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ABSTRACT: Gold nanostructures have been extensively used as
photothermal heat sources in a variety of studies due to their
chemical inertness, biocompatibility, and advantageous thermo-
plasmonic properties. However, gold nanostructures are prone to
surface melting and thermal deformation, which, in some cases,
limit their applicability. In this study, we investigate micrometer-
sized amorphous silicon nanodisk arrays as a stable and
biocompatible alternative for the particular application of photo-
thermally induced microbubble formation and generation of strong
directional Marangoni flows in water. By using time-modulated
continuous-wave laser heating, we show that the induced flows can
move microparticles tens of micrometers across a substrate surface.
The direction of particle movement can be preselected by utilizing
asymmetric pairs of nanodisk arrays as heat sources or dynamically controlled by altering the laser spot position relative to a
symmetric pair of arrays. We also demonstrate that average bubble size and particle displacement positively correlate and crucially
depend on the laser modulation frequency. These results are discussed in terms of the temporal dynamics of bubble growth following
nucleation. Our findings highlight the potential of using silicon nanostructures as substrates for generating strong thermocapillary
flows on the micrometer scale, with potential applications in chemical mixing, pumping, particle sorting, and mass transport.

H INTRODUCTION heaters, highlighting their higher melting threshold and
suitability for Raman nanothermometry.>> Subsequent studies
on HID thermophotonics®~** have led to numerous proof-of-
principle applications, including sensing and thermometry of
protein molecules,” controllable drug release in living cells,™*
thermally reconfigurable metaoptics,45 optical trapping of

Research and applications of localized optical heat generation
based on noble metal nanostructures have surged over the past
two decades, giving rise to the flourishing field of “thermo-
plasmonics”." The primary plasmonic material in these studies

has been gold, which benefits from being chemically inert and

. 6 T
biocompatible while the extreme light localization afforded by nanoparticles, * and optofluidic transport." To the best of our
o . . . knowledge, there are so far no reports on photothermal bubble
plasmon excitation results in a high photothermal conversion

efficiency that can be tuned over a wide wavelength range2™ generation based on HID nanostructures. However, already in
However, gold also faces limitations, in particular surface 1991, Zapka and co-workers showed that pulsed laser heating of
melting and particle reshaping at elevated temperatures, that S.l wafers #esulted in the moYemenF _and ejection 42f submicron-
may restrict its utility in certain applications.’®! One such case sized particles due to explosive boiling of water,” a result thi.;
is the use of gold nanostructures as a platform for photothermal led to the introduction of the “steam laser cleaning” technique.

. 12-24 Photothermally induced bubbles generate flow in a liquid
generation of vapor bubbles, where the metal surface Y ) 8T ) 9
temperature needs to reach well above 100 °C to achieve the through the thermocapillary Marangoni effect, that is, through

desired effects.”

Over the past several years, nanostructures made from high Received: November 30, 2024
refractive index dielectrics (HID), in particular silicon, have Revised:  February 10, 2025
emerged as a powerful alternative to gold in a wide range of Accepted:  February 21, 2025

nanophotonics applications.”*™*" In 2017, Zograf et al. Published: March $, 2025

demonstrated that Si nanoparticles exhibiting geometric (Mie)
optical resonances could serve as effective nanoscale optical
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Figure 1. Experimental setup and photothermal properties. (a) Schematic of the experimental setup, which includes a 532 nm wavelength laser source
coupled to an acousto-optic modulator (AOM), a camera (Andor Ixon +885 EM-CCD) for tracking bubble dynamics and probe particle movement,
and a white light dark-field condenser for illumination of the sample area. The inset shows a scanning electron microscopy image of a typical a-Si
nanodisk array sample. (b) Calculated absorption spectra of a single a-Si nanodisk with height and diameter of 100 nm in water and vapor and the
corresponding spectra of a single Au nanodisk with height 60 nm, diameter 100 nm, and with a 20 nm protective SiO, capping layer. Both structures
were optimized for maximum absorption at 532 nm and are situated on a SiO, substrate. The inset shows the calculated temperature distribution on
the surface of the a-Si nanodisk in water and when covered by a small hemispherical vapor bubble in water, when heated by a plane wave 532 nm laser
field with irradiance I = 0.2 mW/um?. (c) Simulated electric field enhancement factor inside and around an a-Si nanodisk excited at $32 nm in water.

thermal surface tension gradients appearing on the bubble
surface due to spatially localized heating. An important theme in
recent studies of this effect has been the understanding of the
temporal dynamics of bubble growth. It has been established
that a bubble typically rapidly grows in size following nucleation,
after which it shrinks in a self-oscillatory manner, sometimes
involving the exhalation of tiny air bubbles, to a more stable
diffusion-limited final growth phase that depends on, for
example, water gas content.”’~>**°">° Equally important from
an application point of view is the realization that the Marangoni
flow direction can be controlled through in-plane temperature
gradients.”"’

By applying time-modulated continuous-wave laser heating,
Jones et al. demonstrated that the final bubble growth phase
could be stabilized by using an isolated micron-sized array of
plasmonic gold nanodisks (NDs) as the heating element.”® This
approach results in bubbles that match the size of the array and
that can be rapidly modulated in time.”® Using the same
approach, it was later shown that strong transient flows are
induced near the plasmonic ND array as microbubbles form and
that this transient is followed by a weaker but sustained
Marangoni flow.” In a subsequent study, we recently showed
that the direction of both the transient flow and the ensuing
Marangoni flow could be controlled by manipulating the bubble
surface tension gradient through the use of pairs of closely
spaced gold ND arrays with different sizes or polarization
responses.

Inspired by the results summarized above and the growing
interest in using HID nanostructures for thermal applications,
we report here on the possibility of using amorphous Si (a-Si)
ND arrays as a platform for photothermal bubble generation and
manipulation of small particles in water. We show that these
nanostructures can generate strong directional flows that can be
controlled through array asymmetry, illumination position, and
modulation frequency, and we establish a correlation between
bubble size and flow dynamics. The results demonstrate that Si
nanoparticles are a highly competitive alternative to plasmonic
particles for studies of photothermal bubbles and induced
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Marangoni flows and their potential applications in micro-

fluidics.

B RESULTS AND DISCUSSION

Methods and Structures. We used hexagonal arrays of
cylindrical a-Si NDs, fabricated by electron beam lithography on
glass substrates, for photothermal vapor bubble generation. The
height of the NDs was set to 100 nm, as given by the available a-
Si film thickness, while their radii were optimized to 50 nm
through electrodynamic simulations of the optical absorption
cross-section at the heating laser wavelength of 532 nmj; see the
Supporting Information for details. The interparticle edge-to-
edge spacing was set to 50 nm and we used close-packed arrays
with either 19 or 37 NDs each, corresponding to array widths of
0.7 and 1 pm, respectively. The small diameter of the arrays
restricts bubble growth and makes them suitable for use in
narrow microfluidic channels.”® The overall structure design is
similar to that previously used for microbubble generation on Au
nanodisk arrays.”*~

After plasma cleaning to ensure a hydrophilic interface (see
Figure S4), the ND arrays were placed in ~120 ym thin liquid
cells filled with air-equilibrated water and illuminated by a 532
nm continuous-wave (cw) Gaussian laser beam with a waist
radius wy ~ 11 ym (fwhm =13 pm, Figure SS). Using an
acousto-optic modulator (AOM), the laser beam was modulated
in a square wave pattern with a frequency f,, = 1 Hz—10 kHz and
50% duty cycle. Thus, laser heating is “on” for 1/2f, s and then
“off” for the same duration, but the laser intensity and total
power are kept constant. This methodology allows us to study
the temporal dynamics of bubble formation.”*~*

To visualize and analyze bubble-induced flows near the
substrate interface, we tracked the movement of probe particles
(1 or 2 ym diameter polystyrene (PS) beads) and studied the
formation and dynamics of single vapor bubbles using white-
light dark-field video microscopy. The experimental setup is
illustrated in Figure la. We also performed fluid dynamics and
thermal distribution simulations using the finite element method
(FEM) implemented in COMSOL Multiphysics, as detailed in
the Supporting Information.

https://doi.org/10.1021/acs.jpcc.4c08101
J. Phys. Chem. C 2025, 129, 5502—5510
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Figure 2. Dynamic control of lateral flow by laser position adjustment. (a) Motion tracks, indicated by graded red arrows, of 1 ym PS beads driven
across the substrate surface near a pair of heating arrays, each consisting of 19 a-Si nanodisks, with an edge-to-edge distance of d = 400 nm. A series of
images were merged and overlaid to visualize the particle trajectories. The left, right, and center panels show the results of positioning the focal point of
the time-modulated Gaussian laser beam (w, & 11 ym, Iy = 0.2 mW/um? f,, = 100 Hz) on the left or right array or in between, respectively, as indicated
by green points. The inset in the middle panel shows a SEM micrograph of an array pair. (b) Schematic illustration of expected microbubble positions
corresponding to the cases in a) and the resulting thermocapillary flow patterns on the bubble surface (dark green arrows), in the bulk (gray arrows),
and just above the interface (orange arrows). The expected qualitative variation in local temperature is indicated by the color scale to the left. The inset
in the left panel compares the calculated lateral flow speed and the measured speed of PS beads along the symmetry axis connecting the array centers.
(c) Simulated lateral flow patterns and the corresponding calculated temperature distribution (color scale) in a plane 0.5 yzm above the interface for the

illumination cases in (a).

Photothermal Properties. Figure 1b compares the
absorption cross-section spectra 6,,(1) of the a-Si NDs used
here and the Au NDs previously used.**™ (height 60 nm,
diameter 100 nm, optimized for maximum absorption at 532
nm). The higher absorption of the a-Si NDs in water indicates
that these are more effective photothermal heat sources than Au
NDs. Moreover, note that the Au ND design includes a 20 nm
SiO, capping layer. This layer, which is needed to protect the Au
structures from thermal reshaping, further reduces the temper-
ature at the water-ND interface.

For an irradiance of 0.2 mW/um? at 532 nm, thermal
simulations in a room temperature (Try = 20 °C) water
environment indicate that the average surface temperature T of
asingle a-Si ND reaches ~38 °C, which corresponds to an excess
temperature AT = Tg— Ty that is ~50% higher than for a single
AuND (inset in Figures 1b and S3). The same calculation for an
RT water vapor environment, which has lower thermal
conductivity than liquid water, gives Ts~ 48 and 38 °C for the
a-Si and Au NDs, respectively. The advantageous photothermal
properties of the a-Si NDs are expected to remain also for the
larger arrays used in this study since optical coupling between
the nanodisks is very weak. Thus, the total heating power will
scale approximately linearly with the number of nanodisks in an
array, while the corresponding local temperature increase at a
specific point will be approximately given by the sum of the local
temperature increases at that point due to each individual
particle in an array.'

The excellent heating properties of the a-Si ND system partly
stem from the magnetic dipole Mie resonance, which is the
lowest frequency geometric resonance in HID nanospheres,”>®!
and which dominates the absorption peak near 500 nm seen in
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Figure 1b (see Figure S1b for a comparison of experimental and
calculated scattering spectra). Figure 1c shows the correspond-
ing electric field enhancement distribution at 532 nm,
demonstrating a substantial enhancement of the optical field
around and within the nanodisk and resulting in o,;,, being ~3.6
times higher than the geometrical cross-section in this particular
case.

Directional Flow Control through Varying Illumina-
tion Positions. We first investigated to what extent we could
control the direction of lateral flow across the glass substrate by
varying the focus position of the heating laser spot relative to two
identical hexagonal arrays consisting of 19 a-Si NDs each and
separated by a d = 400 nm gap (see Figure S6 for the case d = 1.2
um). We used f,, = 100 Hz and the lowest peak irradiance, I; =
0.2 mW/um? which results in bubble nucleation on 19 ND
arrays. The induced Marangoni flow close to the substrate
surface was visualized by tracking movements of 1 gm diameter
PS beads using a camera exposure time of 0.5 ms and a frame rate
of 65 Hz.

In Figure 2a (Videos S1—S3), we show overlaid darkfield
images of tracer beads for the cases when the laser focal point is
positioned on the left or right array or in between the two. Each
image sequence is ~1 s, and the arrows indicate the bead
trajectories during this time interval. Clearly, beads are sucked in
from the right and ejected to the left if the laser focus is centered
on the left array, and vice versa if it is centered on the right, while
a focus position between the arrays produces bead movement
toward the arrays from all lateral directions. We see no evidence
of particle accumulation at the heating structure in the latter
case, which implies that beads are ejected vertically out from the
observation plane.

https://doi.org/10.1021/acs.jpcc.4c08101
J. Phys. Chem. C 2025, 129, 5502—5510
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Figure 3. Directional flow and variation in particle displacement with laser modulation frequency for asymmetric a-Si nanodisk arrays. (a) Sequence of
video stills showing a 2 ym PS bead as it is pushed away from the arrays by the bubble induced flow. The ND arrays are visible as two adjacent bright
white dots at the bottom of the figure. The inset shows a SEM micrograph of the two arrays, containing 37 and 19 NDs, respectively. (b) Overlaid
motion tracks of 1 ym PS beads being transported laterally across the substrate due to bubble-induced flow caused by the photothermal heating of an
asymmetric pair of a-Si ND arrays. The color scale indicates flow speeds estimated from motion blur. (c) Simulated temperature distribution (gray
scale) and lateral flow speeds in a plane 0.5 zm above the interface for the illumination case in (a, b). (d) Probe particle displacement versus modulation
frequency f,,, on a log—log scale for three asymmetric array pairs. The dashed curve indicates the best fit to the model described in the text obtained by
excluding the 100 Hz data, while the full curve shows the best fit obtained by excluding the 1 and 10 kHz data. The heating laser irradiance is I, = 0.2
mW/um? in all experiments and the modulation frequency is f,, = 100 Hz in (a) and (b).

The results in Figure 2a are quite remarkable when
considering that the total lateral extension of the a-Si ND
heating structure (1.8 ym) is much smaller than the laser spot
size (fwhm ~ 13 ym). Since the heating power produced by each
array can be approximated as Q & o, lei N (r,), where r; is the
position of ND i, we expect that the heat production, at the onset
of illumination, should only vary by a few percent between the
two arrays as the focal point position varies, but this is apparently
enough to change the bubble nucleation site and redirect the
flow to the right or to the left or to generate an inward flow
pattern.

Figure 2b schematically illustrates our interpretation of these
results. When the laser is focused on the center of an array (left
and right panels), a bubble nucleates and covers that array. The
NDs in this primary array will now be surrounded by vapor, with
low thermal conductivity compared to liquid water, resulting in a
temperature increase that promotes further bubble growth
(inset in Figure 1b). At the same time, the microbubble so
formed will pull in RT water from the surrounding medium,
which will cool the secondary array, thereby preventing bubble
nucleation there. However, the secondary array will still be hot,
resulting in a horizontal temperature gradient on the surface of
the microbubble surrounding the primary array. The resulting
surface tension gradient will induce directional flow from the
warmer to the cooler side of the bubble surface (dark green
arrows) and drive the bulk liquid (gray arrows) across the
substrate surface in the same direction (as traced by the PS
particles). If the laser is instead focused on the gap between the
arrays (middle panel), then the bubble will cover both arrays,
with its center at the midpoint of the gap. Due to the symmetric
heating on the sides of the bubble, only a vertical temperature
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gradient will appear on the bubble surface, resulting in flow
vortices with lateral components toward the bubble on the
substrate surface, as observed experimentally.

To substantiate the interpretation above, we show in Figure
2¢ combined thermal and flow FEM simulations in a plane 0.5
pum above the interface. The simulations utilized the single ND
absorption cross sections shown in Figure 1b and a Gaussian
intensity profile with the same width as in the experiment. We
modeled the bubble as a 0.87 um radius half-sphere filled with
vapor and then self-consistently calculated the temperature
distribution, the surface tension gradient over the bubble
interface, and the resulting Marangoni flow. For the case of
illumination centered on the left and right arrays, good
agreement with the experiments was obtained by slightly
shifting the center of the bubble by 0.45 ym from the array
centers along the connecting symmetry axis and in the direction
of the flow. The inset in the left panel compares the calculated
flow speed in this case and the speed of the PS beads, estimated
from motion blur during the 0.5 ms exposure time of the camera
(Figure S7).

Directional Flow Control Based on Asymmetric Array
Pairs. Although directional flow control based on tiny shifts in
the laser focus position is a fascinating effect, it may be
impractical for many applications. However, in a previous
study,”” we demonstrated that similar directional flows could
also be achieved by breaking the thermal symmetry of the
heating structure using a pair of dissimilar Au ND arrays exposed
to a broad laser focus. In Figure 3, we show that this approach
also works well for the a-Si ND system. Here, microbubbles
nucleate on a primary array of 37 NDs that are separated by a gap
of d = 400 nm from the same type of array as that in Figure 2,

https://doi.org/10.1021/acs.jpcc.4c08101
J. Phys. Chem. C 2025, 129, 5502—5510
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Figure 4. Frequency-dependent bubble dynamics. (a) Apparent bubble radius versus modulation frequency and peak intensity R(f,, I,). The error
bars indicate variation between three separate ND arrays. (b) Insets show time-averaged dark-field images of microbubbles induced on a 37 ND array
for the highest incident laser intensity I, = 0.8 mW/um”* and modulation frequencies f,, = 1 Hz, 100 Hz, and 10 kHz. Main graph shows corresponding
normalized linecuts through the bubble profile centers for varying f,,. The bubble radius R is defined from the half-width at 10% of peak height as
indicated. (c) Integrated dark-field scattering intensity versus time for a bubble induced using f,, = 1 Hz and I, = 0.2 mW/um?, with magnifications of
three example periods shown in the lower left panels. (d) Sum of all periods shown in (c) together with a fit to constant plus an exponential decay with
decay-time = 35 ms. Images were recorded using a camera exposure time of 0.5 ms and frame rate of 7S Hz in (a, b) and 90 Hz in (c).

containing 19 NDs. Since the primary array now will produce
about twice the amount of heat as the secondary array, this
system is robust against small variations in laser position.

The potential for controlled directional transport of small
particles using the asymmetric ND arrays is indicated by the
experiment shown in Figure 3a, which was based on first placing
a bead on the substrate some distance away from the ND arrays,
using optical tweezers, and then recording its trajectory after the
heating laser was turned on.” In the example shown, we used a 2
pum PS bead and a starting position r, = 23 ym from the primary
array in the direction of the expected maximum outward lateral
flow. Using the same illumination conditions as shown in Figure
2, the bead displaces Ar = 65 pm in an almost straight path along
the axis connecting the array centers, during the 3 s. observation
time, until it moves out of the camera’s field of view. As a further
illustration, we show in Figure 3b (Video S4) overlaid images of
1 ym diameter PS bead trajectories analogous to those shown in
Figure 2a. By utilizing the motion blur, we estimated the lateral
particle speeds to ~5 mm/s at a distance of ~5 ym from the
primary array, the closest distance that produced clearly
discernible tracks, decreasing to ~2.5 mm/s at ~7 pum distance.
Due to the increased heating power of the 37 ND array, these
speeds are ~1.6 times higher than shown in the inset of Figure
2¢, recorded at similar distances from the primary heating array,
and in good agreement with the corresponding flow simulation
for the asymmetric array pair shown in Figure 3c.

Variation in Particle Displacement with Laser Modu-
lation Frequency. The experiment illustrated in Figure 3a is
well suited for investigating the influence of the laser modulation
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frequency f,, on particle displacement. In Figure 3d, we have
plotted the displacement of 2 ym beads observed over At=1.8s.
against f,, spanning four decades, for three nominally identical
asymmetric ND arrays based on using the same starting position
and irradiance as in Figure 3a. The effect of varying £, is obvious:
an increase in the average Ar by ~400%, from ~9 to ~45 ym, for
fm =1 — 100 Hz, followed by a decrease to ~33 pm at the
highest frequencies. The overall behavior is very similar to what
we have previously reported for gold ND arrays,”’ for which
particle displacement also exhibited a continuous increase up to
fu 100 Hz, followed by saturation and then decrease at higher
frequencies. The variation up to f,;, = 100 Hz could be modeled
by assuming that the bead displacement during an illumination
cycle (t 0 — 1/2f,) resulted from two components
contributing to the particle speed, u(t, r) = [u, exp(—t/7) +
u,](ro/r)™, where the exponentially decaying part, with
amplitude u, and decay time 7, represents the strong transient
flow associated with nucleation of a bubble, u, represents the
amplitude of the following equilibrium Marangoni flow, and the
speed falls off with distance from the microbubble as r with
characteristic length r,. However, since the model predicts a
continuous increase in displacement with f while the data
exhibit a peak at f,, = 100 Hz, it is not possible to find a good fit
to the full data set using a constant ratio u,/u,. Thus, excluding
the 100 Hz data points yields the best fit for 7~ 15 ms and u,/u,
& 16, while excluding the two highest frequencies yields a very
different result, 7 ~ 0.4 ms and u/u, ~ 600. In a previous
study,”’ we explained the saturation in displacement for f,, > 100
Hz as due to the bubble having no time to fully dissipate during
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the “dark” intervals between the illumination sequences,
resulting in the disappearance of the transient flow component,
in agreement with measurements of bubble dissipation times for
Au ND arrays of similar sizes by Jones et al.”® However, even by
disregarding the high-frequency points (full line in Figure 3c),
the model deviates significantly from the measured data. This
indicates that the absolute flow magnitudes also vary with f,,
despite the light intensity and total optical power being constant
over an illumination cycle and thus independent of f,,. To obtain
some insight into this variation, we now turn to imaging of the
photoinduced bubbles.

Variation in Bubble-Size with Laser Modulation
Frequency. We investigated the variation in bubble size
using single isolated arrays consisting of 37 NDs while keeping
the same laser beamwidth as before. Darkfield scattering images
of bubble dynamics could be recorded at a framerate of 75 Hz
and a camera exposure time of 0.5 ms by zooming in on a small
region centered on an ND array. Since the framerate is too low to
record dynamics during individual illumination periods for all
but the lowest modulation frequencies (see below), we first
focus on averages obtained by summing up to 3000 individual
frames (total duration ~40 s). A bubble then produces a close to
Gaussian darkfield intensity distribution, from which we define
an apparent average bubble radius R from the points at which the
scattering intensity has dropped to 10% of its maximum value.
We note that due to the small size of the bubbles and the limited
optical resolution, we cannot determine the three-dimensional
shape of the bubbles from these images.

Figure 4a summarizes the variation in R with f,, and I,. The
data show an overall similarity to the results displayed in Figure
3d, that is, both the bubble-induced particle displacement and
the average bubble size first increase with modulation frequency
and then fall off from a maximum at around f_, = 100 Hz. This
trend is most pronounced at the highest applied power, I, = 0.8
mW/um?, as illustrated in Figure 4b. However, for this case, we
also observe large fluctuations in bubble appearance during the
measurement, which complicates interpretation (Video SS). We
next attempted to record the variation in bubble size with time
during individual laser heating periods for the lowest modulation
frequency, f,, = 1 Hz, using the maximum frame rate available, 90
Hz. Because of the low number of counts per pixel, it turned out
to be difficult to directly quantify R(¢) with reasonable precision.
However, as shown in Figure 4c (Video S6), the integrated dark-
field intensity plotted versus time resolves the bubble dynamics,
with the caveat that very fast and rare events are unlikely to be
captured because of the short integration time and finite length
of the image sequence. Each bright state typically begins at a high
intensity and then decreases toward a more stable state that is
about half as bright. However, in some periods, the initial
intensity burst is missing, and in some, it reappears at a later
stage. Moreover, the decay from the initial state often occurs in
two steps via an intermediate metastable state of varying
duration, as highlighted in the three lower left magnifications in
Figure 4c. The stepwise decay is also visible in a sum of all
periods, Figure 4d, as well as in data collected for the highest
laser intensity, I, = 0.8 mW/um?” (Figure S8).

As mentioned in the introduction, previous investigations of
photothermally generated bubbles in air-equilibrated water have
revealed complex growth dynamics, beginning with explosive
boiling followed by oscillations and exhalation of tiny bubbles,
and, finally, a slow diffusion-driven growth phase,zz’so’SI’55 which
in our case is limited by the size of the isolated ND arrays.”® The
duration of the first phase, in which a large bubble nucleates,
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expands, and then shrinks, has been estimated to be ~0.25 ms,
while the oscillating bubble phase lasts around 10 ms.”*”' Based
on these earlier reports and the results in Figure 4d, we interpret
the increase in R from f,, = 1 to 100 Hz seen in Figure 4a as
mainly resulting from the increasing weight of these short-time
(large R) contributions to the average due to truncation of the
long-lived (small R) stable phase. In other words, as the heating
duration becomes shorter than the decay time of the initial burst,
the stable phase is never reached, leading to an increase in the
average bubble size. By further increasing f,, beyond 100 Hz, we
expect that bubbles formed during successive heating cycles
begin to overlap due to the finite bubble lifetime, resulting in the
gradual disappearance of the large R nucleation and oscillation
phases. Therefore, only a stable bubble remains on the array,
corresponding to the plateau observed in Figure 4c. Hence, R at
very low modulation frequencies (where the bubble has
sufficient time to reach a steady state and remain there until
the end of the cycle) and very high modulation frequencies
(where the bubble does not have enough time to dissipate,
resulting in the loss of the large R transients) would tend to the
same value. In this picture, the stepwise intensity decays seen in
Figure 4c are likely caused by abrupt bubble volume changes
caused by the ejection and occasional reabsorption of micro-
bubbles during the last part of the oscillating phase, when the
bubble is close to dynamic equilibrium with its surroundings.
To further investigate the correlation between R(f,,) and
particle displacement Ar(f,) in Figures 4a and 3d, we
performed flow simulations similar to those in Figure 2c¢ for
the asymmetric array pair. For a fixed irradiance and at thermal
equilibrium, the simulation results (Figure S9) show an increase
in directional lateral flow speed u by a factor ~10 for a change in
bubble radius from 0.5 to 1.2 um. Considering that the
Marangoni force Fy;, induced by a bubble and acting on the

. . . . oT .
surrounding fluid, is proportional to a—RZ, where ‘;—T is the
X

X
thermal gradient,”” this result can be interpreted as the
combined effect of the changing bubble size and the evolving
thermal gradient across the hemispherical bubble surface as the
radius increases. The simulation results can thus qualitatively
explain the observed variation in Ar(f,,) in terms of a positive
correlation between lateral flow speed u(t) and bubble radius
R(t) during the modulation frequency-dependent illumination
cycle. However, the magnitude of the effect seems far too small
to explain the large increase in particle displacement, by ~400%
between f,, = 1 to 100 Hz, seen in Figure 3d. The discrepancy
could be due to the assumption of thermal equilibrium in the
simulations, which thus neglect flow dynamics associated with
bubble nucleation, or it might indicate mechanical resonance
effects associated with the periodic injection of photothermal
energy into the system. Unfortunately, such time-dependent
dynamic effects are beyond the reach of our current simulation
capability.

H SUMMARY AND OUTLOOK

In this study, we demonstrated the potential of amorphous
silicon (a-Si) nanodisks as efficient photothermal heaters for
local water vaporization and microbubble generation using time-
modulated CW laser illumination. These microbubbles produce
strong Marangoni flows capable of displacing microparticles
over 40 ym in less than a second, double the distance achieved
with gold nanostructures, while operating at significantly lower
power densities than most previously reported systems. Finite
element method (FEM) simulations revealed that a-Si nano-
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disks generate higher localized temperatures compared to gold
nanostructures, but the heat remains confined, limiting
diffusion-driven bubble growth and enabling ultrafast bubble
modulation. We also demonstrated that the direction of
Marangoni flows can be dynamically controlled by adjusting
the heating laser’s position or by introducing asymmetry in the
nanostructure arrays. Furthermore, we showed that the
modulation frequency of the laser influences both the average
size of the nucleated vapor bubbles and the total displacement of
free particles, highlighting the intricate relationship among
thermal gradients, laser power density, and bubble dynamics.

Our findings establish a-Si nanodisks as a promising platform
for precise thermal and flow control in microfluidic systems.
Their localized heating capabilities make them highly suited to
studying microscale boiling and heat transfer processes. Future
work could leverage Raman thermometry to capture detailed
temperature distributions around the nanodisks, possibly
providing new insights into heat transfer dynamics during
bubble formation and growth. Further, our results underline the
need for more advanced simulation methodologies able to tackle
nonequilibrium transient thermal and fluid phenomena,
including the bubble nucleation process. Future investigations
could also be directed toward alternative nanostructure designs
optimized for specific applications, such as targeted drug
delivery or chemical mixing. We hope that this study will
provide a foundation for further research and applications in
those directions.
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Video S1: Video graph of 1 ym PS beads driven across the
substrate surface near a pair of symmetric heating arrays,
when the laser focal point of the time-modulated Gaussian
laser beam is positioned on the left array; video plays at 21
fps, which is 1/3 of the original recording frame rate
(AVI)

Video S2: As Video S1, but the laser beam is positioned in
between the arrays (AVI)

Video S3: As Video S1, but the laser beam is positioned on
the right array (AVI)

Video S4: Video graph of 1 ym PS beads driven across the
substrate surface near a pair of asymmetric heating arrays;
video plays at 21 fps, which is 1/3 of the original recording
frame rate (AVI)

Video SS: Fluctuations in bubble appearance at a
modulation frequency of f; = 100 Hz and an intensity
of I = 0.8 mW/um?; video plays at 13 fps, which is 1/ of
the original recording frame rate (AVI)

Video S6: Bubble dynamics during a single heating cycle
at a modulation frequency of f,, = 1 Hz and an intensity of
I,=0.2 mW/um?; video plays at 9 fps, which is 1/10 of the
original recording frame rate (MP4)
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