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From Single-Dimensional to Multidimensional
Manipulation of Optical Waves with Metasurfaces

Shugqi Chen,* Zhancheng Li, Wenwei Liu, Hua Cheng, and Jianguo Tian

Metasurfaces, 2D artificial arrays of subwavelength elements, have attracted
great interest from the optical scientific community in recent years because
they provide versatile possibilities for the manipulation of optical waves

and promise an effective way for miniaturization and integration of optical
devices. In the past decade, the main efforts were focused on the realization
of single-dimensional (amplitude, frequency, polarization, or phase) manipu-
lation of optical waves. Compared to the metasurfaces with single-dimen-
sional manipulation, metasurfaces with multidimensional manipulation of
optical waves show significant advantages in many practical application
areas, such as optical holograms, sub-diffraction imaging, and the design of
integrated multifunctional optical devices. Nowadays, with the rapid develop-
ment of nanofabrication techniques, the research of metasurfaces has been
inevitably developed from single-dimensional manipulation toward multidi-
mensional manipulation of optical waves, which greatly boosts the applica-
tion of metasurfaces and further paves the way for arbitrary design of optical
devices. Herein, the recent advances in metasurfaces are briefly reviewed
and classified from the viewpoint of different dimensional manipulations

of optical waves. Single-dimensional manipulation and 2D manipulation of
optical waves with metasurfaces are discussed systematically. In conclusion,
an outlook and perspectives on the challenges and future prospects in these

given refractive indices. The limited refrac-
tive indices of natural materials prevent the
generation of new optical phenomena. The
size and weight of traditional optical devices
also prevent optical system miniaturization
and integration. Nowadays, there is an ever-
increasing demand for new approaches to
implement the effective manipulation of
optical waves in different dimensions and
to get the novel optical devices on demand.

With the development of nanofabri-
cation technology, artificial nanostruc-
tures become approachable which offer
a promising solution to the achievement
of efficient manipulation of optical waves
in different dimensions. Metamaterials,
which attain their optical functionalities
from the subwavelength structures rather
than their constitutive materials, provided
intriguing possibilities for the evolution
of modern optics and have attracted great
interest from the scientific community
over the past twenty years.!”l By judi-
ciously modulating their subwavelength

rapidly growing research areas are provided.

1. Introduction

The functionalities of optical devices are achieved on strength of
manipulating fundamental dimensions (amplitude, frequency,
polarization, and phase) of optical waves in an effective way. Con-
ventional approaches for optical waves manipulation are always
related to the modulation of the optical path through a media of
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structure parameters, the effective values

of the permeability and permittivity of the

metamaterials can be designed on pur-

pose to realize the manipulation of optical
waves in a spectific dimension and to get the desirable optical
functionalities, which are even not achievable with natural
materials. Previous works have demonstrated that metamaterials
can be widely applied in realizing negative refractive index,*
electromagnetic invisibility cloaks,”® optical black holes,!
chiral media,’®™! and so on. However, the commercialization
of metamaterial-based optical devices in real applications is still
challenging, which we ascribe to the strong dispersion and high
losses associated with typically used metallic structures, and also
the difficult and costly fabrication for 3D designs.

Recently, planar metamaterials or metasurfaces have
received great attention for their advantages to meet these chal-
lenges.'" Compared to metamaterials, metasurfaces, as arti-
ficial planar designs, have dramatically reduced the fabrication
complexity. Moreover, the thickness of metasurfaces is less
than or similar to the wavelength of operating waves, which
results in the reduction of the undesirable losses and offers an
effective manner for implementing tunable and reconfigur-
able optical devices. Overall, metasurfaces provide an effective
way to overcome the challenges in metamaterials, and it has
been successfully proven that metasurfaces are more feasible
for the engineering of the fundamental dimensions of optical
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waves.['>2 Nowadays, metasurfaces can be readily fabricated
using mature nanofabrication technologies, such as nanoimprint
lithography, direct laser written, electron beam lithography, and
ion beam etching.>! The further involving of new constituent
materials (such as dielectric, phase change material, and 2D
material) and new design methods (such as few-layer metasur-
faces, Huygens' metasurfaces, and folding metasurfaces) provide
additional degrees of freedom for optical wave manipulation with
metasurfaces, which enable the realization of multidimensional
manipulation of optical waves.'?*% Particularly, 2D manipula-
tions of optical waves with metasurfaces in recent works have
greatly extended the application scope of metasurfaces, as
shown in Figure 1a. The realization of optical wave manipula-
tion with metasurfaces results in numerous novel applications
and ultrathin optical devices, which indicate a bright future of
the real applications of metasurfaces in nanophotonics.

Here, we review the recent advances from single-dimen-
sional to multidimensional manipulation of optical waves
with metasurfaces, which are practically important and widely
concerned on this research area. We provide a classification
of recent works from the viewpoint of different dimensional
manipulations of optical waves and also show the development
trend of metasurfaces for effective dimensional manipulation
of optical waves, as shown in Figure 1b. This article is organ-
ized into three main sections. In Section 2, we discuss the
metasurfaces for single-dimensional manipulation of optical
waves. The metasurfaces for 2D manipulation of optical waves
are further discussed in Section 3. An outlook presenting our
opinions on challenges and future prospects in multidimen-
sional manipulation of optical waves is provided in the last
section.

2. Single-Dimensional Manipulation of Optical
Waves with Metasurfaces

Realizing effective manipulation of the amplitude, polarization,
phase, and frequency of optical waves respectively is the main
and fundamental research area for metamaterials and metasur-
faces in the past decade. With effective manipulation of optical
waves in these fundamental dimensions, metasurfaces based
on metallic, dielectric, and reconfigurable materials have been
widely used to realize ultrathin optical devices and novel optical
phenomena. In this section, typical approaches in recent years
for single-dimensional manipulation of optical waves with
metasurfaces are briefly discussed.

2.1. Manipulating Amplitude of Optical Waves

Modulating the absorption, transmission, and reflection inten-
sity of optical waves is a fundamental requirement for numerous
optical applications, which is a main part of early research in
artificial nanostructures.3l Among the numerous research
branches in this area, metamaterial absorber is one of the most
important for its wide applications in sensors, thermal imaging,
and so on.l?!l Since its first experimental demonstration, perfect
absorption in artificial nanostructures has been widely studied
in the past decade.*'*! Up to now, perfect metamaterial
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absorbers with polarization insensitive and wide angle optical
response have been well proposed in multi and broad band-
width to meet the requirements for their real applications.[*6~>]
For example, Chen et al. demonstrated a broadband near per-
fect metamaterial absorber in near infrared.*®! Absorption with
over 80% efficiency was experimentally obtained in the range of
2850-3260 nm. Recently, perfect absorbers based on metasur-
faces provide a new direction for related research area.’*-%! Li
et al. proposed a novel metasurface absorber which can realize
bidirectional perfect absorption in 1352 nm (Figure 2a—c).”!
The physical mechanism of previous metamaterial absorbers
is to minimize the transmission and reflection intensity of
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Figure 1. a) Overview of the applications associated with 2D manipulation of optical waves. b) The development trend of metasurfaces for effective

manipulation of optical waves.
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Figure 2. a) Schematics of the unit cell of the metasurface bidirectional absorber. b) Simulated E, patterns for the aligned and separated nanoapertures.
c) Simulated absorption spectra of the bidirectional absorber for incident optical waves propagating in two opposite directions. d) Scanning electron
microscopy (SEM) image of the Si-based metasurface. e) Simulated transmission (T), reflection (R), and absorption (A) of the Si-based metasurface.
f) Measured transmission of the Si-based metasurface with the refractive index in the range from 1.40 to 1.44. The metasurface was immersed in oil. g) The
position of the resonance peak in f) when varying the background refractive index. h) SEM image of the 3D metasurface and the schematic of one unit cell.
i) Simulated current distributions of one unit cell of the 3D metasurface at the low-order and high-order resonance dips in (j). j) Measured transmission
of the designed 3D metasurface shown in (h) under normal x- and y-polarized incidences, respectively. k) Unit cell schematic of the bilayer metasurface.
) Large-scale view of the mid-infrared design. m) Simulated (top half) and measured (bottom half) reflection and transmission spectra. a—c) Reproduced
with permission.’”] Copyright 2017, Wiley-VCH. d—g) Reproduced with permission.®¥l Copyright 2014, Nature Publishing Group. h—j) Reproduced with
permission.®] Copyright 2015, Nature Publishing Group. k-m) Reproduced with permission.’8l Copyright 2017, American Chemical Society.
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optical waves simultaneously by reasonably tailoring the elec-
tric and magnetic response of their subwavelength structures.
Different from these previous designs based on metamaterials,
the proposed metasurface absorber minimizes the transmis-
sion and reflection intensity of optical waves by transforming
incident optical waves into evanescent waves. The proposed
absorber consists of two pairs of nanoapertures (Figure 2a),
the bottom and top nanoapertures are aligned or separated
along the y-direction. Through this special alignment design,
a large phase gradient can be introduced along the metasurface
interface (Figure 2b), which leads to the generation of surface
evanescent waves. Because the unit cell of the proposed design
is symmetric for two opposite directions, the absorption is bidi-
rectional (Figure 2c). Moreover, the bidirectional absorption in
this novel design is irrelevant to the coherence of the optical
waves, and can increase the absorption capacity by 100% com-
pared with a conventional metasurface absorber, which largely
expands and improves the optical properties of metamate-
rial absorbers. Instead of using metallic structures, Fan et al.
recently demonstrated an all-dielectric metasurface absorber
for imaging through terahertz (THz) to infrared waveband.P®!
Incident THz waves can be strongly absorbed solely within
the cylindrical resonators, and can further be converted to
heat. With the proposed all-dielectric metasurface absorber, an
uncooled infrared camera can be utilized to achieve diffraction-
limited imaging at THz frequencies. These results indicate
that the involving of new design mechanisms and new mate-
rials will further expand the real applications of metasurface
absorbers in solar cell and thermal imaging.

Fano resonances in metasurfaces, which result in narrow
transmission or reflection window, have also got a great deal
of attention recently for their wide applications in biosensing,
slow light, optical switching, and enhancing nonlinear interac-
tions.*%% The optimization of Q factor and intensity of the
Fano resonances plays a key role in the real applications of Fano
resonances.*”%8 Fano resonance with Q factor higher than 10*
has been experimentally demonstrated in gigahertz (GHz)
with a metallic metamaterial.*”) However, ascribing to the sig-
nificant dissipation losses, it is very challenging to realize Fano
resonances with high Q factor in optical wavebands by using
metallic nanostructures.”” Recently, dielectric nanostructures
have been widely utilized to achieve high Q factor Fano reso-
nances in optical wavebands.[**7173] Yang et al. utilized Si-based
metasurfaces to experimentally demonstrate a sharp transmis-
sion window in the nearinfrared regime (Figure 2d-g).4 A
transmission window with 82% peak intensity was achieved
in near-infrared with a high Q factor of 483 (Figure 2e). The
high Q factor is attributed to the coherent interaction among
the subwavelength resonators in the proposed design that
results in the minimization of both nonradiative and radia-
tive damping. This design can be used as a refractive index
sensor with high sensitivity of 289 nm per RIU, whose perfor-
mance far exceeded previous designs based on Fano resonance
(Figure 2f,g). A recent theoretical approach further indicates
that the Q factor of Fano resonances in optical wavebands can
reach 10° with dielectric metasurfaces.”?! Instead of using die-
lectric nanostructures, some new approaches based on novel
metallic designs have also been proposed in optical wavebands
for the realization and application of Fano resonances. Cui et al.
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proposed a novel 3D single-layer folding metasurface to realize
unusual and well-scalable Fano resonances (Figure 2h-j).[%]
The realization of Fano resonance in the proposed design
is attributed to the presence of a 3D hybridization in current
flow. As show in Figure 2i, the current flows of the low-order
and the high-order modes exhibit a 3D route and the currents
flowing in z direction are parallel and antiparallel to the cur-
rents flowing in x—y plane, respectively. The resonance modes
associated with the vertical current flows are unique “dark”
modes, which cannot be directly excited by normal incident
waves. The excitation of these “dark” modes in the proposed
folding metasurfaces is attributed to the 3D hybridized cur-
rents flowing between the vertical U-shaped resonators and
the horizontal rectangular holes, which appears to be unique
to the folding designs and has not been reported for any tradi-
tional metamaterials or metasurfaces. The unusual Fano reso-
nances in the proposed design provide new possibilities for real
applications of metasurface in biosensing and imaging.[®%! Tn
a recent research, metasurface also shows its great ability on
the modulation of the reflection and transmission intensity of
optical waves in a broad bandwidth.’#7% Huang et al. showed
that dual and broadband optical antireflection can be realized
in the mid-infrared and THz bandwidths by using bilayer
metasurfaces (Figure 2k-m)."®l The broadband antireflection
is due to the similar reflection amplitude and opposite phase
dispersion of the two layers of the metasurfaces. This design
principle provides a practical guidance for bandwidths expan-
sion of optical antireflection and the designing of future broad-
band metasurface.

2.2. Manipulating Phase of Optical Waves

Since phase is the most basic characteristic that reveals light
is a kind of wave, the manipulation of phase always draws
attention of the scientific community. Even the manipulation
of polarization can be realized using phase modulation, such
as waveplates. In tradition, the phase of optical waves is mod-
ulated through the optical path when light travels in media,
such as birefringent crystals, with applications of lenses, phase
masks, holography, and so on. However, crystals based phase
manipulation suffers from chromatic dispersion and bulky
size, which limit the realization of integrated optical systems
and further information transmission. In the past decade, the
burgeoning development of subwavelength nanoantennas
makes it convenient to manipulate phase in micrometer or
nanometer scale. Yu et al. proposed generalized law of reflec-
tion and refraction, with a discontinuous phase gradient
aligned in an ultrathin surface (about 50 nm with incident
wavelength of 8 um)."”} As shown in Figure 3a, a V-antenna
simultaneously supports symmetric and antisymmetric reso-
nant modes, resulting in a phase modulation from 0 to 7.7~
On the other hand, a mirror-symmetric V-antenna will intro-
duce a 7 phase change, which can further expand the phase
modulation from 0 to 27. Since the building block of metasur-
faces is at the subwavelength scale, and the thickness is about
A/100,77-81 metasurfaces enable us to manipulate the wave-
front in a single surface. One of the intriguing applications of
the phase modulation is anomalous refraction (Figure 3b), the
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Figure 3. a) A V-antenna supporting symmetric and antisymmetric modes can be utilized as the building block of discontinuous phase modulation. By
varying the geometric size and arrangement of V-antennas, the antennas can scatter light with a phase range from 0 to 27. b) The anomalous light can
be refracted to other directions when the V-antennas are aligned with a linear phase gradient (red lines). c) An SEM image of the geometric phase based
gold antennas. The phase of the scattered anomalous light is proportional to the rotational angle of the antenna under local coordinate. The efficiency
of the refracted light increases when the number of nanorods increases due to eigenstates coupling. d) Schematic and the SEM image of the dielectric
metasurface which employs the doublet configuration to correct aberrations. e) Simulated and measured focal plane intensity profiles with incident angles
from 0° to 30°. An integrated camera is realized with the metasurface doublet lens, the size of which is only 1.6 mm x 1.6 mm x 1.7 mm. f) Multiwavelength
achromatic metasurfaces realized by silicon waveguides. By changing the width of the waveguides, the phase difference of propagation can be compen-
sated by the resonant phase, leading to the achromatic behavior in three separate wavelengths. g) An SEM image of the broadband achromatic metasur-
face. Inset: Phase profile for the broadband achromatic metasurface at arbitrary wavelength of A€ {A,in, Amax}- By gathering both geometric and resonant
phases, the dielectric building block can realize the designed achromatic phase distribution in the working waveband. h) The measured intensity profiles
show that the metasurface can achromatically focus the incident light from 1200 to 1680 nm. i) Reprogrammable metasurface holograms realized by two
metallic loops with a pin diode welded in between that can be controlled by a direct current voltage. The binary phase and measured intensity profiles
of the coding metasurface for different holographic images of “V”, and “E”. j) Multiwavelength achromatic and highly dispersive holograms realized by
dielectric building blocks in the visible regime. The three-primary colors (red, green, blue) holograms are experimentally observed. a,b) Reproduced with
permission.’”] Copyright 2011, American Association for the Advancement of Science. c) Reproduced with permission.®l Copyright 2015, Wiley-VCH.
d,e) Reproduced with permission.’® Copyright 2016, Nature Publishing Group. f) Reproduced with permission.'%*l Copyright 2015, American Associa-
tion for the Advancement of Science. g,h) Reproduced with permission.['l Copyright 2017, Nature Publishing Group. i) Reproduced with permission.['?
Copyright 2017, Nature Publishing Group. j) Reproduced with permission.['"3 Copyright 2016, American Chemical Society.

incident light can be refracted to another direction following
the generalized law of refraction. Other nanostructures are
also investigated to control optical phase based on different
resonant modes.B2¥’] Another distinguished way of phase
modulation is Pancharatnam-Berry phase, which is basi-
cally a topological characteristic regarding polarization.[88#
The phase of the anomalous light (with polarization perpen-
dicular to the incident circularly polarized light) ¢ is propor-
tional to the orientation angle 6, i.e., ¢ = 206, where o = £1
is the spin angular momentum of the incident light.®” This
method makes it easier to determine the exact phase value by
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simply controlling the orientation angle of the nanostructure.
Moreover, the scattering strength remains the same, since the
rotated nanostructure seems the same to a circularly polar-
ized light in a local coordinate. Liu et al. proposed multirod
building blocks to improve the efficiency of Pancharatnam-—
Berry phase (Figure 3c) up to 25% (theoretical limitation for
polarizer based Pancharatnam-Berry phase).’!l Recently,
the revolutionary development of dielectric metasurfaces
highly improves the efficiency of metasurfaces (about 100%),
resulting from the ability of dielectric nanoparticles to simul-
taneously stimulate electric and magnetic dipole/multipole
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resonances.’” %" By designing the phase distribution of a
metasurface, a metalens can be achieved in a compacted
size.">=%7] Khorasaninejad et al. proposed a diffraction-limited
metalens at visible wavelengths, with smaller focusing full-
width at halffmaximum than a commercial objective.’® Arbabi
et al. proposed a miniature planar optical camera based on
doublet corrected dielectric metalens, with a total size of
1.6 mm x 1.6 mm x 1.7 mm, including the metalens and a
complementary metal-oxide-semiconductor (CMOS) detector
(Figure 3d,e).”!

One of the most challenging problems in optics is chromatic
aberration, which results from different phase accumulations
for varied incident wavelengths. Actually, the concept achro-
matism is strongly related to the functionality of the device
to be implemented. For example, if the phase of each unit
cell is wavelength-independent, such as Pancharatnam-Berry
phase,®!l the achromatic functionality of the device can be
realized by local broadband design without considering the
propagation of light in free space.1*192 However, for other
devices that involve the propagation properties of light, such as
metalens, the chromatic aberration is more complicated. Aieta
et al. proposed achromatic metasurfaces design by dispersive
resonant phase compensation based on dielectric materials
(Figure 3f). With delicate design of silicon waveguides, an engi-
neered wavelength-dependent phase shift can be achieved to
compensate the propagation phase differences for three sepa-
rate wavelengths.[1%] Later on, the same group reported another
achromatic metalens at telecommunication wavelengths.[1%
Recently, several methods of achromatic realization have been
proposed,['®>1%] and the most exciting ones are broadband ach-
romatic metasurfaces.'”1%] As shown in Figure 3gh, Wang
et al. realized achromatic metasurface over a broadband wave-
length region from 1200 to 1680 nm, working in a reflection
scheme.'® By combining resonant and Pancharatnam-Berry
phases, the metasurfaces are able to provide the accurate phase
profile as the ideal requirement for broadband achromatic flat
devices. Since phase can be arbitrarily controlled at the sub-
wavelength scale, holography can also be realized in the meta-
surfaces platform."'®111 Tj et al. proposed an electromagnetic
reprogrammable coding metasurface that can display different
hologram frames by controlling the digital current voltage
of each unit cell (Figure 3i).''% The unit cell size is 6 mm x
6 mm x 2 mm working at the frequency of 7.8 GHz. How-
ever, the reprogrammable metasurface in infrared and optical
regime is still challenging because the unit cell will be much
smaller, making it difficult to independently control the phase
of each unit cell. Dielectric holograms are also proposed to
improve the efficiency.''*!14 As shown in Figure 3j, the sil-
icon metasurfaces composed of three kinds of nanoblocks can
manipulate wavefront of incident light with different colors.
These researches significantly expanded the applications of
metasurfaces phase modulation.

2.3. Manipulating Polarization of Optical Waves
The polarization state manipulation with metasurfaces always

involves the tailoring of the anisotropic wave interference at
the subwavelength scale. By manipulating the amplitude
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and phase of the electric or magnetic components in two
orthogonal directions, the polarization state of light can be
altered with structures occupying two orthogonal resonances,
including elliptical nanoholes, L-shaped nanoparticles,
crossed nanodipoles.'"1291 Among the abundant polariza-
tion devices, waveplates play a crucial and fundamental role
in modern optical and photonic applications such as sensing,
imaging, and communication. Liu et al. proposed a method of
designing half-wave plate with anisotropic metallic nanoan-
tenna pairs.'?!l As shown in Figure 4a, the nanoantennas in
the first/second row rotate clockwise/counterclockwise along
the x-axis. The angular bisector of the nanosturcture pairs
remains unchanged for different rotation angles, making the
metasurfaces possess a constant optical axis. The measure-
ments in Figure 4b,c show that a phase difference of /2 is
achieved for two orthogonal direction, and the rotated polari-
zation of an angle m/2 is also realized. Another method of
rotating polarization by /2 is based on near-field interference,
which eliminates the parallel electric component and reserves/
enhances the orthogonal electric one.l'?2123 Wu et al. proposed
S-shaped holes in a silver film (Figure 4d) that can simulta-
neously excite surface plasmon polaritons and localized sur-
face plasmons. With superposition of the two resonances,
the electric component parallel to the incident polarization is
restrained, and the vertical electric component is enhanced,
leading to an orthogonal polarization conversion with ellip-
ticity as low as 0.0078.1123l Moreover, the polarization rotation
angles increase when changing the thickness of the sample
(Figure 4e). Yu et al. realized a broadband quarter-wave plate
using V-antennas (Figure 4f). With linear polarization inci-
dence, the subunits produce two copropagating waves with the
same strength, orthogonal linear polarization state, and a /2
phase contrast.'?l Thus, a circularly polarized extraordinary
output beam is realized. The phase difference remains 7/2 and
the ratio of amplitude for perpendicular polarization remains
unitary from 5 to 12 pm. Such kind of metasurface-based
waveplates employ arrays of anisotropic nanostructures that
can generate two orthogonal eigenmodes, which extremely
limited the working waveband (Figure 4g). On the other hand,
the efficiency of such waveplate is only about 10%.

As mentioned in the previous parts, metasurfaces provide
an extraordinary platform for enhancing the light-matter
interaction, which mainly originates from the abundant near-
field effects supported by subwavelength nanoparticles. Yu
et al. proposed a giant optical activity without chiral struc-
tures working in the near infrared waveband,['’! as shown in
Figure 4h—j. The controllable optical activity is attributed to
the phase difference of the two orthogonal circularly polarized
components decomposed from the linearly polarized light.
The cross-shaped nanostructure can convert the linearly polar-
ized light into left circularly polarized (LCP) or right circularly
polarized (RCP) light, with a phase difference that controls
the polarization angle of the output light. The experimental
results show that the polarization of the transmitted light is
nearly linearly polarized. Other polarization manipulation has
also been realized,['26-133] with different kinds of materials
and designing principles. Compared with the low efficiency
of plasmonic polarization modulation, dielectric metasur-
faces can manipulate polarization with unitary efficiency,
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Figure 4. a) The superunit cells consist of anisotropic metal nanoantenna pairs. The top/bottom row nanoantennas rotate in the clockwise/coun-
terclockwise direction. The orange arrows show the bisection angle of the nanoantenna pairs (¢; + ¢,)/2 and the optical axis of the half-wave plate.
b) Theoretical and measured polarization angle of the image light for different incident polarization angles at wavelength 980 nm. The orange line
indicates an ideal half-wave plate as comparison. c¢) Measured transmission intensity through an analyzer for samples #1 (red) and #2 (blue).
d) Schematic of the experimental setup of the single layer polarization rotator. The incident polarization is long in the x direction. e) The polariza-
tion states of the transmitted light with different thicknesses of the metasurfaces. f) Broadband quarter-wave plate plasmonic metasurface, which
consists of two subunits (pink and green) with each containing eight different V-shaped gold antennas. The two subunits generate x- and y-polarized
light with a phase difference of /2. g) Conventional plasmonic quarter-wave plate metasurfaces are based on antennas that support two orthogonal
eigenmodes, which only functions in a narrow waveband range (gray area). h) The nanocrosses hollow with different geometric sizes can convert inci-
dent linearly polarized light into right/left circularly polarized light with a phase difference. The interference of these two opposite circularly polarized
light results in a linearly polarized one with the orientation rotated compared with the incident polarization. i) Schematic of the interference process
when light passes the metasurface. j) Simulated and measured intensity of the output light with four designed metasurfaces. k) The transmission of
the designed dielectric metasurface for two orthogonal polarization approaches one (high efficiency). |) The phase difference for the two directions
is around 7, indicating this metasurface can serve as a broadband half-wave plate. m) lllustration of the generation of vector beam with dielectric
building blocks. n) Broadband achromatic dielectric metasurfaces for polarization control. a—c) Reproduced with permission.2'l Copyright 2017,
American Chemical Society. d,e) Reproduced with permission.[23l Copyright 2013, American Physical Society. f,g) Reproduced with permission.'?4l
Copyright 2012, American Chemical Society. h—j) Reproduced with permission.['?] Copyright 2016, Nature Publishing Group. k-n) Reproduced with
permission.[37) Copyright 2016, American Institute of Physics.

and the controlled polarization may cover the whole Poincaré  Furthermore, by choosing other high-index transparent dielec-
sphere.3*136] Kruk et al. proposed high ratio silicon nano-  tric materials, the results presented can be easily introduced
pillars based on the generalized Huygens principle.'”) They  to other wavebands (Figure 4n). To date it is still challenging
experimentally demonstrated that the transmission reaches to realize full control of polarization across an ultra-broad-
90% and polarization conversion efficiency of =99% can be band wavelength range, which may require revolutionary
obtained in the telecommunication wavebands (Figure 4k,l).  development of design strategies, since the resonance based
Moreover, the metasurface remains its functionality over a  design usually has specific working wavelengths. With the
broad spectral range, without sacrificing its high efficiency.  development of metasurface fabrication technology, metasur-
This design methodology not only can be utilized to achieve  face devices for polarization state manipulation are expected
a waveplate, other polarization modulation such as vector to have deep impact on modern photonic applications and
beam generation can also be accomplished (Figure 4m). integrated microoptics systems.
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2.4. Manipulating Frequency of Optical Waves

Since its first introduction, metasurfaces have been successfully
utilized to realize many novel applications and new phenomena
in linear optics. Recently, with the increasing demand for the
integrated multifunctional devices in optical communication,
frequency manipulation of optical waves with metasurfaces or
the nonlinear properties of metasurfaces have received consid-
erable and growing attention.[?>27:3¢ In conventional nonlinear
crystals, phase matching condition needs to be satisfied in non-
linear processes for the achievement of high efficient nonlinear
optical generation.!3¥ Compared with conventional nonlinear
crystals, the requirement of phase matching condition is
relaxed in metasurfaces because the nonlinear processes only
occur in a thin layer with subwavelength thickness. The strong
field enhancement near the surface which leads to strong light—
matter interaction results in the efficient nonlinear optical
processes in metasurfaces.3¢13

Efficient second harmonic generation (SHG) has been
well studied in metasurfaces with metallic structures.['*0-147]
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Because the nonlinear processes of SHG in metasurfaces
must be treated as scattering phenomenon instead of a phase-
matched one, phase matching condition is substituted with
mode matching condition in metasurfaces.'*-1%7l Numerous
designs with multiresonances have been proposed to improve
the efficiency of SHG. Celebrano et al. experimentally realized
an enhanced SHG in multiresonant plasmonic nanoantennas
(Figure 5a—).'*”] The realization of this intense SHG is attrib-
uted to the simultaneous utilization of multiple plasmonic
resonances, axial symmetry broken, and spatial mode overlap
at the nanoscale. Compared to single resonant V-shaped
antenna, the peak intensity for second harmonic wave is
two times higher in the proposed multiresonant plasmonic
nanoantenna with the resonance of rod matching the second
harmonic wavelength.

Because metasurfaces with metallic structures generally
suffer from large optical absorption and low melting temper-
ature, metasurfaces with dielectric structures are widely used
to enhance the third harmonic generation (THG) in recent
years.148-153] Yang et al. utilized a Fano resonance based silicon
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Figure 5. a) Scattering spectra of the V-shaped antenna (grey line) and the coupled antenna (black circles). b) SHG intensity for the array of the coupled
antenna and isolated V-shaped structures with different geometric parameters. c) Emission intensity of the coupled antenna. d) SEM image of the
Si-based nonlinear metasurface. e) Simulated and measured transmission spectra. f) THG intensity with x- and y-polarized fundamental incidences,
respectively. g) THG intensity of an unpatterned Si film and a bare quartz substrate, respectively. h) SEM image of the nanoantenna array. i) Image
with the 5th harmonic of a corner of an illuminated array. j) High-harmonic intensity with the polarization of illumination parallel and perpendicular
to the major axis of the antennas. The blackline is the emission from bulk Si. k) Schematic of the hybird metasurface and a diagram of one unit cell. I)
Spectra of second harmonic output for different pump wavenumbers. a—c) Reproduced with permission.l*”} Copyright 2015, Nature Publishing Group.
d—-g) Reproduced with permission.'>3 Copyright 2015, American Chemical Society. h—j) Reproduced with permission.'*¥ Copyright 2017, Nature Pub-
lishing Group. k,I) Reproduced with permission.l>%l Copyright 2014, Nature Publishing Group.
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metasurfaces to realize efficient THG with enhancement
improvement of 1.5 x 10° with respect to an unpatterned silicon
film (Figure 5d-g).'>¥ The enhanced THG is attributed to the
local electric field enhancement within Si which is induced by
the high Q factor Fano resonance.

Metasurfaces have also been used for efficient four-wave
mixing processes and high-harmonic generation.'>*1%¢ Vampa
et al. adopted nanoantenna arrays to demonstrate plasmon-
assisted high-harmonic generation (Figure 5h—j).15¢ With
nanoantenna array on top of the substrate, the high-harmonic
emission is several times stronger than that without the
antennas. This enhanced high-harmonic generation is attrib-
uted to the polarization-dependent local field enhancement,
which occurs only when the polarization of the incident laser is
parallel to the antennas, as shown in Figure 5i.

For the generation of giant nonlinear response, hybrid
metasurfaces consist of plasmonic metasurfaces and materials
with large nonlinear optical responses have also been pro-
posed.[>7-15% With the combination of plasmonic metasurfaces
and semiconductor heterostructures, Lee et al. realized a record-
high SHG (Figure 5k,1).%% A power conversion efficiency of
almost 2 x 1072° using a pump intensity of only 15 kW cm™
was experimentally demonstrated. The giant SHG can be attrib-
uted to the strong modal overlap between the fundamental and
second harmonic modes in the nanostructures and the effective
tailoring of the near-field polarizations. This design principle
provides an effective way for the realization of giant nonlinear
response in metasurfaces. The further implementation of giant
nonlinear response in metasurfaces will greatly boost the appli-
cations of metasurfaces in nonlinear optics and pave the way
for multidimensional manipulation of optical waves.

2.5. Dynamic Manipulation of Optical Waves in 1D

Realizing the dynamic manipulation of optical waves, which
is a fundamental requirement of optical integration, plays
a key role in optical switch, optical communication, and
the implementation of optical multifunctional devices.!?6:2%]
Nowadays, the dynamic manipulation of optical waves with
metasurfaces always involves reconfigurable materials or
elastic substrates.'®*17] For example, varactor diodes, flexible
substrate, and liquid metals are widely used in GHz to real-
izing the dynamic manipulation of electromagnetic waves,
while semiconductor, superconductor, perovskite, and 2D
materials are main approaches in THz regime.10-167] To real-
izing the dynamic manipulation of optical waves, phase change
materials, 2D materials, liquid crystal, and elastic substrates are
normally used.[168-17]

In most cases of previous approaches, the optical waves can
only be dynamically manipulated in 1D. For example, Lim et al.
utilized germanium-based metasurfaces to realize the ultrafast
modulation of the transmission amplitude of the THz waves
(Figure 6a,b).'” The proposed metasurface is composed
of periodic asymmetric split ring resonators which are fully
embedded in a germanium thin film, as shown in Figure 6a.
The dynamic manipulation of THz transmission amplitude is
attributed to the excitation of the free carriers in germanium
film by adding a pump beam. The modulation depth of the
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THz transmission amplitude in the proposed design achieved
90% with a full recovery time equal to 17 ps. Electrically con-
trolling and thermal controlling are also effective approaches
for the realization of dynamic amplitude manipulation of
optical waves by utilizing 2D materials and phase change
materials.[0016816% For example, Ou et al. proposed a thermally
reconfigurable metasurface to realize a reversible modulation
of transmission amplitude of optical waves with modulation
depth up to 50%.11% For the implementation of the dynamic
phase manipulation of optical waves, phase change materials
are always utilized.'”171 Chu et al. proposed a dielectric meta-
surface composed Ge,Sb,Tes (GST) nanorods to realize the
independent phase modulation of optical waves in subwave-
length scale (Figure 6¢,d).l'”!] The optical response of the GST
nanorods can be easily tuned by changing the phase state of
GST between the crystalline state and the amorphous state.
Thus, each single GST nanorod has two different delay effects
on the phase of the optical waves. By changing the phase state of
the GST nanorod independently, different phase profiles can
be realized along the metasurfaces, as shown in Figure 6d. The
proposed GST-based metasurfaces provide an alternative way
for the wavefront modulation of optical waves. With the effec-
tive phase manipulation of optical waves, the polarization state
of optical waves can also be dynamically manipulated.'?>132172]
Li et al. proposed graphene-loaded metasurfaces to realize the
continuous controlling of the polarization state of the reflected
waves (Figure 6e-g).'*! As shown in Figure Ge, the proposed
hybrid metasurface consists of a graphene layer and periodic
gold rectangular apertures. The polarization-selective near-field
enhancement induced by the anisotropic optical response of
the rectangular apertures will significantly enhance the
interaction between incident waves and the graphene layer in y
direction. Thus, the phase of y-component of the reflected waves
can be continuous controlled with graphene layer by applying
different gate voltages. With continuous manipulation of phase
of reflected waves in y direction, the phase delay between x
and y directions can be accordingly modulated, which results
in the continuous manipulation of the polarization state of
reflected waves, as shown in Figure 6f,g. Instead of involving
reconfigurable materials or elastic substrates, the dynamic fre-
quency manipulation of optical waves is achieved recently by
mechanical approaches.'73-17%] Li et al. demonstrated the rota-
tional Doppler effect in linear and nonlinear optics by using
half-wave plates or nonlinear crystals driven by separated
motors, and showed the correlation between the rotational
symmetry of the crystal and the nonlinear Doppler frequency
shift (Figure 6h,i).l'”3l The results show that in linear optics,
when the rotational angular frequency of the half-wave plate is
equal to Q, the transmitted circularly polarized wave with the
opposite sense will have a frequency shift of +2Q compared
to the normal circularly polarized incident waves. In addition,
in nonlinear optics, when the rotational angular frequency of
a nonlinear crystal with C3 rotationally symmetric is equal to €,
the transmitted circularly polarized second harmonic wave
with the opposite sense will have a frequency shift of £3Q com-
pared to the normal circularly polarized fundamental incident
waves. The proposed Doppler effect has been widely used in
the design of both linear and nonlinear metasurfaces to realize
novel optical functionalities and phenomenon.'7+17%]
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Figure 6. a) Artistic rendering of a germanium-based metasurface for ultrafast all-optical switching in THz regime. b) Experimental (top half) and
simulated (bottom half) results of normalized resonance amplitude (difference between transmission levels at the THz dip and the THz peak) under
different optical pump power at a pulse delay time of 4.7 ps. c) Artistic rendering of a tunable gradient metasurface composed of GST nanorods.
d) The working principle of the GST-based tunable gradient metasurface. The pink GST nanorods are in crystalline phase and the purple GST nanorods
are in amorphous phase. e) Schematic of the graphene-loaded metasurface for optical polarization encoding. f) The variation of stokes parameters
with gate voltage. g) The variation of polarization state of reflected waves on the Poincare sphere under different gate voltage. h) Schematic of the
optical linear and nonlinear rotational Doppler effect. i) Rotational Doppler shift of the second harmonic waves. a,b) Reproduced with permission.[¢7}
Copyright 2018, Wiley-VCH. c,d) Reproduced with permission.l”"] Copyright 2016, Wiley-VCH. e~g) Reproduced with permission.l'?l Copyright 2015,
Wiley-VCH. h,i) Reproduced with permission.l'73l Copyright 2016, Nature Publishing Group.

In the past few years, researchers have made massive efforts
on the implementation of dynamic manipulation of optical
waves in 1D. Nowadays, even there are many approaches to
realize the dynamic manipulation of amplitude, phase, polari-
zation, and frequency of optical waves, there is still a long way
to go. Further researches on reconfigurable metasurfaces with
compact designs, high modulation depth, and ultrafast response
time are still needed. Especially, realizing fully dynamic phase
controlling of optical waves in subwavelength scale is yet to be
experimentally presented. Moreover, researches of realizing the
independent dynamic manipulation of optical waves in multidi-
mensions are still a blank.

3. 2D Manipulation of Optical Waves with
Metasurfaces

The recent approaches we discussed in Section 2 typically focus
on single-dimensional manipulation of optical waves and the
realization of single optical functionalities, which are quite not
enough for the acquisition of any optical devices on demand.
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Nowadays, researchers in this area focus on the improvement
of the performance (efficiency, bandwidth, achromatism, and
so on) of the optical devices based on metasurfaces and the
achievement of integrated multifunctional optical devices by
skillfully utilizing multidimensional manipulation of optical
waves with metasurfaces. In this section, recent works related
to 2D manipulation of optical waves with metasurface are
discussed typically, which is the hot spot in related research
area of metasurfaces.

3.1. Manipulating Amplitude and Phase of Optical
Waves Simultaneously

The transmission of complete imaging information in scalar
optics requires both amplitude and phase modulations, as
the wave equation |¥) = Ae™ implies. However, conventional
imaging or holography techniques are usually limited by the
amplitude- or phase-only modulation schemes, which is not the
full information of object images.["7*'8% Independently simul-
taneous control of amplitude and phase with metasurfaces
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Figure 7. a) The schematic of a nanorod gap-surface plasmon resonator that forms the Huygens’ metasurfaces. The equivalent circuit model depicts
that orthogonal electric and magnetic responses can be simultaneously achieved, which is essential to control an optical surface’s local reflection
coefficients. b,c) Variation in amplitude (b) and phase (c) of the reflection coefficients for different resonator lengths and rotation angles. This result
shows the resonator is capable of manipulating amplitude and phase. d) Schematic of C-shaped antenna. This antenna supports symmetric mode
E and antisymmetric mode E,.. With different geometric parameters the C-shaped antenna scatters the incident light with different strength and phase.
e) Simulated amplitude and phase profiles along the x-axis for a sample with a single diffraction order. f) Measured diffraction intensity for a sample
with first, second, and third order. g) Simulated amplitude and phase profiles along x-axis for a sample of first and third diffraction order at 0.63 THz.
h) A unit cell with a gold nanorod can completely control phase of the scattered light utilizing the Pancharatnam—Berry phase. i) Phase pattern of
the Airy function using discrete algorithm. j) The amplitude of the scattered light can be controlled by choosing different lengths of the nanorods.
k) Simulated electric distributions of the Airy beam, with a rectangular scatterer of the size 1 um x 0.5 um located at x = -3 um and z =5 pm.
l) Computed amplitude and phase distribution of the computer generated hologram with 600 x 600 pixels. m) Schematic of the X-shaped unit cell that
can manipulate amplitude and phase of the incident light. n) Simulated and measured intensity distribution shows the amplitude—phase combined
method suppresses significant noises, advancing the quality of holographic images in 3D space. a—c) Reproduced with permission.l'3% Copyright 2014,
American Physical Society. d—g) Reproduced with permission.l'®”) Copyright 2014, Wiley-VCH. h—k) Reproduced with permission.l'®8 Copyright 2016,

Wiley-VCH. I-n) Reproduced with permission.['®)] Copyright 2017, Royal Society of Chemistry.

requires more degree of freedom to manipulate the optical
field, without introducing unpractical nanostructures.['81-184
Kim et al. proposed a nanorod gap-surface plasmon reso-
nator to form Huygens’ metasurfaces in the optical waveband
(Figure 7a).'®] This resonator can simultaneously stimulate
electric and magnetic dipoles, which enables the Huygens’
antenna capable of manipulating the complex reflection and
minimizing the excitation of unwanted plane waves. With
varied resonator lengths and rotation angles, the amplitude
and phase of the scattered light can be efficiently modulated
(Figure 7b,c). The efficiency of the resonators reaches 40% for
an operating wavelength of 800 nm. Another effective method
to simultaneously control amplitude and phase is utilizing
C-shaped antennas.l'81%7] This antenna supports both sym-
metric and antisymmetric current modes, just as the V-shaped
antenna does as mentioned previously. The generated scattered
electric E, can be written as E, =0.5E, sin(26)(Ae™ + A,e™),
where A, Ay, and ¢, ¢, denote the strength and phase of
the symmetric and antisymmetric modes, 0 is the orienta-
tion angle of the antenna (Figure 7d). The amplitude varies
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as |sin (26)|, which can be controlled independently of the
phase factor of F,. Diffractive devices have been designed
to demonstrate the ability of simultaneous manipulation of
amplitude and phase (Figure 7e-g).'®] Although the metas-
urface is designed working at 0.63 THz, the device persists its
functionality over a broadband range from 0.5 to 1.0 THz. Simi-
larly, nanorod can also manipulate amplitude and phase with
varied geometric parameters and orientation angles, as shown
in Figure 7h. As the nanorod rotates, the phase of the scattered
light linearly increases due to Pancharatnam-Berry phase accu-
mulation. Li et al. utilized this nanorod antenna to realize Airy
phase distribution (Figure 7i).%8 Interestingly, the intensity
of the scattered light depends on the length of the nanorods
(Figure 7j), which means the amplitude and phase can be inde-
pendently controlled by choosing different length and orien-
tation of antennas. When a rectangular scatterer is put in the
optical field, it can be seen that the generated Airy beam heals
itself after passing the scatterer as expected. With the lack of
amplitude modulation, the Airy beam is in chaos when passing
the block, while with simplified amplitude modulation the Airy
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beam heals itself when passing the block (Figure 7k). However,
the efficiency of such nanorod resonators or split ring resona-
tors is limited below 25%, since the generated electric or mag-
netic dipoles radiate to two opposite directions, and the incident
light is partially converted to the signal polarization.!'8¢]

The abovementioned methods for simultaneous control
of amplitude and phase suffer from low efficiency, which can
be improved by dielectric metasurfaces. Lee et al. proposed a
broadband holographic metasurface comprising X-shaped
polycrystalline silicon unit cells (Figure 7l-n) that can convert
circularly polarized light into the cross-polarized component.
By designing complex-amplitude holograms, amplitude and
phase profiles of the computer-generated holograms have been
illustrated. It can been seen that the holography remains of
high quality in the 3D space without speckle noises in a typical
phase-only hologram.['®% Moreover, the proposed metasurface
is a broadband one, which can be attributed to two aspects:
1) All-dielectric metasurfaces are based on Mie scattering,
which can be easier designed with less sensitivity in the fre-
quency domain compared with plasmonic building blocks.
2) The optical manipulation of the unit cell originates from the
geometric phase, a topological characteristic depending only
on the orientation of the structure. Recently, the challenge for
simultaneous control of amplitude and phase mainly lies in
considering other optical dimensions, such as achieving such
control in an ultrafast time scale or for anisotropic incident
polarizations. The manipulation of both amplitude and phase
may expand the superior limitation of various photonic applica-
tions, such as 3D biological imaging, optical computing.

3.2. Manipulating Phase and Polarization of Optical
Waves Simultaneously

In vectorial optics, many intriguing phenomena occur, which
seem impossible in scalar optics. For example, vector beams
can be utilized to achieve longitudinally polarized light and sub-
diffraction focusing spot.*192 Recently, simultaneous control
of polarization and phase has been extensively investigated. Li
et al. proposed bilayer plasmonic metasurfaces that can manip-
ulate phase by adjusting the relative position of the two layers,
and manipulate polarization by varying the orientation of the
unit cells in the near infrared waveband (Figure 8a,b).l1®l The
simultaneous control of transmitted phase and polarization
can be realized, as shown in Figure 8c. With given phase shift
and polarization, the geometry of the doublet metasurface can
be obtained. The measured light intensity with an analyzer in
front of the charge coupled device (CCD) camera shows that
the transmitted light is a radially polarized beam. Arbitrary spa-
tial variation of phase and polarization can also be achieved by
such metasurfaces,!'*¥ with any required polarization distribu-
tion and topological charges of efficiency about 16%. Mueller
et al. combined geometric and propagation phases, which real-
ized arbitrary phase abrupt on any two predefined orthogonal
polarization states.®! The building blocks of the metasurface
are silicon nanoblocks and can be designed approaching uni-
tary efficiency. The geometric size determines the propaga-
tion phase, and the orientation of the nanoblocks determines
the geometric phase. With different circularly polarized
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incidence, the holograms exhibit completely different images
(Figure 8d,e). This strategy enlarges the design space for polar-
ization-sensitive metasurface-based imaging and holography
devices.

Recently, the complete control of polarization and phase
with unitary efficiency is achieved through elliptical nanopillars
working at 915 nm incidence.' Since each pixel of the meta-
surface can be designed to realize any symmetric and unitary
Jones matrix, the transmission matrix of the nanopillars enables
full control of polarization and phase. As shown in Figure 8f,
an RCP incident light is focused to a spot, while an LCP light
is focused into a doughnut-shaped small region. This platform
also provides independent and complete phase modulation for
two orthogonal polarization states, and further applications
such as integrated conformal optical devices can be expected.
Recently, the arbitrary spin-to-orbital angular momentum con-
version has drawn much attention of the scientific community,
which has profound applications in quantum optics.!'%7-202]
Devlin et al. proposed a method using high-index dielectric
metasurfaces to efficiently convert spin angular momentum to
orbital angular momentum. Arbitrary values of orbital angular
momentum can be achieved under circularly polarized inci-
dence, and the device output along a predefined path on the
higher order Poincaré sphere is investigated. As shown in
Figure 8g, a generalized spin-to-orbit conversion is also real-
ized. Another way to achieve control of phase and polarization
is utilizing cascaded metasurface (Figure 8h). This metasurface
consists of four anisotropic sheet admittances, each of which
can be modeled as a parallel inductive—capacitor circuit (LC
circuit). The color in Figure 8h represents the average trans-
mittance for the two polarizations, and the blue box indicates
the region with full control of the transmitted phase for both
polarization states. Li et al. proposed C3 symmetric nonlinear
metasurface for spin-to-orbital angular momentum conversion
in SHG.[?Y1 As shown in Figure 8i,j, the incident LCP light is
converted to RCP second harmonic one (without generation of
LCP light due to selection rules(232%4)). The topological charges
are measured using linearly polarized incidence to get a self-
interference of the vortex beam.

3.3. Manipulating Amplitude and Frequency of Optical
Waves Simultaneously

For linear optical response, simultaneous manipulation of
amplitude and frequency of optical waves with metasurfaces
will lead to important real applications. The unique frequency-
dependent absorption and scattering properties of metasurfaces
in the visible region are utilized to print color at the nanoscale,
which is known as structural colors. Compared to traditional
pigments, metasurfaces provide high spatial resolution, durable
and single material colors, which show a profound commercial
value in high-resolution color printing, imaging, biosensing,
and so on.?>2%l Plasmonic metasurfaces with gold, silver,
or aluminum nanostructures have been widely used for the
realization of structure colors.221% However, the absorption
losses, low resonance quality factors, prohibitive cost, and lim-
ited stability of plasmonics metasurfaces prevent them to the
generation of structural colors with high color purity. Recently,
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Figure 8. a) Nanoaperture pairs with various geometries and orientations to realize metasurfaces for the complete control of the transmitted polari-
zation and phase. b) SEM image of the sample designed to generate radially polarized vector beam. The sample is composed of six different areas
corresponding six linear polarization. c) Measured far-field intensity distribution of the generated radially polarized beam, with and without a polariza-
tion analyzer in front of the CCD camera. d) SEM image of the dielectric metasurface encoding the holograms with 350 x 350 um? in size and contains
420 000 TiO, nanopillars. e) With illumination of RCP/LCP, the metasurface produces an image of a cartoon dog/cat to the far field. The bright dot
in the middle of each image is due to the zero-order light not coupling into the metasurface. f) Full control of polarization and phase with silicon
nanopillars. Different circularly polarized incident light is focused to a single spot or a doughnut-shaped spot. g) Schematic of the dielectric device
that maps elliptically polarized incidence to two independent states of orbital angular momentum. Inset: the building block the spin-to-orbital angular
momentum conversion. h) Schematic view of a typical unit cell with four layers of subwavelength structures. The transmitted power and phase alter
as a function of the normalized sheet admittance. The intensity map represents the average transmittance for the two polarizations. i) Schematic of
the spin controlled generation of orbital angular momentum of second harmonic signal by using C3 symmetric nonlinear metasurfaces. j) Measured
intensity of second harmonic signal with g = 1/3, 2/3, and 1. Circularly polarized incidence to demonstrate the spin-to-orbital angular momentum
conversion, and linearly polarized incidence to identify the topological charge. a—c) Reproduced with permission.l'”*l Copyright 2015, Wiley-VCH.
d,e) Reproduced with permission.%l Copyright 2017, American Physical Society. f) Reproduced with permission.['?*l Copyright 2015, Nature Publishing
Group. g) Reproduced with permission.[?%' Copyright 2017, American Association for the Advancement of Science. h) Reproduced with permission.[20%
Copyright 2013, American Institute of Physics. i,j) Reproduced with permission.l?% Copyright 2017, American Chemical Society.

dielectric metasurfaces are utilized to generate distinct struc-
tural colors effectively with low absorption losses.[211-21%]
Flauraud et al. utilized silicon nanodiscs to realize nanoscale
color reproduction with a broad coverage and vivid color palette
(Figure 9a,b).25] They compared the optical spectrum of silicon
nanodiscs with those of silver and aluminum nanostructures
in various geometric and illumination conditions, and the
results show that the silicon nanodisc arrays are optimized for
the realization of millimetric paining replicas as well as high
resolution color features. This work shows tremendous appli-
cation potential of Si-based structural colors in nanoscale color
elements. Compared with polarization-independent structural
colors, color filters or polarization-dependent structural colors
based on metasurfaces have also been widely investigated for
its potential applications in polarization imaging, active color
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pixels, and so on.?1%220l Dyempelmann et al. utilized silver
nanowires to realize a fourfold plasmonic color filter, the
output color can be changed by simply rotating a polarizer
(Figure 9c—e).2¥% Polarization sensitive structural colors have
also been proposed in dielectric metasurfaces. Wiecha et al.
realized colour pixels generation based on silicon building
blocks, which has resonant modes at two optimized and polar-
ization-dependent wavelengths by employing evolutionary
multiobjective algorithms.[220]

For nonlinear optical response, simultaneous manipula-
tion of amplitude and frequency of optical waves with metas-
urfaces is beginning to show some important applications in
sensing, imaging, and anticounterfeiting.?2-22] Rodrigues et al.
investigated the chiral-selective nonlinear optical response of
twisted-arc nanostructures and realized high-contrast second
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composed of Si nanodisks. c¢) Schematic of the designed fourfold color filter. d) The experimental measured transmission spectra of the color
filter with a variable analyzing polarizer. e) CIE xyY color plot of the measured transmission spectrum in (d). f) Measured transmission spectrum
of two unit cells of the chiral metasurface for circularly polarized light. g) Nonlinear signals of enantiomer A excited by LCP and RCP pump light.
h) Two nonlinear images of the “GT” patterned logo and the SHG-CD. The inner and the outer regions of the logo host the B and A enantiomers,
respectively. i) Schematic of the unit cell of the nonlinear metasurface. j) (Left plane) Angle-dependent SHG intensity for different fundamental
wave polarizations. (Right plane) Measured RCP SHG intensity for different orientation angle 6 of meta-atoms for LCP fundamental waves.
k) Working principle of the nonlinear metasurface for different illumination conditions and the corresponding measured real space microscopy
images. a,b) Reproduced with permission.?'3 Copyright 2017, American Chemical Society. c—e) Reproduced with permission.l2'l Copyright 2016,
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harmonic optical imaging (Figure 9f-h).?22l This work provides
a prospect of the nonlinear chiral metasurfaces, and serves as

interferences of SHG waves between neighboring meta-atoms.
By manipulating the orientation angles of two neighboring meta-

an alternative way for the study of chirality sensitive materials.
Walter et al. utilized nonlinear metasurface to realize optical
image encoding (Figure 9i-k).1??* The encoded image can only be
obtained by collecting the SHG signals of the metasurfaces. This
novel phenomenon is attributed to the effective modulation of the
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atoms, local SHG intensity can be continuously tailored (Figure 9j).
This work provides valuable insight for anticounterfeiting with
metasurfaces. The simultaneous manipulation of amplitude and
frequency of optical waves based on metasurfaces has remarkable
impact in the areas of imaging and anticounterfeiting.
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3.4. Manipulating Phase and Frequency of Optical Waves
Simultaneously

Besides utilizing metasurface to enhance the nonlinear optical
response, metasurfaces with efficient phase modulation of
nonlinear waves have received great attention in recent years
for their great value in the realization of many novel nonlinear
functionalities.[?>?73% Current researches indicated that meta-
surfaces provide a direct and an effective way for nonlinear
phase manipulation.?24220 [j et al. provided an effective way
for continuous manipulation of phase of harmonic waves with
nonlinear metasurfaces (Figure 10a).22! For fundamental
beams with circular polarization, the phase of the nonlinear
polarization of the artificial structure can be effectively tuned by
varying the orientation angles of the structure. For structures
with orientation angle of 6, the results show that the phase of
the nonlinear polarizabilities of the nth harmonic generation is
(n — 1)o6 and (n + 1)06, for the same and the opposite polari-
zation to that of the fundamental wave, respectively. This con-
tinuous phase manipulation provides an alternative way for
simultaneous manipulation of phase and frequency of optical
waves with metasurface. Effective approaches for nonlinear
phase manipulation with linearly polarized fundamental beams
have also been proposed. Segal et al. utilized split-ring resona-
tors (SRRs) to demonstrate unprecedented manipulation over
the nonlinear emission with linearly polarized fundamental
beams (Figure 10b,d).??’] A mirror inversion of the SRR with
respect to its base will have a minimal effect on the funda-
mental beam but will induce 7 phase shifts on the second
harmonic currents and the locally generated second harmonic
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radiation. With this approach, engineered nonlinear diffrac-
tion, ultrawide all-optical scanning, and intense focusing of the
nonlinear signal have been well demonstrated. Almeida et al.
further demonstrated full nonlinear phase manipulation from
0 to 2m for four-wave mixing with linear polarized funda-
mental beams.??l This full phase manipulation is attributed
to a spatially varying phase response of a metallic metasur-
face whose unit cell designed specifically for the frequency of
the nonlinear signal. Compared with the proposed method in
Figure 10a, this method may have some complexity on struc-
ture design since the nonlinear responses in metasurfaces are
quite sensitive to the variations of the structure parameters.
With the rapid development of this research field, metas-
urfaces with simultaneous efficient nonlinear response and
sub-wavelength phase control have also been proposed.?27228]
By combining the metasurfaces and the semiconductor multi-
quantum wells, Nookala et al. experimentally demonstrated
continuous beam steering of the giant nonlinear second
harmonic (Figure 10e,f).228 This result indicates that full
manipulation of the phase of the nonlinear signal can be
achieved at the individual nanoresonator level, which allows
us to realize arbitrary manipulation of the wavefront of SHG
signals with sub-wavelength resolution. Moreover, based on the
simultaneous manipulation of phase and frequency of optical
waves with metasurfaces, numerous novel nonlinear function-
alities have also been realized.??-232] One key application is the
nonlinear holograms. Ye et al. experimentally demonstrated a
polarization and wavelength multiplexed nonlinear metasur-
face holography. For optical waves with different frequency/
polarization combinations, independent holographic images

-4 =3=2-=1 9 1
k, (um™)

Nonlinear holography

Figure 10. a) Illustration of geometric-phase-controlled nonlinear metasurface. b) Illustration of a nonlinear metasurface with 1D modulation of
x?. c) Calculated fundamental harmonic surface currents and generated second harmonic currents. d) k-space images of emitted forward second
harmonic from the designed nonlinear metasurface. e) SEM of phase gradient nonlinear metasurfaces, with differing angular rotational steps. f) Far
field profiles of RCP and LCP second harmonics. g) Linear and second harmonic generation holographic images in a nonlinear hologram metasurface.
a) Reproduced with permission.[224l Copyright 2015, Nature Publishing Group. b—d) Reproduced with permission.?2%l Copyright 2015, Nature Publishing
Group. e,f) Reproduced with permission.[?8l Copyright 2016, Optical Society of America. g) Reproduced with permission.?*3 Copyright 2016, Nature
Publishing Group.
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can be constructed at the same spatial area (Figure 10g).*2

This work indicates that multiplexed nonlinear metasurface
holography provides an alternative way for optical anticounter-
feiting and encryption. Realizing effective phase manipulation
of nonlinear optical waves with giant nonlinear response in
metasurfaces will greatly expand the applications of metasur-
faces in nonlinear optics and optical encryption.

4, Conclusions and Outlook

Herein, we regarded the optical parameters as different dimen-
sions that determine the functionalities of an optical device.
We reviewed metasurfaces for single-dimensional manipula-
tion of optical waves, such as amplitude, phase, polarization,
and frequency. We also reviewed the applications based on 2D
manipulation of optical waves. With high abilities of increasing
the light-matter interaction, metasurfaces provide a distin-
guished platform to produce novel phenomena that cannot be
found in conventional optical media. However, the manipula-
tion of optical field in single dimension restricts the expansion
of high performance devices, such as super resolution with
vector beams, which requires simultaneous control of phase and
polarization.'% Recently, the multidimensional manipulation of
optical waves by metasurfaces arises, which opens up the possi-
bility of parallel and independent control of different dimensions
of optical fields. We reviewed the independent manipulation of
amplitude-phase, phase—polarization, amplitude—frequency,
phase—frequency, and the corresponding applications. This revo-
lutionary capability of simultaneous control of multiple dimen-
sions of optical field enabled by metasurfaces makes it possible
to produce more novel phenomena, and to encourage more
available applications, such as the accurate and robust transmis-
sion of optical information. One significant advantage of multi-
dimensional manipulation is to realize integrated photonic
devices,?33-2%] which may strikingly reduce the size and enhance
the performance of the devices due to the compact manipulation.
Another intriguing application is artificial intelligence enhanced
photonic techniques, such as a photonic neural network. By
exploiting machine-learning techniques, the photonic system
design will be much efficient and optimized.?3¢2%7 Similar
operations can also be applied in photonic hardware design, data
processing, and analysis. We believe that future metasurfaces
with optical dimensional manipulation will greatly advance the
realization of optical computation, biological sensing, and so on,
and will promote the life-style in our daily life.

We envision several promising directions in multidimen-
sional manipulation of optical waves which may have profound
impact on photonic nanosystems.

Development of New Optical Dimensions: The optical param-
eters are not limited to the abovementioned ones. The recent
burgeoning topological metasurfaces provide another optical
dimension, which take advantage of topology to realize robust
optical transmission, and other novel phenomena in energy
band.2%23 Moreover, instantaneous, ultrafast, and active
manipulation of optical field in nanosecond or femtosecond is
another dimension that characterizes time evolution instead of
the steady states to explore the light-matter interaction.?*”! Due
to the development of nanofabrication techniques, quantum
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entanglement realized by metasurfaces has drawn much atten-
tion of researchers,**!l which may greatly boost the exploitation
of the quantum photonics. With the increase of optical manip-
ulation dimensions, the development of manipulating optical
parameters with metasurfaces may profoundly affect the nano-
photonic exploitation nowadays.

Arbitrary Dimensional Manipulation of Optical Waves: As dis-
cussed herein, the current optical field manipulation is mainly
single-dimensional and 2D manipulation. It is challenging to
realize independent manipulation of three or arbitrary dimen-
sions of optical waves, since the optical dimensions are basi-
cally associated with each other when varying the geometrical
parameters of the meta-atoms. One way to realize arbitrary
dimensional manipulation of optical waves is to find a space or
a method to attribute each optical dimension to different math-
ematical part, and to find the relationship between meta-atoms
and each dimensional term, which may phenomenologically
simplify the realization of arbitrary control of optical fields. If
the manipulation of optical waves in arbitrary dimension can be
achieved, the optical devices can be designed on demand.

Integrated Optical Dimensional Manipulation: An emerging
theme in metasurfaces research is to realize integrated optical
manipulation. The anisotropic, dispersive, and coupling prop-
erties of subwavelength nanostructures provide versatile and
unprecedented possibilities of optical manipulation in almost
all wavelength ranges. The planar platform of metasurfaces,
especially all-dielectric metasurfaces, is compatible with indus-
trialized CMOS techniques. With the development of novel
design principles,?*2243 fabrication technologies, planar wave-
guide, and sensing architectures,?*+2*! integrated and on-chip
optical dimensional manipulation techniques are more and
more feasible nowadays.
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