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Figure 1 (Color online) Skeleton diagram of review
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Figure 2 (Color online) Manipulating amplitude and phase of optical field simultaneously. (a) Amplitude and phase profiles for samples of three
diffraction orders at 0.63 THz™". (b) Variation in magnitude and phase of §,, for different nanorod lengths and rotation anglesm]. (c) The schematic of
the unit cell of the metasurface that enable the complete control of the optical amplitude and phase (top row), and the variation in magnitude and phase
of right circularly polarized waves for different nanorod lengths and rotation angles (bottom row)[35]. (d) Simulated and experimental reconstruction of
phase-amplitude (top row), phase-only (middle row), and GS (bottom row) holographyDSJA (e) The designed, calculated and measured energies of each

functionality of the two metasurface samples (top row) and the measured light distributions of three functionalities in k-space for the first sample
(bottom row)[36]. (f) The electric field distributions of the generated Airy beams without amplitude modulation (left) and with full amplitude modulation

(right)m]. (g) Schematic of the nanoapertures forming the super-unit-cell in the plasmonic metasurface absorber'*. (h) E patterns for the aligned and
translated nanoapertures in the y-z planem]
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Figure 3 (Color online) Manipulating phase and polarization of optical field simultaneously. (a) Schematic view of the dual-layer metasurface with
aligned nanoaperture pairs and with a laterally translated nanoaperture; the surface plasmonic standing wave is shown between the two metallic
structures, with the field and charge oscillation indicated™”. (b) Nanoaperture pairs with various geometries and orientations to realize metasurface for
complete control of the transmitted polarization and phase[49]. (c) Measured far-field intensity distribution of the generated radially polarized beam, with
and without a polarization analyzer[49]. (d) The nano crosses hollow with different geometric sizes can convert incident 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[SI]. (e) SEM (scanning electron microscopy) images of the four fabricated non-chiral
plasmonic metasurfaces” . (f) Simulated and measured intensity of the output light with four designed metasurfaces’ . (g) Schematic of metasurface
with arbitrary phase profile by combing geometric and propagation phase, right panel is the SEM image of the fabricated metasurface”. (h) Different
holographic images by same metasurface under orthogonal polarizations[53]. (1) Schematic diagram of the device that maps elliptically polarized input
states to two independent states of orbital angular momentum (OAM)[SSJ. (j) Designed and measured polarization of the output states on the higher-order
Poincaré sphere[SS]. (k) An example to demonstrate the flexibility of the encoded metasurface, which can anomalously reflect the normal incident beam
to the right side under x polarization and the left side under y polarization[57]. (1) 2D far-field scattering patterns of the metasurfaces encoded with
different coding matrices under both polarizations in the y-z plane
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Figure 4 (Color online) Manipulating amplitude and polarization of optical field simultaneously. (a) Schematics of the few-layer metasurface, which
enables asymmetric transmission of linearly polarized waves"l. Measured squared moduli of the four 7-matrix components for forward (+z direction)
propagation (b) and backward (—z direction) propagation (c), respectively[sgl. (d) Schematic of the few-layer metasurface, which enables asymmetric
transmission of circularly polarized waves™ . Measured (circles) and simulated (solid lines) 7-matrix components of the metasurface on linear (e) and
logarithmic (f) scales®”). (g) Schematic of the hybridization model for chiral plasmonic Born-Kuhn modes!®. (h) In-plane magnetic field H, and the
associated current distribution J,+J, in the gammadion structures under LCP (left panel) and RCP (right panel) incidence®. (i) Experimental zeroth-
order transmittance spectra for the planar chiral nanostructures for both RCP and LCP incident light. Inset: SEM image of the planar dielectric
metasurface'™, (j) Experimental transmittance and circular dichroism (CD) spectra through the active few-layer metasurface under LCP and RCP
illuminations for the amorphous and crystalline states of phase change material ™
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Figure 5 (Color online) Manipulating frequency and amplitude of optical field simultaneously. (a) Calculated scattering cross-section for a single
nanodisk. Insets shows the charge distribution of in-phase and out-of-phase modes, respectively””. (b) Measured colors palettes in reflection and
transmission mode'"". (c) Bright field measurements for Si, Al, and Ag nano discs in reflection, transmission, and reflection with back-reflector . (d)
Configuration of multi-dielectric nanostructures realizing ultrahighly saturated structural colors'™, (e) Multipolar decomposition of scattering cross-
section of designed structure™, (f) Second harmonic generation (SHG) signals of the twisted-arc metamaterial excited by LCP and RCP pump light[75].
(g) A point by point calculation of the SHG CD was applied to create the image of the metamaterial pattern shown!””). (h) The SHG dependence on pump
intensity, with blue and red markers representing SHG levels under LCP and RCP illumination, respectively[75]. (i) Schematic of the circular dichroism
for illumination with £10° oblique incident LCP and RCP fundamental waves on the split-ring resonator (SRR) metasurfacel™™. (j) Measured and
calculated SHG spectra under fundamental wavelength with LCP and RCP states, which are incident from +10°7"
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Figure 6 (Color online) Manipulating frequency and phase of optical field simultaneously. (a) Schematic for achromatic metalens™". (b) Experimental
light intensity profiles for the achromatic metalens at various incident wavelengths[su. (c) Illustration of the anomalous phase-matching condition for
phase-gradient metasurfaces™ . (d) Left panel: Camera image of a signal from a uniform unit cell, and from a phase gradient unit cell and SEM images
of the corresponding metasurfaces. Right panel: Input angle dependence of the phase-matching angle for the uniform and phase-gradient metasurfaces.
The upper line is the line fit to the anomalous phase-matching condition, while the lower line depicts the conventional phase-matching condition™. (e)
Schematic illustration of the spin- and wavelength-multiplexed nonlinear metaholograms[sg]. (f) Schematic diagrams and coding patterns of the designed
multifunctional metasurface’. (g) Schematic illustration of nonlinear metasurface for terahertz (THz) generation and manipulation[%]. (h) Normalized
THz power for different frequencies as a function of the distance from the Fresnel zone plate[gs]
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Figure 7 (Color online) Multi-dimensional manipulation of on-chip optical field. (a) SEM image of the fabricated mode converter . (b) Refractive
index profile (top), power exchange between the two modes (middle), and E, field profile of the mode converter (down)[ggl. (c) Schematic of the spin-
selective wavelength demultiplexing device!""". (d) Electric field amplitude distribution of directional excited waveguide mode of spin-selective
demultiplexing device!""". (e) Top row: SEM image of the fabricated structure. Down row: Captured optical images and polar plots of the free-radiation
field manipulated by the emitters' ", (f) Measured degrees of linear polarization and polar plots of the free-radiation fields from the emitter at different
Wavelengths[loz]. (g) Schematic of the integrated nonlinear photonic device!"™. (h) Conceptual diagram of the proposed phase-matching-free SHG!"™!
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Figure 8 (Color online) Manipulating optical field by machine learning. (a) The neural network architecture. The input was the thickness of each layer
and the output was the scattering cross section at different wavelengths of the scattering spectrum['m. (b) Architecture of the tandem network!" . (c)
The two-stage structure in the primary network consists of a tensor module and an upsampling module! L. (d) Architecture of the generative adversarial
network!'®!. (e) Generated pattens during the training process after certain iterations with and without the critic network!"®. (f) Structure of the three-
channel wavelength router and the simulated transmission spectrum[m]. (g) The predicted and numerical simulated amplitude and phase profiles of H-
shape meta-atoms’ . (h) Geometry of the coding metasurface and the 3D full-wave simulation result of the left-handed circular polarization and right-
handed circular polarization component[”9]. (i) The designed colors of the painting (left) and the inverse-designed structural colors (right)[lzo]. G)
Optimal design of the near-unity-numerical aperture achromatic metalens and the normalized field-intensity proﬁlesmz]
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Metasurfaces, as two-dimensional artificial subwavelength nanostructures, have shown novel optical phenomena and
abilities of flexible and multi-dimensional optical field manipulation with a more integrated platform. Relative to the
metasurfaces with single-dimensional manipulation, the metasurfaces with multi-dimensional manipulation of optical
fields show significant advantages in various practical application areas, such as optical holograms, sub-diffraction
imaging, generating vector optical fields, and so on. However, the design of metasurfaces with multi-dimensional
manipulation of optical fields is more complex in most cases. Optimization based on machine learning can effectively
lower the difficulty of the design and achieve more accurate multi-dimensional manipulation, which has attracted great
interest in recent years. In this review, we firstly classified and discussed the recent advances of two-dimensional
manipulation of optical fields with metasurfaces. Then, we further introduced the multi-dimensional manipulation method
of optical fields based on machine learning.

We first provide a following classification and review recent works related to two-dimensional manipulation of optical
fields with metasurfaces. (1) Manipulating amplitude and phase of optical fields simultaneously. In scalar optics, the
transmission of complete optical field information requires ll;oth amplitude and phase modulations, as the wave equation
implies. Thus, the metasurfaces with both amplitude and phase manipulation can provide full optical field information and
better performance in various areas, such as optical holograms, energy-tailorable metasurfaces, generating Airy beams and
bidirectional perfect absorbers. (2) Manipulating phase and polarization of optical fields simultaneously. In vectorial
optics, many intriguing phenomena occur which seem impossible in scalar optics. However, in conventional optics,
complex optical systems including polarizers and curved mirrors are often required to achieve simultaneous manipulation
of phase and polarization. Metasurfaces with both phase and polarization manipulation can be utilized to achieve various
novel functionalities, such as generating vector beams, giant optical activity without chiral structures, chiral holograms,
arbitrary spin-to-orbital angular momentum conversion of light and anisotropic coding metasurfaces, with an integrated
optical system. (3) Manipulating amplitude and polarization of optical fields simultaneously. Utilizing the abundant
interlayer effects provided by metasurfaces, one can tailor their reflection, transmission, an(i, absorption properties of
electromagnetic waves in different polarization states. Metasurfaces with both amplitude and polarization manipulation can
be utilized to achieve various novel phenomena which are difficult to be realized in conventional optics, such as
asymmetric transmission and giant circular dichroism. (4) Manipulating frequency and amplitude of optical fields
simultaneously. In linear optical region, the unique frequency-dependent absorption and scattering properties of
metasurfaces 1n the visible frequencies are utilized to print color at the nanoscale, which is known as structural colors. In
nonlinear optical region, the exponential relationship between the intensities of the nonlinear optical signal and the
fundamental frequency signal, many optical phenomena can be further amplified, such as circular dichroism. (5)
Manipulating frequency and phase of optical ﬁeﬁis simultaneously. In linear optical region, achromatic meta-lenses can be
realized by utilizing the dispersion characteristics of different nano antennas to compensate for phase dispersion at different
frequencies. In nonlinear optical region, 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, such as
multiplexed holograms, multiplexed coding meta-devices, and terahertz generators. (6) Multi-dimensional manipulation of
on-chip optical field. With the integration with the waveguides, metasurfaces can also realize multi-dimensional
manipulation of on-chip optical field. Metasurfaces consisting of phased nanoantennas can be used to control guided waves
via strong optical scattering at subwavelength intervals. Different on-chip meta-devices have been demonstrated based on
this design principle, such mode converters, spin-selective and wavelength-selective demultiplexing devices, polarization
emitters, waveguide devices supporting asymmetric optical power transmission and phase-matching-free second harmonic

enerator.
& Then, we introduce the new multi-dimensional manipulation method of optical fields based on machine learning. The
manipulation method based on machine learning can quickly obtain the optimal structural parameter solution in a huge
arameter space, which improves the efficiency of parameter optimization exponentially. At the same time, machine
earning can be used to design complex discrete structures, which breaks the period limitation of conventional devices. The
optical field manipulation with metasurfaces based on machine learning has great application value in metalens,
holographic imaging, coding metasurface and so on.

metasurface, multi-dimensional manipulation of optical field, physical optics, nonlinear optics, machine learning
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