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Abstract The preparation and manipulation of single-photon and multiphoton quantum states play critical roles in
the development and application of the quantum information technology. Based on miniaturization and integration of
quantum devices, the effective preparation and manipulation of quantum states are an emerging problem in the
quantum information technology field. Metasurfaces, as planar artificial nanostructure arrays, can effectively control
the amplitude, phase, and polarization of a light field in sub-wavelength scale, which provide a good methodology
for the design of micro-nano optical devices. Recent advances have demonstrated that high-efficiency metasurfaces
are a powerful platform for the realization of integrated and miniaturized quantum devices. This paper reviews the
design principles and broad applications of high-efficiency metasurfaces in the visible and near-infrared regimes. In
addition, this paper discusses recent key metasurface approaches to improve the performance of single-photon

emitters and preparation and manipulation of multiphoton entangled states.
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Fig. 1 Generalized laws of reflection and refraction. (a) Schematic of generalized laws of reflection and refraction
(b) anomalous refraction of wave in the plasmonic metasurface
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Fig. 2 Wavefront control of plasmonic metasurfaces. (a)(b) Anomalous reflection realized by the MIM metasurface™ ;

(c)(d) vector vortex beam generated by the MIM metasurface
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Fig. 3 Wavefront control at all-dielectric metasurfaces.
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Table 1 Comparison of single-photon sources based on isolated quantum systems"’

9]

Source type Temperature /K Wavelength range Output spatial mode g (O
Single molecule 300 500—-750 nm Multi 0.09
Color center (NV) 300 640—800 nm Multi 0.07

QD (CdSe/ZnS) 200 500—-900 nm Multi 0.003
QD (InAs) in cavity 5 920-950 nm Single 0.02

Single ion in cavity ~0 Atomic line Single 0.015
Single atom in cavity ~0 Atomic line Single 0. 06
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Fig. 4 Quantum emitters integrated with metasurfaces. (a) Schematic of metasurface-enhanced single-photon emission in

hBN flake®™ ; (b) photoluminescence (PL) spectra before and after the coupling between quantum emitter and

supersurface; (c) second-order autocorrelation functions measured from the pristine and coupled systems; (d) (e)

schematic of spinning single photons generated by a hybrid system of metasurface and NV center in diamond™™ ; (f)

(g) far-field intensity and polarization distributions of right-hand and left-hand circularly polarized photons; (h) (i)

measured far-field emission intensity distributions before and after the metasurface fabrication; (j) (k) second-order

autocorrelation functions measured before and after the metasurface fabrication
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control of single-photon emission; (b)(c) simulated results of far-field scattering patterns of device 1 and device 2
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B9 (a)(b) Principle of metasurface-enabled

remote anisotropic quantum vacuum; (c) simulated field intensity distribution of a dipole source; (d)(e) simulated

reflection field intensity distribution of the x dipole and y dipole respectively; (f) anisotropic decay rate of a two-

level atom; (g) excited state populations of a three-level atom
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Fig. 7 Metalens-array-based high-dimensional and multiphoton quantum source

B9 (a) Schematic of the quantum source;

(b) image of SPDC photon-pair array recorded by EMCCD; (c¢) (d) four-photon and six-photon coincidence

dependence to pump power; (e) () schematic and the measured result of the four-photon HOM interference
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197 (a) Schematic of photon-pair generation from

AlGaAs nanoantenna through the SPDC process; (b) SFG process of polarization correlations in the nanoantenna;

(c¢) measured coincidences counts of photon-pair
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Fig. 9 Polarization entanglement manipulation and measurement of metasurfaces. (a) (b) Entanglement of the spin and
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quantum states using all-dielectric metasurface
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Fig. 10 Path entanglement manipulation and measurement of metasurfaces™™ .

(a) Schematic of entanglement and
disentanglement achieved by metasurface; (b) experiment setup for the generation and measurement of path-
entangled two-photon NOON state; (c¢) normalized coincidence counts between detector D; and detector D, + D, ;
(d) schematic of quantum measurements on a metasurface-based interferometer; (e) experimental results of two-

photon state with different time delays
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