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ABSTRACT: The laser-induced generation of vapor bubbles around gold nanoparticles
(AuNPs) is a promising diagnostic and therapeutic avenue for various pathologies. The
physical mechanism that leads to their formation strongly depends on the time regime of
the irradiation. While the plasmonic nanobubbles induced by nanosecond and picosecond
laser pulses are known to be triggered by the energy that is absorbed in the nanoparticles
and diffused in the medium (thermo-mediated cavitation), we show that a different
plasma-mediated mechanism occurs in the case of femtosecond pulses. In this paper, we
present experimental evidence that the dimensions of laser-induced bubbles depend on the
polarization of the incident laser pulse when the pulse duration is reduced below ~1 ps.
This result cannot be explained by the standard thermo-mediated cavitation process and,
thus, reveals the onset of a new mechanism in the ultrafast regime. We further show that
the discrepancy between the dimensions of bubbles generated from linearly and circularly
polarized laser pulses can be explained using a simple model, revealing the polarization
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cavitation dependence as a clear signature of the plasma mechanism. This paper presents in detail the transition between both
cavitation regimes and provides insight into the precise control of the cavitation dynamics at the nanoscale.
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he generation of plasmonic nanobubbles has drawn

considerable attention in the past few years. Their use
in cell nanosurgery applications' such as photothermal
therapy,”~” cell membrane optoporation,® '* and drug
delivery'' ™" makes them a promising and valuable tool in
the field of biomedical applications. In particular, significant
progress has been made toward controlling and optimizing the
plasmonic properties of nanomaterials, ® enabling various
applications including steam generation'” and cancer treat-
ment.'"” To date, choosing the optimal laser source and
plasmonic nanostructure to induce nanocavitation in the most
effective and safest way remains a challenge. Irradiating gold
nanoparticles (AuNPs) with nanosecond laser pulses, at a
wavelength that matches their plasmon resonance, is an
approach commonly used to generate nanobubbles in both
water and biological mediums.'”""'>?** In this method
(Figure 1la), photons from the laser pulse excite a plasmon (a
quantified oscillation of the electrons) in the AuNPs. This
resonant phenomenon results in an exceptionally large optical
energy transfer to the AuNPs. The surrounding liquid is then
rapidly heated from a conductive process at the interface.
Within ~0.1—1 ns, a combination of explosive boiling and
phase explosion transforms the liquid into a thermo-mediated
vapor bubble. While efficient, this method relies on the extreme
heating of the AuNP and can provoke its fragmentation and
degradation, thus leading to important issues concerning
multipulses and scanning procedures. In addition, in the
context of biological applications, serious toxicity concerns are
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raised by the presence of small gold fra§ments that could
possibly intercalate in DNA of living cells.”

Using ultrashort laser pulses for the processing of material is
usually associated with enhanced precision and reduced
collateral damage, due to limited impact from thermal diffusion
and very fast phase transformation.”” Interested in exploiting
those expected benefits, Koitadis et al. have studied the
possibility of generating nanobubbles by irradiating AuNPs with
femtosecond laser pulses, using a wavelength nearly tuned to
their plasmon resonance.”*** While their results revealed a
much lower fluence threshold to initiate bubble formation than
for nanosecond pulses, cavitation still relies on the extreme
heating of the AuNPs, which are indeed found to be heavily
damaged during the %)rocedure, in agreement with another
work from Yelin et al.*®

Our group has recently proposed a novel ultrashort laser
based nanocavitation approach that uses an off-resonance
wavelength to form nanobubbles around AuNPs without
inducing any deformation or fragmentation.'®*® Using a
wavelength slightly detuned from the plasmon resonance,
only a small fraction of the deposited energy is absorbed in the
AuNPs, explaining the conservation of their structural integrity.
Following the conclusion of our previous work,”**” the main
mechanism leading to nanocavitation in that case is
hypothesized to result from the creation of an energetic
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Figure 1. Schematic comparison of thermo-mediated and plasma-
mediated nanocavitation mechanisms. (a) Thermo-mediated nano-
cavitation. Electric field absorption in the particle leads to the extreme
heating of this particle. This heat then transfers to the surrounding
water and in turn leads to thermo-mediated nanocavitation. (b)
Plasma-mediated nanocavitation. Near-field enhancement around the
particle leads to plasma generation in the water through multiphotonic
ionization. This plasma then relaxes and transfers its energy to the
water, which in turn leads to plasma-mediated nanocavitation.

nanoplasma around the AuNP from the nonlinear photo-
ionization of the water molecules directly in the plasmon-
enhanced near-field. Relaxation of this plasma then transfers
energy to the water in a few picoseconds, thus inducing a
plasma-mediated nanocavitation. This mechanism is in agree-
ment with recent work from Halas et al., who also attributed to
the generation of hot electrons (plasma) the glasmon—induced
dissociation of H, molecules around AuNPs.>

These two cavitation mechanisms, and in particular the
transition from the thermo-mediated mechanism to the plasma-
mediated mechanism, have never been directly observed from a
simple experiment. In order to deepen our understanding of the
cavitation mechanism, it would be desirable to be able to
characterize which type of cavitation is dominant for a given set
of experimental parameters. In particular, it would be
interesting to observe the transition from a thermo-mediated
to a plasma-mediated cavitation as the pulse duration of the
incident laser is decreased. In the following, we demonstrate
that this transition can be easily detected using the dependence
on polarization of the size of the bubbles produced around the
AuNPs.

To understand how polarization affects cavitation, we have
numerically investigated the polarization dependence of the
field enhancement around a 100 nm AuNP in water. Figure 2
compares the simulated field enhancement distribution for an
incident 800 nm laser with (a) linear polarization and (b)
circular polarization. The maximum enhancement of ~4.5
calculated in the case of a linear polarization drops to only ~3.2
in the case of a circular polarization. Unsurprisingly, the
maximum enhancement for the circular polarization corre-
sponds to 1/ \/ 2 times the one induced by the linear
polarization, which was expected from spherical symmetry of
the NP. In opposition, the field distribution inside the NP is
almost the same for both polarizations. Indeed, as shown on
Figure 2c and d, the field distribution inside the NP has a radial
symmetry for the linear polarization and, therefore, remains
unaffected by the switch to a circular polarization.
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Figure 2. Polarization dependence of the electric field enhancement
around a 100 nm gold nanoparticle in water. In both cases, laser
propagation is perpendicular to the figure plane. (a) Enhancement of a
linearly polarized field is distributed at the poles of the particle, and the
maximum enhancement is ~4.5. (b) Enhancement of a circularly
polarized field is distributed all around the nanoparticle with a
maximum of ~3.2. (c) Absorbed field distribution inside the NP for
linear polarization. (d) Absorbed field distribution inside the NP for
circular polarization.

If the near-field intensity is sufficient, nonlinear photo-
ionization of the water molecules can occur, leading to the
generation of a nanoscale plasma. If this occurs, the different
field distribution implies that the energy deposition should be
polarization dependent. In a plasma-mediated cavitation
mechanism, it is the energy transfer from this plasma to the
water molecule that is at the origin of the bubble, not the
energy transfer coming from the AuNP heating. In a first
approximation, it is reasonable to assume that the size of the
bubble is proportional to the deposited energy.” Because the
field enhancement depends on the polarization, a plasma-
mediated mechanism should also imply polarization-dependent
bubble sizes. As schematically summarized in Figure 3, in the
case of plasma-mediated nanocavitation, larger field enhance-
ment leads to more energetic plasma production and in turn
leads to larger nanobubbles.

In opposition, the very similar field distribution inside the
nanoparticle implies that energy deposited inside the AuNP is
independent of polarization. The size of the thermo-mediated
bubble should in consequence not be influenced by the incident
polarization. Hence, the polarization dependence of the size of
the plasmonic nanobubbles can be interpreted as a clear
signature of a plasma-mediated cavitation mechanism, while
polarization independence indicates cavitation that is mostly
thermo-mediated.

These theoretical results suggest that one could exper-
imentally measure and compare the sizes of the nanobubbles
produced with a linear and a circular polarization to determine
whether they have been produced from a thermo-mediated or a
plasma-mediated mechanism. Polarization dependence of the
nanobubble size can thus be used as a convenient tool to
distinguish the dominant cavitation mechanism.

On the basis of this principle, we have investigated the
mechanisms responsible for cavitation around AuNPs with a
diameter of 100 nm in a water suspension irradiated with 180
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Figure 3. Schematic representation of the polarization dependence of
the plasma-mediated nanocavitation. Linearly polarized pulses induce
higher field enhancement (red) and higher plasma production
(purple) and leads to larger nanobubbles (blue) than pulses with a
circular polarization.

mJ/cm? single laser pulses, at a wavelength of 800 nm and with
a pulse duration ranging from 45 fs to 8.8 ps using linear and
circular polarization. Figure 4 compares the probe laser time-
resolved signal following the irradiation of the AuNPs with a
linear and circular polarization for (a) 45 fs and (b) 1 ps pump
laser pulses at the exact same fluence (180 mJ/cm?). Figure 4a
clearly demonstrates a significant difference between both
polarizations for femtosecond pulses. The maximal amplitude is
indeed much larger for linear polarization, suggesting that the
nanobubbles produced in that case are larger than those created
from a circular polarization. In addition, the time position
corresponding to the maximal amplitude is also larger, which
indicates a larger bubble lifetime. Considering the Rayleigh—
Plesset relation,®”*! which relates the bubble lifetime to the
maximal diameter (r & 0.092d,,), both observations agree
with the nanobubbles being larger when produced with a
linearly polarized beam. From the discussion presented above,
it can thus be concluded that, for 45 fs pulses, the
nanocavitation mechanism is mostly plasma-mediated.

In contrast, for longer pulses (1 ps), Figure 4b shows that the
signals associated with both polarizations are very similar in
terms of both amplitude and lifetime. This result suggests that
the induced bubbles are very comparable in size and are thus
polarization independent. As discussed above, this is consistent

with a cavitation that is mostly thermo-mediated. Note that the
signal amplitudes in Figure 4b are smaller than in Figure 4a,
indicating that femtosecond pulses generate larger bubbles than
picosecond pulses. This observation has already been discussed
in a previous publication®” and is consistent with the additional
nonlinear energy deposition characteristic of the plasma-
mediated cavitation process.

The same experiment has been repeated for various pulse
durations between 45 fs and 8.8 ps, for both circular and linear
polarization of the pump laser pulse, at a fluence of 180 mJ/cm?
(Figure Sa). Using the coated Mie theory, the NP
concentration, and the beam’s characteristic, it is further
possible to approximately deduce the maximal diameters of the
bubble needed to explain the scattering losses suffered by the
probe laser beam. More details on this procedure can be found
in previous publications®*** and in the Supporting Information
Note 2. The ratio of the deduced average diameter of the
bubbles at their maximal extension produced with a linear
polarization over those generated with a circular polarization is
shown by the blue curve in Figure Sb. Note that the nonlinear
relation between scattering losses and bubble diameters®
affects the ratio profile, thus explaining why some signal
amplitudes’ ratios are higher than their corresponding deduced
bubble diameters’ ratio. Both results show that very similar
bubbles are produced by both polarizations for long pulses.
Then, the bubbles produced by linearly polarized pulses get
progressively bigger than those induced by circularly polarized
pulses as the pulse duration is reduced to the femtosecond
regime. These results are consistent with a transition from a
longer pulse thermo-mediated cavitation mechanism to the
femtosecond plasma-mediated cavitation mechanism, with a
pulse duration threshold of ~1 ps separating the two regimes.

We then used a partial differential equation based numerical
model to calculate the theoretical linear over circular bubble
deposited energy in the water to compare it with the
experimental observation, in order to assess the plausibility of
the thermo- and plasma-mediated cavitation mechanisms and
of the pulse duration that separates the two regimes. The
simulated ratios are shown by the green and red curves in
Figure S. The green curve shows the ratio assuming that the
bubble maximal volume is directly proportional to the
deposited energy. This proportionality is intuitive and has
been reported elsewhere.”” However, a small but significant
discrepancy with the experimental data remains. The red curve
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Figure 4. Polarization dependence of the nanobubbles scattering signal. Nanobubbles have been generated with an average fluence of 180 mJ/cm?
around 100 nm AuNPs in water. (a) Nanobubbles generated with a 45 fs pulse duration. A large difference between the signals can be observed. (b)
Nanobubbles generated with a 1 ps pulse duration. No significant difference between the signals can be observed.
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Figure S. Ratios of the bubbles generated with linear polarization over bubbles generated with circular polarization for different laser pulse durations.
(a) Experimental ratio of the signal amplitudes coming from bubbles produced with a linear polarization over the ones produced with a circular
polarization as a function of pulse duration for an average fluence of 180 mJ/cm? Error bars come from the uncertainty in the signal amplitude
determination caused by the remaining noise in the signal after averaging. Standard deviation of this noise has been considered. (b) Ratio of the
maximum diameter of bubbles produced with a linear polarization over the ones produced with a circular polarization for the same average fluence.
Experimental maximum diameter ratios deduced from the signal amplitudes are shown by the blue dots. Green squares show the simulation results
assuming that the bubble volume (V) is proportional to the deposited energy (E), whereas the red triangles show the same simulation when V o E°.

shows a much better fit (R>= 0.96) when a V = E%° relation
between the deposited energy and the bubble volume is used,
rather than a direct proportionality. This lower than unity
exponent might be explained by the energetic losses due to
surface tension effects and pressure wave generation that
become increasingly important respectively at the nanoscale
and in the ultrafast regime. The fact that the bubble should
grow from an initially asymmetric shape, especially for the
linear polarization, could also contribute to this lower than
unity exponent. In addition, the size distribution of AuNPs as
well as some imperfection in the beam polarization might also
contribute to the experimental discrepancy with the theoretical
results. Also, the diameter ratios deduced from the experimental
results assume that the focal volume inside which bubbles are
created is the same for both polarizations (see Supporting
Information Note 2), which is probably not the case for the
plasma-mediated mechanism. However, while this may affect
the deduced experimental diameter ratio, it does not contradict
the conclusion, as the plasma-mediated mechanism must be
invoked to justify this probable change in focal volume. It is
thus possible that this fitted exponent reflects only the nonideal
conditions of the experiments. In any case, both simulated
results clearly show a 1 ps threshold between the polarization-
independent thermo-mediated cavitation and the polarization-
dependent plasma-mediated cavitation, in almost perfect
agreement with the experimental result.

In summary, we were able to reveal the existence of two
regimes of laser-induced plasmon-enhanced nanocavitation.
Using an all-optical method, we showed a clear transition from
polarization-independent to polarization-dependent cavitation
regime when the pulse duration is reduced below ~1 ps,
supported by our simulation results. For long pulses, the
cavitation is due to the laser energy absorption in the AuNDPs,
followed by its conductive transfer at the water interface. Since
the electric field distribution in the AuNP is polarization
independent, our results indicate that this thermo-mediated
cavitation mechanism is consistent with a polarization-
independent cavitation. However, the polarization dependence
shown for femtosecond pulses indicates the appearance of
another regime. For those shorter pulses, our results indicate
that cavitation is rather plasma-mediated, resulting from the
nonlinear interaction of the enhanced laser field with the water
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molecules directly in the near-field, creating a localized
photoexcited plasma that yields the bubble. Our numerical
modeling indicates that the ratio experimentally observed
between the maximal diameters of bubbles produced from a
linearly and circularly polarized laser is consistent with this
plasma-mediated mechanism. This work significantly strength-
ens the actual understanding of the physical mechanisms
occurring in plasmon-enhanced laser nanocavitation. This new
understanding should contribute to the development of novel
efficient nanobubble production methods, in particular in the
field of cell nanosurgery, where fragmentation of the AuNPs
and collateral damage to the cells remain a critical issue.

B EXPERIMENTAL METHODS

A rotating 1/4 waveplate was used to change the polarization
from linear to circular. The method used to characterize the
size of the nanobbubles consists in a low-intensity continuous
wave HeNe probe laser aligned along with the femtosecond
pump laser. Both beams are focused into a 1 X 1 cm® quartz
cuvette containing 1 mL of the AuNP solution. The scattering
losses of the probe laser due to the presence of nanobubbles are
filtered out using a spatial filter, and the size and lifetimes of the
nanobubbles induced by the pump laser are characterized from
the probe laser time-resolved amplitude collected with a Si 1
GHz photoreceiver. The interested reader is referred to other
works for further details on the method.****3?

The model includes the description of both the thermo-
mediated and plasma-mediated cavitation mechanism and is
based on previous publications.”*** The Helmholtz equation is
used to calculate the field distribution around and inside the
nanoparticle. In addition to absorption in the AuNP, the
electric field in the near-field may also create a low-density
plasma, by a combination of photoionization and collision
ionization, the density and temperature of which are calculated
using the standard transport equation. The plasma around the
AuNP also significantly modifies the optical properties of the
medium, which is taken into consideration by introducing a
time-dependent dielectric function. The mathematical model is
solved using a time-dependent finite-element method in
tridimensional space. This model allows calculating the total
energy being deposited in the water surrounding the AuNP
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during the laser pulse. Details on the modeling can be found in
the Supporting Information Note 1.

The ratio between the energy deposited by a linearly and a
circularly polarized beam can thus be evaluated. From the
energy ratio, a diameter ratio is deduced, assuming different
proportionality between the volume of the bubble produced
(V) and the deposited energy (E). In a first approximation, we
hypothesize that the maximal bubble volume depends only on
the energy deposited during the laser pulse and is thus
independent of the specific subsequent hydro- and thermody-
namic evolution of the system. A direct proportionality between
the volume and deposited energy (V ~ E) is intuitive and has
been reported by Putsovalov et al.”® Experimental measure-
ments from Siems et al.>* rather reported V ~ E'* for AuNPs
irradiated with femtosecond laser pulses tuned to their plasmon
resonance. We thus hypothesize that a relation V ~ E* can be
used to characterize the bubble dimensions, with an exponent
that will be adjusted to our experimental data. The Gaussian
energy distribution of both the pump and probe laser beams
has also been taken into consideration when evaluating the
theoretical energy ratio. The reader is referred to the above-
cited literature and to the Supporting Information Note 3 for
addition details on the ratio determination.

B ASSOCIATED CONTENT

© Supporting Information
Details on the modeling. This material is available free of charge
via the Internet at http://pubs.acs.org,
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