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We report on the formation and growth of nanobubbles around laser-heated gold nanoparticles in water.
Using a hydrodynamic free-energy model, we show that the temporal evolution of the nanobubble radius is
asymmetrical: the expansion is found to be adiabatic, while the collapse is best described by an isothermal
evolution. We unveil the critical role of the thermal boundary resistance in the kinetics of formation of the
nanobubbles: close to the vapor production threshold, nanobubble generation is very long, yielding optimal
conditions for laser-energy conversion. Furthermore, the long appearance times allow nanoparticle melting

before the onset of vaporization.
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Introduction.—Gold nanoparticles (GNPs) are very
promising tools for cancer diagnosis and possible therapy
[1]. Owing to their unique biochemical compatibility,
GNPs have demonstrated their ability to accumulate in
diseased areas. In addition to cell discrimination, GNPs
are very efficient absorbers of visible light [2]. These specific
interactions open the way to induce localized damage “with
a switch” as GNPs within a laser beam may be heated by
several tenths of a Kelvin, leading to a large temperature
change in the surrounding medium that could allow for
tumor destruction [3]. In particular, if the laser energy is
sufficiently high, the surrounding medium may undergo
boiling, resulting in the formation of transient vapor nano-
bubbles [4,5]. With sizes up to several microns and a lifetime
of hundredths of a nanosecond, these nanobubbles appear
to be a promising tool to manipulate and destroy the cellular
structure, eventually leading to cell death [6].

Experimental observations on nanobubble formation
have mainly focused on the generation threshold and its
relation with the crossing of the fluid spinodal [7,8]. Yet
the kinetics of formation of the nanobubbles has so far
never been characterized. In this Letter, we address this
issue using a hydrodynamic free-energy model. Our results
show a sharp slowing down of the vaporization process
close to the nanobubble generation threshold. We discuss
two important implications: (i) the existence of an optimum
in efficiency, and (ii) the possibility of nanoparticles
melting before vaporization occurs. Experimental results
are reinterpreted in light of these new insights.

Model.—We resort to and extend a hydrodynamic model
based on a free energy density which has been successfully
applied to address interfacial heat transport and boiling
at the nanoscale [9,10]. We solve the hydrodynamic
equations to describe the dynamics of the fluid around
the nanoparticle,

op B
5 TV v =0, (1)

0031-9007/14/112(10)/105701(5)

105701-1

PACS numbers: 64.70.th, 05.70.Ln, 05.70.Np

mp(%%—v-Vv) =-V.(P-D),

mpc,,(%—kv'VT) ==IV-v4+ V.- (AVT)+D:Vu,

where p, v, T, and m stand, respectively, for the number
density, the velocity field, the temperature, and the mass of
a fluid molecule; c,, [, 4, D, and P are the fluid specific
heat, Clapeyron coefficient, dissipative stress tensor, and
pressure tensor, respectively, which are dependent on the
local state of the fluid through a van der Waals free energy
density [11]. The thermophysical and transport coefficients
of water are summarized in Table I, together with the
water-vapor surface tension .

For the metal nanoparticle, the temperature T, is
assumed to be uniform—a reasonable hypothesis owing
to the large conductivity of the metal. Its temporal evolution
is described by

p
= maX(G<Tnp - Tsurface)’ ¢b)v 2)

where S,,, V,,, are the nanoparticle surface and volume,
respectively, and C,, = 2500 kim—K~! is the metal’s
specific heat. The laser interaction is described by the
size-dependent GNP absorption cross section o, as given
in Ref. [7], the fluence of the laser pulse F, and the gate
function I(z/t,) = 1if 0 < ¢ < t,, 0 otherwise, where the
laser duration is set here to 7, = 7 ps [12,13]. The water-
GNP interaction is described by ¢ which compares a
conductive heat flux when the fluid in contact with the
GNP is in the liquid state, to a ballistic heat flux ¢, [11]
when the fluid locally vaporizes. The conductance G was
set to 140 MW m~2K~!, corresponding to a water/GNP
contact angle 8 = 50° [14,15].
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TABLE I. Thermophysical parameters in the liquid (top row)
and in the vapor (bottom row) at 297 K in SI units unless
specified.

Density* (O A n l 4
997.10 4.13 0.606 8.98 x 107* 5.4 x10% 72.0x 1073
222 %1072 1.44 0.019 9.9 x 1076 6881

*kg/m’.
°kJ /kgK.

Results.—The thermomechanical evolution of the fluid
after heating the GNP has been simulated for different laser
fluences F and radii R. If the fluence is high enough, we
observe after a delay the formation of a nanobubble around
the GNP, as represented in Fig. 1. A nanobubble is said to
be formed when locally the fluid density is smaller than the
critical fluid density.

Figure 2 displays the typical evolution of the nanobubble
radius after laser heating, for different laser fluences.
Nanobubbles are observed when the laser fluence exceeds
a threshold, which is found to correspond to spinodal
crossing in the fluid, at a distance x = 2 nm from the GNP
surface. For fluences F just above the threshold, only
transient vapor shells are visible, as is the case for the
lowest energy pulse reported in Fig. 2; stronger pulses lead
to larger sizes and lifetimes with the possible formation
of a subsequent secondary nanobubble. Remarkably the
dynamics of the nanobubbles is asymmetrical: the growth
is faster than the collapse. To understand this asymmetry,
we have compared the simulation results to the solution of
the Rayleigh-Plesset equation classically used to describe
cavitation phenomena,

) 4 R,
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where R;, is the bubble radius, P; and P, are the internal
and external pressures, respectively, and y is the fluid
surface tension. mpyq is the mass density of the liquid far
from the nanoparticle given in Table L.

To determine the unknown internal pressure, we have
assumed that the pressure inside the bubble is well
described by Eq. (3), where P is the pressure measured
in the simulations inside the bubble when its radius is
maximal (R, = Ry, ;,,x) and the exponent { is a fitting
parameter. Further details can be found in Ref. [11]. From
this fitting procedure, it turned out that it was impossible to
describe the nanobubble dynamics with a single exponent
¢, and we resorted to considering two values of : { =5/3
describes well the bubble expansion, while { = 1 allows us
to match the collapse dynamics (see Fig. 2). The initial
growth of the nanobubble is consistent with an adiabatic
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FIG. 1 (color online). Sketch of the system simulated:

a gold nanoparticle heated by a femtosecond laser pulse,
surrounded by water and a vapor nanobubble at its maximum
radius, 118 ps after the beginning of the pulse. Here R = 10 nm
and F =162 Jm™2.

process, where thermal conduction has not been allowed to
set in. When the nanobubble reaches its maximal radius,
thermal loss becomes operative and the collapse is nearly
isothermal. This difference in the nature of the dynamics
explains the asymmetry of the bubble evolution.

Kinetics of the nanobubble formation.—Nanobubbles
form in our simulations when the laser fluence exceeds a
threshold which depends on the nanoparticle size. This
latter threshold has been found to be consistent with
spinodal crossing in the fluid at a distance x = 2 nm from
the nanoparticle surface. This length scale accounts for
the GNP/water wetting interaction and the finite intrinsic
thickness of the liquid-vapor interface formed in a strong
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FIG. 2 (color online). Temporal evolution of the nanobubble
radius around a 10 nm GNP for different pulse fluences (the
higher fluence giving the larger bubbles). A secondary bubble is
observed for strong pulses. The arrows indicate the appearance
time for each simulation. The dashed lines are the best fits using
the Rayleigh-Plesset equation (3).
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FIG. 3 (color online). Nanobubble appearance time fy,,
measured in the thermohydrodynamic simulations as a function
of the laser fluence for particle radii varying from 2 nm to 50 nm.
The horizontal dotted line shows the characteristic diffusion time
7, over the length scale x = 2 nm relevant to spinodal crossing.
The dashed line is a simulation result using a particle of radius
10 nm and an infinite conductance G, > G. The arrows on the
top indicate the position of the threshold fluence for bubble
appearance.

temperature gradient. Remarkably, we have found that
the kinetics of vaporization may be very slow, depending
on the distance to the threshold fluence. The long vapori-
zation times are illustrated in Fig. 3 for different nano-
particle sizes.

The vaporization time is found to be a strongly decreas-
ing function of the fluence, especially in the vicinity of the
threshold fluence Fy,. At the threshold, the appearance
time is several times larger than the typical diffusion time
T, = x2mpthv /A over a distance x =2 nm relevant to
spinodal crossing. This slow kinetics is to a large extent
explained by the existence of a finite thermal boundary
resistance at the interface between the GNP and the fluid.
Indeed, if the interface is made perfectly conductive and has
a vanishing boundary resistance, the vaporization kinetics
is several times faster, as shown in Fig. 3. In this ideal case,
the bubble appearance time is divided by a factor of 10 in
the vicinity of the bubble threshold, amounting to times
comparable with z,. This demonstrates the prominent role
of the Kapitza resistance in the kinetics of formation of the
nanobubbles, which severely delays the energy transfer
from the GNP to the fluid, thus preventing rapid heating
of the fluid in the vicinity of the particle and possible
vaporization. As we now discuss, the existence of long
appearance times have far-reaching consequences as they
directly control the efficiency of the energy conversion
and can result in the melting of the nanoparticle before
vaporization.

Efficiency.—It is highly instructive to estimate the
efficiency of the energy conversion I' = E,, ./ Ejaer fOr
the process leading to vaporization. This latter quantity may

FIG. 4 (color online). Efficiency of the energy conversion
I' = E>ym/Elser a8 a function of the laser fluence normalized
by the threshold fluence, for particle radii varying from 2 nm to
50 nm. The inset shows the total energy transferred to the fluid
Efuiq before the bubble appears.

be defined as the ratio of the energy E,,, stored in a 2 nm
area around the particle before vaporization over the energy
supplied by the femtosecond laser pulse Ejyer = Foyp,.
Figure 4 displays the efficiency of the bubble formation as a
function of the laser fluence, normalized by the size-
dependent threshold fluence F,,. For all the sizes analyzed,
the efficiency displays a maximum for a fluence close to the
fluence threshold. Beyond this maximum, the efficiency
drops with the fluence. The maximal efficiency is found
to decrease with the particle size, and remains below
41 percent.

The dependence of the maximal efficiency on the particle
size may be understood qualitatively based on the relative
role of the Kapitza resistance and heat diffusion in water.
For the GNP sizes considered here, heat diffusion in the fluid
is the longest process which controls the cooling kinetics of
the nanoparticle with a relaxation time 7y = Rzmphq C,/A
On the other hand, nanobubble generation involves the
vaporization time #,,, = max(z,, 7yy) = Tip, at the threshold
fluence, where 7, = RC,,/3G is the characteristic time
introduced by the Kapitza resistance [13]. For small nano-
particles, the two relaxation times z4;;; and 7;, are comparable
and the GNP is allowed to cool down and transfer the
laser energy to the fluid before a nanobubble is produced.
A significant part of this energy is used for the nanobubble
growth and the efficiency is relatively high. For bigger
GNPs, on the contrary, 7y > 7;,; SO vaporization occurs
before a significant amount of energy is transferred to the
fluid. Due to the insulating role of the vapor layer the energy
stored in the nanoparticle is not used for the bubble growth,
resulting in a lower efficiency in the energy transfer for
GNPs of larger radii.

The thermal boundary resistance also explains the
efficiency drop as a function of the laser fluence. Close
to the threshold fluence, the very large value of the
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FIG. 5 (color online). Threshold fluence for GNP melting
(red dotted line) compared with the explosive boiling threshold
of water (squares). The melting threshold has been calculated
based on a melting time 7,, = 30 ps and a melting temperature
T,, = 1200 K. The explosive boiling threshold has been calcu-
lated from thermohydrodynamics simulations without melting.
With blue diamonds, we show the nanobubble threshold obtained
by adding the enthalpy of melting AHye = Viyphme (With
Berr = 1.24 10°T/m? for gold) to the simulation results for
the bubble-generation thresholds. The black triangles are exper-
imental results from Ref. [7].

vaporization time induced by the Kapitza resistance
allows an efficient transfer between the GNP and the
nanobubble, as displayed in the inset of Fig. 4. However
the vaporization time is a rapidly decreasing function of the
fluence, as plotted in Fig. 3. When the fluence is increased,
vaporization becomes faster and the energy transfer to
water is strongly reduced, yielding to the drop in the
efficiency.

Nanoparticle melting.—Another consequence of the
slow vaporization kinetics close to the threshold is the
possibility that the GNPs melt before any fluid phase
change occurs. Femtosecond laser pulses induce heating
of the GNP beyond gold’s melting temperature
(T,, = 1200 K) in a few picoseconds. Melting of the
nanoparticle may then proceed, although this is not an
instantaneous process. Note also that the particle may
rapidly cool down below T, and recrystallize, but nano-
particle recrystallization is a rather long process which
occurs on nanosecond time scales [16]. Nanoparticle
melting is indeed relevant because of the separation of
time scales, with the melting time being smaller than
vaporization times, which in turn are shorter than recrys-
tallization times. Figure 5 displays a quantitative estimate
of the melting threshold as a function of the nanoparticle
size, estimated by solving a purely diffusive model [11]
using a finite melting time 7,, = 30 ps [16] and the GNP
enthalpy of melting AH ;. The calculated melting thresh-
old accounts for heat diffusion in water, the gold-water
thermal boundary resistance, and the kinetics of melting.

We now compare this melting line with the onset of
vaporization.

Thresholds.—Figure 5 shows the threshold fluence for
bubble appearance, as found in our simulations. This line
delimits two regions in the fluence/GNP radius space: above
the threshold nanobubbles should appear, while below the
energy supplied by the laser is not sufficient to drive
vaporization. It is interesting to compare this vaporization
line with the melting line discussed previously. For particle
sizes smaller than 25 nm, the melting line falls in the region
where nanobubbles cannot be generated. This implies that
for these nanoparticle sizes, melting proceeds before vapori-
zation and nanobubbles should form around molten nano-
particles. For particles having a radius larger than 25 nm, the
melting line lies in the region where explosive vaporization
sets in. For these particles, nanobubbles may be observed
around unmolten nanoparticles, but Fig. 5 shows that the
corresponding region is rather narrow.

We finally compare our predictions for the onset of
vaporization with experimental data [7]. Figure 5 concludes
that experimentally detected nanobubbles fall in the region
where explosive boiling sets in, but they also fall in the
region where GNP melting is relevant. The fluence thresh-
olds obtained for nonmolten GNPs must be corrected to
account for melting, and we have added in Fig. 5 the
enthalpy of melting AH ., to our theoretical predictions.
Interestingly, the new curve compares well with the
experimental data; it delimits the region where nanobubbles
are observed (above the curve), and the region where
nanobubbles have never been reported (below the curve).
This analysis shows the relative importance of nanoparticle
melting.

Conclusion.—In summary, we probed theoretically the
kinetics of nanobubble generation around metallic nano-
particles heated by a strong laser pulse. We emphasized the
slow kinetics of vapor generation, especially in the vicinity
of the nanobubble threshold. The slow kinetics explains
the existence of an optimum in the energy efficiency of the
vaporization process. We also concluded that experimen-
tally nanobubbles should be observed around molten
nanoparticles, as the long vaporization times allow melting
to be quantitative. Considering this effect, our simulation
data showed good agreement with experiments.

The authors thank F. Detcheverry for reading the manu-
script and discussions.
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