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Laser triggered and photothermally induced vapor bubbles have emerged as promising approaches to
facilitate optomechanical energy conversion for numerous applications in microfluidics and nanofluidics.
Here, we report an observation of spontaneously triggered periodic nucleation of plasmonic vapor bubbles
near a rigid sidewall with readily tuned nucleation frequency from 0.8 kHz to over 200 kHz. The detailed
collapsing process of the vapor bubbles was experimentally and numerically investigated. We find that
the lateral migration of residual bubbles toward the sidewall refreshes the laser spot area, terminates
the subsequent steady bubble growth, and leads to the repeatable bubble nucleation. A mathematic model
regarding the Kelvin impulses was derived. It shows that the competition between the rigid boundary
induced Bjerknes force and laser irradiation caused thermal Marangoni force on collapsing bubbles
governs the process. The model also leads to a criterion of y{ < 0.34 for repeatable bubble nucleation,
where y is the normalized distance and ¢ thermal Marangoni coefficient. This study demonstrates
nucleation of violent vapor bubbles at extreme high frequencies, providing an approach to remotely realize

strong localized flows in microfluidics and nanofluidics.

DOI: 10.1103/PhysRevLett.133.064001

Because of the enhanced plasmonic effect, laser irradiated
and water immersed noble metal nanoparticles can rapidly
produce a huge amount of heat and trigger the nucleation
of so called plasmonic bubbles [1-5]. These bubbles have
emerged in numerous innovative applications, including
cancer therapy [6,7], micromanipulation [8], nanoscale
propulsion [2—4], microfabrication [9], and ultrasensitive
detection [10]. The nucleation of plasmonic bubbles involves
rich physicochemical hydrodynamics [11,12]. Exploring
new phenomena during nucleation and growth of these
bubbles helps to expand their applications.

The nucleation of plasmonic microbubbles experiences
four sequential life phases [5,13]: an explosively growing
and rapidly collapsing giant vapor bubble [phase 1, here-
after referred to as initial plasmonic bubble (IPB)] [13,14],
an oscillating bubble (phase 2) [15,16], and two steadily
growing phases, phases 3 and 4, dominated by vaporization
and gas diffusion, respectively [5]. The ultrashort lifetime
(~10 ps) and extremely fast expansion speed of IPBs
(~20 m/s) indicate the possibility of remotely achieving
strong localized flows with modulation frequency up to
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hundreds of kilohertz [13,17,18], which will be astonishing
in lab-on-a-chip devices. These microfluidics-nanofluidics
devices normally operate with low Reynolds number
laminar flows, due to the huge area-to-volume ratios
[19,20]. As a result, there is a high demand of localized
strong flows to efficiently carry out various basic oper-
ations, such as mixing, pumping, sorting, and propulsion
[21-26]. However, as mentioned earlier, IPBs are inevi-
tably followed by the subsequent three life phases.
Exploring the possibility of sustained periodic nucleation
of IPBs without subsequent life phases is attractive.

In this study, we report an observation of spontaneously
triggered periodic nucleation of IPBs with a frequency f
over 200 kHz nearby a rigid boundary. We explore how the
competition between the Bjerknes force induced by rigid
boundary and the thermal Marangoni force determines
the migration direction of collapsing IPBs, which in turn
governs periodic bubble nucleation.

Experiments were conducted on water-immerged gold
nanoparticle (GNP) decorated substrates. In the experi-
ments, the substrates were irradiated by a continuous
wave laser of 532 nm wavelength near a fabricated
polydimethylsiloxane (PDMS) vertical sidewall. Images
were captured in an optical setup (Fig. S1 in Supplemental

© 2024 American Physical Society
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FIG. 1. Periodic nucleation of plasmonic bubbles near a vertical sidewall on a GNP decorated sample surface. (a) Temporal

evolution of radius R for 500 repeatedly nucleated IPBs in 5 ms, corresponding to a nucleation frequency f of 100 kHz. The inset
diagram illustrates the laser spot area nearby a vertical sidewall. (b) R — ¢ curve for five selected cycles from (a). (c) Nucleation
frequency f as a function of P, for IPBs obtained with different objective lenses. A maximum value of f = 218.4 kHz was achieved

at m = 20x and P; = 30.4 mW.

Material [27]) at a frame rate of 900 kfps. The radius R of
the nucleated plasmonic bubbles as a function of time ¢ in
5 ms is depicted in Fig. 1(a), as well as Fig. 1(b) of the
enlarged display for the selected area in Fig. 1(a).
Remarkably, we find that IPBs can repeatedly nucleate,
grow, and collapse at a frequency f = 100 kHz (see Movie
S1 as well as Fig. S2 [27] for the method to determine f).
This is clearly different from the case without the PDMS
vertical sidewall, where an IPB was followed by a steadily
growing plasmonic bubble (Movie S2, Movie S3, and
Fig. S3) [5,13]. The nucleation frequency f rapidly
increases with laser power P; [Fig. 1(c)]. As demonstrated
in Movie S4, different nucleation frequencies of 5.4,
9, 18, 39, and 80 kHz were obtained for P; values of
62.5, 67.6, 74.3, 99.0, and 112.3 mW, respectively, using a
10x objective lens. Moreover, by changing the magnifi-
cation m of the focusing objectives, f can be readily tuned
from 0.8 kHz to 218.4 kHz (m = 20x and P; = 30.4 mW).
This is about 2 orders of magnitude higher than what has
been achieved so far [23,24]. Since the lifetime of a
microsized vapor bubble is a few microseconds [36], this
submegahertz frequency is very close to the critical value
one can achieve for repeatable nucleation of microbubbles.

Figure 2(a)(i) and Movie S5 show sequentially captured
bottom view images of an IPB with a lifetime of 23.3 ps.
Note that the time in Fig. 2(a) is normalized by bubble’s
lifetime z.. The bubble first rapidly grows and reaches its
maximum size at around ¢/7, = 0.48 and then quickly
collapses. The lateral centroid position L, and corre-
sponding lateral displacement A = L, — Ly, of IPBs
were obtained. During its entire lifetime, A keeps changing
(Fig. S4 [27]). Near the end of the collapse period
(t/7.: 0.86 — 1), the bubble quickly moves toward the
sidewall. Bubble displacement at the moment of bubble
collapse is denoted as A,..

The observed migration of IPBs near the sidewall was
consistent with that obtained in a boundary integration
method (BIM) simulation [33,34], as shown in Fig. 2(a)(ii)

and Movie S6. For details of the BIM simulation, please
refer to the section The BIM simulation of bubble dynamics
in the Supplemental Material. For simplicity, the simulation
ignores the supporting substrate and focuses on the impact
of the sidewall on the dynamics of IPBs. The left and right
parts in each subfigure in Fig. 2(a)(ii) correspond to the
constructed pressure and velocity fields, respectively. It
clearly shows that the pressure asymmetrically distributes
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FIG. 2. Characterization of bubble motion near a vertical
sidewall. (a)(i) Sequential bottom view optical images of an
IPB near a sidewall along its entire life cycle. Ly,s and Ly, denote
the lateral distance of the centers of the laser spot and the IPB to
the sidewall, respectively, while A represents the displacement
of the collapsing bubble toward the vertical sidewall (scale bar:
40 pm, R # 90 pm, and Ly, = 100 pm). (a)(ii) Numerically
simulated temporal evolution of the pressure field (left) and
velocity field (right) around a vapor bubble near a sidewall.
(b) Bubble displacement A, at t/z. = 1 as a function of L, for
bubbles with different R, of 31, 40, 50, and 66 pm.
(c) 6 = A../Rpmax as a function of y = Lj,i/R ., for IPBs with
different R,,,,. The black solid line is from the BIM simulation.
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around the IPB, resulting in a net liquid pressure and,
consequently, the Bjerknes force [37-39] applied on IPBs.
As aresult, the IPB is significantly displaced from the laser
spot during the collapse period. This refreshes the sur-
rounding fluid field and makes it ready for the nucleation of
the following repeated IPBs.

To gain further insights in the process, L,; was system-
atically adjusted from 10 to 200 pm with a step size of
10 pm for IPBs with different R ,,.. The bubble displace-
ment A, (at ¢/, = 1) as a function of L, is depicted in
Fig. 2(b). Despite changed R,,, all bubbles exhibit a
similar trend. As L, decreases from 200 pm, A . first
increases, reaches a maximum value, and then decreases.
A, and L,,, were further normalized with respect to R, as
0= A,./Ruax and y = L,/ Rax. Interestingly, we find the
normalized curves collapse on each other for bubbles with
different R, and ¢ reaches its maximum value at y = 1
[Fig. 2(c)]. It implies that the influence of the Bjerknes
force diminishes as y exceeds 1. Additionally, the decreased
0 with decreasing y in the region of 1 > y > 0 is due to the
impact of water jets and the restriction of the nearby
sidewall. The observed 6 —y dependence was further
validated numerically using the BIM [black solid curve
in Fig. 2(¢)].

It is now evident that the collapsing IPBs can be
displaced nearby the sidewall. Figure 3(a) and Movie S7
depict how the sidewall changes the motion of three
typical IPBs of R, ®#42 pm as well as their residual
bubbles after IPB collapse. For an IPB with L;,; = 60 pm,
it moves toward the sidewall during the collapse period.
After that, its residual bubble rapidly moves toward the
sidewall. As a result, no bubble remains on the laser spot
and IPBs can be periodically nucleated on the laser spot
area. For an IPB with L;, = 110 pm, the influence of the
sidewall diminishes. The residual bubble moves back to
the laser spot area, leaving a tiny bubble nucleus there.
The third IPB nucleated on a GNP decorated substrate
without the sidewall (L, = o0). It collapses and leaves a
bubble nucleus in the laser spot area. In the latter two

(@) 60 . (b)

scenarios, the remaining tiny bubble nuclei initiate
the subsequent two steadily growing phases. As a
result, repeatable bubble nucleation cannot take place.
Therefore, the lateral distance Ly, is a key parameter in
governing the periodic nucleation of IPBs. L, should be
sufficiently small to ensure a strong Bjerknes force
and hence a large enough lateral displacement A, to
guarantee the periodic IPB nucleation.

Next, we further investigated the required lateral dis-
placement A, to trigger the periodic IPB nucleation. To do
so, probability maps of the periodic nucleation for IPBs
with different R, were constructed using 10x and 5x
objective lenses. An example of such maps is shown in
Fig. 3(b). It describes the ratio of periodic nucleation
durations to a specific value (50 ms in this case) at each
L, position in ten experiments. It is obvious that periodic
nucleation can successfully take place when L, < 90 pm
but ceases when L, exceeds 120 pm. The duration of
periodic nucleation rapidly decreases within the range of
90 pm < Ly, < 120 pm, which is taken as the transition
region (TR). We extracted A, for ten IPBs in the center
of the TR [Lj,, = 100 pm in Fig. 3(b)] and calculated
their average value A 1 as 15.5 pm. Inthe TR, y varies from
1.5t0 2.5. According to the curve shown in Fig. 2(c), § or A,
monotonically decreases with y in this range. Therefore,
A, 1r can be taken as the minimum A, value to guarantee
periodic IPB nucleation. This in turn determines a maximum y
value for periodic bubble nucleation. The value A . x
extracted from individual probability maps is shown in
Fig. 3(c). Interestingly, it clearly shows that A . tg remains
almost constant at 16.7 and 34.0 pm for the 10x and 5x
objective lenses, respectively, regardless of different R, ,,.
The reason for the constant A, g will be explained later.

One may wonder why the bubble with L;,; = 110 pm in
Fig. 3(a) first moves a considerable distance toward the
sidewall, then turns around, and eventually returns to
the laser spot area. Upon laser irradiation, the GNP
decorated sample surface rapidly produces a significant
amount of heat, resulting in a locally elevated temperature
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FIG. 3.

Correlation between residual bubble position and periodic bubble nucleation. (a) Bubble displacement A as a function of ¢ for

three IPBs with different Li,,. The inset shows the sequential optical images of the collapsing bubbles. (b) Probability map showing
periodic nucleation of IPBs by changing L, from 20 to 150 pm (R,.x = 50 pm). (c) Average value of A in the transition region (TR)

for bubbles with different R, ;.
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FIG. 4. Determination of regimes of repeatable bubble nucle-
ation. (a) A schematic diagram depicting the competition between
the sidewall induced Bjerknes force and thermal Marangoni force
applied on bubble around the laser spot area. (b) An exemplary
curve of Kelvin impulse I(z.) versus y at R, =40 pm and
P, =74 mW. (c) Determined regimes of periodic bubble nucle-
ation in a Ly,-P) two-dimensional parameter space. The symbols
represent experimental data and the solid curves are theoretically
determined boundaries of the periodic nucleation regimes.
(d) Normalized experimental data in a y — ¢ parameter space.
The solid curve is the theoretically predicted boundary of
repeatable and nonrepeatable regimes based on y¢ = 0.34.

field [11,40,41]. This creates a strong temperature gradient
and, consequently, a surface tension gradient along the
radial direction of the laser spot. As a result, thermal
Marangoni force applies to bubbles, competing with the
Bjerknes force, and pulling the off-centered bubble back to
the laser spot area, as illustrated in Fig. 4(a). Thus, the
motion dynamics of the residual bubbles after IPB collapse
depends on the relative strength of these two forces.

To reveal this competition mechanism, the Kelvin
impulse I(r) = [§ F(r)dr applied on IPBs was estimated.
Here, F(1) is the external net force. The Kelvin impulse can
be regarded as the momentum of a vapor bubble and is
used to determine its motion [33,37,42,43]. For simpli-
city, the dynamics of IPBs is approximated as a time-
varying point source or sink, represented by the volume
growth rate ¢(t) = 4zR*dR/dt = +4zR*{2(ps, — pv)/3p
[(Rmax/R)> — 1]}'/2 of IPBs, where p is water density, p,
and p, are saturated vapor pressure and atmosphere
pressure, respectively. In the equation, the bubble surface
velocity dR/dt was derived from the Rayleigh equation
(Py — Pso)/p = RA*R/df* + 3/2(dR/d¢)? [36]. The pos-
itive and negative sign correspond to the growth or collapse
phases of IPBs. For detailed derivation of ¢(7), please refer
to Supplemental Material [27].

Since the contribution of bubble migration to the velocity
potential is negligible, the source or sink is assumed to be at

a fixed position of L, relative to the sidewall [38]. Besides,
the temperature gradient VT is assumed to be constant and
is proportional to laser power [11,35]. The pinning force
between IPBs and the substrate is estimated to be approx-
imately 0.1 pN and is negligible compared to Bjerknes and
thermal Marangoni force (see Supplemental Material for
details [27]). Therefore, F(t) mostly includes Bjerknes
force and the thermal Marangoni force, and can thus be
given as F = pq(t)/16xL} — 2zR*VTdo/dT, where o is
the surface tension coefficient [37,44]. By substituting ¢(¢)
and F(t) into I(¢), one can obtain the expression of the
Kelvin impulse as

2p do
ma"\/6A oC ( R3 —VTC
9L2 PP = M\ |3 p 4T

2(1),
(1)

where Ap = po, — py, C1(t) = B,(7/6,3/2),and C,(1) =
B,(3/2,1/2) for 0 <t<17./2, Ci(t)=2B(7/6,3/2)—
B,(7/6,3/2) and C,(t) =2B(3/2,1/2) — B,(3/2,1/2)
for 7./2 <t <. Here, B(a,b) and B,(a,b) are com-
plete and incomplete beta functions, respectively, and
a = (R(t)/Ria)’.

The resulting Kelvin impulse /(z.) yields the directional
motion of vapor bubbles [37]. Here, an exemplary I(z.) — y
curve is depicted in Fig. 4(b). For a lower value of y, the
Kelvin impulse is positive, resulting in a Bjerknes force
dominated migration. As a result, residual bubbles migrate
toward the sidewall, enabling the periodic nucleation. In
contrast, for a larger y, the Kelvin impulse is negative. The
motion of the residual bubble is dominated by thermal
Marangoni force and hence moves back to the laser spot
area. The periodic bubble nucleation is then terminated.
At a specific value of y, the Kelvin impulse is zero, as
indicated by a purple star in Fig. 4(a). This condition is
called neutral collapse where IPBs do not exhibit obvious
directional migration [45]. It can also be treated as the
boundary of periodic nucleation regimes.

To validate the above theory, the regimes of the repeat-
able bubble nucleation in the P; — L,,, parameter space
were experimentally established, as shown in Fig. 4(c). In
the figure, the markers represent successfully triggered
periodic nucleation of IPBs in experiments for different
objective lenses of 5x, 10x, and 20x. The solid curves are
the theoretically determined boundaries of nonrepeatable
and repeatable regimes, corresponding to the neutral
collapse of IPBs. One can see that the experimentally
determined regimes of repeatable IPB nucleation match
well with the theoretically defined ones. For details of
theoretical calculations of the boundary curves, please refer
to “Theoretical boundaries of periodic bubble nucleation
regimes” in Supplemental Material [27]. For each objective
lens, IPB size decreases with increasing P, (Fig. S5),
leading to a reduced available range of L.
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By taking I(z.) = 0 in Eq. (1), the boundary between
the regimes of repeatable and nonrepeatable bubble col-
lapse defined by the neutral collapse of IPBs can be
theoretically determined. Remarkably, this leads us to a
simple expression as

1B(1/6.3/2)

" =\3BG/212)

~0.34, (2)

where ¢ = (VT /Apde/dT)'/? indicates the strength of
the thermal Marangoni force and hence is defined as the
thermal Marangoni coefficient. Equation (2) can be used
to predict whether the repeatable IPB nucleation takes
place or not. In the case of y{ < 0.34, the residual bubbles
migrate toward the sidewall, leading to the periodic
nucleation. In contrast, the residual bubbles move back
to the laser spot area when y{ > 0.34. The criterion
defined by Eq. (2) was further verified experimentally.
In Fig. 4(d), the green data points and brown data points
correspond to the repeatable and nonrepeatable IPB
nucleation, respectively. One can see that for IPBs
produced by different objective lenses of 5x, 10x, and
20x, the data points can be well segmented by the
boundary defined by y{ = 0.34. By using the criterion
defined by Eq. (2), the relationship between the criterial
lateral displacement of IPBs (A tr) and R, can be
theoretically determined (Fig. S6), which is consistent
with that shown in Fig. 3(d).

In conclusion, we report the observation of sponta-
neously triggered periodic nucleation of plasmonic
vapor bubbles with a tunable frequency from 0.8 to
over 200 kHz. The presence of a nearby rigid boundary
results in the symmetry breaking and hence the lateral
motion of residual bubbles during bubble collapse. This
refreshes the laser spot area, leading to the repeatable
nucleation of the vapor bubbles. A theoretical model of
Kelvin impulse was derived to unveil the underlying
mechanism of competition between the Bjerknes force
and the thermal Marangoni force. This further leads
to a simple criterion of y{ < 0.34 for repeatable bubble
nucleation, which is in a good agreement with the
experimental results. This work reveals the dynamics of
vapor bubbles near a sidewall in an uneven temperature
field and presents an efficient approach to implement
optomechanical energy conversion in microfluidics or
nanofluidics.
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