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Vectorial optical fields manipulation via
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State Key Laboratory for Extreme Photonics and Instrumentation, College of Optical Science and Engineering, Intelligent
Optics and Photonics Research Center, Jiaxing Research Institute, ZJU-Hangzhou Global Scientific and Technological
Innovation Center, International Research Center for Advanced Photonics, Zhejiang University, Hangzhou, Zhejiang
310027, China

Abstract: Due to their unique field distribution properties, vectorial optical fields have been extensively researched
and applied across various domains. However, traditional methods for controlling optical fields are limited by
material properties and physical dimensions, which restrict flexible and efficient dynamic manipulation capabilities.
In contrast, metasurfaces overcome these constraints with subwavelength structural designs that provide additional
degrees of freedom for independent control over attributes such as amplitude, phase, polarization, and propagation
direction of vectorial optical fields. This paper systematically combines foundational theories with recent
advancements in domestic and international research on vectorial optical fields to elucidate the fundamental
principles and mathematical models underlying them. It particularly focuses on current methodologies using
metasurfaces to generate vectorial optical fields, along with specific case studies and innovative outcomes in
applications including focusing, orbital angular momentum detection, and high-precision positioning.
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Fig. 6 System configuration for vector beam generation based on a slit-structured metasurface. He-Ne, He-Ne laser: Helium-neon laser; DF:
Intensity filter; QWP: Quarter-wave plate; P1, P2: Polarizers; S: Sample; MO: Microscope objective lens; CCD: Charge-coupled device; GLP1,

GLP2: Glan laser polarizers; MS: Metasurface; Lens: Lenses. (a) Apparatus for the generation of different orders of cylindrical vector fields",
(b) Schematic diagram of the optical needle field generation system configuration using a metasurface (the optical needle field is represented

by purple arrows)"”; (c) Setup for generating vector vortex beams utilizing a metasurface
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Fig. 7 Cylindrical nanostuctured metasurfaces and cascaded metasurfaces for vector optical field generation. (a) Side view (left) and top view

[81].

[811.

(right) of a metasurface composed of hexagonal units™ *; (b) Elliptical amorphous silicon pillar structure within the hexagonal unit cell”";

(c-e) Schematic illustrations of near-axis distributions for cascaded metasurfaces with topological charges q = 0.5, 1.0, and 1.5, respectively

[83].
’

(f-h) Cross-polarized microscopy images of metasurfaces with g values of 0.5, 1.0, and 1.5, where q is a constant determined by the positional
variation and slow axis orientation of the metasurface unit structures™; (i) Nanoscale structure of the metasurface for generating three-
dimensional cylindrical vector optical fields accompanied by SEM images'”
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Fig. 11 Orbital angular momentum detection with a metasurface. (a) Structure of the holographic metasurface''*”; (b) Simulated interference
pattern generated*”; (c) Binary representation of the simulated results"*; (d) Scanning electron microscope (SEM) image of the holographic
surface, showing grooves at phase-matched positions'*”; (e) The OAM detector upon left-handed circularly polarized (LCP) incidence"™; (f-h)
Simulated intensity distributions of the OAM detector when illuminated by vortex beams carrying different topological charges: (f) /=0, (g) / =
-1, and (h) I = =2 (i) Optical micrograph of an eight-segment silicon cutoff-line spiral phase plate with /4 phase steps on the left, and on
the right, the SEM image of this structure alongside its corresponding vortex beam intensity distribution map'"*”
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Vectorial optical fields manipulation via
metasurfaces

Liang Maowei, Lu Dezhou, Ma Yaoguang"

High NA lens

Substrate ‘

Schematic of the configuration for optical needle field generation based on metasurface

Overview: Vectorial optical fields, a unique phenomenon in optics, have gained significant attention recently due to
their intriguing polarization distribution enabled new applications. Traditional techniques for controlling optical fields
are limited by factors such as material properties and physical dimensions, which can restrict manipulation freedom.
However, the emergence of metasurfaces offers a revolutionary approach to controlling vectorial light fields with
unprecedented flexibility, enabling highly accurate control over both phase and amplitude. This advancement presents
numerous opportunities for utilizing vectorial light fields in various applications. Researchers worldwide have explored
the potential of these fields through meticulous design and innovative techniques, successfully generating and detecting
vectorial light fields using metasurfaces. The impact of these fields is particularly profound in areas such as light field
focusing, orbital angular momentum detection, high-precision positioning, and particle manipulation. For example, the
implementation of vector light fields in the context of light field focusing enhances optical imaging and sensing
techniques, leading to a revolution in optical microscopy by improving resolution significantly. Moreover, the utilization
of vector light fields for orbital angular momentum detection provides more comprehensive information and greatly
enhances detection precision, which holds a pivotal position in the realms of information encryption advanced optical
processing techniques, and the exploration of celestial bodies. Additionally, it is worth mentioning that vector light fields
have found applications in scenarios requiring precise positioning and manipulation of particles. The unique
characteristics exhibited by vector light fields enable accurate control over small objects, making them highly suitable for
micro-scale applications such as nanolithography and nanoassembly. As research and technology progress in this field,
we expect a continuous expansion and evolution of vectorial light field applications. For instance, integrating
metasurfaces into optical systems will further enhance the capabilities and precision of controlling vectorial light fields,
opening up exciting new possibilities across various domains. In conclusion, the distinctive properties of vectorial light
fields combined with the precise control offered by metasurfaces hold great promise for innovative applications. This
article consolidates research findings from domestic and international sources on vectorial light fields while analyzing
the principles governing their interaction with micro/nanostructures. It also highlights current methods used to generate
vectorial light fields using metasurfaces as well as recent advancements in areas such as light field focusing, orbital
angular momentum detection, high-precision positioning and vectorial optical field encryption. Furthermore, this paper
consolidates an overview of the challenges confronted and the prospective avenues for growth within the field, with
particular emphasis on crucial domains such as multidimensional light field manipulation, vortex beam detection, and
the generation of complex vector light fields. It explicitly delineates the existing technological hurdles and the emerging
opportunities for advancement in these areas.
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