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Fig. 1 Simulation of near field optical, thermal, and stress fields of the tip under laser irradiation™ .

(a) Configuration of
the tip-substrate system under modeling; (b) geometric configuration of the tip; (c¢) evolution of the laser intensity,

apex temperature, and elongation (thermal expansion) with time; (d) Poynting vector distribution around the tip
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Fig. 2 Microscale spatially resolved thermal response of Si tip to laser irradiation

Bl (a) SEM image of the front plane of

the AFM silicon tip; (b) SEM image of the side plane of the AFM silicon; (c) positional relationship between the

laser beam at the focal spot and the tip when the laser illuminates the tip side; (d) the moving directions of laser spot

with respect to the tip during the experiment; (e) Raman shift, temperature, and Raman intensity variation when

the tip moves upward along the 2 direction in the vicinity of focal spot; (f) Raman intensity and shift along line 1 (as

shown in Fig. 2(d), in the y direction) under laser intensity of 5.6X10° W/m* and 2.5X10° W/m®*, respectively
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Fig. 3 Noncontact temperature measurement in near-field

M (a) Schematic of experimental

laser heating
setup for thermal probing using the apertureless
NSOM; (b) relationship between the measured
silicon surface temperature and laser spot position on
the tip (a weak laser scattering intensity in the x axis
indicates the laser spot is on tip apex, while a strong

scattering intensity indicates the laser spot is on the

upper part of the tip near the cantilever beam)
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Fig. 4 Simulation of near-field optical field in silicon tip[”] . (a) Tip-substrate domain in the simulation; (b) front view of

the electric field around the tip distributed in the y =0 plane; (c) top view and cross-sectional view of the electric

field around the tip under the tip apex; (d)electric field distribution in the A-A” plane; (e) electric field distribution

in the cross-section; (f) schematic of the thermal resistance calculation of the tip and silicon substrate
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Fig. 5 Nanoscale mapping of physics fields under 1210 nm silica micro-particles assisted near-field heating™" . (a) Under

different laser irradiation energy, the variation of Raman intensity I along the mapping direction; (b) variations of

Raman intensity I, Raman shift , and linewidth I" of silicon in the x direction with laser intensity of 3.1X10" W/m”;

(c¢) deviation between the laser beam axis and Raman scattering collecting axis; (d) schematic of the positions of a

silicon particle with respect to the laser beam axis and Raman scattering collecting axis
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Fig. 6 Spatial resolution limit of silica microsphere assisted near-field detection™ . (a) Trend of I,./I,. against the

diameter of the silica particle; (b) variation of Raman intensity I along the x direction for a silicon wafer under a
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Fig. 7 Simulation and error analysis of electric and temperature fields in silica particles and the silicon substrate
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[14]

(a) Modeling results of the electric field for two situations: laser spot on a single particle and between two particles;

(b) under the near-field focused laser heating, silicon wafer temperature variation along the thickness (z) direction

directly under a 1210 nm silica particle, and the inset shows the temperature distribution at the surface of silicon

substrate; (c¢) configuration of the confocal axis of the objective and the optical path of Raman scatterings in

particles 1 and 2; (d) influence of out-of-focus effect on Raman intensity of silicon peak
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and thermal stress field at the surface and in cross-section of the silicon

. (a) Optical field; (b) temperature field; (c¢) thermal stress field introduced by the temperature rise
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Fig. 9 Schematics of MD model and laser beam absorption in the material " . (a) Schematic of MD model; (b) schematic

of laser beam absorption in the material
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Fig. 12 Snapshots of argon atom positions in x-z cross-section at different moments
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Fig. 13 Solidification and epitaxial regrowth in surface nanostructuring

297 (a) Snapshots of argon atom positions in x-z

cross-section during a long time solidification; (b) magnification in the x-z cross-section at £ =2 ns to show the

epitaxial growth and atomic dislocation
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Fig. 15 Effects of laser fluence on solidification of melts™"
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Fig. 16 Physical properties distribution in a cross-section of the system at 200 ps“" . (a) Density (nm *);

(b) temperature (K); (c¢) pressure (MPa)
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Abstract

Significance Laser-assisted near-field nanomanufacturing uses a near-field focused laser beam to break down the
diffraction limit and heat materials to induce phase change or phase explosion to fabricate nanoscale materials and
complex structures. It has an outstanding feature in both academic and industrial fields due to its highly coherent
features, including continuously adjustable incident laser power, highly controllable processing position, and
accessible to nanodomains. Among various near-field technologies, the tip-based near-field technique utilizes the tiny
but sharp geometry of scanning probe microscope (SPM) tips to focus the incident optical field into an extremely
small area in proximity to the tip apex. The highly enhanced electromagnetic field generates huge but localized heat
in the surface to be manufactured and modifies its morphology through photon absorption and consequent phase
change at the nanoscale.

Progress In the processing domain, in-situ information about the optical field, temperature rise, stress, and
material structure evolution is critical for understanding and refining nanomanufacturing. It is helpful for in-depth
understanding of the physical mechanism of multiphysics interaction and further optimization and process control.
The enhanced electromagnetic field in and around SPM tips has been fully studied in recent decades; however, a
knowledge gap remains relative to temperature rise and thermal stress evolution in the same region. A high-fidelity
simulation on atomic force microscopy (AFM) tungsten tip under laser irradiation demonstrated that the electric field
was primarily concentrated at the apex outside the tip rather than inside (Fig. 1). The geometry and irradiating
position on the tip were found to be important factors affecting the temperature rise of the tip. A systematic
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experiment measuring the temperature of the tip revealed that the temperature rise was a trade-off between the
absorption area size and heat conduction to the base of the AFM tip (Fig. 2). In addition to temperature rise in the
tip, the temperature in the substrate is also important. Yue et al. performed the first experimental study on a silicon
substrate under an AFM tip. Based on the Raman thermometry theory, the Raman shift of scatterings from the
silicon substrate was collected by a self-developed temperature measurement system. A temperature rise of ~240 C
in a sub-10-nm area in the silicon substrate was achieved when the laser was focused on the tip end (Fig. 3). A
simulation based on the experimental conditions further uncovered the nonlinear photon absorption in this limited area
(Fig. 4).

Micro/nanoparticles represent an alternative geometry employed to introduce near-field focusing and
simultaneous heating at the sub-wavelength scale, especially in the application of laser-assisted nanopatterning and
nanolithography on a large-area substrate. Knowledge of the temperature and thermal stress beneath particles is
critical; however, acquiring this knowledge remains a significant challenge for immediate sensing. Tang et al. has
conducted pioneering experimental work on direct measurement of temperature and thermal stress in a silicon
substrate beneath various transparent microstructures, including a single silica particle, a glass fiber, and a layer of
particles (Fig. 5). The corresponding simulation of the same particle-substrate structure was performed to correlate
the simulated optical field with the experimental result (Fig. 8).

Although various experimental methods have been developed for nanoscale probing, the theoretical simulation,
e.g., molecular dynamic simulation, is a predominant method to predict atomic-level phenomena in an ultrafast
period in laser-assisted near-field nonmanufacturing processes. In addition, the previous work primarily focused on
enhancing the optical field under SPM tips, the light confinement effect, and the temperature evolution of the tip and
substrate only under the condition of no phase change. However, the incident laser is extremely focused and
enhanced in a nanodomain in the surface to be processed under the tip; thus, the material in this domain undergoes
intense heating, phase change, phase explosion, stress generation and propagation, and rapid structural evolution in
a very short time. Computer simulation research has focused more on small-scale and short-time heating processes,
which would lose important information on material/structure evolution. Wang established a large-scale system with
hundreds of millions of atoms and studied the long-term behavior and structural evolution of heating, melting, phase
transition, solidification, and defect formation in laser-assisted tip-based near-field nanomanufacturing (Figs. 9-14).
In addition, the shock wave during the nanomanufacturing process has been studied extensively (Figs. 16-18).
Although simulation results were based on a few assumptions, the models used in the simulations were designed
according to real dimensions, and this provided cutting-edge and detailed knowledge and understanding of physical
images.

Conclusions and Prospects This review primarily focuses on experimental and theoretical investigations of the
optical, temperature, and stress fields, and simulation study of the structural evolution in SPM tip-based laser-
assisted near-field nanomanufacturing. However, unsolved problems remain in laser-assisted near-field
nanomanufacturing. In the ultrafast and dynamic process of nanostructure manufacturing, the physical phenomena in
such a small domain (e.g., nano to subnano domains) are difficult to observe and detect. Although newly developed
laser-assisted probe methods are nanoscale accessible, they take much more time to satisfy signal collecting than the
entire time range of ultrafast dynamic process of nanomanufacturing. In addition, SPM tips are fragile and can be
easily damaged and contaminated, and their geometric shape change significantly affects the near-field
electromagnetic field distribution. The unexpected change in tips shape will then widen the near-field light field
distribution around the needle apex and make the manufactured structure deviate from expectation. The high
temperature rise in laser-assisted near-field nanomanufacturing will introduce large thermal expansion in both the tip
and the processed surface, and yield unstable measurements because the distance between the tip and substrate is
only several nanometers. In terms of rapid response measurement, large-scale manufacturing, and improving and
expanding industrial applications, this technology still has room for significant development and improvement.

Key words laser manufacturing; microscopy; near-field microscope; laser-assisted nanomanufacturing; Raman
spectroscopy; molecular dynamics simulation
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