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Abstract

Under nano- to femtosecond pulsed illumination at their plasmonic resonance wavelength, metal
nanoparticles efficiently absorb the incident light energy that is subsequently converted into heat. In a
liquid environment, with sufficiently high pulse fluences (light energy per unit area), this heat genera-
tion may result in the local formation of a transient nanobubble. This phenomenon has been the subject
of a decade of investigations and is at the basis of numerous applications from cancer therapy to pho-
toacoutic imaging. The aim of this article is to clarify the question of the fluence threshold required
for bubble formation. Using a Runge-Kutta-4 numerical algorithm modeling the heat diffusion around
a spherical gold nanoparticle, we numerically investigate the influence of the nanoparticle diameter,
pulse duration (from the femto- to the nanosecond range), wavelength and Kapitza resistivity in order

to explain the observations reported in the literature.
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Introduction

Most applications in nanoplasmonics are based on the use of nanoparticles (NPs) in a liguid medium.
The presence of a liquid makes the related physics extremely rich. In particular, singular physical processes

7,8

such as boiling, !> fluid convection,*> chemical reaction® or thermophoresis’® may occur as soon as a

plasmonic NP under illumination behaves as a nanosource of heat. The area of research based on the use
of plasmonic NPs as heat nanosources is termed thermoplasmonics.’
Bubble formation induced by plasmonic heating has been the subject of a decade of investigations,

mainly under pulsed illumination!®!! (the interest for continuous wave illumination>'>~13

is paradox-
ically much more recent). After the absorption of a pulse of light, the temperature of the NP rises, and
subsequently decreases upon releasing heat in the surrounding fluid. If the maximum temperature achieved
in the fluid during this process is sufficiently high, bubble formation occurs, a bubble that subsequently
collapses on the nanosecond time scale. Such a process has been studied in the context of applications

11,16 and photoacoustic imaging. !’

such as photothermal cancer therapy

Regarding the underlying physics of bubble generation in plasmonics, three main questions have been
arousing the community’s interest so far: (i) what is the bubble life time?, (ii) what is the maximum
bubble size? and (iii) what is the fluence threshold (light energy per unit area) required for bubble for-
mation (the subject of this article)? Albeit the simplicity of these questions, experimental investigations
of nanobubbles are complicated for two reasons. 18-21 First, due to their nanometric size, they cannot be
easily visualized. Even though they can efficiently scatter light and be detectable for this reason, it is hard
to directly measure their diameter using optical means due to the diffraction limit. Second, their dynamics
lies in the picosecond to nanosecond time scale, which is way below the detection speed of many common
detectors in optics.

The fluence threshold for bubble generation in plasmonics has been discussed in several articles, both
experimentally and numerically. 1-192122 In particular, the overall dependence of the fluence threshold as
a function of the NP radius was shown to display a bathtub shape as represented in the following scheme,
no matter the pulse duration. -19-21

However, the origin of this non-monotonic profile has not been fully elucidated in the literature. As

stated by Hashimito and coworkers in 2012, the mechanisms of laser-induced bubble formation assisted
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by nano- microabsorbers have bot been fully understood. Clear explanations for the experimental results

are still needed.

In this article, we aim at clarifying the question of the fluence threshold for bubble generation in
plasmonics, under pulsed illumination. We first describe the physics of heat generation and diffusion
involving a metal NP under pulsed illumination, with a particular focus on several parameters that will
be further discussed: in particular the dependence of the absorption cross section on the NP diameter, the
role of the NP-liquid interfacial thermal resistance, the existence of a spinodal temperature in water and
the concepts of ideal temperature increase and fluence threshold. Then, we introduce the Runge-Kutta
(RK4) numerical framework we developed and used in this work, before finally discussing in details the
results of the numerical simulations and the physics behind the fluence threshold for bubble formation in

plasmonics.

Theoretical framework

Heat generation in the nanoparticle

We consider in this work a spherical gold NP, immersed in a uniform liquid environment and illumi-
nated by a single light pulse. The interaction between the incoming light pulse and the NP consists of a
three-step process.* (i) Part of the incoming light energy is primarily absorbed by the electronic gas of
the metal NP. (ii) This energy is transferred to the atomic lattice of the NP via electron-phonon interaction.
(ii1) The NP cools down by releasing it thermal energy into the surrounding fluid by thermal diffusion. In

this scenario, three time scales are involved:
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1. The pulse duration T,. If one considers a Gaussian pulse profile, one can define the pulse duration

Tp such that the normalized pulse profile reads:

1 42
0= o (—n%) m
p

2. The time constant of electron—photon interaction T.,. For gold, Tep = 1.7 ps. ">’ With a good

approximation, the power transfer from the electrons to phonons occurs according to an exponential

decay function that reads:

plr) = —exp (—i) @)

3. The characteristic time of nanoparticle cooling 74 due to heat release in the surrounding water.

Its expression reads?*

Tg= (3)

where « is the radius of the NP, ¢y, is the volumetric heat capacity of the metal (2.5 x 10® Jm—3 K~!
for gold) and Ky, is the thermal conductivity of the surrounding water (Ky = 0.6 W m~! K1), For
common NP sizes, it ranges from 1 ps to 1 ns (Fig.1). Note that this time scale may no longer be the

characteristic time of NP cooling if a metal/liquid thermal resistance is present at the NP interface,
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as discussed further on (see eq (15)).

100 ns
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1p52 L

Figure 1: Characteristic time of nanoparticle cooling in water after pulse absorption as a function of the
nanoparticle diameter, according to eq 3

From the physical quantities introduced so far, one can derive other useful physical quantities, namely

the pulse intensity (or irradiance) /() defined as a power per unit area:

I(t) = Fq(t) )

where F is called the fluence of the pulse (energy per unit area). Note that [(¢)dt = F. Let us define also

the power P(t) transferred from the pulse to the electron gas, which reads
P(t) = Ous I(t) = OapsF q(2) 5)
where Oy, is the absorption cross section of the NP. The total energy absorbed by the NP reads thus

E = /P(t)dt = Oy F (6)
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A final important physical quantity is the heat power transferred from the electron gas to the atomic lattice

(i.e. the phonons) of the NP:

o) = Pep(t) (7

= OwsF q®p (t) (8)

where A®B denotes a function that equals the convolution between the functions A and B.

One can now discuss the occurrence of different regimes depending on the relative values of the three
aforementioned time constants T, Tep and Ty. For very short pulses such that T, < Tp, one can consider
the function ¢ as a Dirac distribution compared to p, which yields g& p ~ p. This is typically what hap-
pens in the femtosecond regime, since the typical pulse duration of 100 fs is shorter than Tep = 1.7 ps.
On the contrary, if T, > Tep, typically with nanosecond pulses, g®p = q. These approximations make
the expression of Q(¢) much simpler: it will feature either an exponential decay in the femtosecond range
QO(t) = OapsF p(t), or a Gaussian shape in the nanosecond range Q(f) = OupsFq(t). The picosecond-pulse
range appears therefore as an intermediate regime where Q(¢) cannot be approximated by a simple close-
form expression, and has to be calculated using eq (8). Note that another approach to determine Q(¢) is
the so-called two-temperature model (TTM).?>28-30 The TTM is a more sophisticated approach, which
enables for instance the consideration of non-linearities of the heat capacity of the metal NP as a function

of temperature.

Absorption cross section

The absorption cross section Oypg 0f a spherical NP can be computed using Mie theory (see appendix A
for the theory and supplementary information for the Matlab code). A plot of Oy, for gold is represented
in Fig.2. For small radii a, typically for a gold NP size 2a below 60 nm, O, is proportional to the NP

volume V = 47143 /3.° One can thus define a constant { such that

Oabs = ¢ a’ €))
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stands for a fitting function of Oyps(a) for small values of a. We found { = 0.430 nm~! for spherical
gold NP in water (n = 1.33). Such a fit is represented as a dashed line in Fig.2. We will see that such a
non-linearity of Oyps(a) with respect to V plays an important role in the physics of bubble generation in

plasmonics.

Absorption cross section
x10°0abs (nm2)

0 T f f f f f f
0 20 60 100 160
Nanoparticle diameter 2a (nm)

Figure 2: Absorption cross section of a spherical gold nanoparticle in water as a function of its diameter
(solid line) for an illumination wavelength of 532 nm. Fitting function for small diameter (dashed line).

Heat diffusion

Let us consider a spherical gold NP immersed in water. The evolution of the temperature distribution

in the system is governed by the heat diffusion equation.3! The related set of differential equations reads

0T —Kn02T = Q(t)/V  forlr|<a (10)

cwO T —KyOT = 0 for [r| > a (11)

where Ky, is thermal conductivity of water and ¢y, its volumetric heat capacity. These expressions assume
no variations of the properties of the fluid with regard to temperature. To solve the problem, one also has
to consider a set of two boundary conditions related to the continuities of the temperature and its gradient

at the NP-water interface |r| = a:

KmoT(a") = KyoT(ah) (12)

Ta) = T(a") (13)
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The first equation expresses the conservation of thermal flux through the NP interface. The second equa-
tion expresses the temperature continuity. Such a continuity may not hold if a surface thermal resistance

is present, which is the subject of the next subsection.

Kapitza resistance

Most interfaces separating different media are endowed with a thermal interface resistance, hindering
thermal diffusion. When considering metal nanoparticles in water, a substantial thermal resistance can
be favored by the presence of an hydrophobic molecular coating on the NP surface.3>-34 In this case, the
boundary condition related to eq 13 has to be modified. The temperature is no longer continuous across
the NP interface. It features a temperature discontinuity that is proportional to the heat flux crossing the
1

interface:>

g(T(@")—T(a")) =KnbT(a ) = KywoT(a") (14)

where g is the interface thermal conductivity (a power per unit area and Kelvin). Such a temperature
discontinuity makes the temperature in the NP larger than the temperature in the liquid.

In the steady state, i.e. under continuous wave illumination, the presence of a Kapitza resistance leads
to a higher NP temperature by a factor of (1 + Ky /ga).?** The particular value of g has, however, no
effect on the temperature profile in the surrounding medium. This counter-intuitive statement is illustrated

in Fig.3.

Rw

14 r—— -
90 | 1/g#0

Figure 3: Steady-state normalized temperature profile of a spherical metal nanoparticle of radius a in
water. Two cases are represented, the case of zero interface resistivity (solid line) and the presence of an
interface resistivity (dashed line).

In transient regime, however, this rule no longer holds and the temperature evolution outside the

nanoparticle may depend on the Kapitza resistivity. In particular, a finite thermal conductivity tends to
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slow down heat release to the surroundings.3! The associated time scale for heat release in the presence of

a finite value of g reads:
_acp

T (15)

Tg

This time scale has to be compared with T4 (see eq (3)). If T, > 14, the heat diffusion dynamics is governed

by T,.

Spinodal temperature and bubble formation

It has been established that bubble formation occurs around localized nano-absorbers when the tem-

perature of the liquid reaches its spinodal temperature T;,3%38

a temperature usually much higher than its
boiling point 7;,. For water at ambient pressure, while 7T, = 100°C, Ty = 277°C (550 K).3° Between T;, and
T, the liquid is in a metastable state and one says that superheating occurs. The occurrence of superheat-
ing is not restricted to small scale systems. It can occur at the macroscopic scale as well, provided there
is no nucleation point (such as dust or scratches).> Sometimes in the literature, the spinodal temperature
is not considered as the threshold temperature for bubble formation in plasmonics. Instead, the critical
temperature is mentioned. We believe this is not correct. In some other articles, one can read that bubble
formation was observed to occur at “ 85% of the critical temperature”. But this is precisely where the

spinodal temperature stands. We think that no reference should be made to the critical temperature in the

context of bubble formation as it has nothing to do with the underlying physics.

Ideal temperature increase 0 Tl\?P

A simple close-form estimation of the NP temperature increase can be obtained if we assume no
heat release to the surroundings during pulse absorption (denoted by approximation #;). Under this

assumption, the temperature increase 0T = T — Ty within the NP after pulse absorption follows the relation

E=Ven(T—Tp) (16)
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where Tj is the ambient temperature. Due to energy conservation and using eq (6), one obtains a simple

expression of the NP temperature increase:

UbSF
ST, = 22~ 17
NPTy (17)

One can make a second assumption to further simplify the expression of 5T18P. For small NPs (denoted by

approximation %), Gy is proportional to the NP volume according to eq (9), which yields

OTd, = >~ 18
NP 41Tcm (18)

This is what we call the ideal temperature increase, as it gives the upper limit of the temperature increase
than can be observed in the surrounding liquid for a given fluence F. Interestingly, 5T£P is not dependent
on the NP volume as a> cancels out with the NP volume V. This means that if <7 and <% were both
valid for any NP radius, the temperature increase of a nanoparticle after a pulse absorption should be
independent of the NP size.

Note that this result only applies at a given fluence. For a given irradiance (power per unit area), i.e. in
the case of continuous wave illumination, under the assumption .25 the temperature increase quadratically

depends on the nanoparticle diameter.

Ideal fluence threshold F.

A first simple close-form estimation of the fluence threshold for bubble formation can be obtained if
we assume no heat release to the surroundings during pulse absorption (approximation 7). Using eq

(17), one obtains
B 4113 ¢y

F, = Ty — T 19
s 3 0,0 ( S 0) (19)
One can make a second assumption to further simplify the expression of F;. For small NPs (approximation

ah), Oqaps 18 proportional to the NP volume according to eq (9), which yields

FO = 4? 2 (1= To) (20)
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For gold NPs in water at 20°C, the ideal fluence threshold equals FC ~ 6.24 J m~2. This value stands for
a fundamental lower limit related to the association of gold and water. No bubble can be generated around
gold nanospheres in water below this fluence. This very simple expression of the fluence threshold F2,
valid under the assumptions of no heat release and small NPs, is interesting as it does not depend on the
radius. This is naturally in contradiction with experimental observations — different NP radii are associated
to various fluence thresholds — as approximations 7] and .25 are usually not valid, at least rarely at the
same time. Approximation .27; leads to an underestimation of the fluence threshold, because any heat
release during pulse absorption yields a less pronounced temperature increase, hence the higher required
fluence. Assumption .@% also yields an underestimation of Fy as eq (9) overestimates the absorption cross
section for most NP diameters.

In order to obtain a proper estimation of the actual fluence threshold to reproduce what has been ob-
served experimentally, both approximations have to be lifted, especially .27;, which makes the development

of numerical simulations necessary.

Numerical simulations

Due to the point symmetry of the problem, all the scalar physical quantities, such as the temperature,
only depend on the radial coordinate » = |r| and the problem turns out to be one-dimensional. We solved
the problem defined by the set of differential equations and boundary conditions (10), (11), (12) and (14)
using a Runge-Kutta-4 (RK4) method. The principle of the algorithm basically consists in discretizing
space (as represented in Fig.4) and time. Note that with such a model, we do not make the assumption
of NP temperature uniformity. We invite the reader to refer to our previous publication®* for more in-
formation regarding our RK4 algorithm and to Supplementary Information where we provide the Matlab
code.

Different parameters are controlled to ensure the proper convergence of the code. In particular, we plot

the total energy of the system as a function of time, calculated from the temperature profile:

a 00
e(t):/ 47Tr20mT(r,t)dr—|—/ 41r* ey T (ryt)dr 1)
0 a
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interface
T T gold | water |

Figure 4: Schematic representing the spatial discretization of the system. The NP-liquid interface is
located at » = @ where a temperature discontinuity due to a finite Kapitza conductivity is represented.

In a converging simulation, this energy must equal the total energy transferred to the system OypF (as
defined by eq 6) once the pulse energy transfer is over, and should remain constant afterward.

Some typical numerical results are presented in Fig.5. We have plotted successive temperature profiles
T(r;t;) for different times #; (Fig.5a). We have also represented the temporal evolution of the energy
contained in the system e(¢) normalized (divided) by OypsF (Fig.5b). As expected, the energy e(t) remains
constant as soon as the input power Q(¢) vanishes. The normalization by 0,,sF implies that this plot has to
tend to unity, which was ensured in each numerical simulation within an error bar of +3%. In Fig.5c, the
evolution of the temperature inside (7'(a™,¢)) and outside (T (a™,1)) the NP are represented. The fact that
they do not coincide stems from the finite value of the thermal conductivity g, which was set to 150 MW
m~2 K~ ! in this particular simulation, a common value reported in the literature. This simulation concerns
a particular case where the fluence F equals the fluence threshold F;. Indeed, the maximum temperature

achieved over time at the vicinity of the NP reaches the spinodal temperature of water 277°C.

Results

In the context of this work, we restricted our simulations to two extreme cases in terms of pulse
duration. The first case, termed fs-pulsed regime, is related to the situation where the pulse duration
is much shorter than Tep. In this case, the exact pulse duration does not matter. The pulse duration is

not even a parameter of our numerical simulation, because the heat delivery to the electron gas occurs
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Figure 5: Typical results of an RK4 numerical simulation of the temperature evolution of a spherical
nanoparticle in water illuminated by a pulse of light. T, =1ns,7y=2ns, F =38] m~2,a=20nm, g =150
MW m~2 K~!. Total duration of the simulation: 458 s. (a) Temperature distribution at successive times
(every 0.5 ns). (b) Time trace of the normalized heating power Q(¢)/ max(Q) (dotted line). Time trace of
the energy contained in the system (atomic lattice of the nanoparticle, and surrounding water) normalized
by the total pulse energy O,psF (dashed line). (c) Evolution of the temperature on the nanoparticle surface
(solid line) and of the water at the vicinity of the nanoparticle (dashed line).

over a time scale T, according to the profile p(r). Experimentally, it typically corresponds to the use of
Ti:Sapphire lasers, which feature a pulse duration of around 200 fs. The second case, termed ns-pulse
regime, is related to a pulse duration of T, = 1 ns. In this case, the heat delivery to the electronic gas
follows the profile g(t), over a time scale T,.

In these two regimes, and for a series of different NP diameters 2a, we calculated the spatio-temporal
evolution of the temperature anywhere in the system (inside the NP and in the surrounding fluid). The
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| ns-pulsed |
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Figure 6: (a) Fluence threshold calculated for a 1-ns pulse and for a femtosecond pulse (solid lines), as a
function of the NP diameter. The dashed line represents the fluence threshold in the no-diffusion regime.
The inset represents the maximum temperature achieved in the surrounding water as a function of the NP
diameter, for a given fluence of F =51] m~2. (b) Fluence threshold in the femtosecond regime (solid
line) compared with the fluence threshold calculated assuming a linear relation between the absorption
cross section and the NP volume (dashed line). (c) Same as (b) in the case of a 1-ns pulse. (d) Fluence
threshold in the femtosecond regime (solid line) compared with the fluence threshold related to a Kapitza
conductivity of 50 MW m~—2 K~! (dotted line) and 150 MW m~2 K~! (dashed line). (e) Same as (d) in
the case of a 1-ns pulse. The data related to all these graphs is provided in Supplementary Materials as an

Excel file.
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fs-pulsed

[N
©
Normalized power 7., p(t)

time ¢ (ps)

ns-pulsed

Normalized power 7, g(t)

37 time ¢ (ns)

39 Figure 7: (a) (dotted line) Normalized power p(¢) transferred to the nanoparticle as a function of time (see
40 eq (2)), corresponding to the case of a femtosecond pulse. (dashed lines) Corresponding evolutions of
4l the temperature of the nanoparticle normalized by the ideal temperature increase Tl\?P, for three different
nanoparticles diameters: 20, 60 and 120 nm.(b) (dotted line) Normalized power ¢(t) transferred to the
a4 nanoparticle as a function of time (see eq (1)), corresponding to the case of a nanosecond pulse of duration
45 T, = 1 ns. (dashed lines) Corresponding evolutions of the temperature of the nanoparticle normalized by
46 the ideal temperature increase TlgP’ for three different nanoparticles diameters: 20, 60 and 120 nm.
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inset of Fig.6a displays the maximum water temperature 0Ty,x achieved over time as a function of the
NP diameter (solid lines), for a pulse fluence Fy = 5 J m~2. From these plots, the fluence threshold was

retrieved using
T, —To
5Tmax

Fs=F (22)

This relation assumes a linearity of the temperature with respect to the pulse fluence. The corresponding
plots of F; are represented in Fig.6a. These profiles constitute the central result of our work. A bathtub
shape is evidenced, both for the nanosecond and femtosecond regimes, in agreement with previous experi-
mental and theoretical works. 1:192! In particular, a minimum is found for a NP diameter of around 60 nm,

no matter the pulse duration. We shall now deeper investigate the origin of this bathtub shape.

Let us first focus on the origin of the abrupt fluence threshold increase observed at small NP diameters.
In Fig.6a, the dashed line represents the calculated fluence threshold using eq (19), i.e. under the assump-
tion of no-diffusion in the surrounding medium (approximation 7). This line shape almost matches the
fs-pulsed regime, except for small NP sizes. The fact that the line shapes do not coincide for small NP sizes
means that approximation .¢7; is not valid for small NP radii. Consequently, the abrupt fluence threshold
increase observed experimentally for small NP diameters results from heat diffusion in the surrounding
medium. Conversely, for NP larger than ~ 40 nm, heat diffusion in the surrounding does not play any role
in the underlying physics of fluence threshold. It is all as if no diffusion were occurring in the surroundings
during NP heating, and the proper estimation of the fluence threshold can be achieved without conducting
numerical simulations, just using the expression of the ideal temperature increase (19). Only Oy, has to
be computed, eventually using Mie theory (see Appendix).

Regarding the ns-pulsed regime, the divergence at small radii is also due to a significant heat release to
the surroundings during pulse duration. The effect is however more pronounced compared to the fs-pulsed
regime because the heating of the NP occurs over the nanosecond time scale, not the picosecond time
scale. Consequently, much more energy escapes during the pulse. Note that the deviation from the ideal
fluence threshold (dashed line) in the ns-pulse regime remains even for large NPs. This is because even
for NPs as large as 200 nm, the time scale of heat diffusion T4 ~ 10 ns remains on the order of the pulse

duration T, = 1 ns. Consequently, under ns-pulsed illumination, the ideal fluence threshold can never be
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achieved, no matter the pulse duration or the NP size.

Another intriguing aspect is a systematic increase of the fluence threshold F; for large NP radii. To
understand this observation, we have plotted a calculation of F; under the assumption of linear dependence
of the absorption cross section with respect to the volume of the NP (approximation .2%) in Figs.6b,c. As
expected, a mismatch is observed for NPs larger than 60 nm, because Oy, is no longer proportional to V
from this value, according to Fig.2. But more interestingly, this approximation would lead to a constant
fluence threshold for large NP radii. The fluence threshold increase observed for large NPs therefore re-

sults from the damping of the absorption cross section above 2a = 60 nm.

In order to further illustrate the above-mentioned conclusions, time traces of pulse power and water
temperature are plotted in Fig.7 for 2a = 20, 60 and 120 nm (in the case of no interface resistivity). Tem-
peratures have been normalized by the ideal temperature increase TlgP so that unity is the maximum value
that can be achieved. In the fs-pulsed regime (Fig.7a), for 2a = 120 nm, one can see than even though
the heat release to the surroundings is very slow, the normalized temperature increase remains far from
unity, illustrating the effect of the non-linearity of the absorption cross section. In the case 2a = 20 nm, the
maximum temperature increase remains far from unity as well, but for a different reason. The temperature
increase is affected by fast heat diffusion in the surroundings, because small NPs are associated to fast heat
release in the surroundings (according to eq (3)). The optimal case of 2a = 60 nm has been represented. In
the ns-pulsed regime (Fig.7b), any normalized temperature line shape remains far from unity as diffusion

plays a dominant role. No slow temperature decrease is observed for any NP size.

Another parameter that we shall investigate is the NP-liquid interface resistivity 1/g. Results are illus-
trated by Figs.6d,e, where dashed lines refer to numerical simulations including thermal conductivities of
g =150 MW m~2 K™, a typical value reported by the community,3*3* and g = 50 MW m~2 K~!, the
lowest reported value, to our knowledge.3* The general conclusion is that a finite thermal conductivity has
strong effect in fs-pulsed illumination, but has weak effect on the ns-pulsed illumination. This is a general
rule of thumb, which can be explained by comparing the different time scales coming into play. According
to eq (15), T, ranges from 40 ps to 3 ns for the range of NP diameters investigated herein. Under pulsed
illumination, the heat delivery occurs over a time scale that equals Tep = 1.7 ps, which is much smaller than
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Figure 8: Evolutions of the normalized power transferred to the nanoparticle as a function of time, and the
associated temperature profiles at the nanoparticle interface. (a) Case of a 10-nm NP and a 1-ns pulse. (b)
Case of a 200-nm NP and a 1-ns pulse. (c) Case of a 10-nm NP and a fs-pulse. (d) Case of a 200-nm NP

and fs-pulse.

ACS ParagoanéIus Environment



Page 19 of 32 The Journal of Physical Chemistry

O©CoO~NOUTA,WNPE

T, for any NP size. Consequently, no matter the NP size, the heat release from the NP to the surrounding
liquid is always delayed due to the finite interface thermal conductivity, hence the reduced temperature
increase in the surrounding medium. The delay is illustrated in Figs.8c,d, where the evolutions of the
temperatures inside and outside a NP have been plotted. One can see that the temperature outside the
NP evolves much more slowly than the temperature inside the NP. Under ns-pulsed illumination, such a
delay is not supposed to occur as the time scale of NP heating (T, = 1 ns), which is much slower than
T,. Consequently, the NP surface resistivity does not contribute to further slow down the heat exchange
between the NP and the surrounding medium. In Fig.8a, corresponding to a small NP in the ns-pulsed
regime, one can even observe that the temperature outside the NP does not depend on the presence of a
surface resistance (dashed and orange solid lines are superimposed). This is a characteristic feature of a
steady state (see previous section on Kapitza resistance and the associated Fig.3). Consequently, one can
consider that the temperature dynamics of small NPs under the ns-pulsed regime can be described by a
quasistatic evolution. For large NPs (Fig.8b), a small deviation can be observed in Fig.6e. This is when T
becomes on the order of magnitude of T,, which creates a delay just like under fs-pulsed illumination in

Fig.8d.

The last parameter that we shall discuss is the wavelength. So far, all the calculations have been carried
out using an illumination wavelength of 532 nm, matching both the resonance of small gold spheres and
a common laser wavelength. However, other wavelengths are sometimes used experimentally, such as
400 nm'? or 355 nm. »!*?! One may wonder whether the main trends we observed for a wavelength of
532 nm are still valid at other wavelengths. The answer is basically yes, as illustrated by Fig.9. We
chose to represent a wavelength of 355 nm (400 nm gives very similar results). At this wavelength, the
plasmonic resonance efficiency is naturally reduced (weaker absorption cross section as represented in
Fig.9a), which tends to increase the required laser fluence to generate a bubble. According to these results,
the minimum fluence observed around 2a = 60 nm in the case of a wavelength of 532 nm still holds at this
other wavelength. In other words, this bathtub shape is not a particularity of the illumination at 532 nm,

but rather a general rule.
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Figure 9: (a) Absorption cross sections of spherical gold particles in water as a function of their diameter
and for two different wavelengths: 355 nm (dashed line) and 532 nm (solid line). (b) Fluence thresholds
as a function of the nanoparticle diameter for both wavelengths, in the case of the fs-pulsed regime. (c)
Fluence thresholds as a function of the nanoparticle diameter for both wavelengths, in the case of the
ns-pulsed regime.
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Discussion

This last section is mainly intended to (i) discuss the approximation we have made in our formalism to

simplify the discussions, and (ii) compare our results to previous reported studies in the literature.

Our formalism is linear in any of its aspects. In particular, we assume no temperature dependence of
the thermal conductivity, heat capacity and Kapitza resistance. The purpose of this article is to explain the
main trends governing the magnitude of the fluence threshold (in particular this bathtub shape). As these
main trends are not governed by any non-linearity, it becomes natural to discard these effects.

We focused on spherical geometries, and not on more complicated morphologies, for several reasons.
(1) Spherical NPs are easier to model numerically. (ii) Many experimental investigations are carried out
using spherical NPs anyway. (iii) All the underlying physics can be described with a simple spherical
model. (iv) Non-spherical shapes, like rods, may involve other physical processes for bubble formation
that have nothing to do with thermal effects, like the formation of a plasma as described in particular by
the Meunier’s group in the femtosecond regime. 404!

All the calculated fluence thresholds of our work are slightly underestimated compared to experimen-
tal measurements. There are different possible reasons for that. (i) We consider the specific wavelength
of 532 nm, close to the optimal absorption wavelength for spherical NPs. All the reported experiments do
not necessarily use a wavelength that matches the plasmon resonance of the NPs. (ii) We considered that
bubble formation occurs when the fluid temperature reaches 75 at r = a. Although this assumption may
seem natural, it is known to yield underestimated values.?! In order to better match experimental values, it
was proposed to use a different criteria for bubble generation, that is a temperature increase up to 7s over a
given volume around the NP corresponding to a thickness e of typically e = 10 nm.?! We could have easily
used this criteria, but this would have added another parameter (the water layer thickness e), which would
have not qualitatively changed our conclusions. (iii) Right at the fluence threshold we predict, a bubble
could appear experimentally, but be too small, scatter too less or collapse too fast to be detectable. The
fact that different groups have reported different fluence thresholds for the same experimental conditions
is a sign that the determination of bubble formation may depend on the sensitivity of the detection. This

problem may be even more significant when conducting measurements on single NPs instead ensemble
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measurements, due to a reduced signal to noise ratio. (iv) A last effect that could be at the origin of a mis-
match between experiment and numerical simulations is the dispersion in a colloidal NP batch, in shape

and sphericity, as noted by Siems et al.,'® especially for NP diameters larger than 70-80 nm.

We shall now review what has been discussed in the literature regarding fluence threshold determina-
tion in plasmonics and compare it with our results.

In 2010, Lukianova-Helb er al.! experimentally investigated the fluence threshold dependence as a
function of the NP diameter in the ns-pulsed regime (T, = 0.5 ns) for a set various NP diameters, namely
10, 30, 60, 80 and 250 nm. They found a minimum fluence threshold for a NP diameter of 80 nm. Like
in several other reported studies, they explained the strong fluence threshold increase for small NPs with
surface tension considerations: According to them, overcoming the Laplace pressure would require higher
energies for small NPs. This is not in agreement with the interpretation we provide in this article, which
rather evidences a faster energy release to the surroundings during the pulse duration. We do not think that
a Laplace pressure can be at the origin of the absence of nucleation because any consideration of a Laplace
pressure mechanism already supposes the presence of a bubble, which is paradoxical. Thus, the absence
of nucleation, i.e. the occurrence of superheating, can be simply explained only by considering a real gas
with molecular interactions, for instance described by a van der Waals equation of state.3®3% With such
an approach, one easily realizes that the absence of bubble formation comes from long-range attraction of
the fluid’s molecules, which acts as a restoring force when the fluid tends to locally expand due thermal
fluctuations. This restoring force only vanishes at the spinodal temperature. We believe that invoking
Laplace pressure or surface tension for this process is misleading as there is no creation of liquid-gas
interface, strictly speaking.

In 2011, Siems et al.'® investigated the fs-pulsed and ns-pulsed regimes. Supported by numerical
simulations, the fs-pulsed regime was investigated experimentally by X-ray scattering and the ns-pulsed
regime was investigated experimentally by optical means. Their numerical approach, based on a Laplace
transform formalism and the use of analytical expressions, is different from ours and does not lead to
the same conclusions. In particular, in the nanosecond regime, they predict higher fluence thresholds
than we do. And in the femtosecond regime, they do not predict an increase of the fluence threshold
for nanoparticles larger than 60 nm. Their theoretical fluence threshold profile remains monotonic up to
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2a = 100 nm. Regarding their experimental measurements, the nanosecond pulse regime was investigated
only up to a NP radius of 60 nm. Regarding the fs-pulsed regime, NP diameters between 50 and 90 nm
have not been investigated and the measurements are rather dispersed. The absence of fluence threshold
minimum at 60 nm cannot be clearly evidenced by their experimental data.

In 2014, Katayama et al.?! reported on an experimental study of bubble generation using a ps-pulsed
illumination of 20-150 nm gold NPs at A = 355 nm. They conducted a rich discussion on the underlying
physics of bubble formation, and in particular on the fluence threshold. They do observe a minimum
fluence threshold at a NP diameter of 60 nm, in agreement with our numerical predictions (see Fig.6 and
Fig.9¢). The occurrence of a non-monotonic shape of F(a) with a minimum at 60 nm is also supported

142

by the results of Cavicchi ef a who investigated nanoparticle reshaping dependence on laser fluence.

1.2! proposed that this non-monotonic dependence of F;(a) and this dip at 60

In the article, Katayama et a
nm can ascribed to the variations of the quantity (Gyps/V)/gc, Where g is the critical thermal interface
conductance.*? This interpretation in not in agreement with the interpretation we propose. According to
our results, a thermal resistivity at the NP interface is not supposed to play a role in this non-monotonic
shape. Indeed, in Fig.6a, a dip at 60 nm is observed even if no interface resistivity is involved. We shall
now further discuss the use of g. in the context of bubble nucleation in plasmonics, which is, we believe,

much more complicated than what was described in the literature. g is defined by equating the diffusion

time scale in water acy, /3Ky, and T, defined by eq (15). It yields

_ 3cwKyw

8c = (23)

Cma

Consequently, g. is expected to tell when the surface resistivity plays a role or not. According to this
expression, a given surface resistivity is supposed to play a role for small radii and less for large radii. This
trend is just the opposite of what we observed in our numerical results (see Fig.6e). On the contrary, the
presence of a surface resistivity is more significant for large NPs and nonexistent for small NPs. The origin
of this paradox is intricate. Actually, in the ns-pulse regime, when the NP is too small, the heat release to
the surrounding is so fast that it forces the system to be in the quasistatic regime, as already explained in
Fig.8a (the temperature profile scaling as 1/r is achieved any time in the surrounding medium). The direct

consequence is no effect of the Kapitza resistivity in the surrounding medium, because this is what is
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supposed to happen in the steady state, as explained in the introductory section of this article (see Fig.3a).
In other words, the very fast release of heat in the surrounding medium kills the effect of the Kapitza
resistivity in the surrounding medium as it forces a quasistatic regime. However, the effect of the Kapitza
resistivity inside the NP is strong (see Fig.3). When the NP becomes larger, the heat release becomes
slower according to eq (3), the system deviates from the quasistatic state, and the interface resistivity is
now playing a role in the surrounding medium as well. The other drawback of g. is that it does not involve
the pulse duration. We have shown yet that the presence of a Kapitza resistivity does not lead to the same
trends under femtosecond and nanosecond regimes (see the comparison between Figs.6d and e). As a
conclusion, we do not believe that g is a proper parameter to be used in the context of bubble nucleation

in plasmonics.

Conclusion

In conclusion, we have numerically investigated the physics of bubble nucleation around gold nanospheres

in order to account for previous reported observations. In particular, we explained the bathtub shape of
the fluence threshold dependence as a function of the nanoparticle size. Here is a summary of the main
results of this work regarding the underlying physics of bubble generation around gold nanospheres in
water. (i) The dependence of the fluence threshold with respect to the nanoparticle diameter features a
bathtub profile, with a minimum fluence threshold (maximum bubble generation efficiency) at around 60
nm in diameter. (ii) The fluence threshold increase for small NPs stems from fast energy release to the
surroundings. (iii) The fluence threshold increase for large NPs results from the non-linearity of the ab-
sorption cross section with respect to the NP volume. (iv) Under fs-pulsed illumination, and under the
assumption of no interface resistivity, the maximum temperature increase can be simply calculated using
eq (17), without conducting numerical simulations, except for NP diameters smaller than 40 nm. (v) A
NP interface thermal resistivity has no effect under ns-pulsed illumination, except eventually for large NPs
and large values of the interface resistivity. (vi) A NP interface thermal resistivity has a strong effect in
the fs-pulsed regime, irrespectively of the nanoparticle diameter.

This work is expected to clarify the physics of bubble nucleation in plasmonics under pulsed illumina-

tion. Indeed, most of our conclusions are in good agreement with previous reported experimental results,
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but not with all the reported interpretations. This work may help investigate new routes to the design of

more efficient bubble nanosources.
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1o Appendix A: Mie theory

22 The reference document on Mie theory is the famous textbook from Bohren and Huffman** but the
24 information is not easy to extract. For this reason, we detail in this Appendix the underlying theory and
26 provide in Supplementary Materials the corresponding Matlab code we used in this article to compute the

28 absorption cross section of spherical gold nanoparticles.

32 Consider a spherical particle of radius r(, complex electric permittivity € = n*> embedded in a dielectric
34 medium of permittivity &, = n2,. This particle is illuminated by a plane wave of angular frequency w =
36 21¢ /Ao = ke /nm.

38 Let us define from now on a set of useful dimensionless parameters:

42 m = n/nm
44 v = kro

w = mXx
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In these conditions, the extinction, scattering and absorption cross sections are given by the formulae:

Oot = i—;Tjil(ZjJrl)Re(aj—i—b)
%o = 7 ¥ Qi1 (e
Oabs = Oext — Osca
where
b = e e =

W) = (5
G0 = 5 @+ iv, @]

Jy and Yy, are the Bessel functions of first and second order respectively. They are standard Matlab func-
tions, named respectively bessel j and bessel y. Note that these functions are solutions of the Bessel
differential equation:

d? d
xza)zj +2xd—z—l— [xz—v(v-i-l)]y:O

while (; and &; are solutions of the following differential equation:

d2

dxi-i—[x —j(j+1)]y=0
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; and &; can be expressed as a sum of sines and cosines. For instance, the first terms read:

Yo(x) = sin(x)
&o(x) = sin(x) —icos(x)

10 Yi(x) = sin(x)/x—cos(x)

O©CoO~NOUTA,WNPE

13 &i1(x) = sin(x)/x — i(cos(x)/x + sin(x))

In Egs. (24) and (25), the sum over j can be restricted to only a few terms, up to j = N. Bohren and
Huffman** proposed the value N = v +4v!/3 4+ 2.
In Egs. (24) and (25), the primes indicate differentiation with respect to the argument in parenthesis.

The derivatives can be conveniently expressed as follows:

26 Yi(x) = Ll'j—l(X%%%(X)
29 & = &) -1&0
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