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lasmonic nanoparticles (NPs) are

known for their outstanding

photothermal’ ¢ and optical
scattering'’~'? properties. These properties
result from the interaction of NPs with opti-
cal radiation and the surrounding environ-
ment and are characterized through their
absorption and scattering cross sections, re-
spectively, which are well-studied as a func-
tion of the parameters of NP, environment,
and optical radiation.'>~ " Since such inter-
action usually occurs in some medium (en-
vironment), the secondary thermal and
hydrodynamic phenomena in such me-
dium may significantly influence the prop-
erties of NPs as optical probes and heat
sources. Short optical pulses and high-
energy excitation of plasmonic NPs create
transient and nonstationary thermal fields
with vapor—liquid interfaces that signifi-
cantly influence heat transfer from the NP
to its environment and create a strong gra-
dient of the refractive index. In addition, va-
por layers around NPs cause blue shifts
and attenuation of the extinction spec-
trum.?® The multifactor and nonstationary
nature of the radiation—NP—vapor—liquid
system complicates its experimental study
and theoretical modeling. Available thermal
models®'721724 are applicable mainly for
continuous excitation and stationary heat
transfer at low temperatures or for very
short laser pulses (femtosecond range), for
a limited number of shapes of NP, and for
temperatures that assume constant plas-
monic cross sections and are below the
boiling threshold for the environment. Mea-
suring a high transient temperature around
individual NPs in a two-phase medium can
be quite difficult if not impossible. Experi-
mental methods®2'~2 for monitoring the
transient temperature of NPs are applicable
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ABSTRACT We have used short laser pulses to generate transient vapor nanobubbles around plasmonic

nanoparticles. The photothermal, mechanical, and optical properties of such bubbles were found to be different

from those of plasmonic nanoparticle and vapor bubbles, as well. This phenomenon was considered as a new

complex nanosystem—plasmonic nanobubble (PNB). Mechanical and optical scattering properties of PNB

depended upon the nanoparticle surface and heat capacity, clusterization state, and the optical pulse length.

The generation of the PNB required much higher laser pulse fluence thresholds than the explosive boiling level

and was characterized by the relatively high lower threshold of the minimal size (lifetime) of PNB. Optical

scattering by PNB and its diameter (measured as the lifetime) has been varied with the fluence of laser pulse,

and this has demonstrated the tunable nature of PNB.

KEYWORDS: vapor nanobubble - photothermal - scattering - pulsed laser - gold
nanoparticle - plasmon resonance - vapor bubble

for sub-evaporation temperatures and for a
single-phase medium or are applicable only
to the suspension of NPs. These methods
cannot characterize the local and transient
effects of individual nanoparticles. Under
high temperatures and possible melting of
NPs and vaporization of its environment,
the photothermal and optical properties
cannot be predicted using “cold” optical
cross sections of NPs and thermo-physical
properties of the surrounding liquid.

We hypothesize that high-temperature
plasmonic interactions that involve local-
ized transient evaporation of the environ-
ment around NPs may create a new
“NP—vapor—liquid” system, whose ther-
mal, mechanical, and optical properties
would principally differ only from those of
the plasmonic NP. Previous studies of the
laser-induced bubbles focus on the phe-
nomena that do not involve plasmon reso-
nance as the bubble-generating mecha-
nism: optical breakdown,?¢~2°
photothermal effect, and ultrasound.>°3’
Although laser-induced macro- and mi-
crobubbles are extensively studied?”28363839 ¢ 2010 American Chemical Society
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Figure 1. Optical generation and detection of plasmonic nanobubbles: (a) gold NP in water is imaged with a low-power
probe laser beam (633 nm); (b) NP is exposed to a short pump laser pulse at specific fluence above (0.5 ns, 532 nm) that at
the first stage produces the vapor layer around heated NPs. (c) At the second stage when the pressure inside the vapor layer
exceeds the outer pressure, the vapor begins to expand into a bubble, which is detected with the two probe lasers (red
and purple): scattering by the bubble forms the image and the time response. (d) Bubble collapses at the end of its lifespan

(10—1000 ns).

and optical properties of acoustically and optically gen-
erated bubbles are well-recognized,**3! the mecha-
nisms of bubble generation (optical molecular absor-
bance on microscale, rarefaction, and optical
breakdown) do not provide the precise control of the
bubble parameters at nanoscale. The lack of control
over the bubble parameters may limit their important
applications where the bubble mechanical, thermal,
and optical impacts require precise tuning and control
at the nanoscale. Although the femtosecond laser mi-
crosurgery methods have a high precision of mechani-
cal impact,?%¥’40 such methods also require very precise
positioning of the laser beam waist relative to the tar-
get, and this limits the application of the femtosecond
methods.

Experimental studies of the bubble generation
around plasmonic NPs include several reports, some of
them being done with interesting
methods.>1314162341-44 However, these studies have
two limitations: the bubbles were not detected directly
or the individual NPs were not studied, and these limit
the accuracy of the data and the conclusions. Up to
now, the thermal, mechanical, and optical properties
of plasmonic NP-generated environmental vapor
nanobubbles have not been systemically analyzed.*>'*
In this work, we study the properties of NP-generated
transient environmental nanobubbles (that are, in fact,
the event, not a particle) as functions of the properties
of gold NPs (whose photothermal and optical scattering
properties are relatively well-characterized) and excita-
tion laser radiation. To distinguish the origin and the
scale of plasmonic NP-generated bubbles from nano-
particles and from vapor bubbles of other origin, we de-
fine them as plasmonic nanobubbles (PNB).

RESULTS AND DISCUSSION

Generation of Plasmonic Nanobubbles have been
studied around individual gold NPs in water by detect-
ing the time-resolved scattering images and time re-
sponses from individual NPs exposed to the single opti-
cal pulses. The bubbles were quantified by measuring
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their lifetime (Tpnp), bubble generation threshold flu-
ence (Epng), and the pixel amplitude of their scattering
images. The lifetime of NP-generated bubbles has pre-
viously been found by us to be nearly proportional to
the incident fluence for various types and sizes of inves-
tigated NPs.*~%8 Also, it was established by several
groups theoretically?®4°~>2 and experimentally?’-394°
that the vapor bubble lifetime is proportional to its
maximal diameter, which depends upon the energy de-
posited by the NP into the bubble nucleus and charac-
terizes its expansion/collapse dynamics. This allowed us
to use Tpyg as @ measure of the mechanical (hydrody-
namic) property of the PNB. Bubble generation thresh-
old fluence (Epng) Of the pump laser pulse describes
both the efficacy of the photothermal conversion by
NPs and hydrodynamic conditions of the bubble gen-
eration. It was defined as the minimal amount of the op-
tical fluence required to support the bubble expansion
around specific NPs.

We have studied the influence of the NP size, heat
capacity, and surface of the characteristic times of en-
ergy deposition (optical pulse length) and dissipation
(thermal relaxation time). The properties of gold NPs
employed (shells and spheres) were obtained from their
manufactures. The diameters of NPs were verified us-
ing scanning and transmission electron microscopes.
NP optical absorption and scattering cross sections
were calculated for specific shapes, dimensions, and
wavelength using previously verified Mie-based MAT-
LAB code' (see Methods and Materials). Individual gold
NPs (spheres and shells) in water were irradiated with
single pump laser pulses that caused water evaporation
around the laser-heated NP surface and the PNB gen-
eration (Figure 1). Heat capacity of the NP was varied by
replacing the gold sphere with the gold shell with the
same outer diameter, though having the thin layer of
gold outer core instead of solid gold interior. Duration
of optical exposure varied from 0.5 ns (dual laser system
STA-2H, Standa Ltd., Vilnius, Lithuania) to 10 ns (ND-
Yag laser LS2132, Lotis TII, Minsk, Belarus), and to con-
tinuous irradiation (Uniphase 4301, San Jose, CA), all at
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Figure 2. Optical pulsed side-scattering images of (a) three 250 nm gold spheres in water, (b) transient vapor bubble generated
around one NP positioned to the center of pump laser beam, (c) optical scattering time responses at the level of pump pulse flu-
ence (0.13 J/cm?) for 250 nm gold sphere (solid), 250/15 nm silica—gold shell (dotted line) and for the cluster of gold shells (dashed

line).

the same wavelength of 532 nm. This pump wave-
length has provided significant optical absorption by
all studies of NPs regardless of their aggregation state
or the position of the plasmon resonance peak. Despite
the near-infrared peak for plasmon resonance of gold
shells, their absorption cross sections at 532 nm were
found to be approximately 0.5—0.6 of its maximal value
at the resonance wavelength (as measured with extinc-
tion spectra and independently calculated; see also
the Methods and Materials). Gaussian pump laser
beams were collinearly focused into 14 um spot, and in-
dividual particles (located in microcuvettes) were posi-
tioned in the beam center (Figure 1). The fluence of
each pulse was calculated by measuring its diameter
at the 0.5 level of the fluence maximum (by imaging la-
ser pulse at the sample plane) and energy (by using cali-
brated photodetector). The diameter of gold NPs has
been varied from 10 to 250 nm. Pulsed probe laser (690
nm, 0.5 ns, Standa laser system) was applied at the de-
lay of 10 ns (relative to the pump pulse) for optical side-
scattering imaging of NPs and PNBs with high sensi-
tive digital camera (Luka, Andor Technology, Northern
Ireland). Continuous low-power probe beam at 633 nm
(model 1145P, JDSU, Milpitas, CA and Melles Griot 905A
stabilized laser) was directed collinearly with the probe
laser, and its side scattering was collected with a 60X
microscope objective with a numerical aperture 0.8 and
was monitored with a FPD510A photodetector (Thor-
labs, NJ) as a time response that has been used to mea-
sure Tpyg (at the 0.5 level of the maximal amplitude of
the response).

Optical scattering images of the NPs (Figure 2a),
the bubbles (Figure 2b), and time responses of the
bubbles (Figure 2c) were acquired for individual NPs us-
ing single pump pulses. Compared to the scattering im-
age of intact NPs (Figure 2a), Figure 2b shows a signifi-
cantly brighter image of one NP that was exposed to
the pump laser pulse (the two other NPs shown in Fig-
ure 2a were not exposed to the pulse). Simultaneously,
we have detected the bubble-specific time response
(Figure 2c).

First we have estimated the threshold fluence for on-
set of explosive boiling> of water on the NP surface.
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We have used the hydrodynamic model?? and the stiff-
ened gas equation of state®* parametrized for water
(see Methods and materials). The threshold fluence for
the onset of explosive boiling was estimated as a mini-
mal fluence for which the NP temperature reaches for
the thermodynamic critical temperature for water (that
is equal to 647 K*). This model has not been designed
to describe nanobubbles since the stiffened gas equa-
tion of state does not take into account any phase
changes and the thermal resistance of the NP—water
boundary, which may create an additional temperature
gradient at the boundary.”®>” However, the nanosec-
ond times considered in our study and a relatively big
size of NPs (compared to those analyzed in the cited
above models) may smooth the temperature jumps at
the NP—water boundary, and therefore, the NP surface
temperature should be close to that of water at the
boundary. Obtained estimates of the minimal laser flu-
ence that results in a vapor near the NP surface are pre-
sented in Figure 3. It should be noted that the actual
onset of the explosive boiling may occur even at lower
temperatures,**3°85% and therefore, our estimates
show the maximal fluence. For 250 nm silica core—gold
shells and solid spheres, they turned out to be close
(Figure 3). We have also considered the case of a NP
cluster, the group of closely located NPs, since the NP
aggregation into a cluster is a common case for many
applications. Plasmon properties of the NP cluster are
different from those of an individual NP. However, it is
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Figure 3. Observed thresholds for the bubble generation
(Epng) and estimated thresholds for explosive boiling around
single gold NPs (250 nm solid sphere and silica—gold shell)
and around shell clusters. Data are shown for a single excita-
tion pump laser pulse (0.5 ns, 532 nm).
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difficult to precisely calculate absorbance cross section
of the cluster and thus to estimate its temperature. For
this reason, we assumed that the initial heating of the
NPs in the cluster was similar to the case of nonclus-
tered NPs because the optical absorbance cross sec-
tion of the individual shell in the cluster and at 532 nm
should not significantly differ from that for a single
shell. This assumption can be additionally supported
by very broad absorption spectra of the employed NPs
(250 nm gold nanoshells) and by using an off-resonant
wavelength of 532 nm for their excitation. Such condi-
tions should be less influenced by their clusterization
compared to the case of using the laser wavelength
close to plasmon resonance and the NPs with a sharp
absorption peak. Spectroscopic studies of the water
suspensions of the shells employed have shown fur-
ther broadening of extinction spectra during their clus-
terization although without an apparent change of op-
tical density at 532 nm (not shown). Our previous
studies have shown the similar rule for the clusters of
gold spheres:%° NP clusterization has broadened the ex-
tinction spectrum and rather shifted the narrow peak
into the longer wavelength. On the basis of the above,
we have estimated the boiling threshold fluence for the
cluster as being the same as for a single shell NP (Fig-
ure 3). It was also very unlikely that the NP clusteriza-
tion might increase the temperature of NP surface upon
absorption of a laser pulse.

Experimental measurements of Epyg were based
upon the detection of the smallest vapor bubble
around an individual NP (Figure 2b,c). Such measure-
ments (performed simultaneously in image and in re-
sponse modes) returned much higher thresholds than
the above estimates (Figure 3). The measured Epyg and
calculated explosive boiling thresholds have yielded
significant gaps for all studied NP shapes and dimen-
sions. For example, for 250 nm gold spheres, the differ-
ence between the Epyg and the evaporation threshold
was about 1 order of magnitude (Figure 3). For another
type of NP—gold nanoshells, the observed Epyg has
been found to be almost 4 times higher than the
threshold for explosive boiling. Clusterization of the
NPs (clusters of 250 nm gold shells have been studied)
has shown further decrease of the Epyg relative to that
for single shells (Figure 3). This can be explained by the
formation of one joint vapor nucleus around all NPs
due to merging of their individual vapor layers when
all NPs are tightly coupled. In this case, the bubble
could start to expand from the nucleus having the size
of the cluster.

To clarify the nature of the discovered differences
in the boiling threshold and Epng, We have designed ad-
ditional experiments at the fluence level being close to
the Epyg. The amplitude sensitivity of the setup in the re-
sponse mode was increased by more than 1 order of
magnitude (by tight focusing the continuous probe
beam onto the NP and directing this beam collinearly
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with the pump beam). In this mode, we were able to de-
tect the smallest bubbles due to the scattering of the
probe beam by the bubble in all directions. Such scat-
tering decreased the intensity of the probe beam at the
photodetector resulting in a negative signal of PNB. Fur-
thermore, the sensitivity of this mode was sufficient
for detecting the heating of the water around the NP
(this caused an increase of the probe beam intensity at
the photodetector due to “thermal lens” effect). Tempo-
ral resolution was improved to 1.2 ns by using 600
MHz/5 G sample/s oscilloscope (X64, Lecroy Corpora-
tion) and the phototmultiplier tube module
(Hamamatsu H6780-20).

This modification has allowed us to precisely moni-
tor time responses around individual NPs in the transi-
tion range of pump laser pulse fluences (Figure 4). We
have studied individual 80 nm gold spheres in water.
At the subthreshold fluence, we have detected the re-
sponse (Figure 4a) that is typical for heating (front
length was about 1.5 ns and corresponds to the charac-
teristic thermal relaxation time of the NP) and much
longer tail that gradually approached the baseline
(about 2 ps, not shown in full) that is typical for the
cooling of the surrounding water due to thermal diffu-
sion. We would like to note that this signal has been ob-
tained for a single NP, not for an ensemble. With the in-
crease of the pump fluence (in very small increments),
we observed the mixed responses that indicated two
phenomena: heating and bubble generation (Figure
4b). The shortest detected bubbles have had a lifetime
of 9 = 1 ns. Further increase of the pump fluence re-
sulted in increase of Tpyg and in a total disappearance
of the heating-related response (Figure 4c) starting
from the Tpng Of 12—13 ns. The disappearance of the
“thermal” response indicated that the temperature of
the medium outside the PNB and after its collapse did
not alter from an ambient level. Therefore, the smallest
PNBs did not provide thermal insulation of the medium.
This may be explained by assuming that the signals as
shown in Figure 4b were caused by thin vapor layers
near the NP surface, and such layers did not prevent
heat transfer to the surrounding water. Simultaneous
monitoring of optical scattering from the same NP with
the pulsed probe laser has shown the attenuation of
the scattering by such small bubbles relative to the scat-
tering of the intact NP (Figure 5).

However, the increase of the Tpyg to 12—13 ns (and
corresponding increase of the maximal diameter of the
bubble) has resulted in the amplification of optical scat-
tering (Figure 5). Optical scattering properties of PNB
are considered in detail in the next section, and here we
focus on the mechanism of PNB generation. We have
plotted the Tpng (Measured as the duration of the PNB-
shaped response) and the bubble generation probabil-
ity (measured as the ratio of the PNB-shaped responses
to the total number of the studied NPs) as the function
of the pump laser fluence (Figure 5). Both parameters
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Figure 4. Time responses for single 80 nm gold nanoparticles (a—c) and molecular solution of Trypan Blue (d—f) obtained
with a single pump laser pulse (vertical dashed line) near the PNB threshold fluences. Two arrows in f show the deviation of
the after bubble signal from the baseline due to residual heating of the surrounding water.

have yielded a discontinuity at a specific fluence: no
bubble-specific signals were detected at lower fluence,
while at the fluence above the threshold level, both pa-
rameters increased with the fluence (readers inter-
ested in Tpyp Versus fluence functions for a wider ranges
of the pump pulse fluences and NP types and dimen-
sions may find such data in our previous
publications**°). This increase has started not from
zero but from the minimal threshold level (Figure 5).
We have studied 250 nm gold spheres and have found
similar results: minimal Tpng Was 9 = 1 ns and the func-
tion Tpyp versus fluence had similar step discontinuity at
the Epyg. This result has been observed for all studied
NPs (spheres 10—250 nm, shells 60 and 250 nm) and for
their clusters.

The discovered discontinuity of the Tpyg (and hence
of its maximal diameter) does not match classical un-
derstanding of the vaporization and bubble formation
near a heated surface that predicts gradual decrease of
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Figure 5. Dependence of the PNB lifetime (Tpyg, red) and
the generation probability (black) around single 90 nm gold
spheres upon the fluence of a single pump laser pulse (0.5
ns, 532 nm); vertical line separates the types of correspond-
ing time responses (Figure 4), and the horizontal line sepa-
rates the optical scattering effect.
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the bubble lifetime to zero with much lower fluence
threshold (as shown with the dashed red line in Figure
5). Such gradual decrease to zero lifetime was reported
before,®' even for the suspensions of gold NPs,*” and is
considered to be a general rule when the bubbles are
generated in heated medium. In contrast, our results
showed the existence of rather high fluence threshold;
furthermore, small bubbles seemed not to be “allowed”
to be generated around NPs even at the fluences that
are sufficient for vapor formation near the NP surface.

To further validate this assumption, we have per-
formed an additional experiment by replacing NPs
with homogeneous optically absorbing molecular solu-
tion of Trypan Blue. All experimental conditions were
identical. We have detected a heating—cooling type of
the response (Figure 4d). The sign of this response was
opposite to the NP case because much larger area was
heated (its diameter was several micrometers and was
determined by the cross section of the pump laser
beam). Then we gradually increased the fluence until
we have detected the bubble-shaped component in
the response (Figure 4e). The generation of the bubbles
in this case has a photothermal mechanism due to the
laser-induced heating of all of the medium. The minimal
duration of the component associated with the photo-
thermal bubble was found to be 1.6 ns (comparable to
the temporal resolution of the experimental set up) and
has gradually increased with fluence (Figure 4f) with-
out any discontinuities as were discovered for PNBs.
Therefore, we concluded that the mechanism of the
generation of PNBs is different from current under-
standing of the bubble generation and the evapora-
tion of water near the NP may not be sufficient for the
bubble expansion. Furthermore, small bubbles cannot
be generated around plasmonic NPs at the fluences
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Figure 6. Threshold fluences of pump laser pulse (0.5 ns,
532 nm) for the explosive boiling (+, calculated for spheres)
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tions of the diameter of gold NPs, solid line shows the
bubble generation threshold trend, dashed line shows the
trend for the ratio of explosive boiling threshold to bubble
generation threshold (right Y axis).

that correspond to the temperatures above the explo-
sive boiling threshold. Additional deposition of thermal
energy was apparently required to support the expan-
sion of the bubble. This feature of PNBs has apparently
increased the fluence and temperature thresholds for
the PNB generation relative to those associated with ex-
plosive boiling thresholds. For micro- and macroabsorb-
ers, the formation of vapor coincides with the begin-
ning of vapor bubble expansion (as shown in Figure 4e).
However, it appears that this rule does not work for
PNBs.

Since we consider the bubble as a hydrodynamic
phenomenon, the beginning of its expansion from the
vapor layer requires overcoming an outer pressure. At
the nanoscale and around the NP surface, such pressure
may significantly increase due to the effect of the sur-
face tension. Surface tension pressure is known to be in-
versely proportional to the radius of curvature of the
liquid—gas interface 52 %* and the decrease of a diam-
eter of the bubble nucleus (which can be roughly ap-
proximated by the size of the NP) from 10 pm (relatively
well-characterized case for the microbubbles) to 100
nm (case of nanobubbles) will cause a 100-fold increase
in the surface tension pressure. This additional pres-
sure can be estimated with Young—Laplace equation®?
and for 250 nm NP is about 11 atm. We have studied
this effect by varying the diameter of the NP. Obtained
results are shown in Figure 6 for gold spheres and
shells.

We have found that an increase of the NP diameter
from 10 to 80 nm (solid gold spheres) has lowered the
Epng by 18-fold. This may be attributed to the decrease
of the surface tension pressure as the latter is inversely
proportional to the NP diameter. For example, com-
pared to the flat surface, an additional pressure due to
surface tension around the 10 nm NP can be estimated
by 280 atm and for the 80 nm NP by 35 atm (8 times
lower than the 10 nm NP). At the same time, the esti-
mates of the evaporation thresholds (that also took into
account the change of optical absorbance cross sec-
tion of NPs with a diameter at the pump laser wave-
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length) have not shown a similar trend for the explo-
sive boiling threshold fluence (Figure 6) because this
threshold cannot be influenced by the surface tension
and depends upon optical absorption cross section and
thermo-physical properties of NPs and the NP—water
boundary. The 6-fold decrease of the explosive boiling
threshold (for 60 nm NPs versus 10 nm NPs) can be ex-
plained by the increase of the ratio of the absorption
cross section to the geometrical cross section of a NP
with the size (see Methods and Materials). Therefore,
the influence of NP size on the explosive boiling thresh-
old and on the Epyg Was significantly different. The in-
crease of NP diameter from 10 to 80 nm decreases the
explosive boiling by 6 times against 18 times for the
bubble generation.

On the basis of the known dependence of the sur-
face tension pressure of the liquid—vapor interface
upon the radius of such a surface,? we may assume
that overcoming surface tension pressure requires in-
creasing the pump laser fluence by almost 2 orders of
magnitude above the boiling threshold for small NPs.
As the NP size increases, the limiting effect of the sur-
face tension decreases. This can be seen from the analy-
sis of the ratio of explosive boiling threshold to the
Epng as a function of the NP size (dashed line in Figure
6). This ratio has gradually increased with the size of the
NP from 0.01 (for a 10 nm sphere) to 0.1 (for a 250 nm
sphere). We may expect that these two thresholds con-
verge for microabsorbers and microbubbles as it was
previously observed for evaporation and bubble expan-
sion at the microscale. Possible double-threshold mech-
anism of the generation of PNB and the limitation on
the minimal Tpyg (@and hence of its maximal diameter)
may be important in any application of photothermal
plasmonic effects associated with the two-phase tran-
sient conditions at the nanoscale.

The increase of the NP diameter above 80 nm has
caused some increase in the Epyg for the spheres (Fig-
ure 6): the Epyg for the 250 nm sphere was 1.3 times
higher than that for the 80 nm sphere. This reverse
trend may be explained by the effect of an increased
heat capacity for gold spheres. However, the increase
of the Epng Was not observed for the shells (Figure 6),
whose heat capacity was lower than that for the
spheres of the same diameter. The combination of big
diameter and low heat capacity of a 250 nm silica—gold
shell has provided the lowest level of the Epyg of 42 mJ/
cm? for individual NPs (Figure 6).

Another important property of NPs that influences
the Epyg is the NP heat capacity and the surface of heat
transfer between the NP and water. For three objects
presented at Figure 3, the ratio of the surface of heat ex-
change to the heat capacity gradually increased from
sphere to shell and from shell to shell cluster. The influ-
ence of these factors was analyzed in terms of Tpyg mea-
sured under identical excitation conditions (0.13 J/cm?).
Decrease of the heat capacity of an individual NP (shell
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Figure 7. Lifetimes of the PNBs (Tpyg) generated around in-

dividual NPs (gold spheres and shells of 60 and 250 nm di-
ameter) and around NP (shell) clusters at the fluence of the
pump laser pulse at 0.13 J/cm?.

versus sphere) and increase of the heated surface (shell
cluster versus individual shell) have significantly in-
creased the Tpyg that characterizes the maximal diam-
eter of PNB (Figure 7). We have found that under equal
conditions the shells of 60 and 250 nm diameters have
generated the PNBs more efficiently compared to solid
spheres of the same diameters. It should be noted that
the pump wavelength of 532 nm has much better
matched plasmon resonance for the spheres rather
than for the shells (the latter have a near-infrared plas-
mon resonance peak). Even despite this disadvantage,
the shells have provided the most efficient generation
of PNB as well as the lowest threshold fluences of PNB
generation.

NP clusterization has lowered the Epyg (Figure 3)
and has improved the Tpys (Figure 7). We assumed that
the clusterization might have caused the formation of
one joint vapor nucleus around all NPs due to merging
of their individual vapor layers when all NPs are tightly
aggregated. In this case, the bubble could start to ex-
pand from the nucleus with the size of the cluster. The
bubble generation from the nucleus with increased size
should have required less energy compared to that for
a single NP since an increased diameter results in lower
surface tension pressure. This explained the decrease
of the Epng, @s shown in Figure 3, and increase in Tpyp UN-
der identical excitation conditions, as shown in Figure
7. At the same time, the heat capacity of the NP clus-
ter should be smaller than that for the one solid sphere
of the same diameter as the cluster. Our previous stud-
ies have shown that the clusters of 30 nm gold spheres
were much more efficient for generating the nanobub-
bles than the single spheres of the diameter being
close to that of the cluster (250 nm solid spheres).*® It
is interesting to note that the time response of the
cluster-generated bubble has the same shape as the re-
sponse of the bubbles generated around an individual
NP (Figure 2c). Therefore, the cluster has acted as a solid
thermal source and has generated one bubble, not
many individual small bubbles around single NPs.

The next studied factor was the duration of optical
excitation that is related to the losses due to thermal
diffusion. We have studied this factor theoretically and
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TABLE 1. Influence of the Duration of Optical Excitation
(532 nm) on the Explosive Boiling and Bubble Generation
Thresholds (Epyg) and Lifetimes (Tpyg) for 250 nm Gold

Shells
continuous
duration of optical excitation 0.5ns 10ns (1005s)
Eoyg, J/cm? (measured) 0.042 = 0.009 0.4 =+ 0.04
explosive boiling threshold 0.013 J/em? 0.043 J/cm* 380 kW/cm?
(calculated)
ratio for explosive boiling 0.31 0.1
threshold/Epyg
Tong at 0.6 J/cm?, ns (measured) 690 = 138 65+ 12 0

experimentally for 250 nm shells (as the most photo-
thermal efficient NPs). Individual shells were exposed
to the single pulses of 0.5 and 10 ns and also to a con-
tinuous laser at the same wavelength (532 nm). Epyg has
significantly increased (by 1 order of magnitude) with
the increase of the duration of the laser pulse (Table 1).
Furthermore, continuous excitation during 10—100 s
at the intensity up to 30 kW/cm? (maximal available
from the laser) has yielded no bubbles at all around
single NPs. Estimated explosive boiling threshold was
found to be about 380 kW/cm? (calculation of the
threshold fluence for continuous excitation is described
in the Methods and Materials). Such intensity exceeds
damage thresholds for many substances, especially bio-
logical ones. This brings us to the conclusion that the
generation of the bubbles around the individual NPs is
not optimal with continuous lasers and requires rather
short pulsed excitation.

Observed effects of the laser pulse duration can be
attributed to the two processes: a thermal dissipation
and formation of a vapor bubble. Only the length of the
0.5 ns pulse was comparable to the characteristic time
of the thermal relaxation for 250 nm shells (0.4 ns ap-
proximately), and this pulse has provided the best con-
ditions for accumulating thermal energy around the
NP. Longer optical exposure time was accompanied by
significant thermal dissipation from the NP and had to
be compensated by the increase of the laser pulse flu-
ence so as to maintain the bubble generation tempera-
ture at the NP surface. This might have caused an in-
crease of the both thresholds: of explosive boiling and
of the Epyg (Table 1). However, these two thresholds
have responded differently: the ratio for bubble genera-
tion/explosive boiling thresholds has decreased from
0.31 (0.5 ns pulse) to 0.1 (10 ns pulse), as shown in the
Table 1. This can be explained by an additional screen-
ing (scattering) of the NP by the surrounding bubble,
which resulted in an additional decrease of the incident
pump fluence at the NP surface, which, in turn, in-
creased the fluence level required to support the
bubble generation. The emerging nanobubble created
additional losses of optical energy (of the pump pulse)
since it might scatter the incident pump beam* and,
additionally, might decrease an absorption cross
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Figure 8. Experimental (a) and theoretical (b) data on optical scattering by the PNB. (a) Optical scattering amplification co-
efficient as function of pump pulse (0.5 ns, 532 nm) fluence: hollow black circle, 250 nm shells; red circle, 250 nm spheres;
blue circle, 60 nm spheres; hollow orange circle, 60 nm shells; dashed vertical lines show the corresponding bubble genera-
tion thresholds. (b) Optical scattering amplification coefficient calculated as the function of the bubble thickness (the differ-

ence in radii of the PNB and NP).

section of the NP by lowering the refractive index of
the surrounding medium.? Since the time of the forma-
tion of the bubble nucleus is relatively short (about
0.05—0.1 ns*>435358) the above effects also indicated
that the photothermal efficacy of the NP was no longer
constant and depended upon the dynamics of the sur-
rounding bubble.

Explosive boiling threshold was found to be less sen-
sitive to the duration of optical exposure (Table 1). It
has increased by 3 times, not by 10 times as the Epyg.
This additionally shows that the formation of vapor near
the NP surface and the bubble generation are the dif-
ferent phenomena at the nanoscale. Another PNB
parameter—its Tpyg—Wwas obtained at the identical flu-
ence of the short and long pulses (Table 1). The 10-fold
shortening of Tpyg Under excitation with a long pump
pulse correlates with the increase of the Epyg. These re-
sults showed lower efficacy of longer pulse generation
of PNB. Furthermore, a vapor nanobubble may signifi-
cantly influence photothermal properties of plasmonic
NPs (located inside the PNB), and this effect requires fur-
ther detailed studies (that are beyond the scope of cur-
rent work).

Optical Properties of Plasmonic Nanobubbles are
related to their diameter and were analyzed with the
time-resolved side scattering imaging by using time-
delayed probe laser pulse (0.5 ns, 690 nm). Due to the
small diameters of NPs and bubbles, their scattering im-
ages represented diffraction-limited spots (Figure 2a,b).
Pixel image amplitude in the center of such a spot was
measured as /.. To quantify optical efficacy of the
nanoparticle-generated bubble relative to that of the
NP alone, we have analyzed optical amplification coef-
ficient Kymp:

Kamp = (Isc(t) - Ibc)/(lsc(o) - le1)

where t is the delay time of the probe pulse relative to
the pump pulse (10 ns) and zero time corresponds to
the scattering of an intact NP alone prior to its expo-
sure to a pump pulse, I, and /¢, are the background
pixel amplitudes. Subtraction of the background has
provided correct quantity comparisons of the experi-
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mentally measured levels of optical scattering. All data
were obtained under the fixed gain of the camera. Kymp
indicates an amplification or attenuation effect of the
bubble on optical scattering relative to that of gold NPs
and characterizes the relative sensitivity of the PNB as
an optical probe compared to that of the NP. In many
applications, it is also important to estimate the speci-
ficity of imaging. We defined the contrast coefficient
Kspec as the ratio of scattering image pixel amplitudes
obtained for the two different objects under identical il-
lumination conditions:

Kspec = (I1 - lbc1)/(l2 - Ibc1)

where the indexes 1 and 2 indicate the two different ob-
jects that were identically irradiated by the pump and
probe laser beams. The PNBs were generated with a
single pump pulse. Theirimage and time response were
obtained simultaneously. Figure 8a shows experimen-
tally obtained optical amplification coefficients as a
function of the pump fluence for the NPs of various di-
ameter and structure. Dashed vertical lines show the
thresholds for each NP. Both shells and spheres have
demonstrated quite similar attenuation of the scatter-
ing amplitude for subthreshold pump fluences. No
bubbles were detected under such conditions, and NP
scattering images were apparently dimmed during NP
exposure to the pump laser pulse. On the basis of the
estimated explosive boiling threshold fluences, we sug-
gest that the vapor layers were formed around heated
NPs though these layers were unable to expand into
bubbles due to the limiting action of surface tension.
These layers might have caused an observed attenua-
tion of optical scattering relative to that of NPs by shift-
ing plasmon resonances of gold NPs? (when water
was replaced by vapor) and through the destructive in-
terference of the incident and scattered probe laser ra-
diation. Our modeling of the scattering by NP in water
and by the NP surrounded by the vapor has shown simi-
lar attenuation effect for the thin vapor layer around
the NP (Figure 8b).

Further increase of the pump laser fluence has re-
sulted in apparent amplification of scattering (Figure
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Figure 9. Experimental (a) and theoretical (b) data on optical scattering by the PNB. (a) Pixel image amplitude of the bubble
measured as function of the bubble lifetime (Tpy3s); optical scattering amplification coefficient as function of pump pulse

(0.5 ns, 532 nm) fluence: hollow black circle, 250 nm shells; red circle, 250 nm spheres; blue circle, 60 nm spheres; hollow or-
ange circle, 60 nm shells. (b) Calculated optical scattering cross section of the nanoparticle—bubble system as a function of

the bubble radius.

8a). Amplification coefficients gradually increased with
pump laser fluence for all studied NPs, which can be ex-
plained by the effect of the bubble diameter: the higher
the fluence, the bigger the bubble, and thus the stron-
ger the scattering. We have previously studied the am-
plification effect in detail recently for gold spheres.®”%®
However, for shells, this effect was found to be even
stronger (Figure 8a), and this perfectly correlates with
the discussed above photothermal properties of the
shells; under identical fluences, the shell generated
much bigger bubble compared to that generated by
the sphere, so the shell—bubble system has yielded
higher optical amplification compared to the
sphere—bubble system.

Also, 60 nm particles have yielded much higher op-
tical amplification comparing to the 250 nm particles
for the same level of pump laser fluence (Figure 8a,
Table 2). This can be explained by lower initial levels of
scattering by the NPs alone (Table 2); for the 60 nm
NPs, they were 8—10 times lower than those for 250
nm particles, and hence, K,m, for smaller NPs was
higher. This experiment has shown that the sensitivity
of optical scattering imaging can be improved by 2 or-
ders of magnitude, and our calculations show that this
parameter can potentially increase up to 3 orders of
magnitude relative to the scattering of gold
nanoparticles.

Next, we have measured the PNB scattering image
pixel amplitudes as a function of Tpyg (Figure 9a) that di-
rectly characterizes maximal diameter of the bubble.
This process was modeled by calculating optical scatter-
ing cross sections of the PNB as the function of the
bubble radius (Figure 9b). We have noticed several in-
teresting trends: (1) There was a relatively good correla-

TABLE 2. Optical Scattering Properties of Gold NPs and
NP-Generated Bubbles

nanoparticle type gold spheres gold shells
NP diameter, nm 60 nm 250 nm 60 nm 250 nm
1(0), counts AN 440 = 58 2110 170 £ 83
Kamp at 0.13 Jem? 27 0.57 13 17

I at Toyg 175 ns, counts 2040 =289 1856 == 216 2087 == 261 1990 =+ 294
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tion between Tpyg and the amplitude of its scattering
image (the values of the Pearson correlation coefficients
were found to be 0.94 for 250 nm shells, 0.93 for 250
nm spheres, 0.86 for the 60 nm shells, and 0.85 for 60
nm spheres). (2) Experimental dependences of the
bubble image amplitude versus Teng (Figure 9a) showed
qualitative agreement with theoretically obtained de-
pendences of the bubble scattering cross section ver-
sus bubble diameter (Figure 9b). (3) Scattering image
amplitudes of the PNB almost did not depend upon the
NP size and type starting from the Tpyg of 25 ns (Figure
9b, Table 2).

Therefore, we conclude that the optical properties
of the PNB were determined by properties of the
bubble rather than by those of the plasmonic NP. This
result is in line with previously reported optical scatter-
ing properties of the bubbles that were acoustically and
optically generated in homogeneous media without
NPs.2°3% Obtained data have also demonstrated that op-
tical efficacy of PNB can be tuned with bubble size,
which can be done by varying the pump pulse flu-
ence. Significant amplification has a transient nature,
and this nature of the PNBs makes them highly flexible
optical probes that can be activated and tuned on de-
mand in real time. For a better control of plasmonic
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Figure 10. Optical contrast coefficients for 60 nm shell (black
squares) and the corresponding PNB (red circles) generated
around it at 0.13 J/cm? as compared to other NPs (NS60, 60
nm shells; NP60, 60 nm spheres; NS250, 250 nm shells;
NP250, 250 nm spheres) and the PNBs generated around
them under identical conditions.
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nanobubble scattering, two optical sources should be
employed: besides the source for illuminating the scat-
tering object (probe laser beam), an additional optical
source is required for the excitation of the bubbles
(pump laser beam). Also, since the bubble scatters the
pump optical radiation, the pump pulse can be used for
imaging as a single optical source (though with lower
sensitivity) for imaging.

The specificity of PNBs as optical probes was stud-
ied with four different NPs (Figure 10). All data were ob-
tained at the same level of pump laser fluence, —0.13
J/cm?. This fluence was above the Epyg for the 250 and
60 nm shells and 60 nm spheres and corresponded to
the Epng for 250 nm spheres. All NPs with the above
bubble generation threshold conditions have yielded
significant amplification of optical scattering in the
range from 17 to 113 (Table 2), while for the 250 nm
spheres (bubble generation threshold conditions), we
have observed attenuation of scattering. We have com-
pared optical contrast coefficients K. for the pairs of
the two different NPs with the contrast coefficients Kspec
for the PNBs generated around these NPs (Figure 10).
As defined above, the contrast coefficient shows the ra-
tio of image pixel amplitudes for two objects that are
identically illuminated and thus characterizes the con-
trast of these two objects relative to each other. The
generation of PNBs around NPs has caused up to 200-
fold increase or decrease in optical contrast coefficient
as compared to the scattering by NPs alone: the ampli-
tude of scattering by the 60 nm shell has been very low
compared to that by the large 250 nm sphere (K. is
0.048), while the exposure of these two nanoparticles to
a pump laser pulse with the fluence 130 mJ/cm? has
generated the PNBs that have, respectively, decreased
scattering by the 250 nm sphere and increased scatter-
ing by the 60 nm shell, thus increasing the optical con-
trast coefficient from 0.048 to 9.5 (Figure 10). This was
achieved with the attenuating and amplifying effects of
the PNB, in which optical scattering has dominated
the scattering effect of the gold nanoparticle.

Comparison of the Properties of PNBs and Other Vapor
Bubbles. Obtained results have yielded some common
and some totally different features of PNBs when com-
pared to those of vapor bubbles generated at micro-
and macroscale through photothermal and other
mechanisms.

The influence of the surface tension on the bubble
generation threshold at the nanoscale has been pre-
dicted also for “classical” bubbles in ref 69 as an increase
of the bubble generation threshold temperature rela-
tive to the micro- and macroscale. Furthermore, such
dependence of the threshold temperature upon par-
ticle size has been observed experimentally even for
relatively big melanosomes.”® In the case of plasmonic
NPs, the influence of surface tension may be accompa-
nied by another effect: attenuation of the incident flu-
ence of the pump pulse at the NP surface due to in-
creasing optical scattering of the pump laser radiation
by the bubble developing around the NP. Similar effects
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have already been observed earlier for the ensembles
of gold NPs* and for the gold clusters on glass sub-
strates.”" The latter result has also shown the increase
of the Epyg relatively to the explosive boiling threshold.
Due to the bubble dynamics, the optical scattering of
the pump radiation depends upon duration of laser
pulse and is discussed in detail below. Nevertheless,
the combined action of these two factors (surface ten-
sion pressure and optical scattering of the pump laser
pulse) seems to be unique for plasmonic NPs.

The major discovered difference is associated with
the discontinuity of Tpyg and size (Figure 5). Small and
short-lived PNBs seemed to not be allowed, unlike the
photothermal bubbles that can be much smaller and
shorter under similar conditions (Figure 4e).

Next, PNB has never shown any thermal phenom-
ena after its collapse that occur after the collapse of
the “classical” bubbles due to extreme and fast decrease
of the bubble volume at the final stage of its collapse:
heat release, shock waves, and sonoluminescence. In
contrast, the PNBs have demonstrated the absence of
these phenomena in the whole range of studies condi-
tions. PNB is limited spatially by the surface of the NP
(which is much bigger than the terminal volume of the
free bubble at the last stage of its collapse), and thus
the NP prevents the above extreme phenomena. The
absence of heating of the medium outside the PNB im-
plies that its major impact on the environment can be
attributed to mechanical effect of the expanding
bubble. Although the thermal insulation properties of
vapor bubbles have been discussed previously,*>372
we have experimentally demonstrated this effect in
quantitative and in a direct way and for the individual
plasmonic NPs.

The mechanical impact is determined by the maxi-
mal diameter of PNB that is almost linearly propor-
tional to Tpne. The latter property of the bubble has
been initially established by Rayleigh theory*® and later
has been confirmed for nanobubbles.?”7374 On the ba-
sis of the cited above data, we may estimate that the
lifetime of 100 ns corresponds to the maximal diameter
in the range from 500 to 1000 nm. According to our re-
sults, this property of the PNB can be precisely tuned
by varying the fluence of the pump laser pulse (Figure
5). Our results show that by tuning the Tpyg with the flu-
ence of the pump laser pulse we can precisely control
the mechanical impact of PNB at the nanoscale and
around specific NPs.

Finally, the PNB time response was found to be sym-
metrical for short lifetimes (Figure 2c and Figure 4b),
and with the increase of the Tpyg, the tail became longer
than the front (Figure 4c). This asymmetrical effect can
be attributed to the discussed above thermal insulating
action of the bubble that in turn might force the NP to
store thermal energy. Thus the NP could feed the
bubble during its evolution and long after the termina-
tion of the laser pulse. The time shape of the photother-
mal bubbles was found to be either symmetrical
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TABLE 3. Comparison of the Properties of Plasmonic Nanoparticles and Plasmonic Nanobubbles

properties thermal mechanical optical threshold temporal nature
nanoparticle  thermal diffusion acoustic wave constant scattering - steady
nanobubble thermal impact is confined inside PNB thermal impact ~ tunable and localized expansion tunable scattering + transient

(Figure 4f) or, for the bigger bubbiles, the tail became
shorter than the front” due to the energy losses.

All discussed differences imply that the plasmonic
NP plays an important role in the mechanism of bubble
generation, resulting in unique properties of the sys-
tem that we referred to as plasmonic nanobubbles. A
relatively high number of the bubble-related publica-
tions (including some cited above) considered the
bubble generation with laser pulses of nanosecond
and longer durations. Even higher number of publica-
tions considered photothermal effects of plasmonic NPs
(regardless the bubbles) under continuous excitation,
which resulted in a bulk thermal effect and required a
significant amount of NPs. However, the most efficient
nanoscale photothermal effect of individual NPs as-
sumes subnanosecond pulses and is in good agree-
ment with one of the basic works on localizing photo-
thermal effects of absorbed laser radiation.®® Further
shortening of optical pulse below an acoustic relaxation
time would inevitably cause the generation of pres-
sure and shock waves generated by the NP364656 (while
not excluding the generation of the bubbles) and may
cause an optical breakdown.? The latter phenomenon
can also generate vapor bubbles, but such bubble
would be generated by plasma instead of NPs and the
mechanism of the bubble generation is different since
the NP and plasma create different nuclei. When the
bubbles are generated through optical breakdown or
through the optical absorbance by the bulk medium,
the size of the bubble nucleus is determined by dimen-
sions of the excitation laser beam (focal waist) and is ex-
pected to be significantly larger (1—2 orders of magni-
tude) than the diameter of the NP. Obtained results
show that the mechanism of PNB generation is differ-
ent from that for macro- and microbubbles in optically
absorbing medium. Our studies of the PNB generation
process can be resumed by the following: (1) the gen-
eration of vapor nanobubbles around heated plas-
monic NPs is likely to involve the two-stage mecha-
nism, with the first stage being the vapor formation
around the NP surface and the second stage being the
hydrodynamic expansion of the vapor nanobubble; (2)
there is a certain limitation on the minimal Tpyg (around
9—10 ns); (3) for the excitation laser pulse being not
longer than the thermal relaxation time of the bubble
source, Epng and maximal diameter of PNB (its Tpyg) are
determined by the NP size, heat capacity, and aggrega-

METHODS AND MATERIALS

Experimental Setup. Optical generation and detection of the
nanobubbles was performed with a previously developed by us
photothermal laser microscope*® equipped with the two pulsed
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tion state. The main difference of PNBs from heated
plasmonic NPs can be resumed by the threshold and
tunable nature of thermal, mechanical, and optical ef-
fects of PNB and by its transient nature (Table 3).

CONCLUSIONS

The results reported above are quite preliminary
and require further studies. However, we can conclude
that the interacting plasmonic nanoparticle and vapor-
water environment represent one complex nanosystem
that combines plasmonic properties of the NP with op-
tical and hydrodynamic properties of the vapor
nanobubble. This system, defined by us as a plasmonic
nanobubble, has optical scattering properties different
from those of a plasmonic nanoparticle and hydrody-
namic properties (including the mechanism of the
bubble generation) different from those for the other
types of optically and acoustically induced vapor
bubbles. The reported results were obtained with the
experimental methods developed by us that have en-
abled the study of heating and evaporation around in-
dividual transiently heated NPs. We conclude the fol-
lowing: (1) The generation of a plasmonic nanobubble
does not coincide with the formation of a vapor around
the surface of a transiently heated plasmonic nanopar-
ticle and requires additional energy that significantly
exceeds the explosive boiling threshold. This additional
and higher threshold also resulted in the limitation of
the minimal lifetime (and hence maximal diameter) of
the PNBs at the level of 9 ns. The possible explanation
of the discovered mechanism of PNB generation may
relate to the surface tension pressure applied to the va-
por nucleus near the nanoparticle surface. (2) Plas-
monic nanobubble generation threshold fluence is de-
termined by nanoparticle size, heat capacity,
aggregation state, and the pump laser pulse duration.
Low PNB generation threshold fluence can be achieved
with NPs with a high ratio of the surface to heat capac-
ity (such as in nanoshells), through NP clusterization
and through the shortening of laser pulse to the level
below characteristic time for thermal relaxation of the
NP or their cluster. (3) Optical scattering and mechani-
cal properties of the plasmonic nanobubble above the
generation threshold can be tuned through the fluence
of the pump laser pulse, thus providing precise control
of plasmonic nanobubbles.

lasers. In our work, we have employed a pulse of length 10 ns,
532 nm (Nd:YAG LS2132, Lotis TlI, Minsk) and a much shorter
subnanosecond pulse of 0.5 ns at the same wavelength (STA-01
SH, Standa Ltd., Vilnius). Two pumping laser beams were di-
rected into the illumination path of an inverted optical
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microscope and were identically focused into the sample cham-
ber with a water suspension of gold NPs (Figure 11). The pulse
fluence was varied by rotating the Glan prism and was mea-
sured using an Ophir energy meter (Ophir Optronics, Ltd., Is-
rael) and an image detector (Luca, Andor Technology, Ireland).
The latter provided imaging and direct measurement of the ac-
tual diameter of the laser beam. A NP sample was irradiated at
several different locations (with a single NP or NP cluster in the
center) one by one with a single focused laser pulse (diameter
14.0 wm) at fixed fluence level by scanning the sample mounted
on the microscope stage. The concentration of the NPs was ad-
justed to avoid the overlapping of the laser-induced thermal
fields with the bubbles. Such a setup has ensured that a single
NP and a single event were studied. Individual single nanoparti-
cles were irradiated with single pump laser pulses.

Imaging of NPs and nanobubbles was realized by using side
illumination of the NP sample with a pulsed probe laser beam
at a wavelength (690 nm) different from the pumping laser
wavelength (532 nm). A short probing pulse with a duration of
0.5 ns and with a tunable time delay relative to the pumping
pulse provided time-resolved imaging of a short-living scatter-
ing object such as a vapor bubble (Figure 11). Optical scattering
is also used for the imaging of metal NPs and their clusters. We
may expect that the scattering from bubble would amplify the
amplitude of the scattered light relative to that from the NP be-
cause the diameter of a bubble is larger.

While allowing us to “see” the vapor bubble, the pulsed im-
aging cannot provide kinetic measurement. The latter was real-
ized by the thermal lens method in a response mode. An addi-
tional continuous probing beam (633 nm) was directed to the
sample and focused collinearly with pumping laser beams (Fig-
ure 11), and its axial intensity was monitored by a high-speed
photodetector (PDA110AC, Thorlabs Inc.) and a 200 MHz USB
digitizer. The bubble-induced scattering of a part of the prob-
ing beam decreased its axial amplitude resulting in a dip-shaped
output signal. This method also allows the detection of the ther-
mal field as they create local gradients of the refractive index in
the beam path. The response mode allowed measurement of the
bubble lifetime that characterizes a maximal diameter of the
bubble. Image and response modes were used simultaneously,
thus combining the imaging and measuring of the lifetime. The
bubble-related optical signal can be detected from a zero level

Long laser pulse
532 nm, 10 ns

Short laser pulse
532 nm, 0.5 ns

__Vapor
Pulsed probe laser " bubble
690 nm, 0.5 ns
< NP
~. Sample
chamber
C. . probe laser
633 nm
CCD
Photodetector

Figure 11. Experimental setup: single gold NPs in water were
placed in the sample chamber mounted on the microscope
stage; bubble generation was provided by focused single
pulses (532 nm, 0.5 or 10 ns); a pulsed probing laser (532 nm,
0.5 ns) provided time-resolved optical scattering imaging
of bubble and a continuous probing laser (633 nm, 1 mW)
provided the monitoring of the integral optical scattering of
bubble.

when the light scattered by the bubble in the specific direction
is registered and thus produces the positive signal that charac-
terizes the angle-specific scattering effect. Alternatively, the
probing beam can be directed into the sensor, thus producing
some base-level signal. The scattering by the bubble in all direc-
tions would decrease the amount of light at the detector, thus
producing the negative signal that characterizes the integral
scattering effect. Also, besides the pulsed probing beam, the
continuous illumination and detection can be used to register a
kinetic behavior of the bubble. We defined the continuous opti-
cal monitoring of the bubble as a response mode and the time-
resolved pulsed imaging of the bubble as an image mode.

Samples. Gold nanoparticles were obtained and fabricated as
described below. Gold spheres of 10, 30, 80, and 250 nm diam-
eter were obtained from Ted Pella Inc. (Redding, CA). Gold
spheres and hollow gold shells of 60 nm diameter were ob-
tained from Nanopartz (Salt Lake City, UT). Gold shells of 250
nm diameter and with a silica core inside were prepared as de-
scribed previously.”®~78 The growth of the shell was checked by
means of optical spectroscopy. The morphology of the shells was
analyzed by a scanning electron and transmission electron
microscope.

NP clusters were prepared by adding 40 vol % of an ac-
etone into the suspension of NPs and resuspending the clusters
in water to adjust their concentration to that of the single NPs.
Formation of the clusters has been verified with the three meth-
ods: with optical spectroscopy, by electron microscopy, and op-
tical scattering microscopy. The number of NPs in the cluster was
quite a heterogeneous parameter, and for this reason, we have
obtained data for the 40—60 objects that were averaged. We
have used optical scattering amplitude (measured with the cam-
era) as the relative measure of the cluster size; only the objects
with close optical scattering amplitudes were used for the
experiments.

Water samples of gold NPs were prepared on standard mi-
croscope slides and coverslips of 18 mm diameter. Glass cover-
slips were cleaned using piranha solution, completely rinsed with
deionized water, and dried with a stream of nitrogen gas. This
procedure provided very clean surfaces of the coverslips, which
was critical for optical scattering imaging since the samples were
used with the coverslips being under the slide glasses. The
sample was prepared by adding 1 p.L of polystyrene micro-
spheres of 10 wm diameter (Spherotech Inc., Lake Forest, IL) to
4 pL of the NP suspension. These microspheres have been used
as spacers between the two glasses to provide specific height (10
pm) of the sample volume. The concentration of gold NPs was
adjusted to provide their low surface density (1 nanoparticle per
100—200 wm?) to exclude the exposure of closely located nano-
particles to laser irradiation. The coverslips then were sealed
with Permount to prevent evaporation of the sample. The ob-
jects (NPs or NP clusters) were positioned into the center of la-
ser beam with the help of side scattering imaging.

Modeling of Laser-Induced Heating of the NP in Water. In this quite ap-
proximate model, heating of a NP is assumed to be homoge-
neous. The NP temperature is determined by the differential
equation accounting for the cooling of a NP by the surrounding
water. The effects of thermal expansion of the NP are found to be
small for nanosecond laser pulses and not taken into account.
Thermal and dynamic processes in water are described by the
Navier—Stokes equations accounting for the water compressibil-
ity. Thermodynamic properties of water were calculated with
the help of the stiffened gas equation of state®* parametrized
for water.?? The Navier—Stokes equations are solved numerically
with the help of a TVD (total variation diminishing) scheme”®
generalized for the complex equation of state for real water. The
threshold fluence for vapor formation near the NP surface is de-
termined with the help of this model as a fluence for which the
maximal particle temperature that is achieved during laser heat-
ing is equal to 647 K, a critical temperature for surrounding wa-
ter. The equations of the model were solved numerically with the
help of TVD schemes generalized for the complex equation of
state for real water. The model employed did not consider real
bubble dynamics since it does not account for mass and heat ex-
change processes and surface tension on a moving spherical
vapor—liquid interface, the dynamics and heat transfer in the
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TABLE 4. Calculated Absorption (C,,s) and Scattering (C,.,) Cross Sections of the Gold NP Employed in the Experiments

250 nm silica—gold 250 nm gold

core—shell nanoshell nanosphere
Caps at 532 nm, m? 355X 107™ 6.81 X107 ™
(e at 690 nm, m? 173X 107" 1.69 X 107"

supercritical fluid adjacent to the gold nanoparticle. Also, this
model does not account for the thermal resistance of the
NP—water boundary, though for the times and NP sizes consid-
ered, the temperature gradient at the boundary can be expected
to be minimal. This model, being quite rough, however, al-
lowed us to estimate the laser pulse fluence threshold that is as-
sociated with the formation of vapor at the NP surface. Our
model estimates of the threshold for the onset of the evapora-
tion near the NP surface did not count for the thermal resistance
at the NP/water border that causes much lower temperature of
the water relative to that of the NP. However, it has been shown
that this difference is a short-living phenomenon and it may van-
ish by the time comparable to the pump pulse length (500 ps).**

For continuous excitation of a NP in a medium, one can esti-
mate the threshold intensity /) for the onset of explosive boil-
ing of the surrounding medium on the NP surface assuming that
the flux of the absorbed laser energy is equal to the heat flux
from the particle to the surrounding medium

27R ke NU(T, — T.) = 0,0y
where if the medium temperature is far enough from the NP sur-
face, T, = T.. + 274 °C is the particle temperature, R, and o,
are the particle radius and absorbance cross section, respectively,
Km is the thermal conductivity of the surrounding medium, and
Nu = 2 is the Nusselt number for the steady-state heat exchange
problem on a spherical surface.

For a gold NP with R, = 125 nm and o5, = 6.81 X 1071°
cm™2 in water with k, = 0.6 W m~" K™1,7° this equation pre-
dicts that the threshold fluence is Iy = 380 kW cm 2.

Calculation of Optical Cross Sections of NPs and Modeling of Optical
Scattering. NP optical absorption and scattering cross sections
were calculated for specific shapes, dimensions, and wavelength
using previously verified Mie-based MATLAB code'® (Table 4).
Mie theory was used to model the optical properties of
PNBs.8°~82 The modeling of the core—shell NPs has been per-
formed by analyzing the multilayer structure with the boundary
conditions at each metal—dielectric interface considered as a
matrix form using VSWFs.'® The vapor bubble is modeled as a
concentric geometry consisting of a nanoparticle located in the
center surrounded by a spherical layer of air. The entire
nanoparticle—bubble system is surrounded by water. Such ap-
proach has been recently developed and validated by us.'%%8 In
each geometrical region, light is modeled as waves composed of
vector spherical wave functions (VSWFs). Vector spherical wave
functions represent valid solutions to the vector Helmholtz equa-
tion and satisfy the divergence-free criterion as in the Maxwell's
equations.

The VSWFs, denoted as M and N, are related to the wavenum-
ber in the material k, the radial distance from the origin r, spheri-
cal Hankel functions of the first and second kind, and normal-
ized spherical scalar harmonics (for the angular-dependent
components) Vector spherical wave functions of the first kind,

" and N , are used to represent outgoing waves; VSWFs of the
second klnd Mnm and Nnm, are used to represent incoming
waves; VSWFs of the regular kind, M&, and NG, represent waves
that are finite at the origin and are defined by

MOkr) = =MV (kr) + MP(kn)]

N[ —

N (k) = %[N(”(kr) + Nk

In the outmost region, the incident wave is expanded by
3) and N&), using the multipole expansion coefficients for plane
waves. The scattered wave is expanded by Mnm and Nnm multi-
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60 nm hollow 60 nm gold 10 nm gold 80 nm gold
nanoshell nanosphere nanosphere nanosphere
281X 107" 112X 107" 4,65 X 107" 1.84 X 107"
236X 107% 3.46 X 1071 583 X 1072 232X 107"

plied by Mie scattering coefficients a, and b,. In the intermedi-
ate layers, waves are expressed by both VSWFs of the first and
second kind. In the innermost region (either gold nanoparticle or
the dielectric core of the nanoshell), waves are represented by
regular VSWFs. The tangential components of the electric and
magnetic waves are equalized across each interface between
two adjacent layers owing to the boundary condition. The equa-
tions were then solved for the Mie scattering coefficients.

Using Mie coefficients a, and b, the scattering cross section
of the nanoparticle—bubble system was calculated as

2
Coo = 22 2+ 1,2 + [b,)

o n=1

where k, is the wavenumber of the incident water in water. The
upper limit of the index n is truncated at ko, + 3(koro)"3, with r,
being the radius of PTB. The absorption cross section Cyp,s was cal-
culated by subtracting the scattering cross section C;, from the
extinction cross section C,, Which can be obtained from Mie co-
efficients by using

Y @0+ 1Rela, + b,)

Cexl = Fn
o n=1

For a 60 nm hollow gold nanoshell, a refractive index of
1.33 is used for the core. The index of silica, water, and air bubble
is 1.43, 1.33, and 1.00, in order. The dielectric function of gold is
adapted from Johnson and Christy.® It should be noted that the
intrinsic effect from surface scattering on nanoparticles is not
considered as this model mainly concerns the scattering amplifi-
cation of the bubble rather than its spectral properties. It is also
worth noting that all geometries are assumed to be concentric
and rigidly spherical. The assumption of a planar incident wave
is valid when the bubble is relatively small compared to the fo-
cus spot size of the focusing lens for the probe beam (focal
length 200 mm).
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