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Fig. 1 Timescales of various electron and lattice processes in laser-excited solids™%
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Fig. 2 Multi-temporal/spatial-scale processes during femtosecond laser irradiation of materials
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Fig. 3 Nonlinear ionization mechanisms of femtosecond

laser  materials  interaction™® . (a) Tunneling

ionization; (b) mixture of tunneling and

multiphoton ionization; (c¢) multi-photon ionization;

(d)—(e) impact ionization (avalanche ionization)
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Fig. 4 Femtosecond laser-induced plasma radiation and shockwave propagation. (a) Plasma radiation of fused silica™ ;

]

(b) external shockwave propagation of fused silica™”
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Fig. 5 Development of femtosecond laser pumping detection technology
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Fig. 6 Phase shift and amplitude ratio evolution with time

delay during femtosecond laser processing in water™”
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Fig. 8 Four-dimensional (4D) femtosecond laser pump-probe and transient absorption pump-probe. (a) Carriers evolution and

electrons dynamics by 4D femtosecond laser pump-probe technology with high spatial-temporal resolution™ ; (b) transient

absorption microscopy probe of ZnO nanowire™"!
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Fig. 9 Separation of femtosecond laser pulses based on different methods for ultrafast continuous imaging™*

. (a) Schematic
illustration of ultrafast imaging based on spatial division; (b) generation of time-delayed probe pulses through an echelon

method; (c¢) schematic illustration of ultrafast imaging principle based on temporal wavelength division; (d) schematic of
plasma dynamics observation and continuous imaging of phonon dynamics with sequentially timed all-optical mapping

photography (STAMP)
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Fig. 10 Electron dynamics response of materials excited by femtosecond laser.

(a) Reflectivity/transmissivity evolution of

; (b) free electrons evolution with laser fluence under different

(c) absorptivity of probe pulse and self-trapping excitons evolution over time under different
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Fig. 11 Transient electron density evolution of femtosecond laser-induced fused silica. (a) Transient phase shift evolution over

time and space measured by frequency domain interferometry™’ ; (b)(c) transmissivity and interference images of fused

silica inner measured with interferometric pump-probe technology ; (d) electron density evolution with time delay

(e) electron relaxation time evolution with electron density
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Fig. 12 Internal optical response of silicon processed by femtosecond laser with transmission pump-probe technology.

(a) Temporal and spatial evolution of transmissivity of femtosecond laser induced silicon
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Fig. 13 Femtosecond laser excited material phase transition process. (a) Transient reflectivity evolution of LiNbO; crystal

excited by femtosecond laser™" ; (b) evolution of Al, O, relative reflectivity with electron density and electron scattering
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Abstract

Significance  Miniaturization of electronic and information devices has become the development trend in the age of
science and technology. Owing to its benefits, including simple integration without contact, flexible and controllable
fabrication, and low material loss, femtosecond laser micro/nano manufacturing has gradually become a crucial research
direction in micro/nano manufacturing technology. The femtosecond laser can achieve ultra-precision, high-efficiency,
and high-quality micro/nano fabrication of almost all materials. The interaction between femtosecond laser and materials
is distinct from that of the traditional laser-material interaction process, owing to its ultra-short pulse characteristics,
which is a nonlinear and unbalanced multi-temporal-scale ultrafast process. It involves various physical processes, like
photon absorption and electron excitation, phase transition, plasma/shockwave radiation and eruption, material removal,
and other ultrafast dynamics processes. These physical processes fundamentally influence the final structure of laser
processed materials and can directly regulate the structure’s morphology and properties. Thus, to attain the constrained
breakthrough and extensive application in femtosecond laser micro/nano fabrication, it is important to understand and
regulate the ultrafast dynamic evolution of femtosecond laser interaction with materials. An in-depth study and
understanding of the ultra-fast dynamic evolution mechanism in femtosecond laser processing will offer a theoretical
fundamental and guidance for the realization of high-efficiency, high-precision, and high-quality femtosecond laser micro/
nano fabrication. Therefore, facilitating the quick development of femtosecond laser micro/nano fabrication technology
and its application.

Process Femtosecond laser pump-probe technology is employed to investigate the ultrafast dynamics evolution in
femtosecond laser processing. With the development of the time delay translation stage and optical imaging technology,
temporal and spatial resolution has been improved. The imaging types include transmission type and reflective type,
interferometric type, and holographic imaging. Numerous dimensions of ultrafast dynamics imaging in femtosecond laser
fabrication have been achieved. Moreover, to probe the material response in femtosecond laser processing more
completely, a multi-scale pump-probe system has been constructed to probe the whole process of femtosecond laser-
material interaction.

There are several investigations about the probe of photon-electron interaction, electron-lattice interaction, and
plasma radiation and eruption in the process of femtosecond laser-material interaction, which indicates the physical
mechanism of each stage. Moreover, the mechanism research for shaped femtosecond laser processing and femtosecond
laser-excited chemical reaction synthesis of materials are also performed.

The crucial physical parameters of the femtosecond laser-material interaction theoretical model can be evaluated by
studying the photon-electron interaction process based on pump-probe technology that can guide the theoretical model’s
enhancement and development. There is a lot of research to determine the crucial factors like electron decay time,
electron-hole combination mechanism, and electron relaxation time, therefore regulating the electron density evolution,
electron/lattice temperature, phase transition mechanism, and ablation findings. Furthermore, the probe of the photon-
electron interaction process can show the nonlinear ionization mechanism in laser-material interaction, which guides the
optimization of material processing conditions and parameters, and attains the effective and controllable manufacturing of
structures.

The evolution of transient optical properties during femtosecond laser materials interaction can be employed to
investigate the electron-lattice interaction process, and further, show the phase transition and removal mechanism of
materials in the picosecond-nanosecond time scale. Presently, femtosecond laser processing mechanisms on traditional
materials like fused silica, silicon, and germanium under the picosecond-nanosecond time scale have been investigated.
Recently, research on new materials, including two-dimensional materials has emerged, which shows the phase transition
mechanism and ablation mechanism of emerging materials.

The process of plasma eruption and shockwave propagation in the picosecond to nanosecond time scales after
femtosecond laser processing plays a crucial role in the evolution of the final morphology and the investigation of material
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properties based on plasma. Current studies primarily focus on the influences of femtosecond laser parameters (including
laser fluence, wavelength, and pulse width), material properties, and processing environment on the generation and
propagation of plasma/shockwave. The findings show the impacts of air/material plasma excitation and shockwave
expansion on the final morphology of laser-induced micro/nanostructures.

New approaches based on electron dynamics control have been suggested in recent years. Therefore, in addition to
investigating the traditional Gaussian pulse’s mechanism, some studies have also been reported about the interaction
between spatial-temporal shaping femtosecond laser and materials. Currently, the studies focus on double-pulse
femtosecond laser processing, Bessel laser processing, and simultaneous spatial and temporal focusing of femtosecond
laser processing, which improves the development of spatial-temporal shaping of femtosecond laser processing. There are
also investigations on the probe of the ultrafast dynamics of chemical reaction excited by femtosecond laser, showing the
physicochemical mechanism in the process of material chemical reaction excited by femtosecond laser, expanding the
application and development prospect of femtosecond laser micro/nano fabrication.

Conclusions and Prospects Femtosecond laser manufacturing is forecasted to become the primary means of high-end
manufacturing in the future, which will offer crucial manufacturing support to attain leapfrog development in new energy,
aerospace, national defense, and other fields. It is the ideal technology to break through the manufacturing technology
challenges of numerous core components, but there are still a lot of issues. To enhance the manufacturing accuracy,
efficiency, quality, and controllability of femtosecond laser, it is crucial to have a deep understanding of the complex
mechanism in femtosecond laser processing. In observing the temporal and spatial evolution of local transient electron
dynamics in ultrafast laser manufacturing, the accuracy of temporal and spatial resolution, three-dimensional panoramic
observation from various angles, and multi-scale ultrafast probe are the three major problems. In this study, the ultrafast
dynamic in femtosecond laser micro-nano manufacturing is summarized, and the interaction between femtosecond laser
and matter is summarized. The development history of femtosecond laser pump-probe technology is introduced, and the
multi-scale ultrafast dynamic in various stages of femtosecond laser micro-nano manufacturing is summarized. Distinct
material systems, processing environments, and mechanisms based on electrons dynamics control are summarized and
compared, which offers a crucial observation fundamental and guidance for femtosecond laser micro-nano manufacturing.

The current study about the ultrafast dynamics of femtosecond laser micro-nano manufacturing has broken through
the drawbacks of traditional image sensors to attain higher frame rates and shutter speeds. To enhance the image
acquisition’s speed, these studies more or less sacrifice one or more specific parameters. Additionally, traditional
methods still have challenges, including challenges in light field reconstruction, single observation means, and difficulty in
attaining precise coordination and coupling of numerous observation means. Combining the pump-probe technology,
ultrafast continuous imaging technology with the four-dimensional scanning ultrafast electron microscopy technology, can
develop a multi-scale quasi three-dimensional pump-probe system with substantial spatial-temporal resolution and
dynamical continuous observation capability, which can be employed for observation of electron ionization and phase
change during the evolution of the structures and properties in the femtosecond laser extreme manufacturing. High spatial-
temporal resolution observation of multi-scale processes will revolutionize the research on ultrafast dynamics in
femtosecond laser manufacturing.

Key words laser technology; femtosecond laser; micro/nano processing; ultrafast dynamics; pump-probe technology;
laser interaction with materials
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