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Fig. 1. Schematic of the finite-element model for the silicon

nanotip and the surrounding water domain.
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Table 1. Thermophysical parameters used in the model.
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Fig. 2. Schematic of the Raman thermometry and bubble observation system, the experimental system integrates Raman temperat-

ure measurement, laser focusing, sample positioning and high-speed imaging modules, which can synchronously constrain local tem-

perature and bubble forming position.
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Fig. 3. Temperature calibration of silicon: (a) Schematic of the calibration setup; (b) Raman spectra at temperatures from 27 to
212 °C; (c) broadening of the Raman peak with temperature; (d) linear relation between FWHM and temperature; the FWHM of

the first-order Raman peak of silicon increases approximately linearly with temperature, which can be used as the basis for sub-

sequent local temperature rise conversion.
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Fig. 4. Influence of focal-point position on the nanotip temperature rise: (a)—(c) Temperature distribution for D = (a) 0 pm,

(b) 2 pm, and (c) 5 pm; (d) the maximum nanotip temperature as a function of D; the temperature field corresponding to different

focus shifts shows that when the focus moves back about 2 pm from the tip, the tip intercepts the incident energy most fully and

the maximum temperature rise is the largest.
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Fig. 5. Influence of apex size on the local temperature distribution: (a) Temperature distribution for nanotips with apex radii of

6 nm and 8 nm; (b) maximum nanotip temperature versus apex radius.
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Fig. 6. Raman thermometry of the silicon substrate and the silicon nanotip in water: (a) Raman spectra of the substrate at differ-

ent laser powers; (b) Raman spectra of the nanotip; (¢) FWHM versus power; (d) temperature rise versus power.
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Fig. 7. Observation of the nanotip-induced bubble: (a) Op-
tical image of the nanotip in water; (b) stable bubble at the
nanotip apex under 25 mW continuous-wave laser irradi-
ation, low power CW laser can induce stable bubble nucle-

ation near the tip.
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

Low-power bubble nucleation enhanced by the localized
photothermal effect of silicon nanotips under
continuous-wave laser irradiation”

ZHANG Hongkai V?#  YANG Jianyi V?# HUANG Xiaona? ZHANG Nan!?
BAI Kunlun®  YANG Changzhu?®  XIE Danmei
WU Shijing? HUANG Dezhao V2T

1) (School of Power and Mechanical Engineering, Wuhan University, Wuhan 430072, China)
2) (Goneo Institute of New Energy, Wuhan University, Wuhan 430072, China)
3) (Dongfang Turbine Co., Ltd., Deyang 618000, China)

( Received 13 May 2026; revised manuscript received 7 June 2026 )
Abstract

Site-defined and reproducible bubble nucleation is essential for microscale phase-change heat transfer, laser-
induced thermofluidics, and localized thermal management. However, conventional heating methods usually
produce broad thermal disturbances and poorly constrained nucleation sites. Here, we demonstrate low-power
bubble nucleation in water by exploiting the localized photothermal response of a silicon nanotip under
continuous-wave 532 nm laser irradiation. A two-dimensional electromagnetic-thermal coupled finite-element
model is first established to resolve optical absorption and steady-state heat conduction around the immersed
nanotip. The simulations show that the maximum temperature rise does not occur when the laser focus coincides
with the nanotip apex, but appears at an axial offset of approximately D = 2 pm, where the focused beam
overlaps more effectively with the absorbing volume of the conical tip. Increasing the apex radius from 6 nm to
8 nm enhances the temperature rise, whereas further increasing the radius to 10 nm leads to near saturation
because optical absorption and heat dissipation reach a new balance. Raman thermometry based on the full
width at half maximum of the first-order silicon Raman peak gives a temperature-rise coefficient of (7.72+
0.36) K/mW for the nanotip, which is about 3.5 times that of a flat silicon substrate, (2.2240.43) K/mW.
Under continuous irradiation at 25 mW, a stable bubble forms at the nanotip apex, corresponding to a local
temperature of approximately 485 K. Classical heterogeneous nucleation estimates and thermal-diffusion time-
scale analysis indicate that bubble formation is Power threshold
dominated by vapor nucleation in locally superheated (21 £ 3) mW
water, while the nanoscale apex curvature lowers the / //' J
effective nucleation barrier beyond the prediction of a 532 nm laser /

lanar-interface model. These results clarify the /
p Y -  —— Localized temperature 485 K

coupling among  nanotip  geometry, localized
photothermal heating, and low-power nucleation . Heterogeneous bubble

L. . Silicon nanotip nucleation nano curvature
threshold, providing a feasible route for low- reduces potential barrier

disturbance microscale phase-change control.

Keywords: silicon nanotip, continuous-wave-laser bubble nucleation, localized photothermal effect, heterogeneous

nucleation
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