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ABSTRACT: Photons interaction with metallic nanoparticles
can excite a resonant plasmon that concentrates energy at the
nanoscale. At high intensity, this quasi-particle decays into a
photoexcited nanoplasma that triggers the generation of
nanobubbles, which can be used for imaging and therapeutic
purposes. This highly nonlinear wavelength-dependent process is
controlled by the nanoparticle material, shape, and size in
intricate ways, which justifies the need for a systematic design
approach that currently lacks in the field. To palliate to this, we
developed in this work a computational framework that enables
the efficient in silico screening of large libraries of spherically
symmetric structures and metallic materials. Using this frame-
work, we have investigated the nanocavitation performance of
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spherical nanoparticles with more than 14 million combinations of materials, shapes, sizes, and irradiation conditions, from which
we could distill general principles for the design of durable nanoantennas. In the near-infrared, our work suggests that Cu, TiN,
Ag, and Au nanoparticles offer similar performance, with optimal diameters of ~1/S. In contrast, only Ag and Al are appropriate
for irradiation in the UV—visible, cavitation being associated with structural damage for all other tested materials at these
wavelengths. We also demonstrate that silica-metal nanoshell structures have the potential to reduce the cavitation threshold at
all wavelengths compared to homogeneous nanoparticles due to their extensive spectral tunability. However, designing more
complex layered systems seems to bring no benefit. Our work provides important physical insight on the influence of materials
on nanocavitation and simulation-based design guidelines that should be broadly useful for the engineering of nonlinear

nanoplasmonic materials for biological applications.
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he engineering and synthesis of nanoplasmonic materials

have recently enabled the design of nanoantennas of
various sizes and shapes that can manipulate light at the
nanoscale, well beyond the diffraction limit.'~* Silver (Ag) and
gold (Au) are the most common metals for plasmonic structure
synthesis, with applications ranging from tissue imaging’~* to
light harvesting” and drug delivery.'”'" However, plasmon
excitation can exist in a large variety of materials, which could
be exploited to develop new applications.

To efficiently sustain surface plasmon, the real part of the
dielectric function &, of a given material should be negative,
and much larger than its imaginary counterpart, the latter being
associated with resistive losses.'” A large variety of metals
beyond Au and Ag possess these characteristics, including
aluminum (Al), copper (Cu), nickel (Ni), platinum (Pt),
titanium nitride (TiN), and gold—silver alloys (AuAg). These
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have recently drawn a lot of attention in the plasmonic
community and have emerged as potential substitute to Au and
Ag in many applications for which their specific band structure,
catalytic properties or cost-effectiveness can be advantageously
exploited. For instance, Al nanoparticles (NP) have been used
to generate hot carriers for photovoltaic applications'*~"* and
as photocatalyst for hydrogen dissociation.'® Additionally,
adequately removing oxide from CulNP have enabled replacing
AgNP and AuNP in SERS imaging applications at a fraction of
their price.'” Other works have leveraged the catalytic
properties of NiNP to enable the growth of carbon nano-
tubes'®'” and have demonstrated the great potential of high-
density PtNP dispersed in a carbon matrix for oxygen reduction
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Figure 1. Optimization of irradiation condition and plasmonic nanomaterials for nanocavitation. An in silico procedure screens possible plasmonic
material, nanostructure shapes, and irradiation wavelength to minimize the energy required for cavitation while avoiding damage to the NP.

and other electrocatalytic applications.”” TiN can also present
plasmonic properties”””* and TiNNP have been used to
generate local heating.” Finally, our group has recently
developed methods for tuning the dielectric function and
plasmonic resonance peak of AuAg alloy NP with high
precision,”**° enabling multiplexed tissue imaging.””**

One particularly interesting application of nanoplasmonic is
the possibility to create controllable nanoscale bubbles that can
be used to precisely interact with live cells. In this work, we
sought to optimize the production of nanobubbles around
water-immersed plasmonic NP irradiated with ultrashort laser
pulses (70 fs), using NP of different sizes, shapes, and
compositions that had remained largely unexplored. We have
previously demonstrated that the cavitation process in these
conditions results from the nonlinear photoexcitation of a
quasi-free electron density in the near-field, which energy is
sufficient to induce explosive phase change and generate
nanoscale bubbles around the particle upon relaxation.””*° This
electron density, which can reach a temperature of thousands of
kelvins with a lifetime of tens of picoseconds, is called plasma
throughout this work. This hot plasma is generated directly in
the water, not into the plasmonic metal, through multiphotonic
excitation of water molecules, enabling the formation of
nanobubbles with low NP light absorption. When targeting
cells, these nanobubbles can transiently permeabilize the
membrane to all sorts of molecular cargo, including DNA,
RNA, and drug molecules, stimulating interest for applications
in nanomedicine.” ~**

To efficiently translate ultrafast plasmon-enhanced nano-
cavitation technology to a biological context, the laser energy
surface density (fluence) required to trigger bubble production
must be reduced as much as possible to limit collateral damage
to surrounding cells and tissues. On the other hand, the energy
directly absorbed by the particle from resistive losses must
remain under a certain limit to ensure that the particle does not
sustain irreversible damage, which would result in potentially
toxic particle fragments® and would hinder repeatability and
multipulses or scanning procedures. A delicate balance between
plasmon excitation and near-field enhancement must therefore
be reached by the careful design of nanoantennas in regards of
shape, size, composition, and irradiation wavelength. Studies
from other groups have previously tackled the optimization of
near-field enhancement for plasma generation™ but never

considered the durability constraint, limiting their study to Au
and Ag.

The shape, size, and dielectric function of the material that
constitute the nanostructure modify the plasmonic response in
highly intricate ways, which makes the design process complex
and nontrivial, in particular, for nonlinear interactions. The
systematic experimental synthesis and characterization of all
possible nanoantennas and irradiation conditions would require
formidable time and effort. In this work, we instead developed
and used a high-throughput in silico procedure that enables
screening rapidly and efficiently the extremely large library of all
possible nanoparticle shapes, sizes, and composition under
various irradiation conditions to design the best nanostructure
for plasmon-enhanced cavitation (Figure 1). Previously, we
have used a similar methodology to successfully optimize silica-
gold nanoshells for cell optoporation in the near-infrared,
demonstrating the relevance of the technique.”” Building on
this important validation, here, we considerably expand on this
work and screen for a large variety of spherical shapes,
including spherical particles (NP), nanoshells (NS), and n-
layers multishell structures (n-MS, n = 3—5), composed from
nine metals and alloys (Au, Ag, Al, Cu, TiN, Pt, Ni, Ti, and
AuAg 50:50 alloys) for a total of 14 million combinations.
These particles are optimized for a large selection of
wavelengths (1) across UV—visible (4 = 300—700 nm) and
near-infrared (NIR; 4 = 700—1000 nm) and total diameters
from 1 to 200 nm, by evaluating their fluence thresholds for
cavitation (Fppp.) and structural damage (Fgamage)-

Our results demonstrate that Cu, TiN, Ag, and Au NP all
offer similar performance in the NIR and that only Al and Ag
can be optimized in the UV—visible due to higher resistive
losses for the other metals. Interestingly, we show that the size
of the optimal NP irradiated in the NIR does not depend on
the material, but only on the wavelength. Then, we
demonstrate that the extended tunability of NS reduces Fy e
by up to 85%, especially in the NIR, and that only a marginal
gain is obtained with n-MS, considerably reducing the interest
for these more complex structures. Finally, we provide
important guidelines for the design of nanomaterials for
plasmon-enhanced nanocavitation, which should more gen-
erally enable the design of plasmonic nanostructures tailored to
various nonlinear applications in cell and liquid environments.
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B RESULTS AND DISCUSSION

Computational Design Approach and Validation.
First, we developed a simple model capable of predicting the
laser fluence Fyuyp. required to induce cavitation around a
spherical plasmonic nanoparticle of any materials and
compositions. We have defined this cavitation threshold as
the fluence needed to reach a critical plasma density of p = 10*!
cm™ into the near-field enhancement of the nanostruc-
ture,”*~*" although lower values are also sometimes reported.*'
We calculated the plasma density from a rate equation (eq 1 in
Methods) that considered the photoionization rate calculated
using Keldysh theory, the collision rate for the impact
ionization process, the diffusion rate of the plasma density
leaving the near-field region and the recombination rate of the
plasma relaxation.

To validate this cavitation model, we compared the
computed Fy e with previously published experimental
cavitation threshold*” obtained with the shadowgraphy
technique for 50—250 nm AuNP irradiated with 70 fs, 800
nm laser pulses (Figure 2a). We observed that the general trend
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Figure 2. Validation of the computational design methodology.
Micron-size bubble detection threshold and theoretical cavitation
threshold based on an optical breakdown threshold as a function of
AuNP diameter. As expected, the experimental results are slightly
higher because of the larger bubble detection threshold.

of the experimental data is well reproduced. A systematic
underestimation of the cavitation threshold is observed due to
the fact the experimental observation concerns detectable
bubble of size ~1 um, instead of the theoretical pointwise
cavitation, the latter likely occurring at a slightly lower fluence.
Similar results were previously obtained with AuNS.>’
Second, we used a simple model to calculate the laser fluence
Fiymage required to damage the NP. Melting is commonly
identified as the onset physical mechanism leading to NP
structural shape modifications.*”** We have thus defined the
damage threshold as the fluence needed to reach the melting
temperature into the NP, considering its absorption cross-
section and thermodynamic properties. Using this model, we
estimated that the laser fluence required to reach melting
temperature of a 100 nm AuNP was 370 m]J/cm? which is
comparable to experimental damage threshold results of 315 +
70 mJ/cm* in similar irradiation conditions.”> We also
estimated a damage threshold of 73 mJ/cm® for AuNS (39
nm silica core radius and 28 nm gold shell thickness), which is
also comparable to previous experimental damage results of 65
+ 15 mJ/cm? in similar irradiation conditions.”” Of course,
nanostructure damage could occur at lower temperature than

melting through other thermodynamic pathways such as
spallation or phase explosion.”*™** However, these mechanisms
being rather difficult to assess, we decided to compensate for
this slight difference by setting, as a factor of safety, that Fy,nag.
should be at least twice Fpyy. to consider the particle as
durable. This ensures that no structural damage occurs when
bubble are generated.

Near-field enhancement and absorption cross-section of the
particles have been calculated using Mie theory. Optimized
nanostructures were defined as the durable particles that
minimize Fpppje-

In summary, our simple model can yield a reasonable
estimation of the cavitation fluence and the melting fluence in
less than 0.1 s for a given irradiation condition using a standard
personal computer. This remarkable rapidity has enabled to
calculate more than 14 million irradiation conditions in a fairly
reasonable amount of time. More complete models that can
capture cavitation dynamics with §reater accuracy have been
recently developed by our group.””* However, these models
take at least an hour to calculate, and it would have been
impossible to use them to test as many conditions in realistic
amounts of time. The simple model presented in this paper is
therefore very useful to rapidly screen large libraries of
nanomaterials and irradiation conditions to unravel tendency
and general principles, which is the purpose of the present
paper.

Wavelength-Dependent Cavitation around 100 nm
AuNP and Optimal Size of AuNP. To characterize the
influence of the irradiation wavelength on plasmon-enhanced
nanocavitation, we used our computational framework to
evaluate the cavitation and structural damage thresholds for 100
nm AuNP irradiated with ultrashort laser pulses (70 fs) with
wavelengths between 300 and 1000 nm. The wavelength of the
incident photons has a major influence on the dynamic of
plasma and bubble generation around the NP because of the
highly nonlinear nature of the energy transfer process. In pure
water, when no NP are present, the number of photons
involved in multiphoton ionization varies from 3 photons at A =
400 nm to 7 photons at 4 = 1000 nm, creating well-defined
steps in the wavelength evolution of Fyyy. (Figure 3a), as
previously reported by Linz et al.*’ In addition, when NP are
present, the irradiation wavelength substantially influences the
polarizability of the plasmonic structures, resulting in strong
variations of the near-field enhancement and absorption cross-
section (Figure 3b). The combination of these two phenomena
(modification of the nonlinear order and particle polarizability)
engenders slightly smoother steps for plasmon-enhanced Fy .
compared to cavitation in pure water, but still clearly shows
unambiguous signature of nonlinearity (Figure 3c).

Using our computational approach, we show that 100 nm
AuNPs are optimal for irradiation at 4 = 651 nm, which offers
the right balance between near-field enhancement and
absorption cross-section, with Fype ~ 31 mJ/cm? At longer
wavelength, reduced near-field enhancement coupled to higher-
order nonlinear interaction increases Fy ., while at shorter
wavelength, increased absorption cross-section leads to
structural damage. In this work, we require that Fyp,e. is at
least twice Fy e as a factor of safety to consider that the
nanoantenna is durable (green line in Figure 3c). Durable
cavitation is thus suggested by our simulation results for the
whole 651—1000 nm portion of the spectrum with this type of
particle.
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Figure 3. Wavelength-dependent plasmon-enhanced cavitation threshold with 100 nm AuNP and ultrashort laser pulses (70 fs). (a) Cavitation
threshold in pure water (no NP) as a function of the irradiation wavelength. Each discrete step corresponds to a change in the number of photons
required to photoionize water (band gap of 6.5 eV). (b) Near-field enhancement and absorption cross-section for a 100 nm AuNP in water as a
function of the irradiation wavelength. (c) Cavitation threshold for 100 nm water-immersed AuNP. Red and green lines, respectively, correspond to
regions where the NP sustain structural damage and remain intact. The orange line indicates a region where the melting fluence is less than twice the
cavitation fluence threshold. (d) Fluence needed to reach cavitation without melting. The white area indicates a region where achieving durable
cavitation is impossible. The white line shows the factor of safety boundary, a limit where the damage fluence is twice the cavitation fluence. The pink
line indicates the diameter corresponding to the minimal fluence at each wavelength while still respecting the factor of safety.

Next, we investigated how tuning the size of AuNP could
improve plasmon-enhanced cavitation. Results show that AuNP
performance is slightly better for 115 nm AuNP compared to
100 nm AuNP, when irradiated at an optimal wavelength (4 =
645 nm, Fyp. ~ 28 mJ/cm? Figure 3d). Notably, at 4 = 800
nm, the optimal AuNP diameter is 150 nm, in agreement with
previous theoretical studies.”” The wavelength window under
which durable cavitation can occur is also slightly increased
compared to 100 nm AuNP, covering the 600—1000 nm
portion of the spectrum. At short wavelengths (600—650 nm),
the optimal size is largely limited by AuNP absorption, as
shown by the fact that the optimal diameter curve (pink line in
Figure 3d) closely follows the damage threshold limit. In the
NIR, because of reduced absorption, the optimal diameter (D)
is fully determined by the maximization of the near-field
enhancement. The maximal near-field enhancement can be
roughly evaluated from the dipolar response of NP to
electromagnetic field, and can be shown to occur for particles
of diameters D = 0.764/zn (Supporting Information (SI),
Supporting Note 1), where n is the environment refractive
index. For water (n = 1.33), this equation yield approximately
D ~ A/5. The existence of this maximum is a consequence of
the balance between the damping of the polarizability due to

dipolar emission, and the enhancement of that same dipole due
to the volume increase.

Importance of the Choice of Materials for Optimal
Plasmon-Enhanced Nanocavitation. While Au is certainly
among the most popular plasmonic materials, together with Ag,
several other metals share the dielectric function characteristics
that are required to efficiently sustain surface plasmon. Using
our computational framework, we have investigated how using
other metals could improve plasmon-enhanced cavitation. We
computed the optimal NP made of Ag, Cu, Al, TiN, Nj, Pt, T,
and 50/50 gold—silver alloy (AuAg) for durable plasmon-
enhanced nanocavitation (Figure 4a,b). Results show that, due
to their distinct dielectric function and thermodynamic
properties, each material leads to feasible designs for irradiation
in limited portion of the spectra. For instance, compared to
AuNP, AgNP increases the durable cavitation window by 54%
to a much wider 384—1000 nm range. On the other hand,
CuNP reduce this window to a region covering only
wavelengths larger than 635 nm. Similarly, AINP only covers
a short region of the UV—visible spectrum (300—368 nm).
Notably, PtNP, TiNP, and NiNP never lead to cavitation
without sustaining damage across all the UV—visible and NIR
range. AuAgNP and TiNNP have a very peculiar behavior,
showing durable cavitation in disconnected regions of the
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Figure 4. Impact of the choice of material for designing optimal NP. (a) Optimal NP diameter for each material as a function of wavelength. When
no line is present, cavitation cannot be induced without damaging the particle at this wavelength for this material. Ni, Ti, and Pt are not shown
because no solution exists at any wavelength. (b) Corresponding cavitation thresholds. (c) Multipolar contributions to the near-field enhancement
for optimized NP. Inset shows characteristic examples of mostly dipolar and mostly multipolar interaction with optimal AuNP.

spectra (649—672 and 747—1000 nm for AuAgNP and 665—
671 and 719—1000 nm for TiNNP) due to the damage
constraint.

In the UV—visible (300—700 nm), the cavitation enhance-
ment and optimal NP size are highly material dependent
(Figure 4a). These optima are heavily influenced by the thermal
properties of the NP since energy absorption is very important
at these wavelengths. Optimal NP often get bigger to keep the
absorbed energy density below the damage threshold, resulting
in increased multipolar interactions. This is apparent in Figure
4c that shows the multipolar contribution to the field
enhancement for all materials. Notably, an almost purely
dipolar behavior is shown for Ag at wavelength as short as 450
nm, due to very low resistive losses. This makes AgNP
particularly well-suited for cavitation in the UV—visible (384—
700 nm). AINP can extend the feasible range into the UV
(300—368 nm), but with reduced efficiency.

In the NIR (700—1000 nm), the differences between the
cavitation enhancement of the various materials are greatly
reduced, and the optimal cavitation thresholds are very similar
for Ag, TiN, Cu, and Au and only slightly higher for AuAg.
Interestingly, the optimal diameter for all materials in the NIR
is also very similar and can again be approximated by D ~ 1/8.
This behavior is due to the fact that the balance between

damped polarizability and enhanced dipole emission is mostly
geometrical and weakly depends on the dielectric function for
materials with large negative permittivity, characteristic of
metals in the NIR (SI, Supporting Note 1). In consequence, the
durability window is the only property that significantly varies
with materials for plasmon-enhanced cavitation in the NIR.
Due to their high melting temperature, TiNNP are shown to be
the most efficient NP for wavelengths larger than 815 nm.

Nanoshells and Multishells. In addition to size and
materials, the geometry of the particles greatly influences their
plasmon resonance characteristic and thermal behavior. There-
fore, we wanted to evaluate how designing silica-metal
nanoshells (NS) could yield better nanomaterials for
plasmon-enhanced nanocavitation. In a previous work, we
have shown how the extra-tunability of AuNS (obtained by
carefully adjusting the silica core radius and shell thickness)
could yield nanomaterials optimized for cavitation and cell
optoporation in the NIR.*” This unique tunability has also been
used by other groups for enhanced biosensing’' gene
silencing,52 cancer treatment,”> DNA release,’* and steam
production.*>*°

Using our computational framework, we optimized the
cavitation threshold and durability window for NS made of a
silica core with a single metallic layer, considering all metals
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Figure 5. Optimal NS for various metallic compositions. (a) Optimal NS inner core radius (in gray) and total outer radius (in color) for CuNS,
AuNS, and AgNS. Blank regions indicate that no design leading to cavitation without damage exists. Dash lines indicate the guidelines for the
optimal inner core radius (A4 = 0.876) and the outer radius (r, ~ 0.764/27n). (b) Determination of the optimal inner core radius. The difference
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order to reach optimality. (c) Optimal cavitation fluence threshold for all tested NS as a function of the irradiation wavelength. (d) Cavitation

fluence threshold for optimal NS and NP at 4 = 800 nm.

that were tested above for NP. The maximal outer diameter for
NS was set to 200 nm, and the inner core radius could be varied
freely, with a resolution of 1 nm. Irradiation wavelengths have
been tested for 4 = 300—1000 nm with increments of 5 nm.
Our results show that NS do not extend the durability window
for any metal tested. Similar to the case of NP, PtNS and NiNS
cannot yield durable nanoantennas across the UV—visible and
NIR, for any combination of core radius and shell thickness.
However, due to spectral tunability, Fyp. are respectively
reduced by up to 86, 39, 49, and 17% for AgNS, AuNS, CuNS,
and AuAgNS compared to their corresponding optimized NP.
For some portions of the irradiation spectrum, the best NS is in
reality a NP, their core radius being reduced to zero. For
instance, this occurs for AuNS in the 625—640 nm range
(Figure Sa). Notably, optimal AINS are always NP (inner

diameter of 0), although nonoptimal durable AINS also exist, in
opposition to NiNS and PtNS that cannot induce cavitation
without sustaining damage for any combinations of core radius
and shell thicknesses (Figure S1).

Analogous to NP, the sizes of optimal NS are shown to
follow simple rules that depend of the irradiation wavelength.
In the NIR, the outer diameter of the optimal NS
approximately follows the D ~ A/S guideline that was
previously deduced for NP (Figure Sa). This behavior is not
surprising, given the fact that the near-field enhancement is
essentially dipolar. As in the case of NP, the size dependence of
the polarizability leads to a similar trend. We can also
determine a guideline for the optimal diameter of the inner
silica core. As shown on Figure Sb, a simple nonlinear
regression procedure (SI, Supporting Note 2) shows that the
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optimal inner diameter corresponds to a spectral response in
which the spectral distance between the irradiation wavelength
and the extinction cross-section peak is 0.87 times its half width
at half-maximum (A1 = 0.876), which seems to provide the
right balance of field enhancement and density of energy
absorption. This general rule can serve as a guideline for the
design of NS. Combined together, these two guidelines (D ~
A/S for the outer diameter, and A1 = 0.87¢ for the inner
diameter) uniquely define the optimal nanoshell in the NIR
regime. Note that AuAgNS and TiNNS present an outer layer
that is slightly thicker than expected, probably due to their
higher absorptivity in the NIR compared to other metals
(Figure S2).

Our results show that AgNS are the most efficient particles to
durably induce cavitation. Indeed, AgNS exhibit the lowest
Fyubble between all the NP and NS tested, across all wavelengths
(Figure Sc). The optimal AgNS has a 86 nm silica core radius
with a 13 nm thick Ag shell. Irradiated at 4 = 525 nm, this
particle presents a Fy . of ~3.4 mJ/cm? two times better than
the lowest threshold that could be achieved with AgNP (~8
mJ/cm?* at 1 = 397 nm) and seven times better than that of the
best AuNS (~24 mJ/cm* at A = 670 nm). At A = 800 nm, a
wavelength commonly used in ultrafast laser technology, all
studied NS showed better performance than NP (Figure 5d).
At this wavelength, AgNS again presents the lowest Fy . with
~15 mJ/cm? (50 nm silica core radius with 11 nm thick silver
layer). This is three times better than the lowest threshold that
could be achieved with AgNP (~43 mJ/cm* at 4 = 800 nm)
and two times better than the best AuNS (28 mJ/cm?* at A =
800 nm).

Although Ag perform significantly better than all other
metals, Au is generally preferred over Ag in biological
applications, due to better stability, resistance to oxidation,
and biocompatibility.”’ " To overcome these limitations,
AgNS can be coated with a thin Au layer (~1 nm; Figure
$3), as previously reported.”” Our computational framework
suggests that this type of coating does not significantly degrade
AgNS performance (Fygppe ~ 18 mJ/cm* at 4 = 800 nm,
compared to 15 mJ/cm? at 4 = 800 nm for noncoated AgNS),
while avoiding the problematic exposition of the Ag surface to
the environment.

We next proceeded to test whether more complex layered
spherical structures could yield durable nanoantennas with
enhanced properties in the NIR compared to simple NP and
NS. Using our computational methodology, we tested multi-
shell systems (n-MS) composed of alternated layers of metal
and silica. Structures with n = 1—5 Ag and Au layers were tested
at A = 800 nm, n = 1 and 2 corresponding to NP and N,
respectively. Results show that optimal 5-AgMS and S-AuNS
reduce Fygpe by 7 and 2% compared to AgNS and AuNS,
respectively (Figure 6a). Fyye saturates very rapidly when the
number of layers n is increased, which brings very limited
interest for structures with more than five layers. The geometry
of all optimal #n-MS are shown in Figure 6b. Similar to NS and
NP, the outer diameter of optimal n-MS structures are shown
to follow approximately the D ~ 4/5 guideline at 800 nm. The
thicknesses of the different layers are adjusted to tune the
extinction spectrum in a way that is very similar to NS, the
plasmon resonance being blue-shifted relative to the laser
irradiation (AZ) with a constant value close to 0.87¢ (Figure
6¢c). It is finally interesting to note that, for n-MS, energy
absorption within the outer metallic layer is the most critical
source of structural damage. In all cases, including NS, the

N w N
=] =) S
T —

o
T T

Cavitationn fluence (mJ/cm?)

o
T

3
Number of layers

b.
Number | Optimized AuMS | Optimized AgMS
of layers | (r,/r,/r,/...) (am) |(r,/r,/r./...) (nm)
1 75 76
X

2 52/71 50/61

3 24/50/70 23/50/62

4 4/24/50/70 8/23/50/62

5 3/4/24/50/70 5/8/23/50/62

C.
AuNS Laser
AuNP i
. AuMs
~1 o~ /N \\T (3,4 and 5 layers
E overlapped)
c
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©
£
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Figure 6. Optimal n-AuMS and n-AgMS with 1-5 layers. (a)
Cavitation fluence threshold for Au (red) and Ag (blue) n-MS as a
function of the number of layers. (b) Optimal sizes of the
corresponding #-MS. (c) Comparison of the extinction spectra of
the optimal AuNP, AuNS, and AuMS for an irradiation of 4 = 800 nm.

melting temperature is reached in this layer before optical
breakdown occurs in one of the inner silica layer. However,
given the effort required to grow such complex multilayered
structure, the potential of n-MS for enhanced cavitation is
extremely limited.

B CONCLUSIONS

In conclusion, we have developed a computational framework
that is capable of screening large libraries of plasmonic
nanostructures of different shapes, sizes, and compositions to
design durable nanoantennas for plasmon-enhanced nano-
cavitation. These antennas enable reducing the laser fluence
needed to initiate cavitation in liquid, while avoiding structural
damage that would hinder multipulse and scanning procedures.
The major findings of this work are summarized in Figure 7,
which shows, for all tested materials, which particle size and
irradiation wavelength can be used in the UV—visible and NIR
to design durable NP (Figure 7a) and NS (Figure 7b) for
nanocavitation. The optimal structures are also indicated in
each case. Globally, AgNS are shown to be the best materials,
with irradiation at A = 525 nm, for which Fy . ~ 3.4 mJ/cm?
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a.
‘ "\ Nanoparticles

UV-Visible (300-700nm)

NIR (700-1000nm)

Diameter Wavelength Fluence Diameter Wavelength Fluence
(nm) (nm) (mJ/em?) (nm) (nm) (mJ/ecm?)
Feasible Optimal Feasible Optimal Optimal Guideline Optimal Feasible Optimal Optimal
Ag 156  384-700 397 8 152  700-1000 795 43
Au Material 115 600-700 648 28 151  700-1000 795 43
Cu  dependent 138 635-700 670 37  D=M5 450 700-1000 795 43
AuAg (Figure 5a) 192  649-672 668 59 150  747-1000 795 46
TiN 200 665-671 670 69 135  719-1000 795 43
Al 185 300-368 317 23
Ni
Pt
Ti
b.
C Nanoshells
UV-Visible (300-700nm) NIR (700-1000nm)
Radius (r,/r,) Wavelength  Fluence Radius (r,/r,) Wavelength Fluence
(nm) (nm) (mJ/cm?) (nm) (nm) (mJ/cm?)
Feasible Optimal Feasible Optimal Optimal Guidelines Optimal Feasible Optimal Optimal
Ag 84/97  384-700 525 3 49/60 700-1000 790 15
Au Material 29/58  599-700 670 24 D=5 52/71 700-1000 800 28
Cu dependent 0/69  635-700 670 37 AL=0.876 47/69 700-1000 800 33
AuAg (Figure 6a) 0/96  649-672 668 59 31/75 T747-1000 800 43
TiN 0/100 665-671 670 69 28/66 719-1000 800 40
Al 0/93  300-368 317 23
Ni
Pt
Ti

Figure 7. Summary of the major findings. (a) NP and (b) NS feasible and optimized sizes and wavelengths for all studied materials in the UV—
visible and NIR. The cavitation fluences for the optimal particle size irradiated at optimal wavelength are also indicated.

This type of large-scale systematic survey would have been
impossible to conduct using only experimental methods. Our
computational methodology thus enables to efficiently guide
experimentalists toward the most promising materials and
structure, and to extract general guidelines for the design of
new nanomaterial devices. While this current work is limited to
spherical nanoparticles, our methodology could be extended to
other 3D nanoshapes, includinﬁ nanorods,® ~® nanostars,®* =
nanodisks,®” or nanocages.ég_7 Because these no longer exhibit
spherical symmetry, more advanced numerical methods would
have to be employed to calculate the needed cross sections and
near-field enhancement, such as DDA,’*”® BEM,”*
FDTD,**”>”® or FEM.”® More advanced physics-based theory
that can predict the onset of cavitation or structural damage
with more precision could also be used to improve the
quantitative predictability of our modeling framework.*
However, while possible, all these refinements would require
a longer computing time that must be delicately balanced with
the needed level of accuracy. While these problems are
challenging, our work paves the way toward the development
of nanoplasmonic material design methods that will soon
become unavoidable for the efficient development of new
nanoplasmonic devices.

B METHODS

Modeling Overview and Limitations. Our objective, in
this work, is to design nanoparticles that can generate bubbles
upon ultrafast irradiation without being damaged. We thus
developed models to estimate both the cavitation and the
damage thresholds.

First, we compute the optical properties of the NP to
determine the near-field enhancement, the near-field pene-
tration depth and the absorption cross-section. These proper-

ties are essential to the determination of the cavitation and
damage thresholds.

Second, we calculate the plasma generation associated with
the onset of bubble formation. The near-field enhancement and
penetration depth are used to calculate this plasma generation
into the near-field volume. It is then possible to deduce the
laser fluence needed to reach a plasma density of 10*' cm™,
which we define as the condition for cavitation threshold. This
hypothesis is only valid if plasma generation in the water is the
dominant physical mechanism leading to cavitation over
thermal effects due to NP absorption. Since our objective is
to limit the absorption, this hypothesis should be valid for all
NPs and irradiation conditions considered. For the same
reason, hot electrons ejected from the NP are also neglected.

Finally, we calculate the temperature rise into the NP metal
using the absorption cross-section and the thermodynamic
properties of the metal. We assume that all the laser energy
absorbed by the NP is transferred into heat in the metal
without any loss. This hypothesis is only valid if the laser
irradiation is shorter than the heat diffusion time, which is
always the case in this work for ultrafast laser pulses. It is then
possible to deduce the laser fluence needed to reach melting
temperature inside the NP, which is taken as the damage
threshold.

Computation of the Optical Properties of Plasmonic
Nanoparticles. NP optical properties were computed using
the Mie solution of the Maxwell’s equations.””””® An in-house
code (NFMieCoated) was developed to compute the
absorption, scattering, and extinction cross sections, as well as
the near-field enhancement and distribution around spherical
NP, NS, and MS irradiated by plane waves at a given
wavelength. Our Mie solution involves expanding the electro-
magnetic fields into infinite series of spherical vector wave
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functions and using the boundary conditions at interfaces to
solve the Maxwell’s equations for the complete field.”® Our
code is available in the Supporting Data as a MATLAB function
(SL, Supporting Note 3). The real and imaginary parts of the
refractive indexes as a function of the irradiation wavelength
have been taken from tabulated data for all the materials and
are shown in Figure S4.

Four characteristic parameters were evaluated using the
NFMieCoated code: (1) The absorption cross-section (C,,,) of
each metallic layers composing the particle, (2) the maximal
near-field enhancement in the silica (NFEg; ) (when present),

(3) the maximal near-field enhancement in the water (NFE),
and (4) the penetration length (L) of the near-field into the
surrounding water. In this work, L was defined as the full width
at half-maximum of the radial NFE, taken at the angular
position that corresponds to the maximal NFE.

Computation of the Cavitation Fluence Threshold.
Computation of the fluence threshold for cavitation was based
on the calculation of the density of the plasmon-enhanced
plasma generation in the near-field. A plasma density threshold
of p = 10*! cm™ was used, in agreement with previous studies
of laser-induced cavitation in water.”* * To calculate the
plasma density, we used a rate equation that account for the
plasma creation through multiphotonic and collision mecha-
nisms and the plasma decrease through charge recombination
and diffusion. The computation of the plasma density around
the NP is given by®

7

a_f = Sphoto + Scollp - Srecp2 - Sdiffp (1)
with Sypoi the Keldysh photoionization rate in strong fields
that describes the ;)lasma formation through multiphotonic and
tunnel ionization,”” S., the collision rate that describes the
plasma formation through impact ionization, S, the recombi-
nation rate of the excited charges to water molecules
fundamental state, and Syq the diffusion rate of the charges
outside the near-field volume. Explicit expressions for S, and

S.ec can be found elsewhere.”” The collision rate, Sy, is given
by
n
——, for pV > 0.5
Scoll =31+ M Ton
0, for pV < 0.5 2)

where 7,y is the time between collisions (1.7 £5°°), n is the
number of photons required to give the electrons 1.5 times the
gap energy, V is the volume in which electrons are excited, and
n is the ionization rate per electron and is given by

1 e’z |EP
o*t gy’ + 1\ m[3/2]A M 3)

2
M@ Toy

]’l:

where o is the light radial frequency, E is the electromagnetic
field, A is the effective ionization potential (~6.5 eV for
water’®), and M the mass of a water molecule. We defined the
volume V as a sphere of radius L, where L is the penetration
length of the near-field into the surrounding water.

Finally, the diffusion rate Sy is given by

Tcoll[s / 4]A
Sdiff =3
3me L (4)

My is the exciton reduced mass, given by 1/m,, = 1/m, + 1/my,
where m, and my, are the effective mass of the quasi-free
electron in the conduction band and the hole in the valence
band, respectively.

Equation 1 was solved in Matlab (Mathwork Inc.,
Burlington) using the odelSs solver. The fsolve routine was
used to find the laser fluence required to reach p = 10*' cm™.
This fluence is then divided by INFEI to find Fyype-

Computation of the Structural Damage Fluence
Threshold. The fluence threshold for structural damage
(Fdamage) was determined from the minimum value between
the fluence required to reach the melting temperature of each
metallic layer (F,) and the fluence required to reach
breakdown in each silica layers (Fg ), if present. F,, was

calculated using
mCP(Tmelt - ’IE))
Cabs (5)

melt —

m is the mass of metal in each layer, , is the specific heat of
metal at constant pressure, and T, and T, are the melting
temperature of the metal and the room temperature,
respectively. The values of ¢, and T, used for each metal
can be found in Figure SS. The threshold for optical breakdown
in silica has been estimated to 3.92 J/ cm? using eq 1 for a large
laser focal spot size (>1 ym) and an irradiation wavelength of
800 nm. This value was divided by INFE, |” in each silica layer

to yield Fgo..
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