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Abstract

Under nano- to femtosecond pulsed illumination at theisiplanic resonance wavelength, metal
nanoparticles efficiently absorb the incident light endit is subsequently converted into heat. In a
liquid environment, with sufficiently high pulse fluenceigit energy per unit area), this heat genera-
tion may result in the local formation of a transient nandilabThis phenomenon has been the subject
of a decade of investigations and is at the basis of numegpigations from cancer therapy to pho-
toacoutic imaging. The aim of this article is to clarify theegtion of the fluence threshold required
for bubble formation. Using a Runge-Kutta-4 numerical atipon modeling the heat diffusion around
a spherical gold nanoparticle, we numerically investigateinfluence of the nanoparticle diameter,
pulse duration (from the femto- to the nanosecond rangejelagth 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 usanolparticles (NPs) in quid medium.
The presence of a liquid makes the related physics extremsélyin particular, singular physical processes
such as boiling:™ fluid convection?® chemical reactiof or thermophoresfs® may occur as soon as a
plasmonic NP under illumination behaves as a nanosourceaif fhe area of research based on the use
of plasmonic NPs as heat nanosources is termed thermopiaso

Bubble formation induced by plasmonic heating has beenubgst of a decade of investigations,
mainly underpulsedillumination'®1! (the interest forcontinuouswave illuminatior?12-1%is paradox-
ically much more recent). After the absorption of a pulseigiit, the temperature of the NP rises, and
subsequently decreases upon releasing heat in the suimgdiuid. If the maximum temperature achieved
in the fluid during this process is sufficiently high, bubbbenmhation occurs, a bubble that subsequently
collapses on the nanosecond time scale. Such a processdrasthdied in the context of applications
such as photothermal cancer thersp{f and photoacoustic imaging.

Regarding the underlying physics of bubble generationasiplonics, three main questions have been
arousing the community’s interest so far: (i) what is the ldalife time?, (i) what is the maximum
bubble size? and (iii) what is the fluence threshold (ligtergg per unit area) required for bubble for-
mation (the subject of this article)? Albeit the simplicdf/these questions, experimental investigations
of nanobubbles are complicated for two reas&hg! First, due to their nanometric size, they cannot be
easily visualized. Even though they can efficiently scditgat and be detectable for this reason, it is hard
to directly measure their diameter using optical means dtiegt diffraction limit. Second, their dynamics
lies in the picosecond to nanosecond time scale, which ish&bow the detection speed of many common
detectors in optics.

The fluence threshold for bubble generation in plasmonisdlean discussed in several articles, both
experimentally and numerically>1%-21.23n particular, the overall dependence of the fluence thiesi®
a function of the NP radius was shown to display a bathtubeshapepresented in the following scheme,
no matter the pulse duration'®-21

However, the origin of this non-monotonic profile has notrbédly elucidated in the literature. As

stated by Hashimito and coworkers in 20%2he mechanisms of laser-induced bubble formation assisted
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by nano- microabsorbers have bot been fully understoodar@eplanations for the experimental results

are still needed

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

plasmonics.

Theoretical framework

Heat generation in the nanoparticle

We consider in this work a spherical gold NP, immersed in &oumi liquid environment and illumi-
nated by a single light pulse. The interaction between theriming light pulse and the NP consists of a
three-step proces¥. (i) Part of the incoming light energy is primarily absorbedthe electronic gas of
the metal NP. (i) This energy is transferred to the atontiida of the NP via electron-phonon interaction.
(iif) The NP cools down by releasing it thermal energy inte surrounding fluid by thermal diffusion. In

this scenario, three time scales are involved:
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1. The pulse duration 7p. If one considers a Gaussian pulse profile, one can defineutbe guration

Tp such that the normalized pulse profile reads:

2
qlt) = T—lpemo(—n(t 2 ) )

2. The time constant of electron—photon interactiontep. For gold,Tep = 1.7 ps2°-27Wjith a good
approximation, the power transfer from the electrons tayims occurs according to an exponential

decay function that reads:

p(0) = o exp( ) @

3. The characteristic time of nanoparticle coolingty due to heat release in the surrounding water.
Its expression read$

_ Cmd®

g = M (3)

wherea is the radius of the Ny, is the volumetric heat capacity of the metag2 10° I m3 K1
for gold) andk, is the thermal conductivity of the surrounding watgy, & 0.6 W m—* K—1). For
common NP sizes, it ranges from 1 ps to 1 ns (Fig.1). Note kistitne scale may no longer be the

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

100 ns f——t 111l ol :

10ns+ """ ————————— T
ths{ o
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Figure 1: Characteristic time of nanoparticle cooling inevafter pulse absorption as a function of the
nanoparticle diameter, according to eq 3

From the physical quantities introduced so far, one carved@ther useful physical quantities, namely

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

I(t)=Fa(t) (4)

whereF is called the fluence of the pulse (energy per unit area). et/ | (t)dt = F. Let us define also

the powerP(t) transferred from the pulse to the electron gas, which reads

P(t) = Oapsl (t) = Tandq(t) (5)
whereggpsis the absorption cross section of the NP. The total energgraked by the NP reads thus

E— / P(t)dt = OapeF (6)
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A final important physical quantity is the heat power transf@ from the electron gas to the atomic lattice

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

Qt) = Pap(t) (7)

= Oabd qRPp(t) (8)

whereA®B denotes a function that equals the convolution betweerutheibnsA andB.

One can now discuss the occurrence of different regimesndigpg on the relative values of the three
aforementioned time constantg Tep and1y. For very short pulses such thgt< Tep, 0ne can consider
the functiong as a Dirac distribution compared @ which yieldsq® p &~ p. This is typically what hap-
pens in the femtosecond regime, since the typical pulsetidaraf 100 fs is shorter thamep = 1.7 ps.
On the contrary, ifty > Tep, typically with nanosecond pulsegp p ~ . These approximations make
the expression d(t) much simpler: it will feature either an exponential decaghie femtosecond range
Q(t) = gapd p(t), or a Gaussian shape in the nanosecond r&fte= oapdq(t). Thepicoseconepulse
range appears therefore as an intermediate regime \@{eyeannot be approximated by a simple close-
form expression, and has to be calculated using eq (8). Mateahother approach to determiQé) is
the so-called two-temperature model (TTKF)?8-30The TTM is a more sophisticated approach, which
enables for instance the consideration of non-lineardf¢be heat capacity of the metal NP as a function

of temperature.

Absorption cross section

The absorption cross sectiogysof a spherical NP can be computed using Mie theory (see appand
for the theory and supplementary information for the Matiatle). A plot ofoypsfor gold is represented
in Fig.2. For small radig, typically for a gold NP size below 60 nm,g;psiS proportional to the NP

volumeV = 47ma3/3.° One can thus define a constgnsuch that

Oabs= ( a® (9)
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stands for a fitting function obrapga) for small values ofa. We found = 0.430 nnt! for spherical
gold NP in water 1t = 1.33). Such a fit is represented as a dashed line in Fig.2. Wesegllthat such a
non-linearity ofozpg@) with respect td/ plays an important role in the physics of bubble generation i

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

30 Heat diffusion

33 Let us consider a spherical gold NP immersed in water. Theugga of the temperature distribution

35 in the system is governed by the heat diffusion equatiofihe related set of differential equations reads

39 Cno T —Kmd?T = Q(t)/V for|r| <a (10)

2 cwd T —kwd?T = 0 for|r| > a (11)

45 whereky is thermal conductivity of water ang), its volumetric heat capacity. These expressions assume
47 no variations of the properties of the fluid with regard to pemature. To solve the problem, one also has
49 to consider a set of two boundary conditions related to timiicoities of the temperature and its gradient

51 at the NP—water interfade| = a:

KmoT(@a™) = kyoT(ah) (12)

57 Ta) = T(@@") (13)
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The first equation expresses the conservation of thermathhaxigh the NP interface. The second equa-
tion expresses the temperature continuity. Such a cotgimay 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 endoweld avihermal interface resistance, hindering
thermal diffusion. When considering metal nanoparticlesvater, a substantial thermal resistance can
be favored by the presence of an hydrophobic molecularrapath the NP surfac—3%In this case, the
boundary condition related to eq 13 has to be modified. The@éeature is no longer continuous across
the NP interface. It features a temperature discontinbiy s proportional to the heat flux crossing the
interface3!

g(T(@)—T(@))=kmoT(a ) =kuo T(a") (14)

whereg is the interface thermal conductivity (a power per unit aaed Kelvin). Such a temperature
discontinuity makes the temperature in the NP larger thanagmperature in the liquid.

In the steady statége. under continuous wave illumination, the presence of a kapiesistance leads
to a higher NP temperature by a factor (4f+ ky,/ga).?*3° The particular value of has, however, no
effect on the temperature profile in the surrounding meditinis counter-intuitive statement is illustrated

in Fig.3.

Rw

L —— -
90 | | 1/g#0

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

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

nanoparticle may depend on the Kapitza resistivity. Inipaldr, a finite thermal conductivity tends to

ACS Paragon glus Environment



Page 9 of 32 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

slow down heat release to the surroundif§Fhe associated time scale for heat release in the presence of

a finite value ofg reads:
_ a0m

=3 (15)

Iy

This time scale has to be compared wigl{see eq (3)). Ifg > 14, the heat diffusion dynamics is governed

by 1g.

Spinodal temperature and bubble formation

It has been established that bubble formation occurs artngadized nano-absorbers when the tem-
perature of the liquid reaches its spinodal temperalyf—38a temperature usually much higher than its
boiling pointTy,. For water at ambient pressure, while= 100°C, Ts = 277°C (550 K) 3° BetweenT,, and
Ts, the liquid is in a metastable state and one saysdailgrheatingccurs. The occurrence of superheat-
ing is not restricted to small scale systems. It can occunetacroscopic scale as well, provided there
is no nucleation point (such as dust or scratceShmetimes in the literature, the spinodal temperature
is not considered as the threshold temperature for bubbheaftion in plasmonics. Instead, the critical
temperature is mentioned. We believe this is not correctéome other articles, one can read that bubble
formation was observed to occur at “ 85% of the critical terapge”. But this is precisely where the
spinodal temperature stands. We think that no referenaéldhe made to the critical temperature in the

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

Ideal temperature increased T,

A simple close-form estimation of the NP temperature ineeeean be obtained if we assume no
heat release to the surroundings during pulse absorptiemotdd by approximationz;). Under this

assumption, the temperature incred3e= T — Tp within the NP after pulse absorption follows the relation

E =V cn(T—To) (16)
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whereTy is the ambient temperature. Due to energy conservation sind eq (6), one obtains a simple

expression of the NP temperature increase:

OabsF

ST =
NP VG

(17)

One can make a second assumption to further simplify theesspon of5T,\?P. For small NPs (denoted by

approximationgs,), 0apsiS proportional to the NP volume according to eq (9), whiakigs

STNp = (18)

41Cm
This is what we call the ideal temperature increase, as ésfiie upper limit of the temperature increase
than can be observed in the surrounding liquid for a givemfie& . Interestingly,éTNOP is not dependent
on the NP volume aa® cancels out with the NP volumé. This means that if7, and.«% were both
valid for any NP radius, the temperature increase of a natiolgaafter a pulse absorption should be
independent of the NP size.

Note that this result only applies at a given fluence. For amgiwadiance (power per unit areag. in
the case of continuous wave illumination, under the assiompt, the temperature increase quadratically

depends on the nanoparticle diameter.

Ideal fluence thresholdF?

A first simple close-form estimation of the fluence thresHoldbubble formation can be obtained if
we assume no heat release to the surroundings during pudsepéibn (approximationz;). Using eq

(17), one obtains
_ 4madcnm
5 3 Oabs

(Ts—To) (19)

One can make a second assumption to further simplify theesgpmn of. For small NPs (approximation

%), OapsiS proportional to the NP volume according to eq (9), whictlgs

(Ts—To) (20)
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For gold NPs in water at 2@, the ideal fluence threshold eque$~ 6.24 J nT2. This value stands for
a fundamental lower limit related to the association of goid water. No bubble can be generated around
gold nanospheres in water below this fluence. This very siregpression of the fluence threshéif,
valid under the assumptions of no heat release and smallilPgeresting as it does not depend on the
radius. Thisis naturally in contradiction with experimardbservations — different NP radii are associated
to various fluence thresholds — as approximatiefisand.c/, are usually not valid, at least rarely at the
same time. Approximations; leads to an underestimation of the fluence threshold, becag heat
release during pulse absorption yields a less pronounogpi@ture increase, hence the higher required
fluence. Assumptionz, also yields an underestimationlef as eq (9) overestimates the absorption cross
section for most NP diameters.

In order to obtain a proper estimation of the actual fluencestiold to reproduce what has been ob-
served experimentally, both approximations have to bedjfespecially7;, which makes the development

of numerical simulations necessary.

Numerical simulations

Due to the point symmetry of the problem, all the scalar ptaisjuantities, 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 amdhdary conditions (10), (11), (12) and (14)
using a Runge-Kutta-4 (RK4) method. The principle of theodatym basically consists in discretizing
space (as represented in Fig.4) and time. Note that with aunbdel, we do not make the assumption
of NP temperature uniformity. We invite the reader to refeour previous publicatiof for more in-
formation regarding our RK4 algorithm and to Supplementafgrmation where we provide the Matlab
code.

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

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

a ]
e(t):/ 4nr20mT(r,t)dr+/ ATr2c,, T (r,t)dr (21)
0 a
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interface
T T gold | water |

Figure 4: Schematic representing the spatial discretizatif the system. The NP-liquid interface is
located at = a where a temperature discontinuity due to a finite Kapitzadoetivity is represented.

In a converging simulation, this energy must equal the tetergy transferred to the systerg,d (as
defined by eq 6) once the pulse energy transfer is over, anddstemain constant afterward.

Some typical numerical results are presented in Fig.5. We piotted successive temperature profiles
T(r;tj) for different timest; (Fig.5a). We have also represented the temporal evolutidheoenergy
contained in the syster{t) normalized (divided) by, (Fig.5b). As expected, the energft) remains
constant as soon as the input poWét) vanishes. The normalization lay,d~ implies that this plot has to
tend to unity, which was ensured in each numerical simutatihin an error bar of-3%. In Fig.5c, the
evolution of the temperature insid€ (@ ,t)) and outsideT(a*,t)) the NP are represented. The fact that
they do not coincide stems from the finite value of the thempalductivityg, which was set to 150 MW
m~2 K~1in this particular simulation, a common value reported mliterature. This simulation concerns
a particular case where the fluerfeeequals the fluence threshdid Indeed, the maximum temperature

achieved over time at the vicinity of the NP reaches the sfahtemperature of water 27C.

Results

In the context of this work, we restricted our simulationsti@m extreme cases in terms of pulse
duration. The first case, termds-pulsed regimeis related to the situation where the pulse duration
is much shorter thame,. In this case, the exact pulse duration does not matter. Ttse pluration is

not even a parameter of our numerical simulation, becawséeht delivery to the electron gas occurs

ACS Paragoanéus Environment
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38 Figure 5: Typical results of an RK4 numerical simulation bé ttemperature evolution of a spherical
39 nanoparticle in water illuminated by a pulse of lighg.= 1 ns,to =2 ns,F =38 J m 2, a=20nm,g= 150

40 MW m~—2 K~1. Total duration of the simulation: 458 s. (a) Temperatuggritiution at successive times
41 (every 0.5 ns). (b) Time trace of the normalized heating pd(¢) / max Q) (dotted line). Time trace of

jé the energy contained in the system (atomic lattice of th@particle, and surrounding water) normalized
44 by the total pulse energy.pd (dashed line). (c) Evolution of the temperature on the nartagpe surface
45 (solid line) and of the water at the vicinity of the nanopasi(dashed line).

46

47

48

‘518 over a time scal&ep according to the profilg(t). Experimentally, it typically corresponds to the use of
g; Ti:Sapphire lasers, which feature a pulse duration of aid2@0 fs. The second case, terntesipulse
gi regime is related to a pulse duration @f = 1 ns. In this case, the heat delivery to the electronic gas
gg follows the profileq(t), over a time scale,.

g; In these two regimes, and for a series of different NP diaree€ke we calculated the spatio-temporal
28 evolution of the temperature anywhere in the system (ingideNP and in the surrounding fluid). The
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Figure 6: (a) Fluence threshold calculated for a 1-ns puisefar a femtosecond pulse (solid lines), as a
function of the NP diameter. The dashed line representsubadE threshold in the no-diffusion regime.
The inset represents the maximum temperature achieved sutinounding water as a function of the NP
diameter, for a given fluence & =5 J nt2. (b) Fluence threshold in the femtosecond regime (solid
line) compared with the fluence threshold calculated assgmilinear relation between the absorption
cross section and the NP volume (dashed line). (c) Same as (i} case of a 1-ns pulse. (d) Fluence
threshold in the femtosecond regime (solid line) comparid the fluence threshold related to a Kapitza
conductivity of 50 MW m2 K1 (dotted line) and 150 MW m? K~ (dashed line). (e) Same as (d) in
the case of a 1-ns pulse. The data related to all these graphavided in Supplementary Materials as an

Excel file.
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[N
©
Normalized power 7., p(t)

Normalized power 7, g(t)

37 time ¢ (ns)

39 Figure 7: (a) (dotted line) Normalized poweft) transferred to the nanoparticle as a function of time (see
40 eq (2)), corresponding to the case of a femtosecond pulseshéd lines) Corresponding evolutions of
4l the temperature of the nanoparticle normalized by the itaperature increas'E.{l’P, for three different
nanoparticles diameters: 20, 60 and 120 nm.(b) (dotted Nwemalized powen(t) transferred to the

a4 nanoparticle as a function of time (see eq (1)), correspuidi the case of a nanosecond pulse of duration
45 Tp = 1 ns. (dashed lines) Corresponding evolutions of the teatper of the nanoparticle normalized by
46 the ideal temperature increaE,@P, for three different nanoparticles diameters: 20, 60 ar@rif.
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inset of Fig.6a displays the maximum water temperatifgax achieved over time as a function of the
NP diameter (solid lines), for a pulse fluerfgg= 5 J nT2. From these plots, the fluence threshold was

retrieved using
Ts—To
5Tmax

Fs=Fo (22)

This relation assumes a linearity of the temperature wipeet to the pulse fluence. The corresponding
plots of Fs are represented in Fig.6a. These profiles constitute theateasult of our work. A bathtub
shape is evidenced, both for the nanosecond and femtosesgintes, in agreement with previous experi-
mental and theoretical works'®-21In particular, a minimum is found for a NP diameter of aroufichén,

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

Let us first focus on the origin of the abrupt fluence threshuddease observed at small NP diameters.
In Fig.6a, the dashed line represents the calculated flubneshold using eq (19).e. under the assump-
tion of no-diffusion in the surrounding medium (approxiiatez;). This line shape almost matches the
fs-pulsed regime, except for small NP sizes. The fact thedlitie shapes do not coincide for small NP sizes
means that approximatios; is not valid for small NP radii. Consequently, the abruptiice threshold
increase observed experimentally for small NP diametexsltsefrom heat diffusion in the surrounding
medium. Conversely, for NP larger thand0 nm, heat diffusion in the surrounding does not play ang rol
in the underlying physics of fluence threshold. It is all asafdiffusion were occurring in the surroundings
during NP heating, and the proper estimation of the fluen@sttold can be achieved without conducting
numerical simulations, just using the expression of thalitkmperature increase (19). Ordyyshas to
be computed, eventually using Mie theory (see Appendix).

Regarding the ns-pulsed regime, the divergence at smaélisadiso due to a significant heat release to
the surroundings during pulse duration. The effect is h@wvevwre pronounced compared to the fs-pulsed
regime because the heating of the NP occurs over the namabséiorme scale, not the picosecond time
scale. Consequently, much more energy escapes during e pNote that the deviation from the ideal
fluence threshold (dashed line) in the ns-pulse regime resraien for large NPs. This is because even
for NPs as large as 200 nm, the time scale of heat diffugiea 10 ns remains on the order of the pulse

durationt, = 1 ns. Consequently, under ns-pulsed illumination, thelitleance threshold can never be

ACS Paragoanéus Environment



Page 17 of 32 The Journal of Physical Chemistry

1

2 achieved, no matter the pulse duration or the NP size.

3

4 Another intriguing aspect is a systematic increase of thenfte thresholdrs for large NP radii. To

5

6 understand this observation, we have plotted a calculatiBgunder the assumption of linear dependence
-

8 of the absorption cross section with respect to the volunteeNP (approximations) in Figs.6b,c. As

9

ig expected, a mismatch is observed for NPs larger than 60 ntaubeo,ysis no longer proportional t¥f

ig from this value, according to Fig.2. But more interestinghys approximation would lead to a constant
1; fluence threshold for large NP radii. The fluence threshatdeiase observed for large NPs therefore re-
i? sults from the damping of the absorption cross section aBave60 nm.

18

19

3(1) In order to further illustrate the above-mentioned coriolus, time traces of pulse power and water
2:23 temperature are plotted in Fig.7 foa 2 20, 60 and 120 nm (in the case of no interface resistivityin-Te
gg peratures have been normalized by the ideal temperatumkm‘:l’ﬁp so that unity is the maximum value
g? that can be achieved. In the fs-pulsed regime (Fig.7a), o220 nm, one can see than even though
gg the heat release to the surroundings is very slow, the na@etatemperature increase remains far from
30 o . : . . :

31 unity, illustrating the effect of the non-linearity of thbsorption cross section. In the cage-220 nm, the

32 . . . . .

33 maximum temperature increase remains far from unity as imefffor a different reason. The temperature
34

35 increase is affected by fast heat diffusion in the surrongslibecause small NPs are associated to fast heat
36

37 release in the surroundings (according to eq (3)). The @mase of 2= 60 nm has been represented. In
38

39 the ns-pulsed regime (Fig.7b), any normalized temperdingeshape remains far from unity as diffusion
40

41 plays a dominant role. No slow temperature decrease isdxséor any NP size.

42

43

44

45 Another parameter that we shall investigate is the NP-diguierface resistivity 1g. Results are illus-

46

47 trated by Figs.6d,e, where dashed lines refer to numeiicailations including thermal conductivities of
48

49 g= 150 MW m 2 K1, a typical value reported by the communi&3*andg = 50 MW m~2 K1, the

g; lowest reported value, to our knowledg&The general conclusion is that a finite thermal conductivity

gj strong effect in fs-pulsed illumination, but has weak effatthe ns-pulsed illumination. This is a general
gg rule of thumb, which can be explained by comparing the diffiétime scales coming into play. According
g; to eq (15),14 ranges from 40 ps to 3 ns for the range of NP diameters invastigherein. Under pulsed
23 illumination, the heat delivery occurs over a time scalé ¢lgalstep = 1.7 ps, which is much smaller than
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Figure 8: Evolutions of the normalized power transferrethtonanoparticle as a function of time, and the
associated temperature profiles at the nanoparticle auteri{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 anglése. (d) Case of a 200-nm NP
and fs-pulse.



Page 19 of 32 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

Tq for any NP size. Consequently, no matter the NP size, therbksstse from the NP to the surrounding
liquid is always delayed due to the finite interface thernmiductivity, hence the reduced temperature
increase in the surrounding medium. The delay is illustrateFigs.8c,d, where the evolutions of the
temperatures inside and outside a NP have been plotted. @nsee that the temperature outside the
NP evolves much more slowly than the temperature inside thdUdder ns-pulsed illumination, such a
delay is not supposed to occur as the time scale of NP heaing { ns), which is much slower than
Tg. Consequently, the NP surface resistivity does not cautiito further slow down the heat exchange
between the NP and the surrounding medium. In Fig.8a, quorelng to a small NP in the ns-pulsed
regime, one can even observe that the temperature outgdéRldoes not depend on the presence of a
surface resistance (dashed and orange solid lines ararappsed). This is a characteristic feature of a
steady state (see previous section on Kapitza resistanicthamssociated Fig.3). Consequently, one can
consider that the temperature dynamics of small NPs un@engkpulsed regime can be described by a
quasistatic evolution. For large NPs (Fig.8b), a small aéen can be observed in Fig.6e. This is whgn
becomes on the order of magnitudergf which creates a delay just like under fs-pulsed illumioain

Fig.8d.

The last parameter that we shall discuss is the wavelengtfarall the calculations have been carried
out using an illumination wavelength of 532 nm, matchinghtibie resonance of small gold spheres and
a common laser wavelength. However, other wavelengthsametimes used experimentally, such as
400 nm™® or 355 nm11%210One may wonder whether the main trends we observed for a eyl of
532 nm are still valid at other wavelengths. The answer ischHg yes, as illustrated by Fig.9. We
chose to represent a wavelength of 355 nm (400 nm gives verjasiresults). At this wavelength, the
plasmonic resonance efficiency is naturally reduced (weaksorption cross section as represented in
Fig.9a), which tends to increase the required laser fluengerierate a bubble. According to these results,
the minimum fluence observed aroural2 60 nm in the case of a wavelength of 532 nm still holds at this
other wavelength. In other words, this bathtub shape is mpatréacularity of the illumination at 532 nm,

but rather a general rule.
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Figure 9: (a) Absorption cross sections of spherical goltigias in water as a function of their diameter
and for two different wavelengths: 355 nm (dashed line) a8l dm (solid line). (b) Fluence thresholds
as a function of the nanoparticle diameter for both wavdlengn the case of the fs-pulsed regime. (c)
Fluence thresholds as a function of the nanoparticle dianfet 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 apipnation we have made in our formalism to

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

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

We focused on spherical geometries, and not on more congdicaorphologies, for several reasons.
(i) Spherical NPs are easier to model numerically. (ii) Maxperimental investigations are carried out
using spherical NPs anyway. (iii) All the underlying physican be described with a simple spherical
model. (iv) Non-spherical shapes, like rods, may involveeotphysical processes for bubble formation
that have nothing to do with thermal effects, like the fonmaif a plasma as described in particular by
the Meunier’s group in the femtosecond regifiié¢?!

All the calculated fluence thresholds of our work are slighthderestimated compared to experimen-
tal measurements. There are different possible reasonbdbr (i) We consider the specific wavelength
of 532 nm, close to the optimal absorption wavelength foesighl NPs. All the reported experiments do
not necessarily use a wavelength that matches the plasreonanece of the NPs. (ii) We considered that
bubble formation occurs when the fluid temperature readhasr = a. Although this assumption may
seem natural, it is known to yield underestimated vafids.order to better match experimental values, it
was proposed to use a different criteria for bubble germrathat is a temperature increase upgdover a
given volume around the NP corresponding to a thickeegsypically e= 10 nm 21 We could have easily
used this criteria, but this would have added another paear(tbe water layer thicknes}, which would
have not qualitatively changed our conclusions. (iii) Righthe fluence threshold we predict, a bubble
could appear experimentally, but be too small, scatterese br collapse too fast to be detectable. The
fact that different groups have reported different fluerngegholds for the same experimental conditions
is a sign that the determination of bubble formation may ddpen the sensitivity of the detection. This

problem may be even more significant when conducting meammnts onsingle NPs instead ensemble
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measurements, due to a reduced signal to noise ratio. (i@tteffect that could be at the origin of a mis-
match between experiment and numerical simulations is igpedsion in a colloidal NP batch, in shape

and sphericity, as noted by Siemsagt!® especially for NP diameters larger than 70-80 nm.

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

In 2010, Lukianova-Heltet al.l experimentally investigated the fluence threshold depecelas a
function of the NP diameter in the ns-pulsed regimg= 0.5 ns) for a set various NP diameters, namely
10, 30, 60, 80 and 250 nm. They found a minimum fluence thredioola NP diameter of 80 nm. Like
in several other reported studies, they explained the gtilaence threshold increase for small NPs with
surface tension considerations: According to them, ovamg the Laplace pressure would require higher
energies for small NPs. This is not in agreement with thepmétation we provide in this article, which
rather evidences a faster energy release to the surrowdiimong the pulse duration. We do not think that
a Laplace pressure can be at the origin of the absence ofatiaridecause any consideration of a Laplace
pressure mechanism already supposes the presence of & bublah is paradoxical. Thus, the absence
of nucleationj.e. the occurrence of superheating, can be simply explaingdyntonsidering a real gas
with molecular interactions, for instance described by m ¢ler Waals equation of staté:3% With such
an approach, one easily realizes that the absence of budrbiation comes from long-range attraction of
the fluid’s molecules, which acts as a restoring force wherflthid tends to locally expand due thermal
fluctuations. This restoring force only vanishes at the aéth temperature. We believe that invoking
Laplace pressure or surface tension for this process iauslg as there is no creation of liquid-gas
interface, strictly speaking.

In 2011, Siemset al.l® investigated the fs-pulsed and ns-pulsed regimes. Swgipbgt numerical
simulations, the fs-pulsed regime was investigated erpantally by X-ray scattering and the ns-pulsed
regime was investigated experimentally by optical meamgirTnumerical approach, based on a Laplace
transform formalism and the use of analytical expressiandjfferent from ours and does not lead to
the same conclusions. In particular, in the nanosecondneegihey predict higher fluence thresholds
than we do. And in the femtosecond regime, they do not pretidincrease of the fluence threshold
for nanoparticles larger than 60 nm. Their theoretical fbgetinreshold profile remains monotonic up to

ACS Paragonﬂus Environment



Page 23 of 32 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

2a= 100 nm. Regarding their experimental measurements, tr@seaand pulse regime was investigated
only up to a NP radius of 60 nm. Regarding the fs-pulsed reghirediameters between 50 and 90 nm

have not been investigated and the measurements are regpersgéd. The absence of fluence threshold
minimum at 60 nm cannot be clearly evidenced by their expemial data.

In 2014, Katayamat al.? reported on an experimental study of bubble generatiorgusips-pulsed
illumination of 20-150 nm gold NPs &t = 355 nm. They conducted a rich discussion on the underlying
physics of bubble formation, and in particular on the fluetiteeshold. They do observe a minimum
fluence threshold at a NP diameter of 60 nm, in agreement witimomerical predictions (see Fig.6 and
Fig.9c). The occurrence of a non-monotonic shapBsgd) with a minimum at 60 nm is also supported
by the results of Cavicchet al.,*? who investigated nanoparticle reshaping dependence enflasnce.

In the article, Katayamat al.?! proposed that this non-monotonic dependendes@f) and this dip at 60
nm can ascribed to the variations of the quantiyns/V)/dc, Wheregc is the critical thermal interface
conductancé? This interpretation in not in agreement with the interplietawe propose. According to
our results, a thermal resistivity at the NP interface issugiposed to play a role in this non-monotonic
shape. Indeed, in Fig.6a, a dip at 60 nm is observed even iftedace resistivity is involved. We shall
now further discuss the use gf in the context of bubble nucleation in plasmonics, whiclwis,believe,
much more complicated than what was described in the litexag). is defined by equating the diffusion

time scale in watea Gy /3kw andty defined by eq (15). It yields

~ 3cwkw
 cma

(23)

Jc

Consequentlygc is expected to tell when the surface resistivity plays a ool@ot. According to this
expression, a given surface resistivity is supposed toglaje for small radii and less for large radii. This
trend is just the opposite of what we observed in our numlengsaults (see Fig.6e). On the contrary, the
presence of a surface resistivity is more significant fageddPs and nonexistent for small NPs. The origin
of this paradox is intricate. Actually, in the ns-pulse ragi when the NP is too small, the heat release to
the surrounding is so fast that it forces the system to bedmtlasistatic regime, as already explained in
Fig.8a (the temperature profile scaling as 1/r is achievgdiare in the surrounding medium). The direct

consequence is no effect of the Kapitza resistivitythe surrounding mediujrbecause this is what is
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supposed to happen in the steady state, as explained inttbeuntory section of this article (see Fig.3a).
In other words, the very fast release of heat in the surrayghdiedium kills the effect of the Kapitza
resistivity in the surrounding medium as it forces a quasistegime. However, the effect of the Kapitza
resistivity insidethe NP is strong (see Fig.3). When the NP becomes larger,agaerblease becomes
slower according to eq (3), the system deviates from theispadis state, and the interface resistivity is
now playing a rolen the surrounding mediumas well. The other drawback g is that it does not involve
the pulse duration. We have shown yet that the presence op@zidaesistivity does not lead to the same
trends under femtosecond and nanosecond regimes (seentipartson between Figs.6d and e). As a
conclusion, we do not believe thgd is a proper parameter to be used in the context of bubble atimte

in plasmonics.

Conclusion

In conclusion, we have numerically investigated the phg/sfdubble nucleation around gold nanospheres
in order to account for previous reported observations. drigular, we explained the bathtub shape of
the fluence threshold dependence as a function of the nabpaize. Here is a summary of the main
results of this work regarding the underlying physics of llelgeneration around gold nanospheres in
water. (i) The dependence of the fluence threshold with dpethe nanoparticle diameter features a
bathtub profile, with a minimum fluence threshold (maximurbtde generation efficiency) at around 60
nm in diameter. (ii) The fluence threshold increase for siN&$ stems from fast energy release to the
surroundings. (iii) The fluence threshold increase fordaxs results from the non-linearity of the ab-
sorption cross section with respect to the NP volume. (ivjiéfrfs-pulsed illumination, and under the
assumption of no interface resistivity, the maximum terapee increase can be simply calculated using
eq (17), without conducting numerical simulations, exdeptNP diameters smaller than 40 nm. (v) A
NP interface thermal resistivity has no effect under nsedillumination, except eventually for large NPs
and large values of the interface resistivity. (vi) A NP nfdee thermal resistivity has a strong effect in
the fs-pulsed regime, irrespectively of the nanoparticienter.

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

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

more efficient bubble nanosources.
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Appendix A: Mie theory

The reference document on Mie theory is the famous textbamk Bohren and Huffmatf but the
information is not easy to extract. For this reason, we tetdhis Appendix the underlying theory and
provide in Supplementary Materials the corresponding datlode we used in this article to compute the

absorption cross section of spherical gold nanopatrticles.

Consider a spherical particle of radius complex electric permittivitg = n? embedded in a dielectric
medium of permittivitye,, = nZ,. This particle is illuminated by a plane wave of angular freacyw =
2rc/Ao = ke/np,.

Let us define from now on a set of useful dimensionless paemsiet

m = n/npy
v = Kkrg
W = mx

ACS Paragonféus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 26 of 32

In these conditions, the extinction, scattering and alignrgross sections are given by the formulae:

Oext = i—? j2(21' +1)Re(aj +bj)
%o = g 3 ity (al bl
Oabs Oext — Osca

where

W) = /5 1)
00 = 5 [3100 +iY,3 ()]

Jy andy, are the Bessel functions of first and second order respéctivhey are standard Matlab func-
tions, named respectivebessel j andbessel y. Note that these functions are solutions of the Bessel
differential equation:
d? d
23y y

g2 25t [} —v(v+1)]y=0

while ; andé; are solutions of the following differential equation:

& ”
g+ 2= i(i+1)]y=0
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P andé; can be expressed as a sum of sines and cosines. For instenfiesttterms read:

Wo(x) = sin(x)
éo(X) = sin(x) —icogX)

10 P1(x) = sin(x)/x—cogx)

©CoO~NOUTA,WNPE

13 §1(x) = sin(x)/x —i(cogXx)/x + sin(x))

In Egs. (24) and (25), the sum ovgran be restricted to only a few terms, upjte- N. Bohren and
Huffman® proposed the valul = v+ 4vY/3 4+ 2.
In Egs. (24) and (25), the primes indicate differentiatiathwespect to the argument in parenthesis.

The derivatives can be conveniently expressed as follows:

26 W0 = Wl Lue

2 §00 = §100- 180
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