generated near-field
resonant mode.[1] Considering the ubiquitous relations between
the geometry and resonant mode of a resonator, abundant optical
resonances occur for various geometric configurations and com-
positional materials.[10–12] On the other hand, the spatial setup
of resonator arrays including in-plane, symmetric, and few-layer
arrangement also provides a wide platform for mode generation
and superposition.[13,16] Based on the geometry and resonance
tailoring of the nanostructures, one can realize various optical
functions in different optical dimensions such as phase, polar-
ization, time, momentum, and frequency, as illustrated in Figure
1. Generally, optical resonances can be categorized into local and
nonlocal resonances.

2.1. Local Resonances Generated by Nanostructures

The local optical resonances imply light-matter interactions con-
fined in individuals or between adjacent nanostructures, which
is one of the most exciting properties of nanophotonics with ex-
treme light confinement. Based on the collective movement of
electric charges, researchers have developed various types of lo-
cal resonances in plasmonic metasurfaces such as electric dipoles
(ED)[48] and magnetic dipoles (MD)[49] within different build-
ing blocks. In comparison, dielectric nanostructures can gener-
ate both electric- and magnetic-type resonances with compara-
ble strengths, known as Mie scattering. The simultaneous gen-
eration of electric and magnetic multipolar resonances by dielec-
tric resonators has boosted the research field of “Mie-tronics,”[50]

which provides a profound impact on nanophotonics due to
the lack of intrinsic thermal loss. Based on the abundant lo-
cal resonances of nanostructures, recent advances in metasur-
faces have presented versatile applications such as metalenses,[8]

holography,[13] and spin-controlled wave-front shaping.[51] Fur-
thermore, the scattering intensity and directivity of light can be
modulated through the multipolar superposition of the existing
modes through the Kerker effect.[18] The scattering intensity can
be expressed as:

I = 2𝜔4

3c2
|P|2 + 2𝜔4

3c2
|M|2 + 4𝜔5

3c4
(P ⋅ T) + 2𝜔6

3c5
|T|2

+ 𝜔6

5c5

∑|||Q𝛼𝛽

|||2 + 𝜔6

40c5

∑|||M𝛼𝛽

|||2 + ⋅ ⋅ ⋅ (1)

where P, M, T, Q𝛼𝛽 , and M𝛼𝛽 are denoted as the ED, MD,
toroidal dipole, electric quadrupole, and magnetic quadrupole,
respectively. For instance, Yang et al. realized the simultaneous
generation of multipole resonances in SiO2-TiO2-Si3N4 layered
nanostructures, in which the mode interactions can be subtly
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Figure 1. Schematic and principles for dimensional optical field manipulation with metasurfaces. Optical nanostructures with artificially tailored geome-
try can support abundant electromagnetic local and nonlocal resonances, such as the electric dipole (ED) and magnetic dipole (MD). With further spatial
arrangement and symmetric engineering, metasurfaces enable versatile dimensional optical field manipulation from the development of fundamental
photonics to applications of multi-functions integration and optical information transfer.

modulated by controlling the thickness of each layer.[52] The
nanostructure can be regarded as a low Q-factor Fabry-Pérot res-
onator that suppresses optical scattering in low-frequency bands
compared with pure titanium dioxide resonators.

To overcome the limiting Q-factors of subwavelength res-
onators, strong mode coupling can be introduced in the para-
metric space and realize avoided resonance crossing of frequency
curves.[30] Different from the conventional BICs in arrays of
nanostructures, Koshelev et al. realized a BIC mode in a sub-
wavelength dielectric resonator and further boosted the second-
harmonic generation efficiency. Such an effect originates from
the mutual interference of several Mie-type modes and the quasi-
BIC mode is achieved through the induced super cavity mode.[16]

The mode coupling can be described by using a model of two cou-
pled driven oscillators:[53,54]

(
𝜔1 − 𝜔 − i𝛾1 g

g 𝜔2 − 𝜔 − i𝛾2

)(
x1
x2

)
= i

(
f1
f2

)
(2)

where [x1, x2]T, [𝜔1, 𝜔2]T, [𝛾1, 𝛾2]T, [f1, f2]T, and g are the oscilla-
tor amplitudes, resonant frequencies, damping coefficients, ex-
ternal force with driving frequency of 𝜔, and coupling constant
of the coupling system, respectively. The coupling between dif-
ferent resonances has provided more possibilities for optical ma-
nipulation with novel effects.

2.2. Nonlocal Resonances Generated by Artificial Arrays

The mechanism introduced in Equation (2) can describe any
mode coupling system and of course applicable to nonlocal res-
onances. Unlike local optical resonances, nonlocal resonances
originate from the global effects of the artificial arrays, such as
the symmetry of the arrangement of nanostructures and leaky
modes interactions between nanostructures. One type of non-
local resonances is the so-called guided mode inside the arrays
of periodic nanostructures. For example, a pair of leaky guided
modesin periodic structured arrays strongly coupled with each
other in momentum space, which further induces constructive
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interference and destructive interference, leading to a low-Q
radiative mode and a high-Q BIC mode, respectively.[55] Deng
et al. investigated the coupling between the localized modes and
guided modes, and an extreme degree of control over different
diffraction orders was achieved with a giant dispersion.[56] Re-
cently, Yang et al. realized significant improvement in third har-
monic generation based on magnetic resonances induced BIC
mode,[57] which efficiently suppresses the far-field fundamental
radiation due to its high-Q factor nature.[58,59] Compared with the
conventional designs with local resonances, the guided mode can
also be employed to improve the Q factor of metasurfaces within
an ultra-thin surface.[60–62] It should be noted that the nonlocal
resonances are not limited to guided modes. As suggested in ref.
[63], local resonances, adjacent interactions, or even long-range
modes may exist in aperiodic arrays of nanostructures, especially
in topologically optimized metasurfaces. Until now, how to com-
bine and analyze different types of optical resonances and real-
ize unexploited effects remain a challenge in current studies of
metasurfaces.

2.3. Optical Manipulation in Multidimensions

Based on different types of optical resonances, one can realize di-
mensional manipulation of optical fields with metasurfaces. In
the past decade, researchers have developed different schemes to
control the intensity, phase, polarization, frequency, directivity,
and their combination for optical engineering.[64–69] Generally,
optical field manipulation in different dimensions can be cate-
gorized into two types. One is based on the non-orthogonal basis
and the most commonly used ones are amplitude and phase. One
can continuously modulate the scattering phase of a metasurface,
and different values of phase are not orthogonal. Recently, re-
searchers have developed spatial coherence as another optical di-
mension manipulated through metasurfaces,[70] which also leads
to a non-orthogonal system. Another type of optical manipulation
is based on the orthogonal basis. For example, any polarization
can be realized through a linear combination of the orthogonal
spin set {𝜎, −𝜎}. Another famous example is that optical infor-
mation can be encoded in different directions, that is, at different
locations inmomentum space. In Fourier optics, the basis func-
tions {eik1x, eik2x, eik3x,…}form an orthogonal basis set, and each
channel can be strictly distinguished from others, where k1, k2,
and k3 … are the different momentum values normalized with
the Planck constant. Since the momentum space describes ex-
actly the spatial translational symmetry, it is widely used in en-
ergy band theory[20–22] and information multiplexing.[64] Similar
properties are possessed by the frequency dimension with a ba-
sis set of {ei𝜔1t, ei𝜔2t, ei𝜔3t,…}. Due to the orthogonal nature of
different optical momentum or frequency components, one can
feasibly obtain every component through a simple optical setup
such as using a pinhole, a filter, or a 4f system. The momentum
space has been applied to carry different metasurface-based in-
formation channels.[71,84] Similarly, one can also employ vortex
beams as optical information channels because the basis func-
tions {eil1𝜃 , eil2𝜃 , eil3𝜃 ,…}also form an orthogonal basis set, where
l1, l2, and l3 are different topological charges of each channel.
Recently, researchers have proposed different strategies to real-
ize parallel optical information transmission in multidimensions

based on the abovementioned types of optical engineering. For
example, Ouyang et al. achieved 6D optical information multi-
plexing by combining wavelength, polarization, and three spa-
tial dimensions.[72] In the following sections, we will provide a
detailed discussion of optical field manipulation in multidimen-
sions.

3. Optical Manipulation in Phase-Based
Multidimensions

Compared with electron-based information transmission, opti-
cal information transmission can carry parallel and concurrent
tasks dut to the boson nature of photons, which are more dif-
ficult to be localized. Such non-locality is crucially affected by
the phase and phase superposition of optical fields. Convention-
ally, optical phase is decided by the phase accumulation when
light transmits inside the bulky medium. Taking advantage of
the local resonances of nanostructures, metasurfaces can real-
ize abrupt phase changes at the subwavelength scale. For exam-
ple, by generating the local circuit resonances, the abrupt phase
shifts can be achieved from 0 to 2𝜋, which can be further em-
ployed to realize metalenses and OAM generation.[1,73] P-B phase
is another famous one resulting from the relation among po-
larization conversion, incident helicity, and the orientation an-
gle of nanostructures.[32] P-B phase can realize continuous phase
modulation just by controlling the orientation of the nanostruc-
tures without modifying their geometric parameters. When con-
sidering nonzero-order diffraction components, the optical phase
called the detour phase can also be continuously manipulated for
continuous spatial movement of the nanostructures, which is a
direct consequence of the diffraction effect on a discontinuous
surface.[74]

3.1. Phase-Based Multi-Wave-Front Manipulation

Although theoretically, a local phase control from 0 to 2𝜋 is suffi-
cient to realize optical focusing, however, it is much more compli-
cated for practical applications. Generally, a lens suffers from dif-
ferent monochromatic aberrations and wavelength dispersions.
Resembling the conventional lens design, the monochromatic
aberrations can be corrected by applying a doublet corrected
metasurface,[75,76] and the angle-of-view can be increased to 60°.
The two metasurfaces located on both sides of the substrate ap-
pend different wave-fronts to the optical waves, and the unfo-
cused components can be fixed by the doublet metasurface. An-
other method to correct the monochromatic aberrations is pro-
posed based on single-layer metalens arrays empowered by the
machine learning technique.[77] Different sub-metalenses suffer
from different aberrations, which can be combined together to
remove the aberrations using a post-processing algorithm.

The wavelength dispersions of metalens can also be com-
pensated by adding an additional wave-front onto the optical
waves. When expanding the position and wavelength–dependent
phase function using the Taylor series near the design frequency,
one can obtain different orders of dispersion such as the rel-
ative group delay (first order) and group delay dispersion (sec-
ond order).[78] Independent control of phase and dispersion
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can be realized using coupled phase-shift elements with two
nanofins in close proximity. By using polarization-insensitive
building blocks, Wang et al. proposed a high-efficiency broad-
band achromatic metalens operating under arbitrarily polarized
incidence,[79] as shown in Figure 2a. Figure 2b shows the re-
quired and theoretical group delay for broadband achromatism,
which is achieved by the record-high aspect ratios of the nanos-
tructures with near vertical sidewalls. The focusing properties in
Figure 2c show significant achromatic focusing and can be ap-
plied in near-IR biological imaging. Generally, multi-wave-front
manipulation can be realized by combining different types of op-
tical phases such as P-B phase and resonance phase.[80] Recently,
Song et al. realized a plasmonic topological metasurface, in which
the building blocks are carefully designed to obtain a singularity
in the scattering space (Figure 2d).[81] By analyzing the eigenfunc-
tions of the scattering matrix, the eigenvalues and eigenstates de-
generate at the operating wavelength of 600 nm, demonstrating
the existence of exceptional point (EP), as shown in Figure 2e,f.
Such development of phase control of optical waves based on sub-
wavelength resonators has boosted the investigation and applica-
tions of multi-wave-front manipulation of metasurfaces.

3.2. Other Optical Dimensions Realized by Phase

As discussed in Section 2.3, other optical dimensions can also
be constructed based on the optical phase. One of the most fas-
cinating examples is the wave-front control using OAM as the
information channel. As shown in Figure 2g, Ren et al. pro-
posed an intriguing strategy for optical holography.[82] The op-
tical information is encoded in different OAM channels which
are mathematically orthogonal with each other, leading to a new
OAM holography by utilizing strong OAM selectivity. The imag-
ing information is bound with the OAM mode (Figure 2h). The
same group also realized an OAM holographic technology with
complex-amplitude modulation, and the multiplexing up to 200
independent (orthogonal) OAM channels were demonstrated.[83]

Such technology also allows lens-less reconstruction and holo-
graphic videos for display and entertainment.

Another optical dimension induced by phase is spatial co-
herence. As shown in Figure 2i, by incorporating different dis-
ordered phase distributions characterized by the phase fluctua-
tion range (PFR), the spatial coherence can be continuously con-
trolled from fully coherent to nearly incoherent (Figure 2j).[70]

The speckles shown in Figure 2k indicate lowered spatial co-
herence of the beams, in which smaller speckles corresponds to
lower spatial coherence. The design strategy can be readily ex-
panded to phase-only special beams such as vortex beams with-
out refabricating the metasurface, and the modulated spatial co-
herence remains the same as the original Gaussian–Shell beam,
as shown in Figure 2l. The optical fields with lowered spatial co-
herence can be applied in optical information transmission, and
can be used to suppress the holographic artifacts.[85]

3.3. Nonlinear Phase-Based Optical Manipulation

The abovementioned phase modulation scheme can also be ex-
panded in the nonlinear regime when considering the nonlin-
ear resonances of the nanostructures. As shown in Figure 2m,

the nonlinear generation highly depends on the symmetry of the
nanostructures.[86] Similar to the selection rule in conventional
nonlinear crystals, in which the locally generated nonlinear sig-
nals cancel when a certain symmetric lattice is adopted, nonlinear
generation in metasurfaces can also be analyzed with local de-
structive or constructive superposition. Li et al. systematically in-
vestigated the relationship between the nonlinear P-B phase and
the symmetry of the nanostructures.[87] It turns out that the value
of the P-B phase is linearly decided by the order of the harmonic
generation. These results provide intriguing schemes for nonlin-
ear wave-front modulation with metasurfaces that can artificially
control the order of harmonic generation by tailoring the sym-
metry of the nanostructures. Besides the nonlinear P-B phase,
one can also realize nonlinear wave-front control by adopting the
resonance phase. For example, Schlickriede et al. proposed an
all-dielectric metalens that can achieve imaging of the third har-
monic signals.[88] The nonlinear phase is locally modulated by
controlling the diameters of the nanopillars. Basically, the non-
linear wave-front can also be manipulated based on the nonlocal
resonances of the nanostructure arrays as introduced in the lin-
ear regime in ref. [62]. However, since the wavelength of nonlin-
ear signals is much shorter than the fundamental signals, mode
crosstalk or leakage raise a challenge to realize efficient wave-
front control in an arbitrary channel.

4. Optical Manipulation in Polarization-Based
Multidimensions

With the ongoing development of metasurfaces, optical field ma-
nipulation has progressed from the limited degrees of freedom at
the beginning to polarization-based multidimensional manipula-
tion. For example, the light was considered as a scalar field in the
traditional holography with only two dimensions, that is, inten-
sity and phase.[89] The polarization information was entirely over-
looked in traditional holography, which has now demonstrated
its significance in multi-channel and vectorial holography.[90–92]

Thanks to their unprecedented capacities on simultaneous ma-
nipulation of amplitude, phase, and polarization state of optical
waves at the subwavelength scale, meta-resonators with various
sizes, geometries, and orientations are extensively exploited for
polarization-dependent multidimensional manipulation.[93–97]

4.1. Orthogonal Polarization Multiplexing

Although polarization is equally essential among other attributes
(i.e., phase and amplitude) of optical waves, it was omitted in
the traditional diffraction optics and holography. The concept
of polarization holography allowed the introduction of polar-
ization information in bulky optics to a certain extent, which
was used to demonstrate bi-channel holographic images under
two orthogonal polarization states using traditional birefringent
materials.[89,98] However, the potential of polarization-based mul-
tidimensional optical field manipulation, including the manip-
ulation of both the spatial light field distribution and its po-
larization state distribution, cannot be entirely achieved due to
the limited degrees of freedom in the conventional diffraction
optics and the holographic recording medium.[90] As the im-
mense progress has been made in the field of optical metasur-
faces, many demonstrations have shown superior performances
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Figure 2. Optical manipulation and applications based on the phase domain. a–c) High-efficiency broadband and polarization-insensitive achromatic
metalens for focusing and imaging operating in the near-IR biological imaging window. a) Geometric profiles of the titanium dioxide nanopillars with
high vertical sidewalls for efficient optical phase manipulation. b) The required group delay for broadband achromatism and its realization with the
nanopillars. c) Experimental focusing profiles operating at different wavelengths demonstrating the achromatic focusing property. d–f) Plasmonic phase
manipulation by encircling an EP. d) Schematic of the EP-based phase manipulation by tailoring the geometric parameters of the nanostructures. e)
Position of the eigenstates on the Poincaré sphere as a function of wavelength, and the degeneration occurs at 600 nm (red star). f) Simulated (left) am-
plitude and (right) phase of two eigenvalues at the operating wavelength of 600 nm, showing self-intersecting Riemann surfaces. g,h) Metasurface-based
holography by utilizing strong orbital angular momentum selectivity. g) Schematic of an OAM-multiplexing meta-hologram, which realizes different im-
age frames for different topological charges. h) The optical power of the reconstructed holographic images using different OAM beams, demonstrating
the strong OAM selectivity. i–l) Coherence manipulation by incorporating a disorder-engineered wave-front of the metasurface. i) The spatial coherence
can be manipulated either by controlling the PFR of the metasurface or by controlling the incident beam width. j) The global coherence can be ma-
nipulated from fully coherent to nearly incoherent. k) The instantaneous intensity distribution of speckles induced from the random distribution of the
nanostructures and phase. l) The proposed coherence manipulation method can be expanded to other phase-only beams with the spatial coherence
maintained. m) Nonlinear P-B phase decided by the symmetry of the resonators. For different symmetries of the nanostructures(left), the generated
third harmonic generation is symmetry-selective, and some nonlinear channels are blocked depside the original symmetry of the material allowing for
the nonlinear generation. Panels reproduced with permission from: a–c) Reproduced with permission.[79] Copyright 2021, Springer Nature. d–f) Re-
produced with permission.[81] Copyright 2021, American Association for the Advancement of Science. g,h) Reproduced with permission.[82] Copyright
2019, Springer Nature. i–l) Reproduced with permission.[70] Copyright 2022, American Chemical Society. m) Reproduced with permission.[86] Copyright
2014, American Physical Society.
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in the pursuit of multiple degrees of freedom in optical manipu-
lation. Furthermore, based on such unique manipulation, multi-
dimensional optical manipulation integrated into a single meta-
surface is achieved, particularly manifesting helicity multiplex-
ing or orthogonal physical channel multiplexing such as polar-
ization. Wen et al. demonstrated a helicity multiplexed metasur-
face hologram, as shown in Figure 3a.[99] In this work, two cen-
tral symmetric and off-axis holographic images (flower and bee)
were interchanged by changing the helicity of the circularly po-
larized light. The orthogonal polarization multiplexing for circu-
larly polarized light was achieved by merging two sets of meta-
surfaces consisting of metallic nanorods. This approach helped
solve various challenges associated with conventional computer-
generated holograms, such as bandwidth, efficiency, and image
quality. Orthogonal polarization multiplexed metasurfaces sen-
sitive to the linear or elliptical polarization of the incident light
have also been investigated.[65,74] Unlike the helicity-multiplexed
metasurface holograms, Min et al. reproduced and controlled two
distinct wave-fronts using incident light with two orthogonal lin-
ear polarization states.[74] In this work, plasmonic nano-silts were
employed to realize the arbitrary detour phase distribution with
strong orthogonal and linear (s and p) polarization-dependent
wave-fronts (Airy beam and optical vortex, respectively) at a
broadband wavelength. Lately, concise design principles for in-
dependent phase and amplitude manipulation of optical waves
with arbitrary orthogonal polarization states (circular, linear, or
elliptical) have been proposed and well demonstrated.[38,65] The
bi-channel multiplexing with two pairs of orthogonal polarization
states has attracted exciting and pragmatic applications in opti-
cal field manipulation, that is, stimuli-responsive tunable meta-
optics,[100] real–time biomedical and chemical substance detec-
tion for environmental monitoring and public health sector,[101]

and dual-sided displays for AR-VR technology.[102] For exam-
ple, a compact volatile gas sensor platform was experimentally
demonstrated by combining liquid crystals with an asymmet-
ric transmission-type metasurface[97,103,104] to rapidly sense the
presence of isopropyl alcohol (IPA) gas in real-time with a vi-
sual holographic alarm state, as shown in Figure 3b.[101] Here,
the gas responsiveness was investigated in different geometries
of the liquid crystals (isotropic and nematic) with the asymmetric
transmission-type metasurface relying on propagation and retar-
dation phase. The overall retardation phase through the liquid
crystal medium was controlled by the liquid crystal cell ordering.
The change in the order of liquid crystal cells governs the change
in the effective refractive index of the device. Consequently, the
desired polarization state of the output beam from the asymmet-
ric metasurface was adjusted by the tunable phase retardation of
liquid crystal cells.

To further simplify the design complexities and manufactural
challenges of multi-layer asymmetric structures, Ansari et al. pre-
sented a single-layer and relatively simple approach to realize a
unique type of orthogonal polarization-based multidimensional
functionality, that is, direction-multiplexed meta-holography as
shown in Figure 3c.[102] The design is comprised of nano-featured
half-wave plates carefully optimized to excite the antiferromag-
netic resonance modes (antiparallel magnetic dipoles and in-
duced electric displacement currents) to ensure the high trans-
mission of converted components for the direction multiplexed
multidimensional functionality. The assemblies of antiparallel

magnetic diploes and alternate electric displacement currents un-
der the illumination of x and y-polarized light are responsible for
the desired phase delay (𝜋) between output orthogonal electric
field components, as shown in Figure 3c. However, the theoret-
ical efficiency of such a design is limited to 50% due to the geo-
metric phase modulation.[105] Therefore, a more efficient single–
layer metasurface was proposed to demonstrate unique orthogo-
nal polarization multidimensional manipulation, that is, simul-
taneous circular symmetry breaking and multi-channel wave-
front shaping.[103,105] Unlike the previous design, in this work,
asymmetric spin-orbit interactions (ASOIs) were used instead of
symmetric spin-orbit interactions. A symmetry-breaking super-
cell design of dielectric resonators was employed to excite ASOIs
with giant asymmetric transmission for bidirectional diffrac-
tion patterns (lens, vortex beam, and hologram), as shown in
Figure 3d.[105] Recent progresses have further demonstrated that
metasurfaces can not only be utilized to realize independent
multidimensional manipulation of optical waves with orthogo-
nal polarization states, but also be used to realize independent
phase and amplitude manipulation of optical waves with non-
orthogonal polarization states, which further expand the capacity
of metasurfaces for optical polarization multiplexing.[106,107]

4.2. Discrete Polarization Distribution

Although the bi-channel orthogonal polarization multiplexing
has provided a significant start for the polarization-based opti-
cal manipulation, the complete and simultaneous reproduction
of coherent wave-fronts with desired multiple states of polariza-
tion and distributions is not realized until the advent of full vecto-
rial metasurfaces. Therefore, a vectorial metasurface with more
than two degrees of freedom is required to further increase the
number of polarization channels and to construct multiple wave-
fronts with spatially varying distributions of polarization. The
first vectorial metasurface was proposed by interleaving diatomic
plasmonic resonators-based sub-units. Consequently, a particu-
lar polarization state is associated with each sub-unit of the vecto-
rial metasurface, as shown in Figure 3e.[108] The diatomic meta-
atoms are comprised of two similar and orthogonal plasmonic
nanorods, which were subjected to detour and geometric phase
modulations for independent control of polarization and wave-
front. In this work, the extra degree of freedom originates from
the relative local displacement between the orthogonal nanorods,
the orientation angle, and the global displacement of the unit-
element boundary.

Similarly, to further increase optical information channels
in more optical dimensions, the tunable and discrete vecto-
rial holography in combination with structural color printing
was experimentally demonstrated for the advanced photonic en-
cryption application using a pixelated metasurface as shown in
Figure 3f.[14] The device can display a color QR code in the near-
field and vectorial images in the far-field with discrete polariza-
tion states under the illumination of the white light and the co-
herent light, respectively. Here, the asymmetric nano-bars acting
simultaneously as waveguides and Mie-resonators were utilized
to independently control phase and reflection spectrum, respec-
tively. Further integration of pixelated metasurface with liquid
crystal has enabled electrical tunability for color printing with
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Figure 3. Optical manipulation in polarization-based domains. a) Helicity multiplexed metahologram producing flower and bee in the reflection domain
under LCP and RCP illuminations. b) Left: Schematic of metasurface-based rapid gas sensor for visual alarm, which generates visual safe and alarm
signs in the absence and presence of a dangerous volatile gas, respectively. Right: Schematic illustration of side view of a liquid crystal cells (elliptical
shape) stimulated with volatile gas molecules (round shape). The order of liquid crystal is decreased because of the inclusion of gas molecules into
the liquid crystal layer. c) Left: Conceptual diagram of direction-multiplexed metahologram operating in both forward and backward directions. Right:
Dielectric antiferromagnetic resonance modes inside the optimized nanorod under x- and y-polarized illuminations. Red arrows show the direction of in-
cident and output electric fields. Black arrows show the direction of antiparallel magnetic dipoles and white circular arrows show the direction of induced
electric displacement currents inside the optimized nanorod. d) Schematic diagram of spin-selective wave-front shaping and giant asymmetric transmis-
sion through ASOIs. e) Single vectorial metasurface generating horizontally polarized, vertically polarized, LCP and RCP light using diatomic unit-cells
with varying orientation, local, and global displacements. f) Illustration of pixelated metasurface integration with liquid crystal for dynamic vectorial
holographic color printing. g) Top: Conceptual holographic image of a deer with continuous polarization distribution. Bottom: Obtained holographic
patterns with varying angles of the analyzer. Holographic patterns from top to bottom correspond to the angle of analyzer changing from horizontal to
vertical direction. h–k) Vectorial metasurfaces with kaleidoscopic polarization distribution. h) Four sub-cells with corresponding color images (shown in
the insets) with tetratomic macro-pixel (shown in the bottom panel). i) Reproduced results of polarization-multiplexed kaleidoscopic holography with
blue arrows depicting the angle of analyzer. j) Kaleidoscopic holographic display with continuous-polarization encryption. Right panel shows measured
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vectorial holography. The research has opened new possibilities
for high-quality photonic security and cryptographic devices.

4.3. Continuous and Kaleidoscopic Polarization Distribution

Since the number of interleaved sub-units is limited, the output
field has a discrete distribution of polarization states with a finite
number, as observed in the previous subsection. To overcome this
limitation, a more general approach is required to encode an in-
finite number of polarization states for continuous vectorial field
manipulation. One unique approach to realizing continuous vec-
torial distribution is by combining the same target phase map (for
left and right circularly polarized (LCP and RCP) incident light)
with a unique detour phase in x and y-directions.[109] The detour
phase between two geometric metasurfaces with identical wave-
fronts ensures a continuous modulation of relative phase shift
between LCP and RCP components. As a result, a continuously
changing linear polarization loaded on a hologram was obtained
as shown in Figure 3g. The continuously moving dark region
upon changing the angle of the analyzer proves the concept of
an infinite number of polarization states for continuous vectorial
and multidimensional field manipulation. A few other demon-
strations of continuous vectorial field manipulations were also
realized using different modified iterative approaches.[110–112]

Later, researchers made efforts to further expand the spec-
tral manipulation based on metasurfaces to full-color vectorial
holography with designed polarization distributions.[113,114] Guo
et al. used the k-space engineering and vector superposition
through macro-pixels comprised of four meta-atoms, as shown
in Figure 3h. Full-color holographic wave-fronts were loaded with
well-designed (circular, elliptical, and linear) polarization chan-
nels using a complete control of azimuthal angle and elliptic-
ity, as shown in Figure 3i. Furthermore, they realized the bright-
ness tuning of kaleidoscopic holographic images by controlling
the orientation of polarization (Figure 3j). The modulable colors
were transformed from RGB color to a 3D hue, saturation, and
brightness (HSB) color space, as illustrated in Figure 3k,j. Un-
locking the brightness dimension in metasurface-based hologra-
phy can significantly improve the chiaroscuro of full-color images
by making them more vivid and realistic.[115]

4.4. Customized Multidimensional Polarization Fields

With further enhanced degrees of freedom enabled by meta-
surfaces, another unique type of polarization-based multidimen-
sional field manipulation was proposed, which enables cus-
tomized polarization distribution at any arbitrary focal position
in 3D space.[116–118] Zang et al. presented multi-foci metalenses

comprised of the well-defined polarization rotation directions
at different focal planes under linearly polarized incident light,
as shown in Figure 3l.[117] Furthermore, the longitudinal, and
transversal multi-foci lensing with the engineered polarization
rotation distribution were presented, leading to the generation
of customized vectorial 3D focal curves as shown in Figure 3m.
A metalens-based general approach was used to simultaneously
manipulate the polarization distribution and intensity profile in
real space for any arbitrary shape, that is, optical focal curves and
3D knots (Figure 3m,n).[116] The proposed work is a relatively
simple and powerful approach for generating arbitrary polariza-
tion distributions of 3D optical fields and can find several exciting
applications in particle manipulation and nanolithography.

5. Optical Manipulation in the
Frequency-Dependent Dimension

Due to the incoherence between optical waves with different fre-
quencies, the optical frequency has been becoming a very impor-
tant degree of freedom for frequency-selective and multi-channel
optical wave manipulation. Specifically, the optical resonances of
metasurfaces can be precisely manipulated. Optical resonances
with on-demand resonant frequency, bandwidth, and strength
have been extensively realized in metasurfaces, which are widely
used for the realization of vivid structural colors and frequency-
selective optical wave manipulation.[33,119] Further, optical waves
at different frequencies can be independently manipulated based
on metasurfaces, providing high capabilities for the realization of
optical multi-functional integration and multiplexing.

5.1. Frequency–Domain Optical Resonances

Manipulating the optical resonances of metasurfaces in the fre-
quency domain is the foundation of frequency-dependent optical
function integration and multiplexing. The resonant frequency,
bandwidth, and strength of metasurfaces can be efficiently mod-
ulated by adjusting the structural parameters, resulting in effi-
cient amplitude manipulation of optical waves in both single fre-
quency and broad bandwidth. Optical amplitude manipulation
at a fixed frequency has been well proposed in metasurfaces by
employing three basic principles: adjusting the resonant strength
at the interested frequency, shifting the resonant frequency, and
utilizing the optical collective interference effect between differ-
ent resonators.[65,120–124] It is remarkable that metasurfaces de-
signed based on the optical collective interference effect pro-
vide simple and powerful candidates for continuous and arbi-
trary optical amplitude manipulation.[65,124] In addition, based on
Malus’s law, metasurfaces composed of anisotropic resonators

results with polarization analyzer and left bottom panel shows measured result without polarization analyzer. k) 3D hue, saturation, and brightness
(HSB) color space. l–n) Customized 3D polarization fields using multi-foci meta-lensing approach producing l) well-defined polarization rotation on
longitudinal and transversal directions, m) customized vectorial 3D arbitrary curves, and n) optical knots. Panels reproduced with permission from: a)
Reproduced with permission.[99] Copyright 2015, Springer Nature. b) Reproduced with permission.[101] Copyright 2021, American Association for the
Advancement of Science. c) Reproduced with permission.[12] Copyright 2018, Royal Society of Chemistry. d) Reproduced with permission.[105] Copyright
2017, Wiley-VCH. e) Reproduced with permission.[108] Copyright 2018, American Chemical Society. f) Reproduced with permission.[14] Copyright 2021,
Springer Nature. g) Reproduced with permission.[109] Copyright 2021, American Chemical Society. h–k) Reproduced with permission.[113] Copyright
2022, Wiley-VCH. l) Reproduced with permission.[117] Copyright 2019, Wiley-VCH. m,n) Reproduced with permission.[116] Copyright 2021, American
Chemical Society.
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have been widely used to manipulate the optical amplitude at
one or multiple fixed linear polarization directions.[125–127] Meta-
surfaces designed based on Malus’s law can realize optical am-
plitude manipulation in a broad bandwidth and the operation
bandwidth is mainly decided by the resonant bandwidth of the
metasurfaces.[128] Due to the excellent capacity of metasurfaces
on frequency-dependent optical amplitude manipulation at the
subwavelength scale, they have been widely used for the real-
ization of high-level gray imaging and optical encryption. More-
over, by modulating the optical resonances of metasurfaces in
the entire visible spectrum, metasurfaces have been utilized to
realize structural colors, which is one of the key applications of
metasurfaces and shows an extensive value for advanced imag-
ing and optical display.[119,129] Transmissive and reflective struc-
tural colors with different brightness, hue, and saturation values
have been well demonstrated in both metallic and dielectric meta-
surfaces. In particular, dielectric metasurfaces are widely used
for the implementation of structural colors with high brightness
and saturation since their inherent loss is negligible in the vis-
ible regime.[130–132] There are two main approaches for the ma-
nipulation of optical resonances of dielectric metasurfaces in the
frequency domain dimension to realize vivid structural colors:
introducing new resonant manipulation mechanisms and im-
proving the degree of structural design freedom.[52,133–137] For ex-
ample, Yang et al. proposed multipolar-modulated metasurfaces
composed of dielectric nanostructures with multiple stacked lay-
ers to significantly suppress the unwanted multipolar resonance
modes away from the center frequency.[52] The index matching ef-
fect between the layers can dramatically enhance the monochro-
maticity of the reflection spectra, which results in structural col-
ors with ultra-high saturation ranging from 70% to 90% with full
hue. The other example is the realization of transmissive struc-
tural colors with different HSB values by fully manipulating the
structural geometry of the nanopillar based on two-photon poly-
merization lithography method.[137] As shown in Figure 4a, the
height and diameter of the nanopillar, and the distance between
the nanopillars can be fully controlled in the fabrication, which
provides a high degree of structural design freedom. As a result,
the resonances of nanopillars can be effectively manipulated and
the HSB values of transmissive structural colors can be efficiently
modulated with a wide coverage of the full HSB color space as
shown in Figure 4b,c.

Recent advances further prove that the control range of
optical resonances of metasurfaces in the frequency domain
can be further expanded by adding multiple nanostructures in
one unit cell. Structural colors with arbitrary HSB values and
the multi-color mixing can be implemented by utilizing poly-
atomic metasurfaces whose unit cell is composed of several
nanostructures.[13,138,139] Moreover, the anisotropic optical reso-
nances of asymmetric nanostructures provide an effective way to
realize two different structural colors with apparent color contrast
in one frequency channel, which has been widely used for optical
encryption and anti-counterfeiting.[12,140,141] In these approaches,
the unit cells in metasurfaces show two distinct structural col-
ors under illuminations of two orthogonal polarization states.
The HSB values of structural colors can be continuously mod-
ulated by changing the polarization state of the incident wave.
This feature recently has been utilized to realize colorimetric
polarization-angle detection based on deep-learning algorithms,

as shown in Figure 4d.[142] A dual-color palette with arbitrary
color combinations under linear orthogonal polarization states
was obtained by using bilayer stacked nanopillars with different
diameters and periods. Then a residual-network-based detection
algorithm is trained to find the relationship between the color
palette variation and the polarization angle of incident wave. The
well-trained algorithm can accurately recognize extremely slight
polarization variations, which significantly improves the com-
pactness of polarization detection while maintaining high accu-
racy. This work demonstrates that metasurfaces’ arrays with cus-
tomized frequency-dependent optical resonances can be used for
optical field detection with high accuracy and compactness. Re-
cently, the advantage of deep-learning technology on multi-task
optimization has also been used to realize optical manipulation
in the frequency domain. Nanostructures with desired resonant
frequency, bandwidth, and strength can be obtained based on
well-trained deep-learning algorithms, providing an effective way
for the realization of desired structural colors.[143,144]

5.2. Optical Multi-Functional Integration and Multiplexing in the
Frequency-Dependent Dimension

Besides the manipulation of resonant frequency, bandwidth, and
strength in the frequency-dependent dimension, the phase of
scattering field can also be effectively manipulated based on
metasurfaces. Recently, segmented and interleaved metasurfaces
are widely used for optical multi-functional integration and mul-
tiplexing in the frequency-dependent dimension, in which differ-
ent nanostructures in one unit cell or the same nanostructures in
different area work at different operating frequencies.[64,145–150]

For example, a segmented metallic metasurface composed of
nanoapertures was proposed to realize the generation of focus
OAM beams with different topological charges at two differ-
ent wavelengths.[145] Multi-color meta-holography has been well
demonstrated in metasurfaces by independently manipulating
the phase of optical waves at the three distinct frequency chan-
nels correlated to the red, blue, and green colors. As shown in
Figure 4e, an interleaved dielectric metasurface formed by three
kinds of nanoblocks in one unit cell can realize the simultaneous
phase manipulation for red, blue, and green optical waves, and
multi-color meta-holograms were achieved.[148] The integration
of multi-color nanoprinting and holography has also been imple-
mented based on interleaved metasurfaces composed of diatomic
nanostructures by simultaneously manipulating the amplitude
and phase of optical waves at different operation frequencies.[13]

Further, realizing polarization-selective optical manipulation in
the frequency domain can significantly expand the optical func-
tionalities of metasurfaces since the complex amplitude of opti-
cal waves at different operation frequencies can be independently
manipulated under different polarization states.[149] Polarization-
controlled color-tunable hologram was implemented based on
an interleaved metasurface by independently manipulating the
phase of optical waves at two different frequency channels in
two orthogonal polarization states.[150] Anisotropic metasurfaces’
design based on Malus’s law has been demonstrated as good
candidates for the integration of multi-color nanoprinting and
holography.[151–153] For example, interleaved metasurfaces com-
posed of dielectric nanobricks were proposed for tri-channel
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Figure 4. Optical manipulation in the frequency domain. a–c) Full color palette in 3D color space based on metasurfaces composed of nanopillars: a)
Schematic of the nanopillar with three structural variables: the height and diameter of the nanopillar, and the period. b) The variation of the transmissive
structural color of the nanopillar-based period metasurfaces with the changing of the three structural variables of the nanopillar. c) The corresponding
3D HSB color space from the results in (b). d) Schematic of colorimetric polarization-angle detection based on asymmetrical all-dielectric metasurfaces.
e) Illustration of the multi-color holography based on an interleaved dielectric metasurface. Inset: Schematic of the basic unit cell composed of four Si
nanoblocks working at three different frequency bands. f) Schematic of frequency selective meta-holography based on a bilayer dielectric metasurface.
g) Illustration of a metallic nonlinear metasurface for the realization of focusing optical vortices at both the fundamental frequency and the second
harmonic generation. Inset: Numerical intensities and interference patterns of the corresponding optical vortices. Panels reproduced with permission
from: a–c) Reproduced with permission.[137] Copyright 2021, American Chemical Society. d) Reproduced with permission.[142] Copyright 2022, Optica.
e) Reproduced with permission.[148] Copyright 2016, American Chemical Society. f) Reproduced with permission.[156] Copyright 2019, Springer Nature.
g) Reproduced with permission.[162] Copyright 2018, Wiley-VCH.

near- and far-field polychromatic image displays.[153] Besides
the segmented and interleaved metasurfaces, few-layer meta-
surface is another good alternative for the realization of multi-
frequency optical integration and multiplexing.[154–156] For exam-
ple, a bilayer dielectric metasurface was proposed to realize meta-
holography in two frequency channels, as shown in Figure 4f.[156]

The bilayer design can dramatically expand the degrees of struc-
tural design freedom of metasurfaces, and optical functionali-
ties in different frequency channels can be independently im-
plemented by different layers. By further combining the few-
layer, segmented, and interleaved design strategies, the capac-

ity of metasurface for optical manipulation can be considerably
improved, empowering the realization of spin, frequency, and
wavevector-dependent optical multi-functional integration.[157]

Certainly, multi-frequency optical integration and multiplexing
can also be realized by using common metasurfaces, in which
every unit cell is composed of one nanostructure that can inde-
pendently manipulate optical waves at multiple frequency chan-
nels. For example, complete independent phase manipulation
at two frequencies was realized by varying two structural pa-
rameters of the unit cell in few-layer metasurfaces, in which
the nanostructure in every unit cell consists of two resonators
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working at the two operation frequencies respectively.[158] As an-
other example, different 1-bit gray images can be observed at two
frequency channels respectively for metasurfaces composed of
four kinds of nanostructures.[45] The four nanostructures can be
represented as the “00,” “01,” “10,” and “11” intensity coding el-
ements, which can realize independent reflective intensity ma-
nipulation at two different frequencies. However, the design and
optimization of nanostructures that can simultaneously manip-
ulate optical waves at different frequency channels is quite diffi-
cult. Deep-learning empowered inverse design method recently
emerged as a powerful alternative to solve this problem.[159,160]

Predictably, efficient optical manipulation with a high degree of
freedom in the frequency-dependent dimension can be further
implemented by inversely designed metasurfaces.

Moreover, multi-frequency optical integration and multiplex-
ing can also be realized by using nonlinear metasurfaces that
can simultaneously manipulate the fundamental waves and the
corresponding harmonics.[39,40,161,162] For example, a nonlinear
metasurface composed of metallic split ring resonators (SRRs)
was proposed to realize one linear and two second harmonic op-
tical focus vortices with different topological charges by intro-
ducing both the linear and nonlinear geometric phase as shown
in Figure 4g.[161] For an SRR with a rotation angle 𝜃 along the
wave propagation direction, the geometric phase of fundamen-
tal wave with an opposite handedness (-𝜎) of the circular po-
larization to that (𝜎) of the incident wave can be expressed as
2𝜃, while the nonlinear geometric phase of the second harmon-
ics with the same or opposite circular polarization to that of
the fundamental wave are 𝜃 and 3𝜃. Therefore, the wave-front
of both fundamental waves and nonlinear harmonics can be
manipulated simultaneously. By precisely controlling the rota-
tion angles of nanostructures in nonlinear metasurfaces, multi-
frequency meta-holography, and optical multiplexing were also
realized.[39,40]

6. Optical Manipulation in the Momentum Space

In addition to the fact that optical waves with different k vectors
can be used for multi-channel optical manipulation, optical field
manipulation in the momentum space based on metasurfaces
shows some distinct advantages when compared with the optical
filed manipulation in other dimensions based on metasurfaces.
For example, by adjusting the angular-dependent resonances of
metasurfaces, the metasurfaces can show different optical func-
tionalities under the illumination of optical waves with different
k vectors. The switching between different functionalities can be
simply implemented by changing the relative angle of metasur-
face to the k vector of incident wave. In addition, some metasur-
faces whose optical responses are adjusted in an area of the k
space are without real-space centers. This key feature lowers the
requirement on center alignment of optical devices and benefits
the optical integration.

6.1. Angular-Selective and -Multiplexed Optical Manipulation

Since the angular dispersion of resonances in metasurfaces can
be manipulated, metasurfaces have become efficient alternatives

for the implementation of angular-selective and -multiplexed ma-
nipulation of optical waves. By carefully controlling the radiation
pattern of single metallic nanostructure and the near-field cou-
plings between the metallic nanostructures, metasurfaces with
desired angular dispersion have been well demonstrated.[163,164]

Figure 5a presents an angle-multiplexed meta-polarizer designed
by manipulating the angular dispersion of the metasurface. The
optical resonances of the meta-polarizer under TE and TM illu-
minations with different incident angles can be purposely ma-
nipulated, and then the polarization state of the reflected wave
can be controlled by changing the k vector of the incident wave,
as shown in Figure 5b. By introducing the near-field couplings
between the nanostructures, the k vector of the incident wave
can also be the key variable that determines the resonance mode
of the metasurface.[165] These approaches indicate that optical
waves can be effectively manipulated in the momentum space
by controlling the angular-dependent optical resonances of meta-
surfaces.

Meanwhile, angular-selective optical wave-front manipulation
has been realized by controlling the optical phase shifts in meta-
surfaces. Figure 5c shows a gradient metasurface for the realiza-
tion of angular-asymmetric optical absorption which is attributed
to the angular-selective excitation of evanescent wave propaga-
tion along the surface.[166] The gradient metasurface provides a
large phase gradient along the x-direction. For reflection coeffi-
cient R1 equals to 0.99, the TE waves illuminated at an angle 𝜃i
will be reflected backward while that illuminated at an angle -𝜃i
will be converted into evanescent waves resulting in the high ab-
sorptance as shown in Figure 5d. Moreover, angular-multiplexed
meta-holography has also been realized based on metasurfaces,
in which the optical phase shifts for different incident angles can
be independently controlled.[71,167]

6.2. Optical Manipulation in an Area of the Momentum Space

Recent advances in metasurfaces further prove that the optical
responses of metasurfaces can be manipulated not only at sev-
eral fixed k vectors, but also in an area of the k-space. Optical
analog computing has been realized by fully controlling the opti-
cal responses of metasurfaces in an area of k-space, which shows
great application potential in image processing, edge detection,
and machine learning.[168] For example, optical image differen-
tiation can be realized in metasurfaces with carefully designed
transfer function T(kx, ky).

[169,170] Figure 5e shows the basic unit
cell of a polarization-insensitive metasurface for the implementa-
tion of second-order differentiation on optical images, for which
T(kx, ky) =−A(k||)

2 and A is a constant. Such T(kx, ky) was realized
by using the strong nonlocality of Fano resonance manifesting as
the shift of resonant wavelength versus incident angle, as shown
in Figure 5f. As a result, the polarization-insensitive metasurface
can realize efficient 2D edge detection with numerical aperture
NA = 0.1392 as shown in Figure 5g. By manipulating the opti-
cal responses of metasurfaces in the k-space, metasurfaces can
be further utilized to realize some special optical devices, such as
optical spaceplate.[171] Since optical devices with larger NAs are
preferred in real applications, therefore, the realization of opti-
cal manipulation in a large area of k-space (with a high NA) still
needs to be further investigated.
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Figure 5. Optical manipulation in the momentum domain. a,b) An angle-multiplexed meta-polarizer based on angular dispersion manipulation. a)
Side view schematic (left plane) and top-view SEM image (right plane) of the designed metasurface. b) Simulated phase difference between TE and
TM reflection waves as a function of wavelength and incident angle. Inset: The phase difference between TE and TM reflection waves as a function of
incident angle at the wavelength of 1358 nm, demonstrating that the polarization state of reflected waves can be manipulated by changing the incident
angle. c,d) Angular-asymmetric absorption based on gradient metasurfaces. c) Schematic of the gradient metasurface as the asymmetric absorber. d)
Numerically calculated absorptance as a function of the incident angle for different reflection coefficients. e–g) Polarization-insensitive metasurfaces for
second-order analog mathematical operation on optical images. e) Schematic of a unit cell of the polarization-insensitive metasurface. f) Transmission
spectra of the lossless polarization-insensitive metasurface for y-polarized waves propagation in the x–z plane (𝜃 represents the angle between the wave
propagation direction and the z–axis). g) The 2D image (upper planer) and the output (bottom plane) after the metasurface for x-polarized waves. h–k)
Circular polarization states spawning from bound states in the continuum. h) Schematic of the structure and the definition of asymmetry parameter 𝛼.
i) The TE-like band structure of the designed structure with 𝛼 = 0.1. The circular loops of polarization states mapped from j) the Brillouin zone to k) the
Poincare sphere. l–o) Manipulating the topological polarization singularity in the momentum space. l) Schematic of the 1D photonic crystal slab and
the definition of the misalignment 𝛿. m) Variation of the polarization singularities with the changing of 𝛿 for downward radiation. n) Radiation losses
from eigenmodes as a function of kx toward the top (orange) and bottom (dashed green) of the structure with 𝛿 = 0.0674a. o) Electric field profiles
(y-component) of the eigenmodes. Panels reproduced with permission from: a,b) Reproduced with permission.[164] Copyright 2020, Springer Nature.
c,d) Reproduced with permission.[166] Copyright 2018, American Physical Society. e–g) Reproduced with permission.[170] Copyright 2020, American
Chemical Society. h–k) Reproduced with permission.[23] Copyright 2019, American Physical Society. l–o) Reproduced with permission.[175] Copyright
2021, American Physical Society.

6.3. Optical Manipulation in the Momentum Space Based on
BICs

Later, the topological nature of BICs emerged as a powerful alter-
native for optical manipulation in the momentum space.[19,20,172]

The BICs represent the singular points of polarizations in the
momentum space, which refers to the centers of polarization
vortices (V points). Metasurfaces with V points have been used

to generate optical vortex beams.[173] Compared with traditional
devices for optical vortex generation, such as spiral phase plates
and phased antenna arrays, metasurfaces with V points are ho-
mogeneous without real-space centers. This key feature is quite
beneficial to real applications because there is no need to align
the center of optical device with the optical beam center. Fur-
thermore, by continuously varying the structure parameters of
photonic nanostructures, the V points can split into two C points
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(corresponding to the circular-polarized eigenmodes) complying
with the law of topological charge conservation. As a result, the
polarization states of far-field radiations can be manipulated with
a high degree of freedom. For example, a 2D photonic crystal
slab without C2z rotation symmetry (as shown in Figure 5h) was
proposed to manipulate the polarization states of far-field radi-
ations with different k vectors.[23] By changing the asymmetric
structural parameter 𝛼, the in-plane inversion C2 symmetry of
the photonic crystal slab is broken, resulting in the split of the at-
Γ V point of band TE2 (as shown in Figure 5i) into two C points
with opposite chirality. The two C points are very close to the
Γ point, clamping an L line, as shown in Figure 5j. For circu-
lar loops with different radii, the polarization state continuously
changes along the loops, and full Poincare sphere coverage can
be realized, as shown in Figure 5k. Therefore, the polarization
state of far-field radiation can be well manipulated by control-
ling the V and C points in the momentum space. Besides the
polarization state of far-field radiation, the direction of far-field
radiation can also be manipulated based on photonic nanostruc-
tures without 𝜎z symmetry by controlling the singular points of
polarizations in the momentum space.[174,175] Figure 5l shows a
1D photonic crystal slab with asymmetric structural parameter
𝛿 describing the misalignment between the two superimposed
identical gratings along the x-direction. By continuously varying
𝛿, the singular points of polarizations can be manipulated in the
momentum space, as shown in Figure 5m,n. At some fixed val-
ues of 𝛿, the forward or the backward radiation loss is close to
zero for fixed k vectors, resulting in unidirectional far-field radi-
ation. These works demonstrate that the properties of far-field
radiations can be well controlled based on the manipulation of
singular points of polarizations in the momentum space.

7. Outlook and Conclusions

Multidimensional manipulation of optical waves based on meta-
surfaces has witnessed the rapid development of optical and
photonic manipulation in the past decade, which promotes the
miniaturization and integration of optical devices and has shown
great application potential for light generation, manipulation,
and detection. Recently, metasurfaces have been applied in the
design of integrated photonic light sources. Low-threshold laser
emission, vortex laser arrays, chiral light emission, and quan-
tum sources have been realized based on metasurfaces.[9,176–178]

Benefit from their excellent ability in optical field manipulation,
metasurfaces have been widely used for the realization of novel
integrated photonic devices, such as dispersion-controlled metal-
enses, multi-color hologram, computational photonic elements,
integrated quantum photonic systems, and so on.[90,168,179,180]

Metasurfaces have also shown great advantages for the detection
of optical fields and ultra-sensitive optical biosensing.[181,182] Pre-
cise measurement of amplitude, phase, polarization state, wave-
front, and OAM of optical waves has been well demonstrated
in metasurface-based optical devices and systems.[183–187] Pre-
dictably, metasurface-integrated photonic devices and systems
with novel optical functionalities and various integrated optical
functionalities will further expand the application of metasur-
faces and promote the development of optics and photonics.

aDespite the great progress made in the study of optical mul-
tidimensional optical field manipulation based on metasurfaces

in the last two decades, there are still some open challenges
that need to be addressed to further expand the functionality
of metasurfaces and promote their commercial application. Ef-
ficient approaches to realize the integration and application of
metasurfaces in on-chip and hybrid photonic systems are still
highly desirable, which play a key role in the real application
of metasurfaces.[188,189] Exploring the capacity of metasurfaces
in the implementation of novel optical functionalities will fur-
ther promote the development of meta-optics.[190] Recent devel-
opment in active metasurfaces demonstrated that metasurfaces
are not only good candidates for the realization of integration and
miniaturization of photonic devices, but also powerful platforms
to implement intelligent photonic devices.[191–193] Dynamic meta-
surfaces in which the optical responses of every nanostructure
can be independently modulated have rarely been presented in
the visible and near-infrared regimes. Meanwhile, for metasur-
faces’ design and optimization, recent approaches always estab-
lish meta-atom libraries by varying the structural parameters of
several nanostructures in certain ranges, and find the appropri-
ate nanostructures from the libraries to constitute the metasur-
faces with desired optical functionalities.[69,194] The coverage of
the meta-atom libraries becomes a major constraint on the ef-
ficient design of metasurfaces. To realize optical multidimen-
sional manipulation, both the linear and nonlinear optical re-
sponses of nanostructures in real space, momentum space, and
other dimensions need to be considered. Expanding the design
freedom of nanostructures (such as introducing multiple con-
stitute materials, using multi-layer design, and so on) in meta-
atom libraries is essential. Otherwise, realizing the inverse de-
sign of nanostructures based on the desired optical responses is
another way to solve this challenge. For the design of large-area
aperiodic metasurfaces with non-negligible interactions between
nanostructures, quantitative description and global optimization
of non-local interactions between different nanostructures is es-
sential, which may significantly affect the actual performance of
metasurfaces. The fabrication technologies of metasurfaces need
to be further improved to realize metasurfaces with a large area,
fine structures, and accurately aligned multiple layers.

Here we envision several future directions that the multidi-
mensional optical field manipulation may have a profound im-
pact.

7.1. 3D Structured Light with Evolution along the Optical Path

Recently, 3D structured light has drawn much attention from re-
searchers because such special light fields can carry bulky op-
tical information such as the toroidal vortices of light and con-
trollable transverse OAM generation.[195,196] One main challenge
to artificially modulate the optical fields along the optical path is
the lack of design principle because the propagation term in the
wave functions is usually isolated especially under the paraxial
approximation. Dorrah et al. demonstrated on-demand polariza-
tion transformation along the optical path using multiple Bessel
beams generation.[197] Different from conventional polarization-
based optical effects, which maintain their polarization states
during light propagation, this effect enables polarization evolu-
tion along the optical path in an artificially designed manner.
Thus, the optical propagation direction serves as a new degree
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of freedom for optical manipulation. Furthermore, when consid-
ering the vortex wave-front of the generated multi-Bessel beams,
the OAM of light can also be structured along the propagation
direction with spatially controlled polarization states.[198,199] The
optical structures with evolution along the optical path may lead
to informational designs such as information encryption in dif-
ferent locations and 3D holographic plates.

7.2. Ultra-Fast Control of the Optical Fields in Multidimensions

One of the most fundamental challenges of optical metasur-
faces is how to realize ultra-fast control of their functions. In
the past few years, researchers have endeavored to find dif-
ferent schemes to realize reconfigurable metasurfaces, such as
using phase–changing materials,[200] infiltrating liquid crystal
around nanostructures,[201] adopting micro-electromechanical
systems,[202] and using EM gating of the building blocks,[203]

which enable manipulating different optical properties at dif-
ferent time. Basically, reconfigurable metasurfaces require ei-
ther tuning the properties of the building blocks such as their
constitution materials and shapes, or modulating the operating
environment of the optical elements such as varying the inci-
dent light and the substrate. To date, ultra-fast control of opti-
cal waves in combined optical dimensions remains a challenge.
One of the strategies to achieve ultra-fast control of optical fields
is using optical-induced methods, such as frequency-gradient
metasurfaces that can vary the steering angle of 25° in just 8
picoseconds.[204] With the rapid development of material science
and fabrication technology, thin-film-based lithium niobate has
been severing as a potential candidate for ultra-fast optical manip-
ulation. For example, Lin et al. realized fast polarization scram-
bling on the Poincaré sphere with a speed reaching 65 Mrad s−1

and a polarization extinction ratio up to 41.9 dB based on thin-
film lithium niobate.[205]

7.3. Optical Multidimensional Manipulation Based on Global
Optimized Metasurfaces

In traditional approaches, the design and optimization of meta-
surfaces are always based on an interactive process of trial and
error using numerical simulations, which is time–consuming
and require a significant amount of professional knowledge
when the design goal is complex. Therefore, current optimiza-
tion methods by solving Maxwell’s functions are not good can-
didates for the design and optimization of metasurfaces for the
realization of multidimensional manipulation of optical waves
since the design goal is very complex. Very recently, artificial
intelligence has been utilized in nanophotonics to realize the
design of metasurfaces. Lately, approaches have well demon-
strated that metasurface optimization methods based on artifi-
cial intelligence provide powerful platforms for the prediction
of the optical responses of metasurfaces and the inverse de-
sign of metasurfaces.[206–208] Compared with traditional methods,
they have comparable accuracy, reduce the requirement on pro-
fessional knowledge and significantly increase computation ef-
ficiency. By utilizing both gradient-based and gradient-free op-
timization techniques, inverse design methods based on deep

learning have been widely applied for the inverse design of both
periodic and aperiodic metasurfaces.[159,209] Importantly, artifi-
cial intelligence shows unprecedented possibilities for the opti-
mization and inverse design of large-area aperiodic metasurfaces
composed of nanostructures with non-negligible local and non-
local interactions.[210–212] The rapid development in artificial in-
telligence has boosted the discovery of novel photonic effects,
device design, and information post-processing.[213] Empowered
by the topological optimization method and other artificial in-
telligence technology, one can realize peculiar photonic devices
such as high-efficiency and large-NA metalens,[63] inversely de-
signed functional metasurfaces,[214] reprogrammable metasur-
face imagers,[215] programmable diffractive deep neural network
based on metasurfaces,[216] deep learning based single-shot auto-
focus microscopy,[217] and bidirectional deep neural network for
structural colors generation.[143] Overall, the current inverse de-
sign methods work through finding the relationship between the
structural parameters of nanostructures and their limited opti-
cal responses. To further realize the inverse design of metasur-
faces for multidimensional manipulation of optical waves, the
capabilities of current inverse design methods need to be further
expanded by adding more degrees of freedom. With the future
combination of optical manipulation, device fabrication, and op-
tical detection through a globally optimized artificial intelligence
technique, one can envision a broad area for efficient and multi-
functional metasurfaces with lower power consumption and high
integration.

8. Conclusions

In this review article, we have presented an overview of
metasurface-based optical field manipulation in multidimen-
sions. We started by reviewing the basic phenomenological prop-
erties of optical sub-wavelength resonators and summarized the
local resonances and modes coupling generated by the nanos-
tructures for optical field manipulation. We have shown that
metasurfaces with elaborate designs can realize abundant lo-
cal resonances that lead to tremendous applications such as
metalens and holography. When the optical resonances are in-
duced by the symmetry or other global effects of the nanostruc-
ture arrays, nonlocal resonances can be generated to support
high Q factor applications and achieve efficient wave-front con-
trol with specific dispersions. Modes coupling also occurs be-
tween the nonlocal modes and local modes, which offers rich
opportunities to engineer the overall scattering properties of
nanostructures. We discussed the definition of optical manipu-
lation in multidimensions and expanded the optical dimensions
to more generalized ones that can carry different information
channels. We then continued our discussion to more specific
categories such as phase-based, polarization-based, wavelength-
based, and momentum-based optical manipulation. We summa-
rized the phase-based multi-wave-front manipulation for wave-
front compensation, orthogonal-basis-based OAM channels for
information transmission, disorder engineer wave-front con-
trol for spatial coherence modulation, and nonlinear wave-front
manipulation. By considering the combination of different po-
larization channels, we discussed orthogonal polarization mul-
tiplexing, discrete, continuous, and customized multidimen-
sional manipulation. We also extended our discussion to other
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multidimensions such as wavelength-selective and momentum-
selective multi-functional optical manipulation and the corre-
sponding applications. Finally, we envisioned several research di-
rections that may have a profound impact in the upcoming fu-
ture. A detailed discussion of these research fields goes beyond
the scope of this paper, but the discussion highlights the rich ef-
fects and phenomena that may benefit the whole research area
of the metasurfaces. The development in this realm will contin-
uously reveal more and more compelling and fascinating optical
designs and bring in new opportunities in photonics and inter-
disciplinary research.
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