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Research progress on hybrid vector beam
implementation by metasurfaces
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Abstract: As an artificial micro-nano device, metasurfaces can precisely manipulate the propagation and phase of
light beams. Vortex beams with different polarization vector properties possess unique optical field distribution
characteristics, and the use of metasurfaces to generate complex vector vortex fields has increasingly broad
research prospects. This article classifies materials for producing vector vortex beams with metasurfaces and
introduces the research progress of metal metasurfaces, all-dielectric metasurfaces, and intelligent metasurfaces in
vector vortex beam generation and control. We elaborate on the principles of modulating incident wavefronts using
different phase theories and the characteristics of different vector vortex beams generated by metasurfaces, and
explore the relationship between the two. Additionally, we summarize the advantages of using metasurfaces
instead of traditional optical devices to generate vector vortex beams, and look forward to the challenges and

isHEA: 2023-05-19; f&EIHEA: 2023-09-01; FH HEA: 2023-09-04

ESWB: EHEHARB ARG H (62175224); Wiil& F AR 24 5 55 H (LZ21A040003); #i VL4 11 SRRl 2% 5 4 — i i H
(LY22F050001)

“BIEEE: 4%, jingxufeng@cjlu.edu.cn.

WA BT B ©2023 H B} B 't AL AR5 T

2301171


mailto:jingxufeng@cjlu.edu.cn
https://doi.org/10.12086/oee.2023.230117

5, 2. J6HL T, 2023, 50(8): 230117

https://doi.org/10.12086/0ee.2023.230117

possibilities of vector field control research using metasurfaces with different materials in the future.

Keywords: metasurfaces; vector beams; vortex beams
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. (@) Schematic diagram of laser pumping source and components based on

metasurface conversion; (b) Schematic diagram of the central part and unit structural parameters of the metasurface; (c) Optical microscope
images of the generated metasurfaces with topological charge /,=10 and /,=100; (d) Schematic diagram of generating
and superimposing electric field intensities of beams with different topological charges by rotating the
metasurface; (e) Generalized OAM spheres displaying different laser measurement states
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Fig. 2 Metasurfaces based on dual crystal pillar unit cell ®". (a) Poincaré sphere representation of a conventional vector vortex beam and a
perfect vortex vector beam, illustrating their different theoretical intensity and polarization distributions in spherical coordinates; (b) Schematic of
the bilayer silicon pillar unit structure and the modulation of the incident wavefront phase, amplitude, and polarization state under oblique
incidence; (c) Intensity and polarization distributions obtained from theory and experiment for different [y values at (8, @o)=(11/2, 0) with £,=0,
including the intensity after passing through an orthogonal polarizer; (d) Intensity and polarization distributions obtained from theory and
experiment for different [y values at (6, ¢,)=(11/3, 211/3) with ,= 0, including the intensity after passing through an orthogonal polarizer;
(e) Intensity and polarization distributions obtained from theory and experiment for different /, values at (8, ¢o)=(11/2, 0) with lp=-2, including the

intensity after passing through an orthogonal polarizer; (f) Intensity and polarization distributions obtained from theory and experiment for
different [, values at (8, @,)=(11/3, 211/3) with [y=-3, including the intensity after passing through an orthogonal polarizer
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Fig. 3 Akind of all-medium spin-multiplexing metasurfaces for various perfect Poincaré beams®. (a) Hybrid-order Poincaré sphere
representation of various perfect Poincaré beams; (b) Schematic view of the metasurface composed of rectangular TiO, nanorods arranged on
a melted silica substrate, including perspective and top views of a unit cell; (c) Schematic diagram of the phase superposition method of the
metasurface; (d) Intensity distribution of optical vortex in the y-z plane at the working wavelength of 530 nm, and the ring-shaped intensity
distribution of optical vortex in the x-y plane at the focal point, with a scale of 10 um. The right side is the normalized cross-sectional distribution
of the ring-shaped intensity of MF1 and MF2; (e) Normalized light intensity distribution in the y-z plane at 480 nm (blue), 580 nm (yellow), and
630 nm (red) wavelengths, and the normalized light intensity distribution at the focal point, with a scale of 10 um
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Fig. 4 Vortex beams with longitudinal variation in topological charges based on all-dielectric metasurfaces at the incidence of circular
polarization®™. (a) Vortex beams of longitudinal topological charge / = +2 are generated when left-handed circularly polarized light is incident on
the metasurface; (b) The spatial distribution of the field strength and phase changes with propagation distance in the x-y plane when left-
handed circularly polarized light is incident; (c) Vortex beams of longitudinal topological charge / = +1 are generated when right-handed
circularly polarized light is incident on the metasurface; (d) The spatial distribution of the field strength and phase changes with the propagation
distance in the x-y plane when right-handed circularly polarized light is incident
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Fig. 5 Vector vortex beam generation at the incidence of linear polarization®®. (a) The incident light polarized in the z-direction is converted
from a vortex beam with angular polarization distribution to a vortex beam with radial polarization distribution; (b) Spatial polarization distribution
changes from an angular distribution to a second-order radial distribution; (c) Spatial polarization distribution
changes from a radial distribution to a second-order radial distribution
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Fig. 6 Perfect vortex light generated by the gold nanopore array"®”. (a) Structural parameters and schematic diagram of the gold nanopore;
(b) Phase curve distribution corresponding to different rotation angles; (c) Comparison of light intensity of different topological charges at
different longitudinal distances under the same wavelength; (d) Phase superposition required to achieve perfect vortex light; (e) Schematic

diagram of the longitudinal distribution of the generated perfect vortex light beam intensity; (f) The phase distribution and light intensity
distribution of four perfect vortex lights realized on the same focal plane, with a focal length of 4 um in the upper half and 8 um in the lower half
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Fig. 7 Multiplexing and demultiplexing of cylindrical vector beams based on metal metasurfaces*. (a) Metal metasurfaces generating
multilevel diffracted topological vortex beams for different incident beams; (b) Schematic diagram of the polarization state and intensity
distribution of the incident beam and different diffracted order beams; (c) The metasurface satisfies three order phase distributions in the x and

y directions; (d) Phase delay generated by different incident angles; (e) Schematic diagram of multiplexing and demultiplexing using two
metasurfaces, including the polarization and intensity distribution of the incident beam, multiplexed beam, and order multiplexed beam
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Fig. 8 A metal metasurface achieving second harmonic vortex beams! . (a) Schematic illustration of the transformation
principle of the gold nanohole array settling WS, layer on the beam; (b) Transmittance spectra analysis of the gold

nanohole array, Au-WS, metasurface, and single WS,; (c) Metasurface phase and spatial transmission schematic;
(d) Distribution of different topological charges, light intensity, and phase
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Fig. 9 A three-layer metal metasurface realizing multi-channel vector holography ' (a) Schematic diagram of the three-layer metal
metasurface unit structure, with PI (polyimide) medium separating each layer of metal structure; (b) Schematic diagram of the polarization
rotation angle distribution of the metasurface array blocks; (c) Schematic diagram of the multi-channel vector holography effect achieved by the

metasurface; (d) Schematic diagram of the experimental results, including the amplitude distribution of the hologram without selecting the
polarization state for detection, and the amplitude distribution of the experiment with different channels hiding polarization states
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Fig. 10 A programmable controlled scattering metasurface'*”. (a) FPGA controls the meta-surface coding to achieve multi-functional

transformations; (b) Schematic diagram and physical picture of the metasurface unit structure; (c) Programmable metasurface achieves
different topological charges of OAM beam switching, and the schematic diagram of the intensity and phase distribution
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Fig. 11 A 2-bit encoded metasurface'*". (a) Schematic diagram of the metasurface array and unit composition; (b) Using the metasurface to
realize a single-mode OAM beam with different topological charges, including the metasurface phase distribution and simulation results;
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Fig. 12 Using a tunable metasurface with a photodetector to achieve various functions
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Schematic showing the organization of topics in this review

Overview: Metasurface refers to two-dimensional materials composed of micro or nano-scale structures. Due to the
precise design of its microstructures, metasurfaces can be used to control light beam propagation and phase with high
accuracy. Vector beams refer to light beams whose polarization state changes along the direction of propagation and
thus require a vector field description. Unlike traditional beams, vector beams can interact with various degrees of
freedom including spin angular momentum, orbital angular momentum, transverse, and radial, and exhibit more
complex and diverse transmission characteristics. Therefore, the generation of complex vector vortex fields using
metasurfaces has broad prospects in optical communication, computation, and processing. This article mainly
categorizes metasurfaces for generating vector beams based on their materials, including metal metasurfaces, all-
dielectric metasurfaces, and intelligent metasurfaces. We demonstrate the progress made in generating vector beams
using different metasurfaces and their applications in various backgrounds. Meanwhile, we elaborate on the principles of
how different metasurfaces modulate incident wavefronts using different phase theories and the characteristics of the
generated vector beams. We explore the relationship between the two and provide important guidance and theoretical
support for researchers. In addition, we summarize the advantages of using metasurfaces instead of traditional optical
devices to generate vector beams. Compared to traditional devices, metasurfaces have smaller size, higher control
precision, and more convenient preparation and regulation techniques. Finally, we also discuss the challenges and

possibilities of using metasurfaces of different materials for vector field control in the future.
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