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ABSTRACT: When an Au nanoparticle in a liquid medium is
illuminated with resonant light of suﬃcient intensity, a nanometer
scale envelope of vapora “nanobubble”surrounding the
particle, is formed. This is the nanoscale onset of the wellknown process of liquid boiling, occurring at a single nanoparticle
nucleation site, resulting from the photothermal response of the
nanoparticle. Here we examine bubble formation at an individual
metallic nanoparticle in detail. Incipient nanobubble formation is
observed by monitoring the plasmon resonance shift of an
individual, illuminated Au nanoparticle, when its local environment changes from liquid to vapor. The temperature on the
nanoparticle surface is monitored during this process, where a
dramatic temperature jump is observed as the nanoscale vapor
layer thermally decouples the nanoparticle from the surrounding liquid. By increasing the intensity of the incident light or
decreasing the interparticle separation, we observe the formation of micrometer-sized bubbles resulting from the coalescence of
nanoparticle-“bound” vapor envelopes. These studies provide the ﬁrst direct and quantitative analysis of the evolution of lightinduced steam generation by nanoparticles from the nanoscale to the macroscale, a process that is of fundamental interest for a
growing number of applications.
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back into the solution and, as long as it is illuminated, repeats
the process. Clearly an essential step in this process is the initial
formation of a vapor layer around the illuminated nanoparticle.
Noble metal nanoparticles, when illuminated at a wavelength
corresponding to their plasmon resonance, can serve as highly
eﬃcient localized heat sources at the nanometer-length
scale.3−18 This is a unique and well-established property that
has enabled numerous applications across a range of ﬁelds
including energy,19−21 chemical catalysis,4,8 protein imaging,10,12 and biomedicine.14,17 Several studies have also
investigated bubble and vapor formation in ensembles of
metallic nanoparticles under continuous-wave (CW) and
pulsed laser excitation.3−5,13,16,22,23 Despite these studies, the
precise properties of the liquid−vapor phase transition at the
nanoparticle surface, such as temperature, internal pressure, and
size of the vapor envelope the “nanobubble”formed upon

ecently it was demonstrated that metallic nanoparticles,
suspended in liquids and illuminated by focused sunlight,
can produce steam with remarkably high eﬃciency.1 More than
80% of the power absorbed by the nanoparticles resulted in
vaporization, while less than 20% of the absorbed power went
into heating the liquid.1 This result, occurring at a very low light
intensity threshold (∼106 W/m2), has stimulated signiﬁcant
interest in the fundamental aspects of this process as well as its
possible technological applications.2 To develop and optimize
this eﬀect for applications, which range from medical and waste
sterilization to water puriﬁcation and distillation, it is crucial to
develop a fundamental microscopic understanding of the
vaporization process. Although no microscopic theory was
proposed to explain the measured eﬃciencies, the authors
noted that the results were consistent with a very simple model
where a vapor envelope nucleates around each individual
illuminated nanoparticle. The nanoparticle/vapor bubble
complex expands under further illumination, eventually
achieving buoyancy, moving toward the liquid/air interface
and releasing the vapor, after which the nanoparticle reverts
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resonant laser excitation have not been investigated. Quantifying these properties at the single nanoparticle level is crucial for
understanding the vapor generation process.
In this Letter, we investigate plasmon-induced vapor
generation from an individual nanoparticle deposited on a
substrate. We combine dark-ﬁeld scattering measurements of
localized surface plasmon resonance (LSPR) shifts with surfaceenhanced Raman scattering (SERS)-based temperature measurements on individual, illuminated Au nanoparticles. These
nano-optic probes were performed during controlled resonant
laser excitation at incident intensities both below and above the
threshold required to induce local vapor formation. This
combination of local optical measurements at an individual
nanoparticle allows us to determine several key microscopic
parameters of this system, such as the nanobubble radius
around the nanoparticle surface, the internal nanobubble
pressure, the nanoparticle surface temperature, and their
dependence on incident light intensity. For dense nanoparticle
coverages and with further increases in incident light intensity,
we observe the formation of micrometer sized bubbles due to
the coalescence of nanobubbles centered on adjacent nanoparticles. We quantify the energetics of macroscopic bubble
formation based on the incident laser power and the areal
density of nanoparticle nucleation sites. This series of
experiments provides a detailed picture of the light-induced
steam formation process by resonant excitation of metallic
nanoparticles which will be useful for the development and
optimization of applications of this unique phenomenon.
Gold nanoparticles were chemically synthesized and then
immobilized with an ultrathin layer of poly(4-vinyl pyridine)(PVP) onto a transparent dielectric substrate at the bottom of a
microchamber (Figure 1a). These nanoparticles were dispersed
onto the substrate surface at a very dilute areal coverage,
nominally 1 nanoparticle/100 μm2 (Figure 1b shows a SEM
image of a sample of deposited nanoparticles at signiﬁcantly
higher areal density, for visualization purposes; more details in
the Methods section). The microchamber was designed to be
optically probed by dark ﬁeld microscopy (for LSPR spectroscopy) during simultaneous illumination by a CW “heating”
laser beam. The CW resonant heating laser also served as the
Raman pump laser for SERS studies of the heating of the
nanoparticle surface. The microchamber could be evacuated for
studies in ambient air or ﬁlled with Deionized (DI) water.
Dark-ﬁeld optical microspectroscopy24,25 was used to detect
changes in the individual nanoparticle LSPR scattering
spectrum upon resonant laser illumination (Figure 1c). The
measured LSPR spectrum in air was found to peak at 563 nm.
When the microchamber was ﬁlled with DI water with a
temperature of 20 °C, the LSPR was observed to redshift to
598 nm. The redshift of 35 nm is in good agreement with the
redshift obtained from a Mie calculation for the same particle
embedded in air compared with that in water at 20 °C (ε =
1.778). During laser illumination while the nanoparticle was
surrounded by water, however, the LSPR was observed to
blueshift to 581 nm. The observed shift implies a decreased
refractive index of the medium directly surrounding the
nanoparticle, which we interpret as resulting from a water
vapor envelope surrounding the nanoparticle.
The incident light intensity threshold for the blueshift of the
LSPR is approximately 2.5 × 1010 W/m2, which is much larger
than the light intensities used in the nanoparticle-enabled solar
steam generation experiment. A likely reason for this diﬀerence
is that the presence of the substrate forces a nonspherical shape

Figure 1. Light-induced generation of a nanobubble at a single
nanoparticle surface. (a) Schematic showing illumination and
plasmonic heating of an individual Au nanoparticle on the transparent
glass substrate ﬂoor of our ﬂuidic microchamber. (b) Scanning
electron microscope (SEM) images of a sample with a dense coverage
of Au nanoparticles randomly distributed on the glass substrate and a
typical nanoparticle (inset). (c) Scattering intensities of a single 100
nm diameter nanoparticle in air (black), water (blue), and an envelope
of water vapor produced by laser illumination (red). The blueshift
corresponds to formation of a ﬁnite vapor envelope of nanometer scale
thickness around the nanoparticle. Spectra are shifted vertically for
clarity. The red curve corresponds to a vapor envelope thickness of 6.5
nm. (d) Dependence of nanobubble-induced LSPR blueshift on Au
nanoparticle diameter, with a maximum shift observed for a
nanoparticle diameter of 100 nm. The error bars represent the
nanoparticle-to-nanoparticle variation in the LSPR blueshift observed
for a set of several (<10) nanoparticles. The incident laser power at
532 nm was 25 mW focused to a 1 μm diameter spot.

for the nascent vapor bubble. The increased curvature of the
vapor bubble near the nanoparticle/substrate interface should
result in substantially increased surface tension, making bubble
formation in this geometry far more diﬃcult than for an
isolated nanoparticle suspended in solution. Other eﬀects that
could be present for nanoparticles suspended in solution, such
as multiple scattering and collective ﬁeld enhancement eﬀects,26
may also reduce the energy threshold for an isotropic geometry
relative to a substrate-bound structure.
When illuminated by a CW laser, an Au nanoparticle is
heated due to nonradiative plasmon decay. For low incident
laser power, heat from the nanoparticle is transferred into the
surrounding solution, resulting in a steady-state thermal
gradient.6 At higher incident powers (25 mW and above), a
thin layer of surrounding water vaporizes and forms a
nanobubble which provides a thermal barrier, reducing
subsequent heat transfer into the surrounding solution. The
size of the nanobubble is determined from a simple energy
balance: the bubble expands until the power dissipated into the
liquid becomes equal to the power absorbed by the
nanoparticle from the incident laser light. The observed
1737
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Figure 2. Temperature at the Au nanoparticle surface during the steam generation process. (a) Power dependence of the Au−S Stokes (black dots)
and anti-Stokes (blue squares) mode amplitudes at |390| cm−1 for a pMA-coated single Au NP (100 nm diameter) as a function of incident laser
power. (b) Temperature obtained from the mode amplitudes in a and eq 1, as a function of incident pump laser power. Error bars in panels a and b
indicate the uncertainty in the signal due to the low anti-Stokes signal levels in this range of incident laser intensities. (c) Time dependence of Stokes
(black dots) and anti-Stokes (blue squares) signals with 25 mW laser excitation. A large intensity jump occurs after 60 s of laser excitation. (d)
Temperature jump obtained from the mode amplitudes shown in c and eq 1 occurring after 60 s of 25 mW laser excitation. The 532 nm light was
focused on a 1 μm diameter spot.

illuminated particle, the light-induced heating power is a
product of the incident light intensity by the absorption crosssection. For the optimal nanoparticle size of nominally 100 nm
diameter, the laser induced heat generation in each particle is
∼5 × 10−4 W. The reason for the reduction in blueshift for
large nanoparticles is phase retardation with increasing size.
The error bars reﬂect variations in the resonance blueshift
measured for diﬀerent particles with the same nominal size,
which we attribute to the size and shape variation of chemically
synthesized Au nanoparticles in each size range. This variation
suggests a sensitivity of the steam nucleation threshold to
details of nanoparticle morphology.
To directly measure the temperature at the nanoparticle
surface during the bubble formation, we performed SERS on
individual 100 nm diameter Au nanoparticles. The nanoparticles were functionalized with a monolayer of para-

blueshift of the LSPR is far too large to be consistent with
merely heating the surrounding liquid: for a gold nanoparticle
of an equivalent size immersed in 100 °C water ambient, only a
3 nm blueshift would be observed (Figure S1, Supporting
Information).
The rate of plasmon-induced heat generation in a nanoparticle is proportional to its optical absorption cross section
multiplied by the incident optical intensity.3,4 Since the
absorption eﬃciency (absorption cross-section divided by the
nanoparticle cross-section πRNP2) varies with nanoparticle size,
the dependence of the blueshift on nanoparticle size was also
investigated (Figure 1d). A maximum blueshift of 18 nm was
detected for Au nanoparticles of 100 nm, decreasing quite
strongly for both smaller and larger nanoparticles. This trend
clearly shows an optimal nanoparticle size for steam generation
at 532 nm (see Figure S2, Supporting Information). For each
1738
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state temperature of 465 K, deduced from the Raman spectra,
corresponds to the nanoparticle temperature, since the pMA is
bound to the Au surface. Because this temperature is measured
independently from the LSPR experiment and is signiﬁcantly
lower than the temperature onset of 647 K for spinodal
decomposition of water, we do not believe that the measured
LSPR shift is due to a local phase change of the water. The
LSPR probing depth around a nanosphere of 100 nm only
reaches a few tens of nanometers beyond the nanoparticle
surface. Thus the measured LSPR shift cannot be explained by
a large spinodal phase bubble with a weakly reduced refractive
index but instead requires a substantial reduction of the
refractive index in the immediate vicinity of the nanoparticle
surface. Both of these observations support our conclusion that
a vapor layer surrounds the nanoparticles.
A schematic of the system is shown in Figure 3a (for
simplicity, the substrate is neglected). When the surface

mercaptoaniline (pMA, 0.3 nm thick), shown previously to
yield a robust SERS signal from individual nanoparticles under
resonant laser pumping.11 The SERS measurements were
performed in the water-ﬁlled microchamber.
Optical vibrational pumping was observed, showing an
evolution of the Raman response of the system as a function
of incident laser power (Figure 2) (the Stokes and anti-Stokes
Raman spectra are shown in Figure S3). While several spectral
peaks were observed in the Stokes spectrum, our analysis
focused on the 390 cm−1 mode, which corresponds to the Au−
S stretching mode associated directly with the chemical bond
between the adsorbate molecules and the Au nanoparticle
surface. A quadratic dependence of the anti-Stokes intensity on
incident power is observed, as expected in the optical pumping
regime (Figure 2b).27 A temperature was extracted from the
ratio of the Stokes and anti-Stokes intensities for this vibrational
mode using11,15,18
⎛ E0 + Eph ⎞4 ⎛ Eph ⎞
IAS
⎟⎟ exp⎜ −
= A⎜⎜
⎟
IS
⎝ kBT ⎠
⎝ E0 −Eph ⎠

(1)

where IAS and IS are the anti-Stokes and Stokes Raman
intensities for the mode, E0 and Eph are the photon and phonon
energies, respectively, and A is a correction factor that accounts
for the ratio of cross sections for Stokes and anti-Stokes Raman
scattering.
At low incident laser power (1 mW), the temperature
obtained, assuming A = 1, was 289 K, corresponding within
experimental error to the ambient temperature of the water
prior to laser illumination (290 K). We therefore assumed that
the cross sections for Stokes and anti-Stokes scattering are
similar and set A = 1 for our subsequent analysis, which is
reasonable since both Stokes and anti-Stokes cross sections are
described by the same matrix element. Stokes and anti-Stokes
spectra were obtained from the nanoparticle as incident laser
power was increased, and the integrated areas of the 390 cm−1
mode peaks were converted to eﬀective temperatures using eq
1 (Figure 2b). The temperature at the nanoparticle surface
obtained in this manner was observed to increase smoothly and
reversibly from 289 to 379 K (±20 K) with increasing laser
power. This reversibility implies that, within this temperature
range, the temperature of nanoparticle surface responds directly
to the incident power, without any delay eﬀects or hysteresis
that would indicate a phase transition such as the formation of a
vapor envelope around the nanoparticle, or a change in
nanoparticle morphology or surface chemistry.
When the incident laser power was increased to 25 mW,
corresponding to the threshold for nanobubble formation
inferred from the LSPR shift, the Raman spectra exhibited large
changes in intensity. Both the Stokes and anti-Stokes intensities
for the 390 cm−1 vibrational mode exhibit a dramatic jump after
60 s of illumination at this power level (Figure 2c). From the
Stokes and anti-Stokes data and eq 1, we see that the observed
spectral changes correspond to a rapid temperature increase
from 400 to 465 K (±3 K) (in this regime of higher pump
power levels, the error bars are within the symbols used to plot
the data). This rapid temperature increase is consistent with the
formation of a thermally insulating thin vapor layer around the
nanoparticle. Once this initial layer is formed, the temperature
of the nanoparticle and its surrounding vapor will increase until
a new steady state determined by an energy balance between
the incident power and the heat ﬂow across the vapor/water
interface of the vapor envelope, is reached. The ﬁnal steady-

Figure 3. Nanobubble theoretical modeling. (a) Schematic of
nanobubble formation around a nanoparticle under 532 nm resonant
laser illumination. The nanobubble is a dielectric spacer layer of outer
radius RB between the nanoparticle surface (with radius RNP) and the
surrounding water medium. (b) Simulated heat-source density for an
illuminated 100 nm diameter Au nanoparticle immersed in water.
Light is incident along the z axis and linearly polarized along y. (c)
Near-ﬁeld intensity enhancement for a 100 nm diameter Au
nanoparticle in water, relative to incident ﬁeld intensity, under the
same incidence and polarization conditions as in b. (d) Mie calculation
of the scattering cross sections for a 100 nm diameter Au NP in air
(black), surrounded by a steam bubble with outer radium RB = 60 nm
(red), and in water (blue). The simulation for the steam layer is in
good agreement with the experimental observations in Figure 1c.

plasmon of the nanoparticle is excited by a laser, a part of
the incident energy dissipates elastically into scattered photons,
while the remainder results in heat. The calculated heat source
density, that is, the generated heating power per unit volume
for a 100 nm diameter Au nanoparticle, immersed in water and
illuminated by a linearly polarized plane wave with the incident
E ﬁeld along the y axis, is shown in Figure 3b. The “hottest”
regions are at the “north” and “south” poles where the plasmon
1739
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The CCR approach does not depend on the balance between
the heating power and the dissipated power and thus is
independent of the complexity of combinations of various heat
transfer channels (through water, glass, convection, etc.).
Instead, the CCR approach depends on only one unknown
parameter: the bubble size which has been directly determined
from our LSPR experiments. With the nanobubble radius
determined, the temperature and pressure of the conﬁned
steam within the nanobubble can be estimated as follows. We
assume that the system reaches steady state after bubble
formation, as suggested in Figure 2c and d. At equilibrium, the
Laplace pressure due to the surface tension at the water-steam
interface is balanced by the vapor pressure of the steam, which
is a function of temperature given by the CCR. Hence, we have
C exp(h/kBTs) = p0 + 2γ(Ts)/RB, where C is a constant, h is the
enthalpy of water evaporation, Ts is the temperature of
saturated steam inside the bubble, p0 is the atmospheric
pressure (1 atm), and γ is the surface tension coeﬃcient (see
Supporting Information, Text S1). The calculated steam
temperature Ts within the nanobubble is 464 K, with a
corresponding internal pressure of 1.49 MPa (14.7 atm). This
large pressure is essentially a consequence of the large surface
tension for a bubble of nanoscale dimensions. At this pressure
and temperature, the dielectric permittivity of steam is close to
1.0, consistent with the assumption made in the Mie calculation
of steam layer thickness.
The temperature of the nanoparticle can also be calculated
by applying Fourier’s law at the gold−vapor interface: Pabs =
Gg,sSNP(TNP − Ts), where Pabs is the power absorbed by the Au
NP, Gg,s is the eﬀective interfacial thermal conductance, SNP is
the surface area of the nanoparticle, and TNP is the NP surface
temperature. The temperature diﬀerence (TNP − Ts) is
estimated to be approximately 72 K from a gold-steam
interfacial thermal conductance of 275 MW/(m2 K) (see
Supporting Information, Text S1, for a detailed calculation),
resulting in an estimated nanoparticle surface temperature of
TNP = 536 K. The estimated average temperature of the
molecular layer at the gold−vapor interface then was found to
be 500 K, which is a bit higher but close to the 465 K obtained
from our SERS measurements. This diﬀerence is most likely
due to our neglect of the dielectric substrate, which serves as a
heat sink as compared with water. It is worth noting that the
analysis of the interfacial thermal conductance (Supporting
Information) is an essential step for ﬁnal determination of the
surface temperature of the gold nanosphere from the steam
temperature calculated in our approach. In fact, there are two
competing cooling rates: one controlled by the eﬀusivity of the
ﬂuid and one determined by the interface eﬀect as discussed by
Ge et al.32 Such a competition is very important for transient
temporal evolution of temperature, i.e., in a pulsed-laser
study.32 However, it is not relevant here because we use CW
laser illumination, and the system is in steady state after the
bubble is formed. In steady state, the heating power is balanced
by the power dissipated through ﬂuid eﬀusivity and heat
transfer across the interfaces. There is no need to consider the
competition between these two mechanisms since in a steady
state we are not interested in the cooling rates but the
temperature diﬀerence across the interface.
To study the transition from discrete nanobubbles localized
on their individual, parent nanoparticles to optically observable,
micrometer sized bubbles, the incident light intensity needs to
be increased above the 25 mW threshold and/or the
nanoparticle density on the substrate needs to be increased.

induced local currents are maximal. This is quite distinct from
the regions of the nanoparticle surface with the largest
plasmon-induced ﬁeld enhancements, which occur on the
sides of the sphere where the plasmon induced charge density is
maximal (Figure 3c). Although the heat source density is not
spherically uniform, the thermalization and heat diﬀusion in the
gold particle are extremely fast relative to the heat diﬀusion
through the steam and water, and thus we expect the metal
nanoparticle to be eﬀectively at a uniform temperature.
Since the observed LSPR blueshift of the nanoparticle is
smaller than that for an inﬁnite embedding medium of water
vapor, we can use this information to estimate the bubble radius
RB. Within an electrostatic dipole model,28,29 the redshift of the
dipolar surface plasmon resonance is proportional to the
relative permittivity change:
ε (eff) − εair
ΔλB
ΔεB(eff)
=
≡ B
Δλ w
Δεw
εw − εair

(2)

where ΔλB is the experimental redshift of the plasmon
resonance for a nanoparticle in a ﬁnite nanobubble, Δλw is
the redshift of the plasmon resonance in water relative to its
value for steam, Δε(eff)
is the permittivity increase for a ﬁnite
B
nanobubble relative to steam, and Δεw is the permittivity
increase for water relative to steam. The superscript “eﬀ”
denotes the eﬀective permittivity change experienced by the
nanosphere. Assuming the geometry depicted in Figure 3a, the
values of ε = 1.0 for steam (veriﬁed below), and ε = 1.77 for
water at room temperature, we performed Mie calculations30,31
to obtain theoretical scattering spectra for diﬀerent values of the
bubble radius. From comparison of the measured value of ΔλB/
Δλw = 0.51 (Figure 1c) to the calculated spectra, we deduce
that the thickness of the vapor shell around a single Au
nanoparticle is nominally 6.5 nm (RB = 56.5 nm) (see
Supporting Information, Figure S4). The LSPR measurement
provides strong and consistent evidence that a nanosize bubble
is generated. The spectral shift, calculated from Mie theory,
agrees with the experimental scattering spectra using the
concentric steam-water shell model where RB = 56.5 nm
(Figure 3d).
The conventional model for plasmon induced bubble
formation has recently been challenged.1 In the conventional
model, the temperature increase at the particle surface is
calculated as ΔT = σI/(4πkRNP), where σ is the particle
absorption cross section, I is the incident intensity, and k is the
thermal conductivity of embedding material.26 By considering
the presence of the glass substrate and using the thermal
conductivity (∼1.6 W m−1 K−1) of glass around 500 K, this
model leads to an estimated particle temperature of around 774
K. If the thermal conductivity of water is used, an even higher
temperature results, in direct conﬂict with the observed 465 K
from our Raman experiment. We notice that the calculation of
temperature in this model is based on energy dissipation by a
total conductive heat transfer process. However, it is wellknown that other heat transfer processes such as convection
can also increase the eﬀective thermal conductivity. Therefore
we speculate that the discrepancy between our measured
temperature and the result from the conventional model is due
to the neglect of ﬂuid convection. The conventional model
assumes a stationary ﬂuid and only conductive heat transfer.
Once the bubble is formed, there is an alternative approach
for determination of the temperature by using the equation of
state for saturated steam: Clausius−Clapeyron relation (CCR).
1740
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number of nanoparticles within the beam spot, a number which
grows as the inverse square of the interparticle separation. In an
isotropic environment we would anticipate that, for a speciﬁc
bubble radius (single-color contours of Figure 4c), the input
power would scale with the inverse square of the interparticle
distance. The data measured here deviates from that simple
scaling, most likely due to the additional loss introduced by the
nanoparticle substrate.
In conclusion, we have examined the phenomenon of lightinduced vapor generation at a plasmonic nanoparticle surface,
from the initial formation of a nanoscale vapor envelope around
an individual nanoparticle to the formation of micrometer-scale
bubbles due to coalescence of the expanded vapor envelopes.
Our single-particle studies of vapor generation enable a detailed
characterization of the size, pressure, and temperature of the
nascent nanobubble formed at a nanoparticle surface. The
combination of quantitative measurements at the single
nanoparticle level and rigorous analysis provides us with the
ﬁrst detailed picture of the vapor generation process at its initial
stages. Our approaches for characterizing vapor formation
should prove to be useful in the study of other local energetic
processes, such as catalysis and local chemical or materialgrowth reactions.
Methods. Sample Preparation. Au nanoparticles with
diﬀering diameters ranging from 30 to 200 nm (NanoXact,
Ted Pella, Inc.) were randomly dispersed and immobilized on
the microchamber bottom surface, which was functionalized
with poly(4-vinyl pyridine)(PVP). For single nanoparticle
detection, a transmission electron microscope (TEM) sample
grid was used to fabricate ﬁduciary marks by e-beam
evaporation. To prevent the inﬂuence from other Au
nanoparticles, the selected nanoparticle was the only one
found within the 10 μm × 10 μm sampling area. The
microchamber was fabricated using 3 M tape with a diameter of
1 cm and thickness of 80 μm. The chamber was sealed by a thin
glass cover slide. The temperature of the microchamber and of
the injected water was kept constant at 285 K. A thermograph
was used to monitor any temperature change during the
experimental measurements.
Experimental Setup and Measurements. The sample was
placed on a piezoelectric positioning stage (Nanonics Co.) held
by a xyz coarse adjustment stage (Newport Co.). A long
working distance (12 mm) objective lens (Mitutoyo NIR
100X) with a numerical aperture 0.5 was used to focus a 532
CW laser beam onto the Au NP at normal incidence. The focus
diameter was measured by moving a razor edge with the
piezoelectric positioning stage, assuming a Gaussian beam
proﬁle. A white light source (MI-150, Edmond Optics) was
used to illuminate the sample at oblique incidence. The darkﬁeld scattering signals passed through the same objective lens
and were detected by a monochromator (Acton SP2150, PI)
with a CCD camera (PIXIS400, PI). For the Raman
measurements, a monolayer of p-mercaptoaniline (pMA)
(∼0.3 nm) was bound to the Au nanoparticle surface, and
SERS measurements were performed with a microchamber
ﬁlled with pure water. The signal was recorded by a Raman
spectrometer (Acton SpectraPro2300i, PI) along the same
experimental optical path. Microbubble generation was imaged
using a CCD camera.

A time series of images under these new conditions, resulting in
the formation of a microbubble, is shown in Figure 4a. After

Figure 4. Coalescence of nanobubbles into micrometer-sized bubbles.
(a) Time series of microbubble generation. The nanoparticle areal
density is 3 × 108 cm−2 (average NP−NP separation ∼0.6 μm). (b)
Schematics depicting microbubble formation due to the coalescence of
neighboring nanobubbles produced on individual Au nanoparticles.
(c) Experimental diagram of the dependence of ﬁnal bubble size and
formation time on incident laser power and average nanoparticle
separation, where the color indicates ﬁnal bubble diameter (scale bar
on right). The 532 nm light was focused on a 5 μm diameter spot.

illumination (t = 10.6 s), a 1 μm bright spot (bubble) appears
in the image, and after t = 13.0 s it has expanded to a
microbubble of 10 μm diameter, with a volume encompassing
approximately 5000 nanoparticles. We believe that the origin of
the observed microbubbles is the coalescence of individual
nanobubbles centered on adjacent nanoparticles, as illustrated
in Figure 4b. With increasing light intensity, the radii of the
nanobubbles increase. If the interparticle spacing is suﬃciently
small, nanobubbles centered on adjacent nanoparticles will
touch and coalesce, resulting in the formation of a larger
microbubble encompassing several nanoparticles. Similar
attraction-and-coalescence has also been observed for microbubbles.
The ﬁnal size of the microbubble is a function of both
incident power and nanoparticle separation. This is shown in
the contour plot in Figure 4c, where the color map represents
ﬁnal bubble size as a function of these two parameters (the
incident laser spot size is 5 μm). This contour plot is a result of
an extended series of experimental measurements for multiple
interparticle distances and input laser powers (Supporting
Information, Table 1). Generally speaking, higher incident
powers (≥400 mW) and shorter interparticle separations (≤0.4
μm) result in a larger bubble size. We observe a strong
sensitivity to interparticle distance: for large interparticle
separations, only small microbubbles can be observed, even at
the highest laser powers. This reﬂects the fact that the total
energy absorbed within the laser spot of 5 μm is due to the total
1741
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