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Fig. 1 Fundamental principles of metasurface-empowered guided wave radiation manipulation. (a) Direct integration of waveguides and

metasurfaces; (b) spatially cascaded waveguide-metasurface architecture
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Fig.4 Multidimensional manipulation of radiation light fields via double ports. (a) Schematic diagram of interference synthesis

via simultaneous input at double ports; (b) reconfiguration of polarization states via simultaneous input at double ports™”;

(c) generation of higher-order Poincaré sphere beams via simultaneous input at double ports™”
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Fig. 5 Dynamic manipulation of radiation light fields based on metasurfaces. (a) Dynamic holography of metasurfaces based on liquid

crystal materials™; (b) dynamic multicolor holography of hydrogel waveguide-integrated metasurfaces™; (c)-(e) high-speed

switchable wavefront shaping with metasurfaces”™; (f) dynamic holography using addressable on-chip metasurface networks™”
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Fig. 6

Dynamic light field manipulation based on metasurface integrated with optical phased array. (a) Beam steering based on silicon

photonics switch network and metalens™; (b)—(d) expanded scanning field of view through metasurface-enabled polarization

multiplexing™"; (e) spatially integrated double-layer metasurface for field-of-view expansion™’; (f) field-of-view expansion via on-

chip integrated double-layer metasurface"”
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Abstract

Significance ~ With the rapid development of the information age, photonic technology has become a central driver of future
technological advancement. In the pursuit of higher performance, smaller footprint, and lower power consumption, photonic
integrated circuits (PICs) have emerged to integrate complex optical functionalities onto chips at the micron or even nanoscale. By
incorporating components such as lasers, modulators, detectors, and waveguides on a single chip, PICs significantly enhance optical
signal processing and transmission efficiency, enabling transformative advances across multiple domains. However, conventional
integrated photonic devices still face challenges in achieving efficient coupling and flexible control between on-chip guided modes and
free-space optical fields. Moreover, traditional optical components are often bulky and incompatible with miniaturized photonic chips,
constraining the overall performance and application scope of integrated systems. In this context, metasurfaces, artificial micro-
nanostructures composed of subwavelength unit cells, offer a promising solution by enabling exceptional control over the amplitude,
phase, polarization, and spectral properties of light. Through precise engineering of the local electromagnetic response to incident
light, metasurfaces can realize complex optical functionalities that are difficult or impossible to achieve with conventional components,
leading to a new generation of meta-optical devices.

In recent years, researchers have integrated optical metasurfaces into waveguides and micro-rings/cavities on photonic chips. By
exploiting the unique electromagnetic response characteristics of metasurfaces, subwavelength-scale manipulation of guided optical
signals can be achieved, further enhancing device performance, reducing physical footprint, and expanding functional capabilities.
Through specially designed on-chip metasurfaces, functionalities such as wavelength demultiplexing of guided modes, polarization
state manipulation, and multi-dimensional information encoding can be realized, significantly broadening the application potential of
integrated photonic chips. On-chip metasurfaces, by bridging free-space optics and integrated photonics, offer a pathway to overcome
the limitations of traditional photonic integrated devices in beam steering, optical field shaping, and multifunctional integration,

thereby enabling new paradigms for next-generation high-performance photonic systems.

Progress We systematically summarize the fundamental principles underlying metasurface-enabled guided-wave radiation control
(Fig. 1). Furthermore, we provide a comprehensive overview of the capabilities of on-chip metasurfaces in manipulating radiated light
fields under both single- and multi-port configurations (Figs. 2-4), highlighting their ability to achieve precise, multi-dimensional
control over emitted optical fields. The review also examines dynamic control strategies for guided-wave radiation using metasurfaces

(Fig. 5 and Fig. 6), analyzing various approaches to realize real-time, reconfigurable manipulation of light through external stimuli.

Conclusions and Prospects This review summarizes recent advances in metasurfaces for guided-wave radiation manipulation. We
begin by examining the fundamental principles and underlying mechanisms of guided-wave radiation control. Building on this
foundation, the review details the robust capabilities of on-chip metasurfaces in multidimensional light field manipulation, along with
significant enhancements in information capacity through joint control and multiplexing of optical channels. Furthermore, various
strategies and implementation methods for dynamic manipulation of radiated light fields using on-chip metasurfaces are highlighted,
demonstrating their potential for real-time, reconfigurable light field engineering.

Considering current trends and challenges, this review outlines several promising research and development directions.
Integrating on-chip metasurfaces with artificial intelligence and machine learning can overcome the limitations of traditional empirical

and intuition-based design approaches, enabling the discovery of novel metasurface architectures and control paradigms. On-chip
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metasurfaces hold significant promise for applications in augmented reality (AR), holographic displays, and encrypted optical storage.

In photonic integrated circuits, their advantages in high-speed optical communication, on-chip neural networks, and optical computing
are expected to accelerate the development of advanced integrated photonic systems. In quantum photonics, precise metasurface
engineering enables on-chip generation, manipulation, and detection of quantum states. These capabilities open new pathways toward
scalable on-chip quantum computing and quantum communication platforms, thereby advancing the chip-scale realization of quantum
technologies.

In summary, guided-wave radiation manipulation via on-chip metasurfaces represents a dynamic and highly promising research
frontier. With the continuous emergence of new materials, physical principles, and fabrication technologies, on-chip metasurfaces are
poised to play an increasingly pivotal role in future photonic systems, contributing significantly to the evolution of integrated photonics

and the broader information society.

Key words micro-nano optics; metasurface; integrated optics; multidimensional light field; dynamic manipulation
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