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ABSTRACT

With the increasing demand for micron-scale metal microstructures in manufacturing
fields such as aerospace, electronic circuits, and chip heat dissipation, the high-performance
fabrication of metal microstructures is facing severe technical challenges. Therefore,
developing efficient and high-quality machining technologies for micron-sized metal
microstructures has become one of the most urgent tasks in the field of micro/nano
manufacturing. Localized electrochemical deposition (LECD) technology has gradually
emerged as one of the primary machining methods for micro metal structures due to its
exceptional manufacturing quality, strong capability for three-dimensional shaping, high
localization, dense material formation, simultaneous control of form and properties, and ease
of manipulation, making it particularly suitable for complex three-dimensional metal
microstructures. However, the traditional LECD process is influenced by multiple factors,
resulting in a trade-off between deposition quality and manufacturing efficiency, as well as
insufficient performance of the deposited structures. To address these issues, this paper
proposes a novel hybrid process combining femtosecond laser with electrochemical deposition.
Focusing on challenges such as the unclear forming evolution mechanisms of microstructures,
limited improvement in machining efficiency, suboptimal structural performance, and complex
structural deposition paths, this study follows the research approach of “laser/electrochemical
coupling mechanism-structural formation evolution mechanism-performance enhancement
methods-integrated manufacturing of high-performance and high-efficiency structures” to
investigate the form and property control technology of microstructures fabricated by
femtosecond laser-assisted electrochemical deposition. The aim is to achieve high-efficiency
and high-quality manufacturing of high-performance complex microstructures. The main
research work includes:

(1) To address the coupling mechanism between electrochemical reactions and
femtosecond laser interactions, a multi-physics model integrating the electric, flow, and
temperature fields, along with dilute mass transport, is established based on fundamental
principles including Faraday’s law, the Butler-Volmer equation, and the two-temperature model.
The model aims to investigate the laser’s effects on electrode reaction kinetics, mass transport,
and electrocrystallization processes. Utilizing femtosecond laser processing, the acceleration
effect due to rapid, localized electron heating on electrode reaction kinetics is analyzed. The
Marangoni effect, induced by the laser within the micro-reaction zone, is also examined for its
role in enhancing local electrolyte micro-circulation. Furthermore, the laser enhances electrode
reaction kinetics, modifies the free energy of crystallization, promotes grain growth, and
regulates the electrocrystallization process. This work provides a theoretical foundation for
high-efficiency and high-performance electrochemical manufacturing.

(2) A novel point-surface-volume evolution mechanism is proposed to address the low
manufacturing efficiency of producing three-dimensional complex components via
electrochemical deposition. This study analyzes the structural evolution from point to surface
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and subsequently to volume, thereby enriching the understanding of the growth mechanisms in
traditional electrochemical deposition voxels. Simultaneously, based on an analysis of laser-
electrochemical coupling principles, the promotional effect of the laser on nucleation,
crystallization, and structural formation is elucidated. By applying the proposed evolution
mechanism, uniform-diameter overhang structures, variable-diameter overhang structures, and
arrays of complex three-dimensional spatial structures were designed and fabricated,
demonstrating the utility of the point-surface-volume mechanism for depositing complex
structures. Furthermore, the enhancement effects of single-pulse energy and laser repetition rate
on the structural formation stage were investigated. As the single-pulse energy increased, the
volumetric deposition rate rose, reaching a maximum of 15.47 um?/s-approximately three times
that achieved by conventional electrochemical deposition alone.

(3) To address the challenges associated with one-step electrochemical manufacturing of
micron-scale metal tubes characterized by a high specific surface area, a method for the
synergistic regulation of laser and electrochemical parameters is proposed based on previous
research, which reveals the control mechanisms at various deposition stages. The synergistic
control mechanisms of laser energy and environmental humidity on the formation at the tube
bottom are analyzed in this study. Simulation results indicate that the concentration at the liquid
bridge edge increases as environmental humidity decreases, thereby promoting the formation
of hollow rings under the influence of laser energy. Additionally, the synergistic control
mechanisms of laser energy and electric field on the formation of metal tubes are investigated.
Electric field simulation results indicate that the electric field strength at the edge of the annular
structure is significantly higher than that in other regions; as the deposition potential and laser
energy increase, the edge effect becomes more pronounced, effectively facilitating the
fabrication of optimal metal tube structures. Furthermore, a continuous and voxel-based
approach is employed to produce smooth, bamboo-like metal tubes. To address the issue of poor
surface quality on the inner walls of the tubes, a method utilizing bubble optimization is
proposed, and its effectiveness is validated.

(4) To enhance the mechanical properties of the fabricated structures, the mechanism of
femtosecond laser-induced nanotwin formation is studied. The high stress generated by the
elevated electrodeposition rate during the hybrid process activates a stress relaxation
mechanism centered on twin boundaries, which hinders dislocation motion or self-migration,
thereby inducing the nucleation of new twins and the refinement of existing ones. By optimizing
laser energy parameters, the nucleation rate and grain growth were effectively regulated. The
variation in current during the hybrid process was recorded using an electrochemical
workstation, revealing the cause of the step-like current fluctuations and establishing a
correlation with nanotwin generation. Single-factor experiments were performed to investigate
the influence of single-pulse energy on the formation of nanotwinned metallic structures and to
analyze its relationship with nanotwin thickness. Finally, in situ micropillar compression tests
were carried out to characterize the mechanical properties of the nanotwinned metal. The laser-
induced nanotwinned structure achieved a yield strength of 1.08 GPa, outperforming structures
produced by pure electrodeposition, thus enabling integrated control of microstructure and

IV



macroscopic properties.

(5) Based on previous research regarding the evolution of structural formation and the
enhancement of mechanical properties, the application of microstructures in the bonding
strength of copper is investigated. To meet the requirements for microstructures in three-
dimensional interconnect circuits, three-dimensional interconnect structures and bridge
structures have been fabricated, and the bonding strength has been tested, yielding a tensile
strength of 450 MPa at the copper-copper bonding interface. The reasons for the exceptional
bonding strength have been revealed, indicating the potential application value of this
technology in bonding applications. Furthermore, the electrical conductivity test results for
copper wires indicate a resistivity of 1.92x10° S/m, with a minimum diameter of the
interconnect structure measuring 5 pm.

Keywords: Localized electrochemical deposition; Femtosecond laser; Metallic microstructures;
Structural formation; Mechanical properties



