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ABSTRACT: Photothermal surface bubbles play important roles
in applications like microfluidics and biosensing, but their
formation on transparent substrates immersed in a plasmonic
nanoparticle (NP) suspension has an unknown origin. Here, we
reveal NPs deposited on the transparent substrate by optical forces
are responsible for the nucleation of such photothermal surface
bubbles. We show the surface bubble formation is always preceded
by the optically driven NPs moving toward and deposited to the
surface. Interestingly, such optically driven motion can happen
both along and against the photon stream. The laser power density
thresholds to form a surface bubble drastically differ depending on
if the surface is forward- or backward-facing the light propagation direction. We attributed this to different optical power densities
needed to enable optical pulling and pushing of NPs in the suspension, as optical pulling requires higher light intensity to excite
supercavitation around NPs to enable proper optical configuration.
KEYWORDS: gold nanoparticles, plasmonic heating, microbubble dynamics, optical force

■ INTRODUCTION
Surface bubbles generated by photothermal effects are playing
significant roles in a wide range of applications, such as
microbubble logics,1 vapor generation,2−4 cancer therapy,5−9

plasmon-assisted catalysis,10−13 and nanoparticle (NP) manip-
ulation14−18 and deposition.19−21 To realize the photothermal
effect, a light-absorbing substrate, such as silicon, thin-metallic
layer, and conducting oxide, is usually immersed in liquid to
convert optical energy into thermal energy.15,16,19 When the
light intensity is sufficiently high to raise the temperature of the
substrate above a threshold, a surface bubble can nucleate.
For photothermal conversion, metallic nanostructures are

among the most efficient transducers, as they can support the
surface plasmonic resonance to amplify the light intensity at
the metal/dielectric interface by orders of magnitude.22,23 In
addition, since the resonant wavelength of the surface
plasmonic resonance can be tuned by properly designing the
shape, spacing, and size of the metallic nanostructures at the
subwavelength scale, there have been systematic studies of
surface bubble formation with surface plasmonic resonance
(i.e., plasmonic surface bubble).11,24−30 Fundamental studies
have focused on the growth dynamics of the plasmonic surface
bubbles, revealing interesting physics about bubble oscillation,
vaporization, and gas expelling.31,32 With well-defined surface
photothermal heat flux, bubble nucleation time is found to be
inversely proportional to the concentration of dissolved air in
liquid.31,33,34 On the periodic metal nanostructures (i.e., pillar
or cylinder), it is observed that the laser power density

threshold for bubble nucleation depends on the number
density of the nanostructures.28,35 Overall, it has been known
that the photothermal bubble generation process at a surface
with plasmonic nanostructures is in principle similar to the
conventional pool boiling, where the predecorated substrate is
working as a heat source, as well as providing nucleation sites
for bubble nucleation.11,28,31−34,36−41

However, it has been reported that surface bubble can be
generated on optically transparent substrates when it is
immersed in plasmonic NP suspensions.20,21,30,42 While the
plasmonic NPs suspending in liquid can heat up the irradiated
volume of liquid when illuminated by a resonant light, there
are no light-absorbing materials on the surface that convert
optical energy into surface heating. The fundamental question
here is how surface bubbles can be formed with the absence of
direct surface heating source? In this work, we investigate the
origin of surface bubble generation in plasmonic NP
suspension on the transparent substrate. High-speed videog-
raphy reveals that the light-guided NP deposition on the
surface is a necessity for bubble nucleation, and it is the
scattering optical pulling/pushing force that drives such
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deposition. Interestingly, the thresholds of laser power density
to form a surface bubble by optical pulling force is much higher
than the pushing force due to that a supercavitating
nanobubble around the NP is required for optical pulling to
happen.43 These results reveal interesting physics leading to
photothermal surface bubble generation in NP suspensions.

■ RESULTS AND DISCUSSION
We first demonstrate that surface bubbles can be generated in
the core−shell (CS) NP suspension (concentration ∼ 2 × 1015

particles/m3) when the laser at the wavelength of surface
plasmonic resonance peak is focused on either the backward-
facing (BF) or the forward-facing (FF) surface with the optical
system29,30 shown in Figure 1a (see Supporting Information,
SI1, for details of experiments, and Supporting Movies M1 and
M2 for observations). To shed light on the mechanism of
bubble formation, we investigated the nucleation time as a
function of laser power density. The laser power density we
refer to in this work is the maximum of laser power density at
the center of the Gaussian beam for a given laser power. We
note that the nucleation time in this study is defined as the
time between the moment of turning on the laser and the onset
of nucleation. In the experiments, the onset of surface bubble
nucleation can be identified by observing the strongly scattered
light at the surface where the laser beam is focused on (see
Supporting Information, SI2). We note that the surface bubble
nucleation in NP suspension includes a NP deposition stage
after turning on the laser as discussed later. As a result, the
time interval between turning on the laser and the observation
of the strongly scattered light is the total time including NP
deposition and the nucleation of a surface bubble. We also
note that how bubble nucleation time is defined may vary in
different context. For example, on prefabricated plasmonic
substrates,31,34 the nucleation time is the interval between
switching on the laser and the onset of a giant vapor bubble. In
these cases, the giant bubble collapses within ∼200 μs,
followed by a subsequent oscillating bubble lasting for <2000

μs, which precedes the emergence of a stably growing vapor
bubble. Since our measured nucleation times are on the order
of 1−100 s, whether the onset of nucleation is chosen to be the
start of the initial giant bubble or the subsequent stable bubble
does not influence our analyses.
Our measurements show that the nucleation time can be

shortened as the laser power density increases (Figure 1b). At
the same time, however, it is found that at a certain power
density, the nucleation times of bubbles on the FF surface are
always shorter than those on the BF surface. We have also
noticed that the thresholds of the power density to form a
surface bubble in each of the two cases are drastically different.
For nucleation on the FF surface, the threshold is 0.35−0.38 ×
106 W/cm2, but for the BF surface, the threshold is much
higher, 1.00−1.04 × 106 W/cm2.
One mechanism that can potentially contribute to the

surface bubble formation in the NP suspension is volumetric
photothermal heating,29 where the CS NPs in suspension
absorb laser energy and heat up the laser-irradiated volume.
However, if the bubble formation is such a purely thermal
process, the nucleation dynamics would be similar for both the
BF and FF surfaces when the laser is focused on them,
respectively. Furthermore, if the surface bubble nucleation
depends on the local temperature of the surface, as that in pool
boiling, the threshold of laser power density for the bubble
nucleation on the FF surface would be higher than that on the
BF surface, since the laser energy is attenuated by the light-
absorbing NPs in suspension while reaching the FF surface
(see Supporting Information, SI3, for modeling details). Thus,
the photothermal volumetric heating cannot explain the
observed discrepancy in nucleation times on the BF and FF
surfaces.
Upon detailed analysis of the side view high-speed

videography, we observe that there are always CS NPs moving
toward the surfaces leading up to every bubble nucleation
(Figures 2a and b, Supporting Movies M3 and M4). In the
experiments, we track the positions of the glowing dots as a

Figure 1. (a) Schematic of the experimental setup to characterize the surface bubble nucleation on the backward-facing (BF) or the forward-facing
(FF) surface with respect to the laser propagating direction. (b) Nucleation time of surface bubble on the BF or FF surface as a function of the laser
power density. The laser power density thresholds of the two cases are identified with vertical lines. (c and d) Representative optical images of
nucleated surface bubble on (c) the BF surface and (d) the FF surface.
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function of time. As shown in the scanning electron
microscope image in our previous work, ref 44, these CS
NPs are deposited as isolated single NPs on the surface, which
excludes the possibility of aggregated NPs during their
motions. Therefore, one glowing dot corresponds to the
diffraction-limited scattered spot from a single CS NP in the
side view high-speed videography. When the laser power
density is low (<0.35 × 106 W/cm2), such NP motion along

the laser beam axis is not apparent, and there is no bubble
formation. When the laser is focused on the FF surface, NPs
moving toward the surface is observed when the laser power
density is above 0.35−0.38 × 106 W/cm2, and bubble
nucleation follows. When the laser is focused on the BF
surface, there are NPs moving toward the surface only if the
laser power density is above 1.00−1.04 × 106 W/cm2,
following which bubble nucleation is also observed. Such NP

Figure 2. (a and b) Dark field optical images of optically driven CS NPs moving (a) against the light propagation direction by optical pulling force,
and (b) along the light propagation direction by optical pushing force, as a function of time. The moving NPs are indicated by red arrows, and the
yellow arrows show the trajectory of the NP between two frames. (c) Schematic of a supercavitating CS NP that has an optical condition enabling
optical pulling motion.43,44 (d) Deposition rate of CS NP and (e) the average total number of CS NP deposited on surface prior to surface bubble
nucleation as a function of the laser power density.
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movements along the laser beam propagation direction are
observed within ∼50 μm from the surfaces, and they cannot be
driven by thermal convective flow, since it is vertical near the
walls of the upright cuvette (see Supporting Information,
Figure S3). These, thus, show that NP moving toward the
focused surface is a necessity for surface bubble nucleation.
Then the question is what drives such NP movements?
Our previous studies have found that CS NPs in a

suspension can be driven by scattering optical force originated
from the momentum exchange between incident photons and
the NPs.43−45 The photon stream in the laser beam usually
exerts an optical pushing force that drives the CS NPs to move
in the light propagating direction. However, as reported in
several previous works,44,46−52 plasmonic vapor nanobubbles
can be formed around the heated CS NPs irradiated by a
pulsed laser at the surface plasmonic resonance peak of the
NPs. This supercavitation (i.e., nanobubble encapsulating the
NP) can optically couple to the encapsulated NP to trigger the
“negative” scattering optical forces on the NP, leading to an
optical pulling force (Figure 2c), depending on the position of
a CS NP inside the nanobubble.43−45 The initial location of CS
NP inside nanobubble is stochastic because of Brownian
motion,45 as well as the stochastic nature of nanobubble
dynamics (nucleation and growth). As a result, only a portion
of the NPs which have locations inside the nanobubble
favoring negative optical force can achieve negative motion, as
discussed in detail in refs 43 and 44. In these conditions, the
laser beam can drive the CS NP to move against the photo

stream, and this is why some NPs are seen moving against the
light propagation direction toward the BF surface. We note, as
discussed in ref 44, since the supercavitating CS NP, which is
intensely heated by laser, can evaporate the liquid instanta-
neously during its motion to ensure that the NP is always
encapsulated in the vapor phase, the Marangoni stresses at
liquid−vapor interface is not important in influencing the
relative position of NP in nanobubble. Since such super-
cavitation needs relatively high laser power density to intensely
heat the NP, the pulling motion is not observed until a laser
power density threshold is reached. It is worth noting that the
fluence to create the supercavitating nanobubble for the CS
NP used in this work has been known to be ∼7 mJ/cm2,50

which is close to the threshold of the laser power density
(1.00−1.04 × 106 W/cm2, converted to fluence is 7.4−7.7 mJ/
cm2) to form the bubble on the BF surface. We also note that
once the threshold is met, the generated nanobubble size does
not change much as a function of NP temperature,45

suggesting that different laser powers will not significantly
change the probability of achieving optical pulling forces. On
the contrary, the CS NPs driven by the optical pushing force
can occur without the need of supercavitation. Therefore, we
see plenty of NPs moving toward the FF surface even with a
laser power density of 0.37 × 106 W/cm2. These facts lead us
to believe that it is such optical forces that drive the NPs to be
deposited on the surfaces, which then serve as the heating
source on the surface for bubble nucleation.

Figure 3. (a) Simulated incident laser power density profile, with the laser power density of 1.76 × 106 W/cm2 (corresponds to the laser power of
1W). (b) Calculated surface temperature rise (from room temperature) profiles in the NP deposition area under the laser power densities of (top
panel) 1.57 × 106 W/cm2 (corresponds to the laser power of 890 mW), and (bottom panel) 0.90 × 106 W/cm2 (corresponds to the laser power of
510 mW). (c) Left panel: Average surface temperature rise (with respect to room temperature). Right panel: Average surface heat flux of the NP
deposition area with different radii from laser beam center under different laser power densities. The circular area radii equal to 4, 6, and 8 μm are
depicted in panel b.
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To quantitatively investigate the relationship between the
optically driven CS NPs and the surface bubble formation, we
analyze the number of CS NPs moving toward and reaching
each surface prior to bubble nucleation with the high-speed
videography. It is found that the number of CS NP deposited
on the BF surface per unit time (i.e., deposition rate) is 1 order
of magnitude lower than that on the FF surface (see Figure
2d). This observation is reasonable as enabling the optical
pulling of a CS NP requires the presence of a encapsulating
nanobubble, and even with the supercavitation, the NP can
only experience optical pulling force when it is in a certain
region inside the nanobubble as previously studied in ref.44

This is in sharp contrast to the cases of optical pushing motion
that happens without the need of supercavitation. As a result,
there is a higher possibility that CS NPs undergo pushing
motion than pulling motion under laser irradiation, which
leads to the higher NP deposition rates on the FF surface.
Interestingly, the accumulated numbers of CS NPs deposited
on the BF and FF surfaces prior to bubble nucleation are
almost the same for a certain power density range (Figure 2e).
This strongly indicates that the bubble nucleation is due to the
surface heating provided by the deposited NPs via the
photothermal energy conversion. It also suggests that the
surface temperature history is not important to nucleation, but
it is the instantaneous photothermal heat flux and the local
temperature profile when sufficient NPs are deposited on
surface that trigger the bubble nucleation.
To investigate the thermal threshold to enable bubble

nucleation, we study the average surface temperature rise from
room temperature and heat flux of the area enclosing the
deposited NPs under a Gaussian laser beam irradiation (Figure
3a) using Monte Carlo simulations. The details of the
simulation can be found in the Supporting Information, SI4.
As shown in our previous work ref 44, the NPs are deposited as
isolated single NPs on the surface. In addition, based on the
simulations in our previous work,30 the optical hybridization of
these Au NPs, if any, does not significantly influence the
heating efficiency. Thus, in the simulation, the NPs are
modeled as single isolated ones. Taking the experimentally
measured numbers of deposited NPs prior to surface bubble
nucleation (Figure 2e) as the inputs, the Monte Carlo
simulation is used to produce 100 independent configurations
of randomly deposited NPs for each laser power density. For
each configuration, the resultant surface temperature profile
and heat flux for this laser power are calculated. At the power

density between 0.67 × 106 and 1.57 × 106 W/cm2, it is found
that there can be local hot spots with temperatures rise up to
∼1000 K, if multiple NPs are closely deposited (see Figure
3b). However, we believe the observed bubble nucleation is
not driven by these hot spots, which strongly depends on the
configuration of deposited NPs, since the numbers of
deposited NPs in each of the five runs of the same experiment
do not differ more than 10%. On the other hand, when we pick
five random configurations from the Monte Carlo simulation,
the chance to obtain such hot spots is very small. In another
word, the emergence of the hot spot strongly depends on the
spatial distribution of the deposited NPs. As a result, we
believe the bubble nucleation we observed is more related to
the average thermal condition of the surface.
We, then, investigate the average surface temperature and

heat flux in circular areas with different radii, as shown in
Figure 3c. The areas are defined as the circles centered at the
origin of the Gaussian beam profile (Figure 3b). Both the
calculated average temperature profiles and heat flux are within
the error bars of each other for different laser power densities,
and as the circle radius increases, the average temperature and
heat flux from different laser power densities further converge.
As seen in Figure 3c, the average surface temperature decreases
as the surface area increases for any power densities. It was
reported in ref 31 that the critical nucleation temperature of
surface bubble on predeposited plasmonic surfaces is ∼422 K
in gas-rich deionized water, which is very similar to our case. In
addition, ref 31 also showed that the diameter of a so-called
giant bubble, based on which nucleation was defined, is 10−20
μm in diameter. In Figure 3c, we can see that the average
surface temperature above 422 K would be from a radius of 9−
10 μm (i.e., a diameter of 18−20 μm), that is similar to the size
of the reported giant bubble. This at least supports that the
experimentally determined critical number of deposited NPs
prior to bubble nucleation can lead to the surface temperatures
high enough to form a surface bubble. These findings also
indicate that it is the surface heating effect from the deposited
NP that leads to the surface bubble nucleation in a NP
suspension. For a given laser power density, it is necessary to
accumulate sufficient NPs on the surface to reach the
nucleation temperature before a surface bubble can be formed.
When the laser power density is lower, more NPs need to be
deposited to convert the laser energy into heat to raise the
temperature to the critical value for bubble nucleation, and

Figure 4. (a) Optical images of the optical pushing motion of a solid spherical Au NP indicated by the red arrow. The focal plane of the laser is on
the FF surface. The time interval between each image is 20 ms. (b) Surface bubble nucleation time as a function of laser power density in the
pushing case of solid spherical Au NP.
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when the laser power density is higher, less NPs need to be
deposited to reach the same effect.
As a comparison, we also studied surface bubble nucleation

in a suspension of solid Au NP. Each of the spherical solid Au
NP has a diameter of 103 ± 10 nm. The concentration of the
solid Au NPs is ∼4.3 × 1015 particles/m3, and the dissolved air
level is the same as the CS Au NPs suspension (i.e., air
equilibrium). The higher concentration of this solid Au NP
suspension than the previous CS Au NP suspension (∼2.0 ×
1015 particles/m3)can avoid extremely long nucleation time
which may cause significant error in the results. We first focus
the laser on the BF surface, but we cannot observe any pulling
motion of the solid Au NPs or bubble nucleation even the laser
power density is increased to 1.85 × 106 W/cm2, the maximum
achievable in our experimental setup (Supporting Movies M5).
Because of the mismatch between the surface plasmonic
resonance wavelength of the solid Au NP (563 nm) and the
incident laser wavelength (800 nm), there is no significant
plasmonic heating effect, and thus, it is very difficult for the NP
to form supercavitation, which is essential for achieving the
optical pulling effect.43,44 However, we can still see robust
optical pushing motion of NPs when the laser focal plane is on
the FF surface (Figure 4a, Supporting Movie M6). This
pushing motion again results in the deposition of NPs on the
surface, and thus, surface bubbles can still be formed and grow
under the irradiation of the off-surface plasmonic resonance
laser beam (Supporting Movie M6). The bubble nucleation
time as a function of laser power density is plotted in Figure
4b. This experiment further confirms that the NP deposition is
a necessity for photothermal surface bubble formation in
plasmonic NP suspensions.

■ CONCLUSIONS
In conclusion, we have elucidated the mechanism of surface
bubble formation on a transparent bare quartz surface
immersed in plasmonic CS or solid Au NP suspension. The
forward- or backward-moving NPs driven by optical pushing or
pulling force can be deposited on the surface and then act as
surface photothermal plasmonic heaters on the transparent
substrate. There is a critical number of deposited NPs at a
given power density of the laser so that the surface heating
effect can allow the surface to reach a threshold temperature
for the nucleation of surface bubbles. Furthermore, bubble
nucleation on the BF surface is only possible if the incident
laser frequency coincides with the surface plasmonic resonance
peak of the NP since intense plasmonic heating is needed to
generate a supercavitationa necessity for optical pulling
deposition.
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