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Abstract: In recent years, metasurface has received extensive attention in the field of classical light control, and
excellent results have been obtained. At the same time, the application of metasurface in nonlinear optics and
quantum optics has also attracted more and more interest. The basic principles and applications of nonlinear
metasurface and quantum metasurface were introduced, and the related reports in recent years were summarized,
including the harmonic generation and enhancement, the relationship between harmonic generation and
symmetry, the nonlinear phase control and holography, and the generation, measurement and manipulation of
entangled photon based on metasurface. Finally, the potential application of metasurface in these two fields were
prospected.
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Fig.1 Nonlinear enhancement based on plasmonic metasurface. (a) U-ring resonators magnetic resonance enhances the generation of second harmonics;

(b) Relationship between signal strength of the second harmonic wave and inter-distance of U-ring resonators on the metasurface; (c) When linear
surface lattice resonance exists on the metasurface of L-ring resonator, the sparse metasurface gets a second harmonic signal 5 times stronger than
the dense metasurface; (d) Due to the existence of nonlinear surface lattice resonance, a signal 30 times stronger than the normal incidence of the
fundamental wave is obtained by the oblique incidence of the fundamental wave on the U-ring metasurface; (e) Influence of the mutual orientation
of metasurface of L-ring resonator on the second harmonic generation; (f) Asymmetric structures are arranged near symmetrical structures to

enhance the generation of second harmonics
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Fig.2 Nonlinear enhancement of all-dielectric metasurfaces. (a) A metasurface consisting of a disk and a rectangular bar is used to enhance the

generation of third harmonics by fano resonance; (b) GaAs based all-dielectric metasurface can simultaneously undergo 11 frequency conversion

processes; (c) All-dielectric metasurface uses anapole mode to achieve third harmonic generation enhancement and generates 185 nm vacuum

ultraviolet light; (d) 9 X 9 metasurface of silicon particles, in which the symmetry of silicon particles in the x direction is broken, and the symmetry

in the y direction is maintained. The quasi-BIC model is used to enhance the third harmonic by five orders of magnitude; (¢) Two different zones

are designed on the metasurface of silicon particles: shrinkage and expansion of the hexamer distribution. The third harmonic nonlinear

characterization of bulk and edge states can be realized by changing the fundamental wavelength
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Fig.3 Resonance enhancement and control of high harmonics. (a) Generation of high order harmonics is enhanced by the use of local surface plasmon
resonance of the Bowtie structure. (b) Generation of high harmonics is enhanced by using surface plasmon resonance of three-dimensional
waveguide structures; (c) Use of conical metal waveguides and sapphire in solid systems to enhance the generation of high harmonics;
(d) Preparation of gold nanoparticle arrays on monocrystalline silicon films; (e) Etching silicon film on sapphire substrate and introducing fano
resonance to enhance high harmonics; (f) Focus of the 3rd and Sth harmonics is achieved through the preparation of Fresnel zone plate by gallium

ion implantation into the silicon film
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Fig.4 Relation between the harmonic generation and symmetry. (a) Nonlinear circular dichroism of metasurface of G-type element in particular

configuration; (b) Nonlinear circular dichroism of S-type element metasurface; (c) Second harmonic and third harmonic nonlinear circular

dichroism of the chiral structure with triple and quadruple symmetries respectively; (d) Introducing extrinsic structure chirality by the oblique

incidence of fundamental wave on the bent gold nanowire array; (e¢) Presence of surface lattice resonance enhances the nonlinear circular

dichroism on the metasurface of U-ring
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Fig.5 Nonlinear phase control and application based on metasurface. (a) Direction of nonlinear emission is controlled through nonlinear photonic

crystals (NPC); (b) Nonlinear phase grating was used for experimental verification of nonlinear phase; (c) Spin and wavelength-dependent

holography; (d) Nonlinear metamaterial holography
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Fig.6 Quantum effects based on surface plasmon. (a) Experimental apparatus and measurement results to verify the true quantum properties of surface

plasmon excited separately by entangled photon pairs; (b) Schematic diagram of the experimental apparatus for verifying the energy-time

entanglement of the surface plasmon; (c) Sub-poisson statistics of surface plasmon; (d) Schematic diagram of quantum surface plasmon tunnel

junction; (e) Direct observation of quantum tunneling between surface plasmon resonators
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Fig.7 Quantum light source based on metasurface. (a) Schematic diagram of quantum light source based on metasurface; (b) Characterization of three
and four-dimensional two-photon quantum states; (c) Four Bell states were successfully prepared by adjusting the phase gradient of the

metasurface; (d) Characterization of multi-photon quantum light source based on metasurface
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Fig.8 Quantum state manipulation based on metasurface. (a) By using the geometric phase of a metasurface, photons in different spin-polarized states

are given different orbital angular momentum; (b) Four Bell states of entanglement between spin and orbital angular momentum of a single

photon; (c) Mutual entanglement of spin angular momentum and orbital angular momentum of two photons; (d) On the left is a schematic diagram

of quantum state tomography based on the metasurface, and the inset is an SEM image of the metasurface. On the upper right is the nested

structure of three different metasurfaces, in the middle is the diagram of the six different polarization states of the metasurface beam splitter, and

on the bottom is the relationship between the minimum number of beam splitter and the number of photons; (e) Density matrix of two different

two-dimensional two-photon states based on metasurface reconstruction, the fidelity is 95.24% and 98.54%, respectively
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Fig.9 Quantum optical applications based on metasurface. (a) Full absorption of a single photon based on a metal metasurface. The two input channels

of the photon a, f, the two output channels of the photon §, y , and the input and output channels of the surface plasmon p,n are shown. In the
figure below, the normalized count of the photon output channel y,6 changes with the position movement of the metasurface, where the photon
output channels are normalized relative to the photon input channels 8,a respectively. The filled circle represents the presence of the two photon
input channels and the unfilled circle represents the block of the photon input channel 8; (b) Entanglement and disentanglement of NOON state
path using metasurface. (c) Signal photon imaging using entangled photon pairs in the above two figures, and different polarization measurements
of idle photon can clearly distinguish the triangular and star patterns; the two images below are imaged using mixed photon pairs and cannot

clearly distinguish between the two patterns; (d) Experimental setup for quantum weak measurement using a metasurface
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Fig.10 Quantum vacuum engineering based on metasurface. (a) Based on the metasurface, the quantum vacuum symmetry of the quantum emitter is

broken, so that quantum interference between different energy levels of the multi-level quantum emitter occurs. (b) Electromagnetic field radiated

by an electric dipole in the x direction above the metasurface can return to focus to the source point along the original path, with the maximum

efficiency being 81%, and the electromagnetic field radiated by an electric dipole in the y direction has no such effect; (c) When there is no

metasurface, the energy level |a;) decayed exponentially and the energy level |az) occupied 0; when the metasurface exists, the decay rate of the

energy level |a;) decreases, and the energy level population |ay) first increases and then decreases; (d) Schematic diagram of quantum
gy gy pop g q

entanglement of two quantum emitters based on metasurface; (e) Metasurface enables the electromagnetic field radiated by the source point

electric dipole to be oriented to the position of the target electric dipole with the highest efficiency 82%; (f) Concurrence of two quantum emitters

varies with the distance between them. The red solid line corresponds to the vacuum condition, and the blue solid line corresponds to the

metasurface condition
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