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Abstract: The explosive growth of artificial intelligence computing power has placed unprecedented
demands on the bandwidth, speed, and energy consumption of information processing systems. As tradi-
tional electronic integration technologies approach their physical limits and progress slows, optical intercon-
nects and photonic computing have emerged as key pathways to overcome these bottlenecks. Silicon-
based photonic integrated devices, with advantages such as compatibility with CMOS processes, compact
structure, and low loss, have become an ideal platform for on-chip photonic logic operations. However,

the inherent two-photon absorption and free-carrier absorption effects in silicon severely limit the efficiency
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and speed of nonlinear processes. Addressing these challenges, this paper systematically reviews silicon-
based nonlinear enhancement techniques in optical waveguides and their applications in photonic logic
operations, focusing on three directions: slot waveguides, graphene hetero-integration, and multimode
waveguides. The section on slot waveguides traces the evolution from silicon-polymer composite struc-
tures to plasmonic structures, discussing performance improvements and intrinsic limitations of different
approaches. The graphene section explains the physical origins of its third-order nonlinearity, the funda-
mental principles of electrically tunable Fermi level control, and critical fabrication issues in integrating gra-
phene with silicon waveguides. The multimode waveguide section summarizes recent advances in mode-
selective wavelength conversion and parallel logic operations. Building on this foundation, the paper fur-

ther discusses current technological constraints related to fabrication, control, and mode expansion, and

outlines potential future directions for material systems, manufacturing processes, and integration

architectures.

Key words: silicon photonics; nonlinear devices; graphene; multimode waveguide
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