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M. SKOROBOGATIY Maksim A., Ph.D., président

M. MEUNIER Michel, Ph.D., membre et directeur de recherche

M. LEWIS Laurent, Ph.D., membre

M. KIEFFER Jean-Claude, Ph.D., membre



iii

REMERCIEMENTS
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RÉSUMÉ

Ces dernières années ont été marquées par une rapide évolution du domaine des nanotech-

nologies biomédicales. Plus particulièrement, l’utilisation de laser à impulsions ultrabrèves

pour a↵ecter localement et avec précision certaines structures cellulaires et sub-cellulaires

présente un intérêt grandissant. Ce type d’impulsion, grâce à leur temps d’impulsion très

court (⇠ 100 fs), permet en e↵et l’ablation e�cace de matériau organique transparent tout

en réduisant les dommages collatéraux provoqués aux structures environnantes. Cette tech-

nologie est néanmoins limitée par certaines contraintes physiques et technologiques, telle

que la limite de di↵raction, qui restreint ses performances et son application. L’utilisation

de structures métalliques aux dimensions nanométriques permet de pallier à ce problème.

Ces nanostructures ont en e↵et l’étonnante capacité d’absorber et de concentrer l’énergie du

champ laser dans des volumes nanométriques, bien inférieurs à la limite de di↵raction. Cette

propriété est causée par l’excitation d’une oscillation collective des électrons de conduction

du métal induite par le champ électromagnétique incident, appelée plasmon, qui absorbe et

amplifie localement le champ électrique. L’excitation de ce plasmon est de nature résonante

à une longueur d’onde incidente qui dépend fortement de la géométrie, des dimensions, du

matériau et de l’environnement de la nanostructure.

Le degré de localisation de l’énergie lumineuse atteint à l’aide de ces nanostructures plasmo-

niques est sans équivalent dans le monde macroscopique. Leur utilisation de concert avec des

impulsions ultrabrèves permet par conséquent de concentrer l’énergie lumineuse et de réaliser

l’ablation de structures avec une résolution bien supérieure à la limite de di↵raction, et ce

sans nécessiter un système optique de visualisation et de focalisation particulier. Au niveau

cellulaire, cette technique permet de réaliser l’ablation ou la modification ciblée de structures

cellulaires et sub-cellulaires avec une précision et une e�cacité inégalée.

Bien que plusieurs études aient démontré le potentiel de cette technologie, la compréhen-

sion des mécanismes physiques fondamentaux et phénomènes induits par l’irradiation de-

meure limitée. En particulier, aucun modèle décrivant l’ensemble des sources potentielles de

dommages aux structures cellulaires (hausse de température, génération de plasma, émission

d’ondes de pression, formation de bulles de cavitation) possiblement induites par l’irradiation

de nanostructure plasmonique par des impulsions ultrabrèves n’est actuellement disponible

dans la littérature.

Cette thèse présente une modélisation complète de l’interaction d’une impulsion laser ultra-

brève et d’une nanostructure plasmonique en milieu aqueux. Les propriétés optiques, mé-

caniques, thermiques de l’eau sont en e↵et su�samment près de celles du milieu biologique
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pour permettre l’obtention de tendances et résultats qui se transposent au milieu cellulaire

tout en simplifiant considérablement le modèle.

Ce modèle, basé sur une représentation de type milieu continu et sur la résolution d’un sys-

tème d’équation di↵érentielles couplées dans un domaine tridimensionnel, simule la réponse

optique et décrit l’élévation transitoire de température dans la nanostructure à l’aide d’un

modèle à deux températures. Il inclut aussi la description de la production et du chau↵age

d’un plasma dans le milieu aqueux par le biais des mécanismes de photoionisation et d’io-

nisation par collision dans le champ proche de la nanostructure, ainsi que par l’émission

photothermique d’électrons provenant directement de la nanostructure. Le modèle considère

par ailleurs la modification locale l’indice de réfraction entrâınée par ce plasma, ce qui altère

la réponse optique transitoire de la nanostructure plasmonique. La relaxation énergétique du

plasma couplée à une conduction thermique à l’interface métal/eau transfère l’énergie du la-

ser aux molécules d’eau, dont l’évolution dynamique et thermodynamique est décrite à partir

des équations de base de l’hydrodynamique. L’ensemble des équations du modèle est résolue

de manière auto-cohérente par la méthode des éléments finis.

Le modèle est utilisé pour analyser l’interaction d’un laser femtoseconde infrarouge (45 fs,

800 nm, 200 mJ/cm2) avec deux systèmes distincts : une nanoparticule d’or de 100 nm et un

nanobâton d’or de 10⇥41 nm2. La nanoparticule d’or présente une résonance plasmonique à

un longueur d’onde incidente de ⇠ 550 nm, et est donc hors-résonance à la longueur d’onde

de 800 nm utilisée dans le cadre du travail. De son côté, le nanobâton possède une réso-

nance plasmonique directement à la la longueur d’onde incidente, et est qualifié de système

en-résonance.

Les résultats montrent la génération de bulles de cavitation autour des nanostructures. Des

expériences de spectroscopie confirment les prédictions du modèle concernant la taille maxi-

male des bulles créées ainsi que leur temps caractéristique de croissance pour les deux sys-

tèmes, ce qui valide le modèle proposé. Les résultats révèlent de plus la formation d’un plasma

important dans le champ proche des nanostructures. Les simulations montrent un transfert

énergétique rapide de ce plasma vers les molécules d’eau générant de fortes ondes de pression

qui sont émises dans le milieu. Elles démontrent de plus l’importance capitale de ce plasma

pour le mécanisme de cavitation. En e↵et, autant pour la nanoparticule que pour le nano-

bâton, la majorité de l’énergie du laser est déposée dans le plasma généré dans le champ

proche de la particule, directement dans le milieu, et n’est pas absorbée directement par la

nanostructure. Dans le cas de la nanoparticule de 100 nm, les résultats démontrent en fait

que la présence de plasma est nécessaire pour expliquer la présence des bulles de vapeur qui

sont observées expérimentalement à une fluence de 200 mJ/cm2. L’énergie absorbée dans la

nanoparticule n’est en e↵et pas su�sante pour entrâıner un changement de phase dans l’eau
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environnante. Cela représente un résultat majeur de la thèse, car aucune preuve tangible de

ce phénomène de cavitation induit par le plasma n’était disponible dans la littérature anté-

rieure. L’existence de ce mécanisme qui ne repose pas sur le chau↵age de la nanoparticule

pour induire la cavitation a de plus des conséquences importantes pour les applications en

nanochirurgie.

En e↵et, dans le cas du système hors-résonance (nanoparticules de 100 nm), l’énergie absor-

bée par la nanostructure est assez faible pour que celle-ci ne soit pas endommagée lors de

l’interaction, tel que confirmé par des expériences de spectroscopie. Cela confère un avan-

tage considérable aux procédés de nanochirurgie par laser utilisant des nanoparticules hors-

résonance. En e↵et, la fragmentation des nanoparticules peut entrâıner la formation de très

petites particules qui peuvent s’intercaler dans l’ADN des cellules et sont par conséquent

toxiques. La faible énergie absorbée par les nanoparticules en les laissant intactes suite au

traitement réduit donc ce risque et améliore la sécurité du procédé.

Au contraire, dans le cas du système en résonance (nanobâtons de 10⇥41 nm2), les résul-

tats montrent que l’énergie absorbée dans le nanobâton est su�sante pour l’endommager

significativement aux fluences requises pour entrâıner la cavitation dans le milieu. Irradier la

structure avec une fluence sous le seuil de dommage ne résulte en e↵et qu’en une hausse de

température ainsi qu’à la formation d’un plasma de faible densité par émission photother-

mique qui n’engendrent pas la production d’une bulle de vapeur dans le milieu. Ce résultat,

corroboré par des expériences spectroscopiques, réduit considérablement l’intérêt des nano-

bâtons d’or dans le cadre d’une application en transfection cellulaire. De plus, les simulations

montrent que les bulles de cavitation produites à haute fluence restent plus petites que les

bulles produites autour des nanoparticules hors-résonance. Des expériences spectroscopiques

confirment ce résultat contre-intuitif. Le modèle permet de démontrer que ce phénomène est

issu de l’écrantage de l’excitation plasmonique résultant de la modification locale de l’indice

de réfraction autour de la nanostructure causé par le plasma produit dans le milieu lors de

l’irradiation.

Finalement, le modèle est utilisé pour développer une méthode permettant d’évaluer le po-

tentiel de performance de nanostructures particulières soumises à une irradiation spécifique

pour la nanochirurgie cellulaire. Cette méthode est basée sur l’introduction d’un facteur de

mérite qui s’appuie sur la minimisation de la densité d’énergie absorbée dans la nanostruc-

ture pour éviter leur fragmentation, ainsi que sur la maximisation de l’énergie déposée dans

le milieu afin de favoriser la formation d’une bulle de vapeur. Cette méthode prévoit que les

nanoparticules d’or hors-résonance d’un diamètre de 175 nm sont les mieux adaptées à la

nanochirurgie par laser utilisant des impulsions de 45 fs à une longueur d’onde de 800 nm.

Elle confirme aussi le peu d’intérêt lié à l’utilisation de nanobâtons en-résonance pour ce type
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de procédé.

En somme, cette thèse donne une vue globale des processus d’interaction entre un laser à

impulsions ultrabrèves et une nanostructure plasmonique en milieu aqueux. Elle permet en

outre d’approfondir notre compréhension des technologies de nanochirurgie cellulaire utilisant

ce type d’interaction et o↵re des pistes intéressantes en vue de leur optimisation.
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ABSTRACT

The past few years have seen the unfolding and rapid evolution of biomedical nanotech-

nologies. In particular, ultrafast laser pulses have been used to locally destroy or modify

cellular and sub-cellular structures with exceptional precision. Those very short pulses (⇠
100 fs) indeed allow the e�cient ablation of organic transparent material, while limiting the

collateral damages to the surrounding structures. In spite of its great e�ciency and versatil-

ity, the technique is still limited by some physical constraints, such as the di↵raction limit,

which limit its performance and applicability. The introduction of nanoscale metallic struc-

tures can overcome this problem.Those nanostructures presents an astonishing capability to

absorb an locally enhance incident laser energy into nanoscale volumes much smaller than

the di↵raction limit. This property arises from the laser field induced excitation of a col-

lective oscillation of the metal’s conduction electrons called plasmon. This plasmon absorbs

and enhance the laser field in the vicinity of the structures. It has a resonant nature at a

specific wavelength that depends strongly on the geometry, material, size and environment of

the nanostructure. The degree of laser energy localization that can be possibly reached with

those structures has no counterparts in the macroscopic world. Using plasmonic nanostruc-

tures with ultrafast laser pulses thus bring an unique capability to ablate or alter targeted

cellular and sub-cellular structures with an astonishing precision, well beyond the di↵raction

limit, without even the need for a complex visualization and focussing apparatus.

While the great potential of this technology is now widely accepted, there is still a limited

understanding of the basic mechanisms and processes triggered by the laser irradiation and

leading to the damaging of the surrounding structures. In particular, there exists for the

moment no complete modelling of the process that includes all potential sources of cellular

damage, including temperature rise, plasma generation, pressure wave emission and vapor

bubble formation.

This thesis presents such a modelling, with the cell environment emulated by a much simpler

aqueous medium. Water is used as its optical, mechanical and thermal characteristic are sim-

ilar enough to the cell environment to enable the transposition of the results and tendencies

observed in water to this medium.

Modelling consists in a continuous medium based approach that uses coupled partial di↵er-

ential equations to simulate the nanostructure-water system’s response to an ultrafast laser

pulse. The the time-dependant field distribution in the system is simulated using classical

electromagnetic theory, while the temperature in the nanostructure is calculated using a

two-temperature model. Generation and heating of a plasma in the nanostructure’s vicinity
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from photoionization and impact ionization in the near-field, as well as from photothermal

emission from the nanostructure at the metal interface are also included. This plasma locally

modifies the refractive index, which alters the simulated optical response of the system. En-

ergy relaxation from this plasma as well as heat conduction from the nanostructure’s lattice

transfer energy to the water, which dynamics and thermodynamics evolutions are simulated

from hydrodynamic and energy conservation equations.

Modelling is used for analyzing the interaction of a near-infrared ultrafast laser pulse (45 fs,

800 nm, 200 mJ/cm2) with two distinct systems : a 100nm gold nanoparticle and a 10⇥41

nm2 gold nanorod. The gold nanoparticle shows a plasmon resonance at a ⇠550 nm wave-

length, and is thus slightly o↵-resonance at the 800 nm irradiation wavelength. In opposition,

the gold nanorod shows a plasmon resonance directly at 800 nm and is thus in-resonance at

the irradiation wavelength. The system of tightly coupled time-dependant non-linear partial

di↵erential equations is solved in 3D using a finite-element method.

The modelling shows the generation of vapor bubble around both systems, which maximal

diameter and growth time are validated from spectroscopic measurements. Results show an

important production of plasma in the nanostructure’s near field, which fast relaxation heats

rapidly the surrounding water, leading to the emission of strong pressure wave and to the

formation of a vapor bubble. Simulations further demonstrate the crucial importance of the

plasma in the cavitation mechanism. For both the nanoparticle and the nanorod, results

show that most of the laser energy is indeed absorbed in the plasma surrounding the nanos-

tructure rather than in the nanostructure itself. In particular, the energy absorbed in the

nanoparticle is shown to be insu�cient to induce the formation of a vapor bubble at 200

mJ/cm2, whereas such a bubble is experimentally observed. This is a major result of the

thesis, as such a plasma-mediated plasmonic enhanced cavitation mechanism has never been

reported in the literature. The existence of this plasma-mediated mechanism that does not

rely on the particle extreme heating to initiate cavitation has important consequences on cell

nanosurgery applications.

For the o↵-resonance system (100nm nanoparticle), the energy absorption within the nanos-

tructure is too weak to induce any significant damage to the particle, as confirmed by time-

resolved spectroscopy experiments. This is a strong asset of o↵-resonance plasmonic enhanced

laser cell nanosurgery technology, as fragmented nanostructures may create small DNA in-

tercalating cytotoxic nanoparticles. The o↵-resonance process, by leaving the nanoparticles

intact, thus reduces the risk for fragmentation and increases the overall security of the treat-

ment.

In opposition, for the in-resonance system (10⇥41 nm2 nanorod), results show that the en-

ergy absorption within the nanostructure is su�cient to induce significant damage at fluences
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inducing cavitation. Sub damage threshold irradiation is shown to only result in a slight tem-

perature increase and in the formation of a low-density plasma from photothermal emission

that are insu�cient to produce a vapor bubble around the structure. This result, confirmed

by time-resolved spectroscopic experiments, considerably reduces the interest of gold nanorod

for cell nanosurgery. In addition, simulations show that even vapor bubbles produced at high

fluence stay smaller than the one produced around o↵-resonance nanoparticles. This counter-

intuitive result is confirmed by spectroscopic experiments. The extensive modelling works

allow to demonstrate that this reduction is due to the screening of the plasmon excitation

resulting from the perturbation of the local refractive index around the nanostructure that

arises from the plasma produced during the laser irradiation.

Finally, based on the same modelling, we develop a simple and e�cient method to evalu-

ate the potential of specific nanostructures and irradiation parameters for cell nanosurgery.

We introduce a performance factor based on minimizing the energy density deposited in the

nanostructure to avoid fragmentation, while maximizing the overall energy deposited in the

system, to enhance the production of vapor bubbles. Results predict o↵-resonance 175 nm

gold nanoparticles to be best suited for near-infrared ultrafast laser cell nanosurgery using

45 fs pulses at a wavelength of 800 nm. They also confirm the low interest of in-resonance

gold nanorods for this type of process.

In summary, the thesis gives a complete view of the ultrafast laser interaction with plasmonic

nanostructures in water and provides valuable insight for the understanding and optimization

of plasmonic enhanced ultrafast laser cell nanosurgery.
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de 800 nm. La ligne pointillée verte présente le seuil de densité d’énergie
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FEM Finite-element method (Méthode des éléments-finis)
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mission)

TTM Two-temperature model (Modèle deux-températures)
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CHAPITRE 1

INTRODUCTION

Ces deux dernières décennies ont vu l’avènement et le développement rapide du domaine

de la plasmonique et, plus particulièrement, de celui de la nanoplasmonique. En e↵et, lorsque

réduits à des dimensions de l’ordre de la centaine de nanomètres, les matériaux métalliques

acquièrent des propriétés optiques particulières qui leur permettent d’absorber, de di↵user

et de concentrer le champ lumineux avec une e�cacité sans précédents [1, 2]. Ces propriétés

spectaculaires résultent de l’excitation d’une oscillation collective des électrons de conduction

de la nanostructures, appelé plasmon. Ce plasmon est induit par le champ électrique incident

capable de pénétrer significativement la particule métallique lorsque ses dimensions sont ré-

duites à des valeurs de l’ordre de la profondeur de peau (⇠ 25 nm aux fréquences optiques).

L’excitation du plasmon est résonante à une longueur d’onde incidente qui dépend forte-

ment de la géométrie, du matériau, des dimensions et de l’environnement de la nanostructure

concernée, menant au phénomène de résonance plasmonique. Plusieurs matériaux sont en me-

sure de mener à une résonance plasmonique, la seule condition nécessaire étant de posséder

une permittivité réelle négative, propriété partagée par l’ensemble des métaux, en particulier

les métaux nobles (Au, Ag, Cu) et les métaux alcalins [3]. La résonance plasmonique en-

traine une forte absorption du champ incident ainsi que son amplification significative dans

le champ proche à proximité de la nanostructure. Les nanostructures plasmoniques sont par

conséquent de formidables concentrateurs d’énergie qui permettent de produire et contrôler

des champs électriques à des dimensions nanométriques bien en deçà de la limite classique

de di↵raction, avec une e�cacité sans équivalent.

L’exploitation des propriété optiques des nanostructures plasmoniques a permis le développe-

ment de technologies nouvelles qui trouvent applications dans divers domaines. Par exemple,

les nanostructures plasmoniques entrent dans la conception d’antennes photocollectrices de

nouvelles génération qui permettent d’améliorer l’e�cacité des cellules solaires et photodé-

tecteurs existants [4, 5]. Elles sont aussi au centre de récentes recherches visant à améliorer

la capacité en mémoire des disques durs utilisés en informatiques [6, 7]. Elles sont de plus

utilisées pour manipuler des objets nanométriques [8], ou encore pour réaliser des mesures

optiques bénéficiant d’une résolution supérieure à la limite de di↵raction [9].

Diverses stratégies sont activement développées pour auto-assembler des nanostructures plas-

moniques individuelles afin d’en former des molécules plasmoniques et autres structures tri-

dimensionnelles complexes [10, 11]. Ces assemblages ouvrent la voie au développement de
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composants optiques [12], de sources cohérentes de champs optiques localisés (aussi appelées

spaser) [13, 14] et à la construction de sources lasers nanoscopiques [15–17].

Les nanostructures plasmoniques sont en outre exploitées pour le développement de détec-

teurs biochimiques de précision qui peuvent o↵rir des résolutions pouvant aller jusqu’à la

détection de molécules individuelles [18, 19].

L’introduction de nanostructures plasmoniques dans la recherche médicale moderne est aussi

à la source du développement de nouvelles approches thérapeutiques, particulièrement en

oncologie. L’utilisation de lasers continus avec des nanosphères, [20–23] nanobâtons, [24–27]

ou structures coeur-couronnes [23, 28–31] fonctionnalisées permet de chau↵er localement les

cellules cancéreuses en vue de les détruire [32–34]. Cette technique est pleinement compatible

avec les traitements de chimiothérapie conventionnels et peut même être utilisée en synergie

avec celle-ci [35–39].

Parallèlement à ces innovations, l’introduction des lasers pulsés, et plus particulièrement des

lasers à impulsions ultrabrèves, a permis le développement de nouvelles technologies dans

le cadre de la microfabrication des métaux [40, 41], semiconducteurs [42], matériaux trans-

parents [43, 44] ainsi que pour l’ablation de tissus biologiques [45]. Les lasers ultrarapides

permettent de réaliser une ablation très précise des matériaux en raison du transfert d’éner-

gie très rapide qu’ils impliquent, ce qui réduit l’étendue de la zone endommagée autour des

régions ciblées [46]. L’ablation peut en e↵et être vue comme une transition directe de l’état

solide à l’état de vapeur ou de plasma se produisant en quelques picosecondes, soit beaucoup

plus rapidement que le temps requis à la conduction thermique dans le milieu. La région

environnante n’a donc pas le temps d’être chau↵ée pendant l’ablation, ce qui réduit les dom-

mages collatéraux.

De plus, les fortes intensités impliquées permettent d’atteindre des régimes d’ablation où l’ab-

sorption d’énergie se fait principalement par des processus non-linéaires d’ionisation [46, 47].

Cela permet l’ablation de structures avec une résolution supérieure à la limite de di↵raction

pour des fluences près du seuil d’ablation. Aussi, cette caractéristiques permet l’ablation de

matériaux habituellement transparents à la longueur d’onde utilisée, tels que les verres et

les matériaux biologiques. Par exemple, les lasers ultrarapides sont couramment utilisés pour

graver des guides d’onde dans du verre [43, 48]. Au niveau médical, ils sont entre autre utilisés

dans le cadre des chirurgies oculaires [49, 50].

Au niveau biologique, l’utilisation d’impulsions femtosecondes permet d’a↵ecter localement,

avec une résolution bien supérieure à la limite de di↵raction, des structures telles que des

chromosomes [51] et des organites cellulaires [43, 52, 53]. Cette classe d’applications se nomme

la nanochirurgie cellulaire. Un exemple particulièrement intéressant, la transfection cellulaire

par laser ultrarapide, consiste à focaliser un laser à impulsions ultrabrèves sur des membranes
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cellulaires afin de les perforer et les rendre perméables à certaines molécules, telles que de

l’ADN, de l’ARN ou des molécules de médicaments [54, 55]. Celles-ci peuvent alors pénétrer

la cellule dont la membrane se referme sans a↵ecter sa viabilité. Ce type de procédé a de

nombreuses applications, allant de la thérapie génique à la recherche fondamentale en biolo-

gie cellulaire.

De récentes recherches visent maintenant à exploiter l’utilisation de lasers ultrarapides de

concert avec la nanoplasmonique afin d’améliorer les applications de nanochirurgie cellulaire.

La capacité unique des nanostructures plasmoniques à être fonctionnalisées permet de cibler

certaines cellules ou structures cellulaires spécifiques [56]. Les propriétés d’amplification lo-

cale et d’absorption du champ lumineux permettent alors d’interagir localement, de façon

réversible ou permanente, avec des structures cellulaires, sub-cellulaires ou moléculaires, et

ce sans qu’un système complexe de focalisation et de visualisation ne soit requis.

Baumgart et al. utilisent par exemple l’interaction d’impulsions femtosecondes avec des na-

noparticules d’or situées près des membranes cellulaires afin de les perforer de manière réver-

sible et d’incorporer aux cellules de l’ADN exogène dans le cadre de thérapies géniques [57].

D’autres travaux utilisent cette interaction pour simplement provoquer la mort des cellules

ciblées [58, 59]. Finalement, Csaki et al. utilisent un principe similaire pour endommager

sélectivement certaines séquences d’ADN situées sur un chromosome, ouvrant la voie à une

véritable chirurgie moléculaire [60].

Comme on peut le constater, les applications possibles de cette technologie sont virtuellement

sans limite et ouvrent la voie à la manipulation et la destruction ciblées de structures aux

dimensions extrêmement réduites, atteignant presque le niveau des molécules individuelles.

Les perspectives en matière de développement de nouvelles approches thérapeutiques et de

sciences biologiques fondamentales sont particulièrement intéressantes. Il est par conséquent

important d’étudier les mécanismes physiques à la base de l’interaction entre une impulsion

laser ultrabrève et une nanostructure plasmonique en milieu cellulaire afin de mieux com-

prendre et d’optimiser ces procédés.

1.1 Problématique

L’auteur s’intéresse aux mécanismes fondamentaux de l’interaction entre une impulsion

laser ultrabrève (c’est-à-dire une impulsion de l’ordre de ⇡100 fs) et une nanostructure plas-

monique dans un milieu biologique. La description détaillée des phénomènes résultants de

cette interaction est en e↵et nécessaire à la compréhension et l’optimisation des procédés de

nanochirurgie cellulaire. Comme nous le verrons dans la suite de cette thèse, l’irradiation laser
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induit de nombreux mécanismes d’absorption, de transfert et de dissipation d’énergie, tant

dans la nanostructure que dans son environnement, qui s’échelonnent sur plusieurs échelles

au niveau tant spatial que temporel. Plusieurs phénomènes, incluant la hausse rapide de tem-

pérature du milieu, l’apparition d’un plasma à proximité de la nanostructure, l’émission de

fortes ondes de pression et la génération de bulles de vapeurs autour des nanoparticules sont

susceptibles de causer des dommages aux structures biologiques environnantes. Une compré-

hension tant qualitative que quantitative de l’influence des paramètres géométriques de la

nanostructure ainsi que des paramètres de l’irradiation laser sur l’intensité et l’étendue de

ces phénomènes est requise afin de développer une compréhension globale de la nanochirurgie

cellulaire par laser et de l’optimiser. Il n’existe cependant pour l’instant aucun modèle dans

la littérature permettant de simuler de façon satisfaisante l’interaction d’un laser ultrarapide

avec une nanostructure plasmonique en milieu biologique. La présente thèse vise à développer

et à étudier un tel modèle.

1.2 Objectifs et plan de la thèse

Les objectifs de la thèse sont au nombre de trois :

1. Développer un modèle mathématique capable de simuler adéquatement le dépôt d’éner-

gie, l’élévation de température, l’émission d’ondes de pression et le phénomène de cavi-

tation résultant de l’interaction d’une impulsion laser ultrabrève avec une nanostructure

plasmonique en milieu biologique.

2. Utiliser ce modèle afin de dégager les éléments dominants de l’interaction laser et la

châıne principale des événements menant à la cavitation dans le milieu.

3. Développer un cadre d’évaluation du potentiel de nanostructures plasmoniques parti-

culières pour application en nanochirurgie cellulaire.

Afin de réaliser ces objectifs, la thèse est divisée comme suit :

Le chapitre 2 présente tout d’abord l’état de la connaissance sur les mécanismes d’in-

teraction entre un laser pulsé et une nanostructure plasmonique. Celui-ci est une re-

transcription d’un article de revue récemment soumis à Journal of Photochemistry and

Photobiology C : Photochemistry Reviews. Ce chapitre o↵re de plus une revue succincte

des applications de cette technologie en nanochirurgie cellulaire afin de justifier l’im-

portance et la pertinence de l’étude de ces mécanismes fondamentaux.

En se basant sur les mécanismes vus au chapitre 2, le chapitre 3 présente, détaille et
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justifie le modèle mathématique qui est utilisé dans le corps de la thèse. On y pro-

pose un modèle basé sur une description de type milieu-continu composée de plusieurs

équations di↵érentielles aux dérivées partielles qui doivent être résolues de manière

auto-consistante dans un espace tridimensionnel. L’eau est utilisée pour émuler le mi-

lieu biologique. Ce modèle o↵re une description complète des di↵érents phénomènes

mentionnés à la section Problématique et représente par conséquent une avancée consi-

dérable par rapport à ce que l’on retrouve actuellement dans la littérature.

Le chapitre 4 est une transcription d’un article paru récemment dans Nano Letters,

(2012). Il utilise le modèle présenté au chapitre 3 et l’applique au cas spécifique de

l’irradiation hors-résonance d’une nanoparticule d’or de 100 nm avec une impulsion

femtoseconde dans le proche infrarouge, où la longueur d’onde du laser ne correspond

pas à l’énergie du plasmon. On y présente des résultats expérimentaux qui valident le

modèle, en plus de mettre en lumière l’importance du plasma créé en champ proche

autour de la particule pour le phénomène de cavitation.

Le chapitre 5 est une transcription d’un article récemment soumis à Journal of Physi-

cal Chemistry C. Il concerne quant à lui le cas spécifique de l’irradiation en-résonance

d’un nanobâton d’or de 10⇥41 nm2 avec une impulsion femtoseconde dans le proche

infrarouge, mais où cette fois la longueur d’onde du laser correspond à l’énergie du plas-

mon. On y découvre la présence de deux régimes d’irradiation en fonction de la fluence

utilisée. En particulier, l’importance du plasma dans les mécanismes de cavitation y

est confirmée et une modification importante des propriétés optiques des nanobâtons

d’or due à la présence du plasma est observée. Ce chapitre démontre de plus que, aux

fluences requises pour engendrer la cavitation dans le milieu, le nanobâton est irréver-

siblement endommagé par l’interaction laser.

Finalement, le chapitre 6 discute des implications de l’importance du rôle du plasma

dans les mécanismes de cavitation dans le cadre de la nanochirurgie cellulaire. Basé sur

les résultats présentés aux chapitres 4 et 5, un modèle simplifié est proposé. Un facteur

de mérite relatif au potentiel d’une nanostructure particulière pour la nanochirurgie

cellulaire est introduit. Le modèle simplifié permet de calculer ce facteur de mérite

pour des nanoparticules hors-résonance et des nanobâtons en-résonance de di↵érentes

tailles. Basé sur ce facteur de mérite, des recommandations sont formulées quant aux

structures à utiliser dans le cadre de la nanochirurgie cellulaire.
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CHAPITRE 2

Plasmonics for pulsed-laser cell nanosurgery : fundamentals and applications

Ce chapitre retranscrit un article de revue soumis à Journal of Photochemistry and Pho-

tobiology C : Photochemistry Reviews, en 2012 1. Cet article décrit les aspects fondamentaux

de l’interaction de lasers pulsés avec des nanostructures plasmoniques et présente son appli-

cation à la nanochirurgie par laser, incluant les thérapies photothermiques, la transfection

cellulaire, la chirurgie moléculaire et la livraison de médicament. Il présente plus particuliè-

rement l’état des connaissances concernant les mécanismes d’interaction laser-nanostructures

plasmoniques en milieu aqueux et les mécanismes de génération de bulles pour des impulsions

femtosecondes et nanosecondes. Ce chapitre fait o�ce de revue de littérature et présente les

bases théoriques qui permettront le développement du modèle mathématique présenté au

chapitre suivant. Il est à noter que cet article de revue a été écrit ultérieurement à l’article

présenté au chapitre 4 du corps de la thèse. Ainsi, ses méthodes et conclusions générales sont

rapidement résumées dans ce chapitre. Celles-ci seront explicitées de façon plus détaillée aux

chapitres subséquents.

2.1 Authors

Etienne Boulais, Rémi Lachaine, Ali Hatef & Michel Meunier

Laser Processing Laboratory,

Department of Engineering Physics, École Polytechnique de Montréal,

CP6079, Succ. Centre-ville, Montréal, QC, Canada, H3C 3A7.

2.2 Abstract

This review describes the fundamental aspects of pulsed laser interaction with plasmonic

nanostructures, and its applications to cell nanosurgery, including the destruction, modifica-

tion or manipulation of molecular, sub-cellular and cellular structures. The review assumes no

prior knowledge of the field of plasmonics and begins with a short review of the basic theory

of plasmon excitation and optical properties of nanoscale metallic structures. Fundamentals

1. E. Boulais, A. Hatef, R. Lachaine et M. Meunier. Plasmonics for pulsed-laser cell nanosurgery : funda-
mentals and application. Journal of Photochemistry and Photobiology C : Photochemistry Reviews, Manus-
cript ID : JPR-D-12-00038, 2012
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of short and ultrashort laser pulse interaction with plasmonic nanostructures in a water envi-

ronment are then discussed. Special emphasis is put on the consequences of the irradiation on

the surrounding environment of the nanostructure, including heating, low-density plasma ge-

neration, pressure wave release and formation of vapor bubbles. The paper is concluded with

a review of di↵erent applications of pulsed-laser interaction with plasmonic nanostructures

for cell nanosurgery, including photothermal therapy, plasmonic enhanced cell transfection,

molecular surgery and drug delivery.

2.3 Introduction

The past few years have seen the unfolding and rapid evolution of the field of plasmonics

and in particular of the field of nanoplasmonics. The ability to produce and control electric

fields on nanoscale dimensions below the light di↵raction limit [1, 2] allow the development of

novel science and technology that find applications in a wide variety of domains. Plasmonic

nanostructures are for instance being involved in the design of light-harvesting components

to enhance the e�ciency of solar cells [4] and photodetectors [5]. They also enter in the deve-

lopment of new techniques aiming to improve current data storage capability [6, 7] and are

used as nanometric optical tweezers to trap and manipulate nanoscale objects [8]. Near-field

optical spectroscopy enables optical measurement at dimensions below the di↵raction limits

[9]. DNA-based strategies are currently being developed to self-assemble them into plasmon

molecules and tridimensional complex structures [10, 11]. They can be assembled to construct

optical components [12], new sources of coherent highly localized optical fields known as spa-

ser [13, 14], or even nanoscale laser sources [15–17]. Very precise biochemical sensors [18]

can also be realized, with resolution down to the single molecule [19], by exploiting either

the plasmon resonance of nanoparticles arrays [19, 61, 62], the so-called Fano resonance of

more complex systems [63, 64] or the localized enhancement of the Raman signal (Surface

Enhanced Raman Spectroscopy, also known as SERS) [65, 66]. Nanoplasmonics also o↵ers

new therapeutic possibilities, in particular concerning cancer treatment. Continuous wave

laser interaction with functionalized nanospheres [20–23], nanorods [24–27] and nanoshells

[23, 28–31] is used to generate heat [32–34] and destroy cancer cells. Hybrid structures cou-

pling plasmonic enhanced cell laser heating to conventional chemotherapy further increase

the e�ciency of the hyperthermia treatment [35–39].

This review covers the interaction of short and ultrashort laser pulses with plasmonic na-

nostructures. The high intensity optical fields produced can be exploited to interact very

precisely with the environment. When nanostructures are deposited on solid surfaces, irra-

diation may produce sub-wavelength ablated features that could provide alternative to cur-
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rent nanolithographic processes. When nanostructures are in the vicinity of cells, pulsed laser

irradiation yields to nanoscale vapor bubbles that can be used for diagnostic and therapeutic

purposes. Sub-cellular and molecular structures can be a↵ected with unrivalled precision.

Cell membranes may be disrupted, enabling the transfer of drugs, DNA, or RNA molecules

into the cytoplasm without inducing any permanent damage. More drastically, selective lysis

of the cell may also be induced. Nanoplasmonics hence o↵ers new therapeutic avenues for

cancer and other diseases.

This review is divided in three major parts. It begins with an overview of the basic theory of

plasmon excitation and optical properties of nanoscale metallic structures. The fundamentals

of short and ultrashort laser pulse interaction with a plasmonic nanostructure in a water

environment is then discussed, with a special emphasis on the consequences of the irradiation

for the surrounding environment of the nanostructure, including rapid heating, low-density

plasma generation, pressure wave release and formation of vapor bubbles. The paper is then

concluded with a review of di↵erent applications of pulsed-laser interaction with plasmonic

nanostructure for cell nanosurgery, including photothermal therapy, plasmonic enhanced cell

transfection, molecular surgery and drug delivery.

2.4 Optical Properties of Plasmonic Nanostructures

Nanoplasmonics is a field at the edge of the optical and condensed matter sciences that

concerns the interaction of electromagnetic fields with particles having dimensions of the order

of the wavelength [3].This section covers the basic theory and fundamentals of nanoplasmo-

nics. The origin of plasmons and of the plasmon resonance is first presented. It is followed by

a discussion on the influence of the dimensions and the shape of the nanostructures on the

plasmon properties.

2.4.1 Plasmons and plasmon resonance

The first comprehensive complete mathematical study of plasmon resonance sets back

to 1908, with the seminal work from Gustav Mie that presents an analytical treatment of

the absorption and scattering of light by a sphere [67]. Prior to that milestone, the human

civilization had already taken advantage of the peculiar optical properties that are charac-

teristic of nanoscale particles of noble metals. The most cited example is beyond any doubt

the Lycurgus glass cup (from 4th century A.D.) [68] that shows a red color when seen in

transmission but a green color when seen in reflection (see figure 2.1a). This behavior is due

to the presence of small gold and silver nanoparticles (NPs) embedded in the glass, as shown

in figure 2.1b. As seen from figure 2.1c, the absorption and scattering spectra of Au is stri-
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kingly modified when transformed from bulk to nanospheres. The figure shows the example

of 25 nm radius AuNPs with a scattering and absorption maximum near 530 nm, in the

green region of the spectrum, explaining the origins of the Lycurgus glass cup’s colors. Silver

particles presents the same behaviour, with a plasmon peak around 400 nm.

This strong modification of the absorption and scattering spectra for NPs arises from the

concentration of the optical energy at the nanoscale, which has no counterparts in the ma-

croscopic world. This represents the major interest in the use of NPs for a vast range of

applications, including cell nanosurgery.

Figure 2.1 a. The Lycurgus glass cup, demonstrating the bright red color of gold nanocrystals
in transmitted light. b. Scanning electron microscopy (SEM) image of a typical nanocrystal
embedded in the glass (courtesy of the British museum). c. Calculated absorption spectrum
of a thin gold film (blue dots) and of 30-nm AuNPs in water (red dots) using classical
electromagnetic theory. A measured absorption spectrum of an aqueous solution of 30-nm
Au colloids (black dots) shows good agreement with the theory. Taken from [68]

Plasmon resonance arises in metallic nanostructures which dimensions are reduced to sizes

around the skin depth (l
s

) [3]. For noble metals, l
s

is ⇠25 nm for optical frequencies. Elec-

tric field is thus able to penetrate the material and interacts with the electrons of metallic

particles with a radius R ⇠ l

s

. The field drives the electrons into an oscillatory movement

restrained by a restoration force between the displaced electrons and the uncompensated

lattice ions left behind (see figure 2.2a ). The situation is the electromechanical analog to

the classical problem of the damped forced oscillator, resulting in the onset of the resonance

phenomenon characteristic to this class of problem [69]. The oscillator created is called a lo-

calized surface plasmon (LSP), with a characteristic frequency !

sp

called plasmon frequency.

Excitation of the NP with an incident wave having a frequency near !
sp

leads to the so-called

”plasmon resonance” responsible for the extraordinary optical properties of the NPs. The

plasmon frequency !

sp

depends on the composition, the size, the shape and the environment
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Figure 2.2 a. Principle of the plasmon resonance. The electric field (black arrow) drives the
displacement of the conduction electrons (green sphere) of the NP (yellow sphere). Displaced
electrons leave uncompensated lattice ions behind, resulting in the building of a restoration
force. This electromechanical oscillator is the localized surface plasmon. b. Scattering (red
line), absorption (black line) and extinction (blue line) cross-sections for a R=25 nm gold
nanosphere in water showing a plasmon resonance around 550 nm. c. Cross-section of the
electric field enhancement around a R=25 nm gold nanosphere near resonance (�=530 nm).
Light polarization is horizontal and propagation is from top to bottom. A maximum field
enhancement of 6.6 along with energy absorption is apparent from the figure.

of the nanostructure. Many materials can support the excitation of SPs, the only restriction

being that the real part of their permittivity is negative [3]. This condition is a characteristic

of metals, especially the noble (Au, Ag, Cu) and the alkaline metals.

Plasmon resonance confers extraordinary optical properties to metallic nanostructures. Fi-

gure 2.2b shows the scattering and absorption cross-section of a R=25 nm AuNP in water

and Figure 2.2c shows the electric field distribution around the particle at the resonance wa-

velength (� ⇡ 530 nm). Strong energy absorption at resonance is visible from both figures, as

well as significant near-field enhancement in the polar regions. The existence of this near-field

motivates the use of plasmonic nanostructures for many applications requiring high intensity

fields for non-linear interaction with material, including SERS [65, 66] and ultrafast laser cell

nanosurgery [57, 70].

Yurtsever et al. [71] recently developed a technique combining an ultrafast laser pump with

ultrafast electron microscopy for the space-time visualization of the near-field. In this tech-

nique, called photon-induced near-field electron spectroscopy (PINEM), the laser pump pulse

excites the near-field around the particle as a simultaneous ultrashort electron pulse image

the field by utilizing the inelastic scattering with the field’s component parallel to the electron
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propagation vector. Figure 2.3 shows the enhanced near-field around laser-excited AgNPs,

which general aspect is consistent with the calculations shown in Figure 2.2c for AuNPs.

2.4.2 Size and geometry dependence of plasmon resonance

Nanoparticles

Plasmon resonance and resulting optical properties of NPs are highly dependant on their

size and their environment. As this work concerns cell nanosurgery, we will be particularly

interested in the optical properties of AuNPs in aqueous environment. AuNPs are indeed

mainly used in a biomedical context because of their relative non-toxicity [21]. Aqueous en-

vironment also presents optical characteristics similar to biological medium and is commonly

used in the context of laser interaction with cellular environment [72].

Figure 2.4 presents the optical properties of AuNPs in a water environment as obtained from

the Mie theory using the bulk permittivity [73]. Indeed, the permittivity of metallic nano-

structures is similar to the bulk permittivity for D>10 nm, limit below which it begins to be

a↵ected by surface scattering and quantum confinement e↵ects [74]. As seen from Figure 2.4a

and 2.4b, for small NPs (diameters 10-30 nm), the plasmonic resonance occurs at a wave-

length around 520 nm, independent on the NPs size. Also, the energy is mainly absorbed by

the NP, light scattering being negligible in this regime (see Figure 2.4a) . Figure 2.4c however

shows a significant enhanced near-field near the poles of the particle. This near-field however

does not couple to the far field for small particles and stays confined to its close vicinity. In

addition, the symmetry of the field distribution indicates that the response of the material

to the incident field is mostly dipolar.

As the NPs dimension increases, Figure 2.4b and Figure 2.4d shows the plasmon resonance

shifting slightly to the red portion of the spectrum, mostly due to contribution of multipole

and retardation e↵ects to the resonance process [75]. Also, scattering contribution is shown

to become much more important for larger NPs. Figure 2.4e confirms that, whereas it was

almost inexistent for NPs smaller than 30 nm, the importance of scattering significantly in-

creases with the size of the NP, and even dominates absorption for particles with diameters

D>40 nm. Inset of Figure 2.4e further reveals that this contribution grows as ⇠R3, consistent

with the calculation of the radiation rate from an oscillating dipole [3]. Figure 2.4f shows the

field distribution around a 150nm AuNP in water, irradiated at resonance (�=640 nm). Field

enhancement is clearly visible from the figure, with an asymmetric shape characteristic of

multipolar contributions. As we will see in the next sections, the near-field has a tremendous

importance for many applications.
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Figure 2.3 PINEM images of two close-by silver particles for two polarizations. The particles
are separated by 70 nm (edge-to-edge). Taken from [71]

Nanoshells

Nanoshells (NSs) composed of a hollow, dielectric, semiconducting, or magnetic core cove-

red with a thin metallic shell as been introduced some years ago [76–81]. One of the greatest

asset of those structures consist in the fact that the ratio of the shell thickness on the core

radius can be modulated to shift the absorption resonance to the near-infrared (NIR) por-

tion of the spectrum. Biological tissue transmissivity being the highest in the NIR [82], this

represents a valuable asset for many applications such as cell nanosurgery and cell imaging

[28–30, 83–87].

TEM imaging of Au NS is presented in Figure 2.5a. While the standard Mie theory can only

be used with homogeneous spheres, a generalized version of the Mie theory has been deve-

loped to calculate the optical properties of such coated spheres structures [88]. Figure 2.5b

shows the scattering, absorption and extinction e�ciencies for a SiO2-Au core shell with a

constant outer radius of 75 nm and an inner radius of 45 nm, 55 nm and 65 nm, in water. Re-

sults show a strongly red-shifting plasmon resonance as the inner radius on outer radius ratio

increases, as well as an increasing e�ciency comparable with the one observed for AuNPs

(see Figure 2.4d). Figure 2.5b shows the field enhancement distribution around a 75 nm outer

radius/65 nm inner radius SiO2-Au core shell irradiated at resonance (�=863 nm). Results

show a field enhancement factor of 9.1, almost twice as large as the one obtained for a AuNP

with the same dimension (see figure 2.4f). Low absorption in the gold layer at resonance is

also apparent from figure 2.5b.

Nanorods

Nanorods (NRs) also provides spectrum tunability to the near-infrared and are composed

of metal only [19, 25, 89–92]. Their shapes look like a solid cylinder capped with two hemis-

pheres (See figure 2.5d). Optical properties of those structures cannot be calculated from Mie

theory because of the broken spherical symmetry. Numerical methods such as the discrete di-

pole approximation (DDA) [93], the finite di↵erence in the time domain (FDTD) [94] or FEM
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[95] must be used. Special care must be taken to ensure that the contribution from NRs of

all possible orientations is considered to simulate the optical response of a randomly-oriented

sample. Another approach consists in using ellipsoids as an approximation for the NRs. Op-

tical properties of ellipsoids can be evaluated analytically from the Lorenz-Mie theory [96].

Expressions valid in the quasi-static regimes are also available [97]. Figure 2.5e presents nu-

merical results for the scattering, extinction and absorption e�ciency of a 10⇥41nm2 AuNR

in water irradiated along its long axis using a finite-elements method. Note the plasmon peaks

in the near-infrared corresponding to the excitation of the longitudinal plasmon ( (LP) band.

Experimental optical absorption measurements also show a smaller plasmon peak near 510

nm associated to the transverse plasmon (TP) band of misoriented NRs [89, 92]. Figure 2.5e

shows optical e�ciencies much larger for AuNRs (⇡17 ) than the one calculated for AuNPs

and SiO2/Au NSs(<10) and is dominated by absorption. Note that the calculated e�ciency

becomes much less if a randomly oriented NRs distribution is considered. The position of the

LP band is easily tuned by adjusting the length over diameter ratio of Au NRs, as shown

by Yu et al. [89]. Another interesting feature of Au NRs is the high enhancement of the

near-field that it provides. Figure 2.5f shows a field enhancement of ⇡ 77 near the tips of the

particle, an order of magnitude higher than the field enhancement obtained with AuNPs and

SiO2/Au NSs . This high enhancement is attributed to the lightning rod e↵ect that greatly

intensify the local electric field due to the confinement at the NR tip [98–101]. This large field

enhancement is highly valuable for non-linear applications depending on high field intensity.

Other types of nanostructures

The variety of nanostructures that are being synthesized is growing at a fast pace. Those

include (but are not limited to) nanocages [102–106], nanocubes [107–109], nanoprisms [110–

112], nanostars [113–116], nanorice [117–120], nanobars [118], nano rings, [121–123] and nano

crescent [124, 125]. All of those structures present interesting optical properties, but have not

yet been used extensively with pulsed laser for cell nanosurgery purposes. The extensive dis-

cussion on their specific properties is thus beyond the scope of this review, and the interested

reader is referred to the literature cited above for further details.
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Figure 2.4 Plasmon resonance of AuNPs a. Extinction, scattering and absorption e�cien-
cies as a function of the incident wavelength for AuNPs with diameters D=15 nm, 20 nm
and 25 nm . Calculations are made with the full Mie theory. E�ciencies are defined as
Q

x

= �

x

/(⇡R2), with R being the NP radius and �

x

being the cross-section. b. Position of
the plasmon resonance peak as a function of the NP radius. c. Electric field enhancement
distribution around a D=20 nm AuNP irradiated at plasmon resonance (�=520nm). Electric
field polarization E and propagation vector k are indicated on the figure. d. Extinction, scat-
tering and absorption e�ciencies as a function of the incident wavelength for AuNPs with
diameters D=100 nm, 150 nm and 200 nm in the multipolar regime. e. Ratio of the scat-
tering cross-section over the absorption cross-section as a function of the particle radius at
the plasmon resonance. Logarithmic graph demonstrating a R3 dependence is shown in inset.
f. Electric field enhancement distribution around a D=150 nm AuNP irradiated at plasmon
resonance (�=641nm). Electric field polarization E and propagation vector k are indicated
on the figure.
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2.5 Fundamentals of pulsed laser interaction with plasmonic nanostructures in

water

Absorption of a laser pulse by a nanostructure triggers a series of energy transfer events

occuring in various time scale. Figure 2.6 summarizes the energy pathway following the laser

irradiation. This section details this pathway.

2.5.1 Plasmon excitation and decay

When a laser beam interacts with a plasmonic nanostructure, photons are absorbed by

the electrons oscillation and excite the plasmon oscillation. This plasmon oscillation induces

an enhanced electric field in the near-field that can interact non-linearly with the medium if

the laser intensity is su�cient. The near-field has also been shown to induce local ablation

of a NP in the pole region following a femtosecond irradiation [126]. The plasmon oscillation

dephases in 1-10 fs [75, 127–129].

Figure 2.7 details the di↵erent relaxation channels for the plasmon. The plasmon can decay

by exciting electrons from the s-p band (intra-band process) or from the d-band (inter-band

process) to levels above the Fermi level ✏
F

. This damping is non-radiative and the energy

of the plasmon is ultimately transferred to a population of nonthermal electron-hole pairs

(Landau damping) in the nanostructure. Non-radiative processes are determined by the nano-

structure’s band structure and are therefore size-independent. However, an inter-band process

requires a su�cient plasmon energy to excite d-band electrons beyond the Fermi level. Plas-

mons thus non-radiatively decay much slowly in structures resonant in the NIR (such as NRs

and NS) than in NPs [130].

Alternatively, the plasmon can decay by emitting photons in a radiative process. This pro-

cess is negligible for small particles but becomes important as their dimension increases,

being linked to the scattering cross-section of the NPs. Plasmon may also decay from non-

linear interaction with the environment in the enhanced near-field. Real systems may also

su↵er from additional size-dependent dephasing processes [131, 132] including chemical inter-

face damping caused by charge transfer with adsorbate or surface states [133, 134], surface

scattering[75, 134–136], direct emission of electrons, occurring under strong excitation condi-

tions [137], and increased Landau damping caused by a surface and confinement induced

broadening of the discrete eigenstates of the holes and electrons [75, 138, 139].
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Figure 2.6 Basic mechanisms of energy absorption and dissipation in laser-excited plasmonic
nanostructures. The photons create a plasmon oscillation within the material. This plasmon
creates an enhanced near-field in the medium around the nanostructure. The plasmon de-
cays in ⇠1-10 fs into a nonthermal electron distribution that internally thermalizes in ⇠500
fs. Electrons transfer their energy and thermalize with phonons in 1 � 3ps. Figure shows
that energy transfer from both nonthermal and thermal electrons contributes to the phonon
thermalization. Phonons give their energy to the surrounding medium within a time scale of
⇠100 ps. Non-linear interaction in the near-field also contributes to the energy transfer to
the medium. Potential consequences of the energy transfer on the nanostructure and on the
surrounding medium are also indicated.

2.5.2 Thermalization of the electron subsystem

Through electron-electron scattering processes, the nonthermal electrons created by the

plasmon decay thermalize to a Fermi-Dirac distribution in ⇠500 fs [75, 127, 129, 140] although

Sun et al. [129] reported much longer energy-local thermalization times of ⇠2.5 ps for electrons

lying near the Fermi surface in reason of the k-space filling. Much faster thermalization times

(<100 fs) has however been shown by Link et al. [140] to result from the excitation of d-band

electrons. They also show that thermalization time is considerably reduced in the case of

high excitation since a greater k-space is available for energetic electrons, which increase the

scattering rate in accordance with the Fermi liquid theory.

2.5.3 Thermalization of the electron subsystem with the phonon subsystem in

the nanostructure

The electron subsystem thermalizes with the phonon subsystem in ⇠1-3 ps [127, 129, 141,

142]. This electron-phonon coupling is however dependent on the laser power as it is a function
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Figure 2.7 Non-radiative and radiative decay paths for the surface plasmons. A Plasmon
can either decay radiatively by the emission of photons, or non-radiatively. Non-radiative
processes involve the excitation of an electron from the conduction band to an unoccupied
energy level over the Fermi level (✏

F

) creating electron-hole pairs in the conduction band
(also called a Landau damping). Intra-band processes relate to electrons that originate from
the sp-band, and inter-band processes involve electrons originating from the lower energy
d-band.

of the electronic heat capacity that depends on the electronic temperature [127]. The electron-

phonon coupling time has however been demonstrated to be independent of both particle

shape and size, though Arbouet et al. [143] reported a strongly increased electron-phonon

coupling for small (D<10 nm) particles. Because of the relatively long electron thermalization

time (⇠500 fs) the independent picture of thermalized electron interacting with phonons

to thermalize them is somewhat misleading. Energy transfer from nonthermal electrons to

phonons also contributes to the phonon thermalization, which complicates considerably the

analysis of the energy transfer within the NP.

Potential consequences of the energy transfer to the nanostructure’s electron and phonon

subsystem include temperature increase, melting and fragmentation. Those are detailed in

much details in the following sections.

2.5.4 Energy transfer to the environment

Following the thermalization of the phonons, the energy is released to the surrounding

medium through phonon-phonon scattering in ⇡100 ps [127]. This timescale is however also

highly dependent on the particular system and laser power.

The energy transfer to the environment can be used to locally damage, destroy or modify

cellular and sub-cellular structures. This technology evolves from the field of surface nanoa-

blation where laser interaction with plasmonic NPs [144–151],nanoprisms [152, 153] or NRs
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[154, 155] deposited on a surface are used to create ablated features with resolution below

the di↵raction limit. Extensive review of this technology is available elsewhere [156].

In a cellular environment, the same technique can be used to either induce a highly localized

heating of cells or sub cellular components, to emit high intensity pressure wave, or to generate

nanoscale bubbles in the medium. Those plasmonic nanobubbles are used to induce cell death

or to break the cell membrane barrier to allow introducing drugs or RNA/DNA molecules

for gene therapy. For high intensity laser, the enhanced near-field around the nanostructure

may in addition create a nanoscale plasma that can induce highly localized chemical damage

to biomolecules and break chemical bonds. We will show that those tools are becoming in-

creasingly important in the intensive research for cancer therapy. Beyond cancer treatment,

the highly localized interaction has also been applied to the inactivation of proteins, the kno-

ckout of certain genes in DNA molecules, the perturbation of chromatin assembly and the

destruction of bacteria.

In the following sections, we first study the fundamentals of pulsed laser interaction with

plasmonic nanostructures in water. This medium has indeed proven to be adequate for the

modeling of laser processes occurring in cell medium [45, 72, 157]. The first section is concer-

ned with nanosecond (ns) and picosecond (ps) pulsed laser that are regrouped under the

term ”short pulses”. This regime is characterized by pulse durations ⌧
p

much longer than the

electron-phonon coupling time ⌧

e�ph

⇠1-3 ps. Those longer pulses involve thermodynamic

equilibrium between the electron and phonon subsystem along with the reduced importance

of non-linear processes taking place in the near-field due to the lower laser intensity. The follo-

wing section is concerned with ultrashort pulses with pulse duration ⌧

p

much shorter than the

electron-phonon coupling time. This regime is characterized by the non-equilibrium heating

of the phonon and electron subsystems and by the increasing importance of the near-field.

This regime typically involve femtosecond (fs) pulses.

2.6 Fundamentals of short-pulsed laser interaction with plasmonic nanostruc-

tures in water

Figure 2.8 schematizes the di↵erent phenomena induced by a short pulsed-laser interaction

with a resonant plasmonic NP surrounded by water. The onset of each phenomenon depends

on the deposited energy, i.e. the laser fluence, as indicated on the figure.

2.6.1 Heating of nanoparticle and water

The most trivial phenomenon occurring following the laser irradiation is the heating of

the NP and the subsequent heat transfer to the water by a simple conduction process at the
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Figure 2.8 Phenomena resulting from the interaction of a short-pulsed laser with a resonant
plasmonic NP surrounded by water as a function of laser fluence. a. Laser heats the particle
and the surrounding water. b. Temperature rise in the NP induces thermal expansion of the
lattice, leading to the emission of a pressure wave in the medium. c. Temperature rise in
the water induces the formation of a vapor bubble in the water by explosive boiling. d. The
particle is melted. e. Evaporation from the melted particle surface and formation of a vapor
blanket around the particle. f. Fragmentation of the NP in pieces of various sizes. g. Optical
breakdown of the particle

surface (figure 2.8a). As the pulse length is much larger than the electron-phonon equilibrium

time ⌧

e�ph

⇡1-3 ps, the energy transfer from a ps or ns laser to a plasmonic NP embedded

in water heats both the electron and phonon subsystems in thermodynamic equilibrium with

one another. Both the NP and the surrounding water are heated simultaneously. ⌧
T

is a time

characterizing the energy transfer by conduction from the NP to the water and is defined by

[158]

⌧

T

=
⇢Cr

2
0

3k
w

(2.1)

where ⇢ is the particle density, C, its heat capacity, r0, its radius, and k

w

is the thermal

conductivity of the surrounding water. For a AuNP in water, ⌧
T

⇡30 ps-30 ns for diameters

varying form 10 nm-200 nm. For short pulses, ⌧
p

⇡ ⌧

T

and heat conduction to the surroun-

ding water hence occurs in a timescale comparable to the heat deposition time.

2.6.2 Lattice expansion

Heating of the NP induces its expansion. This has been experimentally confirmed by x-ray

scattering measurement of the lattice parameter as a function of laser fluence by Plech et al.

[159]. The rapid NP expansion pushes the water at the interface and leads to the formation

of a stress which relaxes through the emission of a pressure wave. Pustovalov et al. [158]
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introduced the characteristic relaxation time of thermomechanical stress ⌧
c

as

⌧

c

⇡ r0/cs (2.2)

where c

s

=1500 m/s is the speed of sound in water and r0 is the particle radius. ⌧
c

is about

⇠3 ps-67 ps. Pustovalov et al. argued that important stress confinement and pressure wave

emission are generated if ⌧
p

 ⌧

c

. Pressure wave emission in the short pulse regime is in

consequence presumed to be of limited e↵ect.

2.6.3 Vapor bubble nucleation in water

Heat transfer from the particle’s surface to the water may cause phase change and bubble

formation in the surrounding liquid. Normal boiling is associated to the presence of hetero-

geneities within the liquid. Nucleation occurring at those sites then must be fast enough to

dissipate the energy at the rate at which it is deposited in the system so that the surface

condition is fixed to the saturation pressure and temperature [45, 162, 163]. This process is

however too slow to occur significantly in the case of short pulse laser heating.

Bubbles in liquid in contact with a short laser pulse heated surface is hence usually associa-

ted to the phenomenon of phase explosion which is a combination of spinodal decomposition

and homogeneous nucleation [45]. Characteristic time of liquid-vapor equilibrium ⌧

LV

has

been evaluated by Skripov to vary between 1-10 ns for a liquid far from the critical point.

[160, 164]. Rapidly heated water cannot build up pressure at a su�cient rate, and its pres-

sure hence drop below the saturated pressure as it enters the metastable region (see sketched

trajectory I. in the phase diagram in figure 2.9a). Liquid water in this region seeks to relax

to the equilibrium value and homogeneous nucleation of gas bubbles takes place on a time

scale that depends strongly on the temperature and on the extent of the incursion in the

metastable region. Classical nucleation theory can be used to evaluate the kinetic of this free

energy barrier limited process [165–169] :

J = n

l

r
3�

⇡m
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Figure 2.9 a. ⇢ � T phase diagram for water. The spinodal (solid blue line), kinetic spinodal
(dashed blue line) and binodal (black line) are indicated. Note that only the liquid-vapor
portion of the spinodal is shown. C.P is the critical point. The solid green line labelled I.
sketches a trajectory leading to phase explosion. The solid red line labelled II. sketches a
trajectory leading to trivial fragmentation as proposed by Lorazo et al. [160] et Perez et al.
[161]. See text for details. b. Zoom on the metastable portion of the ⇢ � T phase diagram of
water. Color scale presents the metastable lifetime ⌧

ms

, considering a heated volume consisting
in a 5 nm thick layer around a 30 nm radius particle. Spinodal, kinetic spinodal and binodal
are shown on the graph. The dashed white line shows the 1 atm isobar. Permanent regime
nucleation rate (in m�3s�1) and values of ⌧

ms

(in s) are shown as a function of the reduced
temperature along the 1 atm isobar.
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were J represents the density rate of nucleation of sustainable bubbles provided and ⌧

lag

is

the lag introduced by the finite time needed to grow the nucleated bubbles to a sustainable

critical radius [168]. In equations 2.3, 2.4 and 2.5, � is the surface tension, m is the molecular

mass, p0 is the liquid pressure, p
s

is the saturation pressure, n
l

is the water number density,

M is the molar mass, and R is the gas constant. Note that plasmonic nanostructures can be

viewed as heterogeneities that could potentially reduce locally the free energy barrier for the

liquid-vapor phase transition. The homogeneous mechanism presented in this section must

thus be interpreted as a limiting case, and the real nucleation rate J might be larger than

the one presented in equation 2.3.

Figure 2.9b shows the lifetime of the metastable state ⌧

ms

as a function of the ⇢ � T posi-

tion in the metastable state by assuming a 5nm thick heated layer around a 60 nm NP and

using the values from the IAPWS equation of states [170]. It shows that this lifetime gets as

low as 18 ps as the water approaches the spinodal, in agreement with molecular dynamics

studies [171]. This lifetime is much shorter than the value calculated by Martynyuk et al.

and reported by Kelly et al. [163] giving ⌧

lag

⇠1-100 ns. Kelly et al. however discounted

the calculations from Martynuk based on experiments demonstrating that phase explosion

occurs on time scale ranging from 15-300 ps, in agreement with the time scale presented in

figure 2.9b. The inset in figure 2.9b shows the rate of nucleation J (in the permanent re-

gime) and the lifetime of the metastable state ⌧

ms

as a function of the reduced temperature

T/T

c

as the spinodal is approached along the p=1 atm isobar. This figure shows that the

lifetime drastically decreases as the temperature gets around 0.9T
c

which is usually taken

as the temperature limit for important homogeneous bubble nucleation and phase explosion

[45, 158, 160, 162–164, 169, 171–173].

The spinodal curve is defined as the locus of states of infinite compressibility and is considered

as the boundary of metastability. If the thermodynamic state reaches the spinodal, the water

goes from a metastable region to an unstable region. In this locus, there is no energy barrier

between the two phases and the phase transition is thus not an activated process [45]. Small

fluctuations extending over large spatial scale lead to the rapid relaxation of the water to the

saturation curve into an equilibrium state of mixed phase composed of liquid and saturated

vapor. This relaxation from the low pressure unstable state to the equilibrium state also in-

volves a significant pressure increase, hence the name phase explosion. Note that the classical

nucleation theory does not account for the spinodal decomposition mechanism. Indeed, even

on the spinodal line, the classical nucleation theory predicts a non-zero activation barrier,

which is in opposition with the definition of the spinodal [174]. The lifetime of the unstable

state once the spinodal is reached might as a consequence be much shorter than what is

shown on figure 2.9b. This problem calls for a nonclassical nucleation theory [174–176]. In
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particular, a simple theory from Oxtoby et al. [175] predicts a relaxation rate at the spinodal

equivalent to the pre-exponential factor of the classical theory (equation 2.3), which is ⇡1039

m3s�1 for water. The paper shows also more advanced theories that bring corrections to this

value while keeping approximately the same order of magnitude. This relaxation rate implies

a < 1fs lifetime for the volume considered in figure 2.9b at the spinodal, calling for an almost

instantaneous spinodal decomposition.

The spinodal is thus the ultimate limit of the stability for a thermodynamic system [45].

Physically, however, density fluctuation induce a rapid relaxation to the saturation curve

way before a thermodynamic state reaches the spinodal, so that a specific system may never

reach the spinodal [171]. Defining ⌧

M

the lifetime of the metastable state (i.e. the time for

the state to relax to equilibrium through homogeneous nucleation), and ⌧

R

, the lifetime of

the metastable state due to statistical fluctuation, one can see that a metastable state where

⌧

R

<< ⌧

M

challenges the very concept of metastability [72, 177, 178]. Hence, the physical

boundary of the metastable states is rather defined as the locus where ⌧
R

= ⌧

M

and is called

the kinetic spinodal. This concept has proven very useful in the study of short pulse laser

ablation and where the crossing of the kinetic spinodal is often used as the onset of phase

explosion [70, 72].

In addition to the above-mentioned phase explosion mechanism, Lorazo et al. [160] and Perez

et al. [161] reported the formation of vapor bubbles in a laser-heated liquid from a ”trivial

fragmentation mechanism” for pulses in the ps and ns regimes. This mechanism arises from

liquid being heated along the binodal curves and getting into the supercritical states wi-

thout entering the metastable region. Once in the supercritical state, the water adopts the

heterogeneous structure characteristic of the supercritical fluid at moderately low density

and expands. Although those results concern silicon [160] and molecular solids [161] (from

a Lennard-Jones potential), it is plausible that such a mechanism also exists in water, de-

pending on the fluence and the pulse length. It has however not been reported and further

molecular dynamics study of laser-induced water cavitation is necessary to clarify this point.

2.6.4 Bubble dynamics

Once created, the bubble grows and collapses in a ⇠100 ps to ⇠1µs, depending on the

laser pulse width and energy. Onset of the bubble shields the surrounding water from heat

conduction from the particle due to the low thermal conductivity of the water vapor compared

to the liquid vapor. Since the bubbles are formed within ⇡100 ps, bubbles can also interact

with the incident laser for long enough pulses. Vapor bubbles indeed create a modified refrac-

tive index region around the particle that modifies its interaction with the electromagnetic

field. In particular, a particle at first resonant at a particular irradiation wavelength when
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Figure 2.10 Plot of the Rayleigh equation with ambient pressure p1 = 101 kPa, saturated
vapor pressure p

sat

(20̊ C) = 2.33 kPa, water density ⇢(20̊ C) =998 kg/m3 and plot of the
measured maximum bubble diameters around melanosomes at (0.5±0.1)⌧

bubble

. Photographs
of a melanosome before irradiation (left) with a 12 ns pulse at 369 mJ/cm2 and the correspon-
ding bubble (⌧

bubble

=533 ns) around the same melanosome (right) at 255 ns after nucleation
are shown. Taken from [179]

surrounded by water, is no more resonant when surrounded by a low refractive index vapor

layer. The bubble in addition scatters a significant proportion of the incoming electroma-

gnetic energy. For instance, while a 60 nm AuNP is resonant at 530 nm, its resonance is

shifted to 520 nm when surrounded by a 500 nm vapor bubble. Its absorption cross-section

at a wavelength of 530 nm is reduced from 1.12⇥104nm2 to 2.12⇥103nm2 when surrounded

by a 200 nm vapor bubble, while its scattering cross-section incereases from 2.72⇥103 nm2

to 1.96⇥105 nm2. A process designed to optimize the energy deposition into the NP hence

benefits from shorter pulses so that the majority of the pulse energy is absorbed before the

bubble nucleation onsets.

After nucleation, the bubble’s dynamic is driven by the vapor pressure that initially is at

high temperature and pressure condition. As the bubble expands, the pressure decreases and

the energy is lost due to heat conduction with the surrounding medium and friction. Both

pressure from the liquid surrounding the bubble and the surface tension limit the bubble

growth, which eventually reaches a maximum, and collapses. The duration of the collapse

stage is roughly the same as that of the growth stage. Upon collapsing, the pressure increases

again, initiating a new growth and collapse phase, known as bubble oscillation [157, 179–183].

Generation of shock waves, plasma formation and sonoluminescence are also associated with

the collapse of cavitation bubbles [184–187].

The bubble dynamics can in theory be perfectly described by the theory of compressible fluid

dynamics (see for example the classic from Laudau et Lifshitz [188]). However, the presence
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of the dynamic phase change, of sharp pressure gradients and the multiple time and dimen-

sion scales make this problem a di�cult one to tackle, even with modern computational fluid

dynamics (CFD) techniques. In particular, Furlani et al. [189] proposed an interesting scheme

using incompressible fluid mechanics in the liquid, and approximations based on the equa-

tion of state of an ideal gas to simulate the nucleation and growth of vapor bubbles around

ns laser heated plasmonic nanostructures. However, this approach remains computationally

intensive, and simpler approaches are sometimes needed for quick estimation and evaluation

of experimental data. Neglecting heat conduction from the bubble to the surrounding liquid

and mass transport across the bubble boundary (from evaporation or condensation), and

assuming incompressibility of the liquid and polytropic dependence of the vapor pressure in

the bubble, one writes the Rayleigh-Plesset equation [185, 190]

⇢
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where R is the bubble radius, R0 is the initial radius, ⇢L is the (incompressible) liquid density,

p0 is the initial pressure, pext is the pressure of the surrounding liquid, � is the surface tension

and µ is the viscosity.  is an exponent characterizing the expansion/compression. Isothermal

expansion/compression yield  =1 and adiabatic expansion/compression, ( 1.66) [191].

Equation 2.6 is solved by providing initial radius and velocity. R0, p0 and  are usually varied

to fit experimental data. Using the Rayleig-Plesset equation, it is possible to derive a relation

that links a bubble lifetime (⌧
bubble

)to its diameter dmax

bubble

[190].

⌧

bubble

⇡ 0.915
r
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p

ext
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d
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(2.7)

where T

ext

is the temperature of the surrounding water and p

sat

is the saturation pressure.

Considering T

ext

=293 K, ⇢
L

=998 kgm�3 and p

sat

=2.3 kPa,

⌧

bubble

⇡ 0.092dmax

bubble

(2.8)

Neumann et al. [179] showed a nice agreement between this theory and observation using

fast flash photography technique for bubbles of diameters between 1-10 µm generated around

melanosomes by 12 ns, 240 ns and 1.8 µs pulsed laser. Results are reproduced in figure 2.10. In

opposition with this result, Vogel et al. [157] reported the inaccuracy of the Rayleigh equation

for ⌧
bubble

<1 µs, arguing that it neglects the surface tension e↵ect that becomes important for

small bubbles. Including that e↵ect, they showed that the Rayleigh equation underestimates

the actual bubble radius by a factor up to ⇡2 for very small bubbles. Theoretical study

by Brujan et al. [192] confirmed this e↵ect. The maximal radius of a bubble may also be
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estimated from the energy absorbed in the system [158].

R

max

⇡
✓

3

4⇡

E

p

ext

◆ 1
3

(2.9)

However, theoretical work from Brujan et al. [192] showed rather a squared root scaling in

fluence for bubbles with radius below 1 mm. Experimental measurements from Plech et al.

[193] gave an exponant ⇡0.45 rather than 1/3, which they attributed to the larger amount

of energy dissipated in the medium for smaller bubbles that provide better heat conduction

with the surrounding water at the beginning of the bubble formation.

2.6.5 Bubble detection techniques

Two di↵erent basic methods have been developed to detect and characterize vapor bubbles

generated around plasmonic NPs. The first technique is based on the analysis of x-ray

scattering from a laser-synchronized synchrotron irradiation [159, 191, 193]. The second

one is an all-optical method exploiting the light scattering properties of the vapor bubble

[70, 180, 184, 194–197]. Other bubble-detection techniques involving acoustic methods [183]

may also be used but provides poor space and time resolution for nano-sized object when

compared to the optical and x-ray techniques [196]. We will now briefly describe bubble de-

tection techniques and summarize the experimental results concerning the nucleation and

dynamics of bubbles.

x-ray scattering is a very precise way to probe the laser-NP interaction and the formation of

bubbles. Small angle x-ray scattering (SAXS) and signal from the liquid scattering can be

used to determine the bubble size and kinetics [193]. The principal drawback of this technique

is the requirement for a synchrotron emission synchronized with a pulsed laser, which is not

widely available. Plech et al. [193] used the European Synchrotron Radiation Facility at the

time-resolved beam line ID09b which produce 100 ps x-ray pulses. A scheme of the setup is

shown in figure 2.11a. For their experiments, the synchrotron pulse was synchronized with

a fs laser pulse with a delay adjustable with a 5 ps step, allowing the time-resolved measu-

rement of the bubble kinetic. In addition, it is possible to relate this measurement to x-ray

powder scattering to evaluate the NP temperature and melting from the lattice expansion

data [198]. Note that it is in principle not necessary to use fs pulses and that the same tech-

nique could also be used to study the dynamics of a ns laser induced bubble. No example of

such measurement is however found in the literature.

Optical techniques are based on the detection and evaluation of extra scattering introduced

by the presence of a vapor bubble, or other nanoscale events such as emission of pressure
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waves, around the NPs. Two variants of this methods has been introduced to characterize

nanoscale bubbles : the scattering imaging and the thermal lens method.

Scattering imaging is a well-known methods that have been successfully applied to the vi-

sualization of bubbles due to laser irradiation in both water [199] and cellular medium [200].

Lapotko et al. [180, 196] adapted this technique to the visualization of nanoscale bubbles

generated around plasmonic NPs. A scheme of their experimental setup is shown in figure

2.11b. They use two pulsed-laser. A first laser (either a 10 ns or 0.5 ns at 532 nm) , called

the pump laser, is tuned to the AuNP plasmon band and is focused into a gold colloidal

sample to generate the nanobubbles around the particles. A second laser (0.5 ns at 690 nm),

the probe, is used to side-illuminate the sample at specific delay times. The scattered field

from the NP-vapor bubble system is collected to produce time-resolved imaging of the vapor

bubble. A typical result is shown in figure 2.11c.

While allowing visualizing the bubble generation, this technique cannot be used to reliably

characterize the bubble dynamics. Lapotko et al. [180, 196] used another method based on the

thermal lens method to monitor the kinetic of the bubble evolution. In their setup (2.11d), a

second continuous laser, the probe laser, is focused into the sample. Scattering events (such

as bubble and pressure wave) deviate the beam. The power of the axial part of the beam is

then measured by a photodetector. In their experiments, Lapotko et al. ensured that only one

NP is present in the focal volume (case i. in figure 2.11d). The presence of a bubble around

a particle thus results in a slight dip in the probe beam power measured at the photodiode.

A typical result is shown in figure 2.11e. This allows measuring the precise lifetime of the

bubble, which can be related to its diameter by the Rayleigh formula. The probe beam may

also be focused into a spatial filter prior to the photodiode, so that the perturbed part is

removed and only the unperturbed part is measured, enhancing the sensitivity [197].

Plech et al. [193] and Boulais et al. [70] used a similar setup to characterize nano bubbles

generated around plasmonic NPs. However, while Lapotko et al. could detect signal issued

from individual bubbles, their method rather uses an ensemble measurement as multiple NPs

are present in the focal volume and contribute to the scattering signal (case ii. in figure

2.11d). A typical signal is shown in figure 2.11f. Note the slight asymmetrical shape in the

response signal attributed to the presence of temporal dephasing in the bubble ensemble.

They also used a di↵erent method, based on the Mie theory, to evaluate the bubble diame-

ter, that does not rely on the measurement of the bubble lifetime. From the known value

of the laser parameters and the concentration of the colloidal solution, they evaluated the

scattering cross-section of an average NP-bubble system. Knowing the theoretical extinction

cross-section for a NP-bubble system of a given diameter, they then deduced the diameter

of the average bubble in the system. While this technique gives a good method to obtain
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order-of-magnitude estimation of the bubble dimension, it is not very reliable as large errors

are introduced by the fluence, size and orientation (for asymmetrical particles) distribution

within the sample.

2.6.6 Short-pulsed plasmonic enhanced laser induced bubble characterization

Thorough characterization of bubbles allows a better understanding of the generation,

growth and collapse mechanisms. Using optical techniques, Lukianova-Hleb et al. [180] de-

termined the threshold fluence for the production of bubbles around gold nanostructures and

studied the influence of di↵erent parameters on both the threshold fluence and the lifetime

of the bubble generated at the threshold.

Geometry dependence of the bubble formation threshold

Performing thorough measurements on spheres with diameters 10-250 nm and shells (hol-

low gold spheres) of 60 nm and 250 nm irradiated with 0.5 ns, 532 nm pulses, they have found

no bubble signal up to a certain threshold fluence where a bubble with a 9±1 ns lifetime be-

comes visible. Threshold fluence is around 100 mJ/cm2 for 250 nm and 90 nm AuNPs, and

is reduced to around 42 mJ/cm2 for 250 nm silica-gold shell and further down to 20 mJ/cm2

for clusters of 250 nm AuNPs. They associated the e�ciency of the shell to its reduced heat

capacity, and the e�ciency of the cluster to the merging of the individual vapor layer from

the tightly coupled NPs into one joint nucleus that can expand with the starting size of the

cluster. Another paper from Lapotko et al. [196] also showed the reduction of the bubble for-

mation threshold for NRs, coreshells, and coreshell clusters, which is surprising as the 532 nm

irradiation wavelength does not match their plasmon band position. Note that another paper

from Lukianova-Hleb et al. [201] reported much higher values of bubble formation threshold

using the exact same laser, with 360 mJ/cm2 and 180 mJ/cm2 for 90 nm and 250 nm AuNPs

respectively.

Pulse width dependence of the bubble formation threshold

Lukianova-Hleb et al. [180] studied the influence of the pulse duration on the bubble

generation around gold NPs. Unsurprisingly, increasing the pulse length from 0.5 ns to 10

ns increased the vapor bubble threshold 13-fold and 24-fold for 30 nm and 100 nm AuNPs

respectively due to the reduced thermal confinement. Similar results are reported by Lapotko

et al. [196].
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Figure 2.11 Detection and characterization of vapor nanobubbles around plasmonic NPs. a.
Scheme of experimental setup for the x-ray scattering based detection method. b. Scheme of
experimental setup for the time-resolved optical scattering imaging method. c. Time-resolved
optical scattering images obtained for : (left) a suspension of 30 nm AuNPs (no pulse), (right)
30 nm AuNP exposed to a single pump laser pulse (532 nm, 0.5 ns, 0.9 J/cm2 ). Scale bar
is 6 µm. Taken from [196]. d. Scheme of experimental setup for the optical scattering time-
resolved spectroscopy method. Focal volume is shown in the case of an individual AuNP and
an ensemble of AuNPs. e. Typical time response for a single 80 nm AuNP obtained with
a single pump laser pulse (vertical dashed line) near the photothermal bubble generation
threshold fluence. Taken from [180]. f. Transient extinction change of a NP suspension of 80
nm diameter by a 660 nm probe beams excited with a single 10 ns laser pulse at 532 nm at
a fluence of 30 mJ/cm2. Taken from [193]

Impact of the vapor bubble on the NPs environment

For fluence lower than the bubble formation threshold, Lukianova-Hleb et al. [180] found

that the impact of the NP irradiation on their environment was purely thermal, whereas

higher fluence produced a signal characteristic of a bubble and the gradual disappearance of

the heating response, up to bubbles with lifetime of 12-13 ns. They thus concluded that the

impact of nanobubbles on its surrounding medium is purely mechanical, with the exception of

the smallest bubbles (⌧
bubble

=[9-12 ns]) that do not provide thermal insulation of the medium.

Plech et al. also explained the modified dependence on energy of the observed experimentally

(i.e. 0.45 instead of the theoretically predicted 1/3 exponent) using the argument of weak
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thermal insulation from small nanobubbles [193]. In another paper, Lapotko et al. [184]

reported the failure to observe any sonoluminescence, or pressure wave signal related to the

collapse of the bubble and attributed this feature to the presence of the nanostructure that

prevents the bubble from extreme heating.

Comparison with theoretical results

Lukianova-Hleb et al. [180] pointed out that the lifetime of the vapor bubble does not

gradually decrease to zero as the fluence is reduced. Small bubbles are hence not allowed to

be generated around the NPs. They argue that this behavior does not match the classical

theory of bubble formation at a heated surface, which does not predict a minimum bubble

diameter around NPs.

From a thermal model based on the hydrodynamic equation and the sti↵ened equation of

state, they also showed that the fluence theoretically required to bring water to its critical

point (647 K) is much lower than the experimental threshold fluence. The authors therefore

concluded that additional energy must be provided to the vapor layer to make it grow and

become a bubble. The bubble must indeed overcome the pressure of the outer layer to grow,

which on the nanoscale is significantly increased by the surface tension pressure since it is

inversely proportional to the curvature radius. To prove their point, they studied the variation

of the threshold fluence as a function of the particle diameter, which should thus increase.

The threshold fluence is shown to increase 18-fold as the diameter is reduced from 80 nm

to 10 nm. At the same time, their simulation showed that the theoretical fluence needed to

bring water to its critical point do not follow a similar trend, with a 6-fold increase only,

supporting their hypothesis.

This conclusion strongly disagrees with another study made by Plech et al. [193] using similar

techniques. The authors indeed reported bubble formation threshold that corresponds well

with the calculated fluence needed to bring the surrounding water at the critical point, except

for the smallest particles (18 nm). Further studies are thus required to clarify this point.

2.6.7 Melting, evaporation, fragmentation and plasma formation in the nano-

structure

If the laser fluence is increased beyond the bubble nucleation threshold, the absorbed

energy is, at some point, su�cient to cause the onset of morphological and phase transfor-

mation within the nanostructure itself.

Melting occurs under achievement of the melting temperature T

M

inside the particle. Once

melted, the nanostructures will reshape into spheres due to the surface tension of the melted
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metal [158]. This reshaping has been observed by Takami et al. [202] for 5-50 nm AuNPs when

irradiated with 16 mJ/cm2, 7 ns pulses at 532 nm. For AuNRs, using 800 nm, 7 ns pulses,

Link et al. [203, 204] determined a much higher reshaping fluence threshold ⇡250 mJ/cm2.

Reshaping of core-shell structures has also been observed. Aguirre et al. [205] observed that

low-energy ns irradiation of silica-gold core-shells leads to the formation of colloidal AuNPs

in solution.

It is of interest to note that the temperature for homogeneous melting of small nanostructures

is reduced from the bulk value. For NPs with diameters below 10 nm, a 1/R dependence has

been observed for both tin and gold NPs [206, 207]. NPs with larger diameter are shown to

have homogeneous temperature near the bulk melting point. Similar reduction of the latent

heat of melting has also been observed [206]. Phase transition of NPs however starts with the

formation of a thin liquid layer at the surface, a process known as surface melting, occurring

for temperature well below the homogeneous melting point [208–212]. Surface melting has

been associated to the very low temperature of reshaping observed by Petrova et al. [210]

for AuNRs continuously heated at 523 K for 1 h. Insawa et al. [212] also observed the sur-

face melting of ⇡38⇥29 nm2 ellipsoidal AuNPs around 120 K below the bulk melting point.

Ercolessi et al. [213] studied theoretically the problem using molecular dynamics simulations

and observed surface melting for gold clusters with more than 350 atoms.

Heating beyond melt leads to the evaporation of the NP. Pustovalov et al. [158] studied theo-

retically the evaporation process from the surface of laser-heated NPs and concluded that the

evaporation of AuNP can form a metal vapor blanket around it, which expansion could form

pressure wave in the surrounding medium. Further increase of the laser fluence may result in

the particle fragmentation. From theoretical consideration Zharov et al. [214] estimated the

fragmentation fluence threshold to ⇡40 mJ/cm2 for a 70 nm AuNP irradiated with a 10 ns,

532 nm pulse. Takami et al. [202] observed the size reduction of 5-50 nm AuNPs when irra-

diated with at 30 mJ/cm2, in good agreement with the theoretical value from Zharov et al.

[214]. In opposition, Link et al. irradiated AuNRs with 800 nm, 7 ns pulses, and determined

a much higher reshaping fluence threshold ⇡250 mJ/cm2 and fragmentation threshold ⇡1

J/cm2 [203, 204]. Fragmentation of silica-gold core-shell structures by high energy ns laser

into small colloidal AuNPs has also been observed [205].

Laser fragmentation mechanisms are usually associated to a photo thermal process resulting

from the heating of the liquid melt, or to a Coulomb explosion mechanism resulting from a

massive ejection of electrons from the NP that triggers fission due to electrostatic repulsion

[215]. In particular, Yamada et al. [216] observed a high density of solvated electrons resulting

from the irradiation of ⇡8 nm gold NPs in a solution of sodium dodecyl sulcate with 10 ns,

355 nm, 1 J/cm2 pulses, which supports the Coulomb explosion mechanism for small metallic
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NPs.

Increasing even further the laser fluence will result in optical breakdown within the particle

and to the formation of a plasma cavity, associated with the generation and propagation of

intense pressure wave in the medium. Pustovalov et al. [158] estimated the temperature thre-

shold for optical breakdown over 10 000K along with a simple analytic approximate model

to evaluate the resulting velocity and pressure distribution in the liquid .

2.7 Fundamentals of ultrashort pulsed-laser interaction with plasmonic nano-

structures in water

In many aspects, the interaction of ultrashort laser pulses (⌧
p

⇡10-500 fs) with plasmo-

nic nanostructures in water is similar to the case of short laser pulses (⌧
p

⇡500 ps-10 ns).

The di↵erent phenomena pictured in figure 2.8 still occurs, but the fluence range and the

mechanisms implied are significantly di↵erent.

2.7.1 Ultrafast laser heating of plasmonic nanostructures

As the pulse length is much shorter than the electron-phonon equilibrium time (⌧
e�ph

⇡1-

3 ps) [127, 129, 141, 142], energy transfer from a fs laser to a plasmonic NP embedded in

water heats the electrons out of equilibrium with the phonon subsystem. As indicated in

figure 2.6, the laser pulse excites a plasmon oscillation that decays into a nonthermal electron

distribution that thermalizes to a Fermi-Dirac distribution in ⇡ 500 fs [75, 127, 129, 140] with

a temperature T

e

that is di↵erent from T

l

, the temperature of the phonon subsystem. Heat

transfer in this case can be described using a hyperbolic two-temperature model (HTTM)

based on the quantum and statistical mechanics [70, 217, 218]
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where C is the heat capacity, T is the temperature, S
EM

is the laser energy input, q is the

heat flux and  is the thermal conductivity. The subscripts ”e” and ”l” refer to the electrons

and lattice respectively. The electron-phonon coupling constant G has a value of 2.5⇥1016

Wm�3K�1 for gold at room temperature [219]. A model giving the temperature dependence
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Figure 2.12 a. Temporal evolution of temperature profiles of 48⇥14 nm2 AuNR and its sur-
rounding water at the surface following irradiation with a laser pulse of fluence, F
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of G can be found in [220]. Note also that for particle larger than ⇡10 nm, the electron-

phonon coupling is very similar to the bulk value [221–223]. Numerical values and expression

for C and K for gold can be found in the Supporting Informations of a recent work from

Boulais et al. [70].

The HTTMmodel reduces to the usual parabolic two-temperature model (PTTM) introduced

by Anisimov [224] and applied by many authors for fs heating of nanostructures [127, 149,

172, 219, 223, 225, 226].
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In contrast to the PTTM, the HTTM model considers the finite propagation speed of heat

in space whereas the PTTM model assume infinite heat propagation speed, which could lead

to inaccuracy depending on the specific system geometry and irradiation time. In addition,

a certain caution is indicated in the use of both the HTTM and PTTM model to describe

the ultrafast heating of metallic NPs. Those models indeed imply a complete time-separation

between the thermalization of the electron subsystem to a Fermi-Dirac distribution and the

thermalization with the phonon subsystem. This picture is in general not adequate as the

thermalization time for electrons (⇡500 fs) is not significantly shorter than the electron-

phonon thermalization time (⇡ 1-3 ps). Hence, a significant proportion of the energy transfer

from electrons to phonons does not occur between thermalized electrons and phonons, but

between non-thermal electrons and phonons. Groeneveld et al. [227] showed that this results

in reducing the relaxation rate between electrons and phonons. However, the e↵ect becomes

less important as the temperature of the electron gas increases. Groeneveld et al. indeed

calculated that the non-thermal distribution related e↵ect becomes significant for electronic

temperature below 600 K.

As the thermal capacity of electrons C
e

is much lower than the one associated to the phonon

C

l

, very high electronic temperatures can be reached in the structure. Ekici et al. [172] used

a PTTM model to evaluate the electronic and lattice temperature of a 14⇥48 nm2 AuNR

in water after a 250 fs, 470µ J/cm2, 800 nm single laser pulse. Their result is reproduced

in figure 2.12a. The electronic temperature is shown to reach near 10 000 K as the lattice

temperature stays below 1300 K. The phonon and electron subsystems in gold are seen to be

completely thermalized after ⇡50 ps.

Energy transfer to the water by conduction from the heated lattice is also a↵ected by the

ultrafast nature of the laser interaction. The finite thermal conductance at the water/particle
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[172, 198, 228, 229] indeed becomes important in the ps time-scale and will strongly a↵ect

the temperature distribution within the sample for rapidly heated particle. Specifically, a

discontinuity will appear at the water/particle interface. This discontinuity is clearly visible

from figure 2.12a and 2.12b. The temperature di↵erence between water and gold at the

interface is shown to disappear within ⇡500 ps. This calculation uses the value of (105±15)

MW m�1K�1 for the conductance at the gold/water interface estimated by Plech et al. [198].

2.7.2 Lattice expansion and structural oscillation

The rapid heat transfer to the gold lattice induced by the interaction with an ultrafast

pulse induces a rise in temperature much faster than the expansion time of the nanostructure.

It triggers the formation of a large stress state within the structures, followed by a fast increase

in size, and by an oscillation around the new equilibrium position corresponding to the new

temperature. This process is similar to a spring mass system which equilibrium position is

displaced more quickly than its oscillation period [225].

The oscillations are readily observable in a pump-probe time-resolved spectroscopy expe-

riment. The setup is presented in figure 2.13a. It consists in splitting a fs pulse into two pulses

of di↵erent fluences. The large fluence pulse, called the pump pulse, is focused into the sample

consisting of a colloidal suspension of nanostructures. The second low fluence pulse, called

the probe pulse, first passes through a delay line before being focused in the sample, and

thus arrive some time after the pump pulse. The transmission of the probe is then measured

with a photodiode, accounting for the state of the nanostructures at this particular time.

Varying the delay between the pump and the probe pulses allow to study the nanostructures’

response to the fs excitation as a function of time, with a resolution of some hundreds fs,

ultimately limited by the time-width of the fs pulses. Oscillations that modify the extinction

cross-section of the nanostructures are thus observable. A typical signal for 46.9⇥11 nm2

AuNRs pumped and probed with a wavelength of 800 nm is shown in figure 2.13b . The

early response (⇡ 0-10 ps) is linked to the electron system excitation and subsequent energy

transfer to the phonon system. Clear oscillations with a period of ⇡63 ns can be seen from

the figure. The damping of the oscillation is a combination of an homogeneous damping due

to energy dissipation and of an inhomogeneous damping due to the dispersion in NRs size

within the sample [230].

For spherical NPs, the symmetric breathing mode is excited, with almost all of the excitation

in the fundamental mode. The breathing mode consists in the periodic increase and decrease

of the radius, hence modifying the particle’s volume. The period of the nth breathing mode

is given by [223]
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Figure 2.13 a. Pump-probe optical setup used to probe the oscillation. The ultrafast laser
beam is split in two. The pump beam is directed at the sample while the much lower intensity
probe beam passes first through a delay line. Probe intensity is recorded using a photodiode.
b. NR oscillations following a 100 µJ/cm2, 45 fs irradiation. Figure shows the experimental
(blue line) and simulated (red line) variation in the sample extinction as a function of time.
The time origin is fixed at the pump irradiation time. c. Scheme of the vibrational modes in
NRs. Taken from [223]
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Using values from bulk gold, ⇠(0) =2.95 [223]. Using pump-probe spectroscopy, Hodak et

al. measured the oscillation frequency of AuNPs as a function of diameter and show a nice

agreement with the theoretical value [231]. They confirmed the fundamental breathing mode

as the principal oscillation mode excited and showed that the speed of sound in NPs are

similar to their bulk value.

In the case of AuNRs, two di↵erent modes could be excited : the breathing mode and the

extension mode. Both are schematically represented in figure 2.13c. The period of the nth

breathing mode is given by [223]
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where � is an eigenvalue obtained from

�J0(�) =
1 � 2⌫

1 � ⌫

J1(�) (2.19)

a is the radius of the NR, c
l

is the longitudinal speed of sound, J
n

is the nth Bessel function

and ⌫ is the Poisson ratio. The period of the extension mode is given by

T

(n)
ext�NR

=
2L

(2n+ 1)
p
E/⇢

(2.20)

with E, the Young modulus, L, the NR’s length and ⇢, its density. As the extension mode

modifies the aspect ratio of the rod, it can be observed by probing the sample at a wavelength

near the longitudinal plasmon band. Figure 2.13b shows the oscillation of 46.9⇥11 nm2 NRs

pumped and probed with a wavelength of 800 nm. The red line correspond to an oscillation

with a period given by equation 2.20 and including the homogeneous and heterogeneous dam-

ping found in the paper from Pelton et al. [230]. This confirms that the observed oscillation

comes from the excited extension mode of the NRs.

The breathing mode does not modify the aspect ratio but rather varies the volume of the

particle. It is much more di�cult to observe due to its lower period and to its higher sen-

sitivity to inhomogeneous damping [232]. Hu et al. [233] however successfully observed this

mode using a probe laser tuned to the transverse plasmon band, with a measured period in

good agreement with the theoretical prediction.

Analysis of those oscillations can be used to evaluate the temperature inside the nanostructure

and their size distribution, as well as measure their properties under extreme temperature

and pressure conditions. In particular, Hu et al. [234] evaluated the temperature correspon-

ding to the onset of cavitation for 20nm diameter AuNPs in water, yielding a temperature

of 550±50 K, in good agreement with the explosive boiling mechanism .

Finally, it is of interest to evaluate the impact of the rapid lattice expansion on the pressure

distribution in the surrounding water. Volkov et al. [235] studied this e↵ect using a numeri-

cal model of the laser interaction with a AuNP, including a PTTM model to calculate the

temperature within the particle, and the Navier-Stokes equations to account for the water

dynamics and thermodynamics, considering the e↵ect of the lattice expansion on the pres-

sure distribution. Their results showed an increased influence of the lattice expansion on the

pressure distribution in water during the first picoseconds following the irradiation (t<20

ps). Note that their results do not include the subsequent oscillations of the NP, which e↵ect,

however, should be negligible compared to the rapid initial expansion.
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2.7.3 Heat-mediated vapor bubble formation

Bubbles can be generated around plasmonic nanostructures with ultrafast laser pulses

by two general mechanisms. First, similar to the case of short pulses, heat transfer from the

particle lattice can rise the water temperature near 0.9T
c

and induce the formation of a vapor

bubble through explosive boiling. Such bubbles have been observed by Kotaidis et al. [191]

following the irradiation of NPs of 9 nm of diameter. Using small angle x-ray scattering, they

showed the formation of nanoscale vapor bubble after the interaction with 400 nm, 100 fs

ultrashort pulse, with a threshold fluence of 29 mJ/cm2. Figure 2.14a shows the size evo-

lution of the bubble as a function of time for a fluence near the threshold. Results show a

good agreement with the dynamic calculated from the Rayleigh-Plesset equation. In another

paper, Siems et al. [193] measured the bubble threshold as a function of the particle diameter.

Their results, presented in figure 2.14c, show a bubble fluence threshold in agreement with

the calculated fluence at which the water temperature reaches the explosive boiling tempera-

ture (0.85T
c

). Note that due to the finite interface conductance, the temperature inside the

particle is much higher than the temperature in the water. Koitadis et al. [159] in particular

showed that NPs with diameters < 30 nm, melts for fluences lower than the bubble threshold

(see figure 2.14c).

Volkov et al. [235] modelled the generation of vapor bubbles due to the conduction heat

transfer from ultrashort laser pulse heated NPs. Results show the emission of a ⇡60 MPa

pressure wave and a temperature rise in the water reaching the critical temperature for an ab-

sorbed fluence of 7.2 mJ/cm2 by a 100 nm diameter particle. This corresponds to an incident

fluence of 3.8 mJ/cm2, considering the absorption a AuNP at a wavelength of 400 nm. This

simulation however did not consider the finite conductance at the water/particle interface,

which may explain the lower threshold obtained. However, Ekici et al. [172] included this

e↵ect and studied the interaction of a 48⇥14 nm2 AuNR with a 250 fs, 800 nm ultrafast laser

[172]. Their results show a bubble formation threshold fluence of ⇡450 µJ/cm2, slightly over

the calculated melting fluence threshold (⇡400 µJ/cm2).

Cavitation mediated by the heat transfer from the particle’s lattice is very similar to short

pulse cavitation. Indeed, even if the energy is transferred from the laser to the NP’s lattice

in a very short time (⇡1-3 ps), energy is transferred to the water in a much longer time cor-

responding to the phonon-phonon scattering time (⇡ 100 ps). The thermodynamics pathway

should thus be very similar to what has been presented in the section concerning short pulses

(see curves I. and II. in figure 2.9).
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Figure 2.14 Vapor bubbles generated around AuNPs by a 400 nm, 100 fs ultrashort laser pulse.
a. Bubble radius and pressure transients of the water vapor inside the bubbles generated at a
fluence near 29 mJ/cm2 as calculated from the Rayleigh-Plesset equation together with the
measured radii. The first maximum in pressure at 650 ps marks the collapse of the bubbles,
the following modulations are only expected for oscillatory bubble motion. Taken from [191]
b. Bubble formation threshold as a function of NP diameter for fs laser excitation and x-ray
probing. The dashed line stands for a threshold estimation at 85% of the critical temperature
of water. Taken from [193]. c. Temperature of the NP at the vapor nucleation relative to
the melting temperature of gold. The open and full symbols are deduced from di↵erent
measurement techniques. The whole and dashed lines stand for a threshold estimation at T

c

and 0.85T
c

respectively. Taken from [236].

2.7.4 Plasma-mediated vapor bubble generation

Using ultrashort pulses, it is possible to generate cavitation bubbles around plasmonic

NPs in a completely di↵erent way. The high intensity of the electric field implied by the fs

pulse in conjunction with the near-field enhancement around the particle may be used to in-

duce non-linear absorption directly in the water and generate a plasma. This plasma di↵uses

and by collision and recombination transfers its energy to the water molecules, producing a

rapid temperature and pressure increase that may lead to the generation of a bubble.

The production of plasma in water by fs laser pulses and the following mechanical, ther-

momechanical and chemical e↵ects have been extensively studied by Vogel et al. [72, 237].

These authors described the formation of plasma in water as the generation of quasi-free
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electrons that have su�cient energy to be able to move without being captured by local

potentials. Following a work by Sacchi [238], the authors represented water as an amorphous

semiconductor-like structure with a ⇠6.5 eV band gap separating the highest occupied mole-

cular orbital to the quasi-free excited state [239–242]. Note that the process of photoexcitation

of electrons within water is a very complex subject (see for example the work by Coe et al.

[243] and by Couto et al. [244]), but that this simplified picture seems su�cient to give ac-

curate results in our case.

Two main mechanisms are responsible for the photoexcitation of electrons and the formation

of plasma in water : photoionization and collision (avalanche) ionization. Photoionization

is the direct transition of an electron from the ground state to the excited quasi-free state

induced by the absorption of photons. It is described by the Keldysh theory [245]. Once quasi-

free electrons are created, they absorb the laser energy through an inverse Bremmstrahlung

process. Once they reach ⇠1.5 times the bandgap, they have enough energy to collide with

neutral atoms and knock out an extra electron across the band gap [72]. A third process

that can occur in the case of plasmon-enhanced plasma generation in water is photo-assisted

thermal injection of electrons from the heated electrons of the nanostructure. Figure 2.15

schematizes those processes. We will now describe them into more details.

)

Photoionization

Inverse Bremmstrahlung

Collision
Ionization

Photo-assisted 
thermal emission

~1.5

~
)

+

Water Nanostructure

Figure 2.15 Schematic description of the di↵erent processes that can generate plasma into
water in the case of plasmonic enhanced plasma generation in water
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Photoionization

Keldysh introduced the Keldysh parameter for the photoionization of solids � [47, 72, 245–

248]

� =
!

e|E|
p
m� (2.21)

where e is the charge of the electron,m is the exciton reduced mass defined as m�1=m�1
e

+m�1
h

,

� is the ionization potential and E is the electric field. Note that following the work from

Keldysh [245], the parameter � for solids is
p
2/2 the one for individual atoms and gases,

which bring some confusion in the literature [44, 249, 250]. It is important to note that the

Keldysh parameter is fundamentally defined as a function of the field intensity |E| in V/m

and not as a function of the laser field irradiance I in W/m2. As many authors define the

Keldysh parameter as a function of the irradiance, one could be tempted to use the time-

averaged power flow given by the Poynting’s vector to calculate it. However, this will yield

the correct result only in the case of plane waves since, in this case, I =< S >= 1
2n✏0c0|E|2.

For general electromagnetic field, using the value I =< S > will not yield the correct value

for �.

For short pulses, the ionization potential must be corrected to account for the oscillation

energy of the electron due to the laser field. This e↵ective potential �̃ is defined from the

Keldysh parameter � [245]

�̃ =
2

⇡

�

p
1 + �
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!
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with E(x) the complete elliptic integral of the second kind. Defining �1 = �/

p
1 + �

2 and

�2 = 1/
p

1 + �

2 , Keldysh then writes the photoionization rate as :
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with K and E, the complete elliptic integrals of the first and second kind and hxi is the integer
part of x. Q is defined as

Q = A

1X

n=0
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!
e

� (2.24)
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The function �(z) is defined as

�(z) =

Z
z

0

e

y

2�z

2
dy (2.25)

The prefactor A is defined as

A =

r
⇡

2K (�2)
(2.26)

and the exponent is defined as

� = �⇡n

K (�1) � E (�1)

E(�2)
(2.27)

Those equations yield the photoionization rate as a function of the Keldysh parameter �,

represented in figure 2.16a. The Keldysh parameter defines the photoionization mechanism

that is dominant for specific laser parameters and material. For � � 1, i.e. for large frequency

and band gap, but low laser intensity, the largest contribution comes from the multiphoton

ionization process, where the electron absorbs simultaneously many photons to come over

the potential barrier. Under this condition, ⌘
PI

⇡ (|E|2)k where k is the number of photons

needed to go over the potential barrier. For � ⌧ 1, i.e. for large laser intensity, electrons

can directly go through the potential barrier by a tunnelling process, and the k exponent

is reduced. Figure 2.16b schematically represents the tunnelling and multiphoton ionization

processes at a wavelength of 780 nm. Curves in figure 2.16a show the photoionization rate

calculated using approximate theory considering either tunnelling or mulitphoton ionization

only processes. In the case of fs ionization of water, Vogel et al. demonstrated that � ⇡ 1, so

that only the complete Keldysh theory is accurate.

Collision ionization

Once in a quasi-free state, electrons can absorb the laser energy through inverse Bremm-

strahlung absorption [72] and increase their kinetic energy. Once they get enough energy, they

can collide with neutral water molecules to knock out additional electrons to the quasi-free

states. Vogel et al. estimated this energy to 1.5�̃ and calculated the rate of ionization by

collision as :

⌘

coll

=
1

!

2
⌧

2 + 1

0

@ e

2
⌧ |E|2

m

e

⇣
1.5�̃

⌘ � m

e

!

2
⌧

M

1

A (2.28)

where m

e

is the electron mass, M is the mass of the water molecule and ⌧ is the electron

scattering lifetime (taken constant as ⇡1.7 fs).
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a.

b.

Figure 2.16 a. Ionization probability as a function of the Keldysh parameter at � =780 nm.
The red line is calculated from the complete Keldysh theory. The blue and green line are
approximation of the Keldysh theory valid in the multiphoton and tunnelling limit respecti-
vely. The black line is calculated from the approximate theory due to Kennedy et al. [246].
Taken from [72]. b. Schematic representation of the multiphoton and tunnelling ionization
processes. Taken from [44].

Boulais et al. [70] used a more complex model where the energy and density of the

plasma are calculated in parallel without fixing an a priori energy to initiate the collision

ionization. The plasma conductivity is calculated from the plasma collision frequency with

neutral water molecules (�
a

⇡2⇥10�19m2) [251] and the plasma collision frequency with the

ionized water molecules, calculated from the dense plasma theory [252]. This conductivity

determines the rate of absorption of the laser energy (�|E|2). Using the same method as

Hallo et al. [253] in their study of plasma formation in dielectric material, they determined

the collision ionization frequency from the calculated plasma temperature and density. The

interested reader is referred to the above-cited literature for details.

Photothermal emission

Following the laser irradiation, the electrons of the nanostructure may be heated to very

high temperatures, above 10 000 K. A those temperatures, electrons may be injected over the

metal/water energy barrier into the quasi-free states of the water, and thus participate to the

plasma generation. In addition, photons non-linearly absorbed in the nanostructure can also

participate to the process, yielding to a photo-assisted thermal process. The energy barrier at
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the water/gold interface � has been determined experimentally as � ⇠3.72 eV by Zolotovitskii

et al. [254]. Boulais et al. [70] proposed an expression to evaluate this contribution to the

plasma, based on the Fowler-Dubridge theory [255]. However, Boulais et al. did not consider

any correction to this current due to the polarization of the NP, which should limit the

injected current [220].

Plasma di↵usion and bubble formation

Once created, the plasma di↵uses and recombines. Boulais et al. [70] used a formalism

similar to the semiclassical Boltzman transport equation to evaluate the di↵usion. Collisions

with neutral and ionized molecules, along with carrier recombination, transfer the energy

from the electrons to the water molecules, yielding water temperature rise, pressure wave

generation and, possibly, vapor bubble formation.

Important energy transfer from the plasma occurs when the plasma reaches a density ⇡1020-

1021cm�3. [72]. In particular, Vogel et al. determined that for � =800 nm, a density ⇡0.236⇥1021cm�3

defined the cavitation threshold, in pure water without NPs. Figure 2.17 presents the laser

fluence necessary to generate a density of 1021 cm�3 electrons in pure water. This simple

calculation can serve as an interesting approach to evaluate the importance of the plasma in

the cavitation process in a given situation. While this curve has been calculated for pure wa-

ter, one can evaluate the influence of the presence of the plasmonic nanostructure by simply

dividing the fluence required in the case of pure water by the square of the maximum electric

field enhancement factor, as calculated from the Mie theory.

In the case of in-resonance irradiation of AuNPs, plasma generation plays only a minor role

in the cavitation mechanism. For instance, in the situations considered in figure 2.14 (100

fs, 400 nm), the threshold fluence for the generation of vapor bubble is way lower than the

fluence that would be required to generate a plasma density near 1021 cm�3. In particular,

the fluence required for important plasma contribution when irradiating a 100 nm AuNP is

⇡ 65 mJ/cm2-80 mJ/cm2, considering the ⇠2.5 field enhancement factor, while the observed

bubble formation threshold is rather around 9 mJ/cm2 [193]. In the case of in-resonance

interaction, plasma generation is thus very weak near the bubble formation threshold and

becomes an important factor only for much higher fluences. In this regard, Bisker et al. [256]

demonstrated that the 1021 cm�3 was not reached around Au and Ag NPs, or AuNRs, for

fluence below the melting threshold when the nanostructures were irradiated with a wave-

length tuned to their plasmon resonance.

It is however possible to use a slightly detuned laser irradiation to generate an important

plasma in the water without over-heating the particle. Boulais et al. used a 800 nm, 45 fs

laser to interact with a o↵-resonance100 nm AuNP in water. They theoretically showed that
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Figure 2.17 Fluence required to generate a 1021 cm�3 plasma as a function of the pulse time
width, for three di↵erent wavelengths. Taken from [72]

for a 200 mJ/cm2 irradiation, only 10% of the total energy absorption took place in the

particle, while the remaining 90% formed a heated plasma around the particle. Figure 2.18a,

b and c show the calculated plasma density around the particle. The calculated produced

vapor bubble has dimensions D⇠1.2 µm, as shown in figure 2.19a and b, in agreement with

spectroscopic studies. The plasma is shown to be responsible for the initiation of a cavitation

process, the energy absorbed in the particle being much too low to increase the water tempe-

rature beyond the 0.9T
c

limit, as shown on figure 2.19b and c. In another study, the particle

is further shown experimentally to remain intact following the laser treatment, in agreement

with the theory [57]. Similar results have been obtained by Warshavski et al. [257].

Plasma-mediated bubble nucleation is slightly di↵erent from heat-mediated bubble nucleation

as the energy transfer is much faster, in the order of ⌧
ei

⇡1-3 ps. The heat transfer is so fast

that water undergoes a quasi-isochoric transition, as observed by Boulais et al. [70], yielding

high pressure that results in the propagation of intense pressure wave in the medium, as

shown in figure 2.18d, e and f. Note the order of magnitude of the calculated pressure, which

is much higher than the one calculated by Volkov et al. [235] in the case of heat-mediated

bubble formation. Boulais et al. observed the initial formation of the vapor bubble occuring

in the supercritical conditions, without penetrating the phase coexistence region (see figure

2.19c).

In analogy with the theory of laser ablation of solid targets [160, 173, 258–260], this is much

similar to the trivial fragmentation mechanism discussed in section 2.6.3. However, the strain

rate associated to the ultrafast processes being very large, it is also possible that the nucleation

occurs in non-equilibrium states, as observed by Lorazo et al. [160] in the case of liquid silicon.

Depending on the laser fluence and pulse width, initial bubble formation may alternatively
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Figure 2.18 Characterization of the plasma density and pressure distribution around a 100 nm
NP after a 200 mJ/cm2, 45 fs, 800 nm laser irradiation. Polarization of the laser is horizontal
and the propagation vector is perpendicular to the plane of the figure. The pulse is a gaussian
centred at time=200 fs. a. Cross-section of the plasma distribution 100 fs after the pulse
maximum. Incident field is perpendicular to the plane of the figure. b. Time evolution of
the plasma density at the pole of the NP corresponding to the highest point of the plasma
density. Red line shows the laser pulse. c. Reached maximum plasma density as a function
of distance from the nanosphere. d. Cross-section of the pressure distribution 1 ps after the
pulse maximum. Incident field is perpendicular to the plane of the figure. e. Time evolution of
the pressure distribution at the pole of the NP corresponding to the pressure highest point. f.
Reached maximum pressure as a function of distance from the nanosphere. Taken from [70].

occur through explosive boiling in the metastable region. The exact mechanism leading to

the ultrafast laser plasma-mediated bubble formation remains unclear in the literature.

2.7.5 Melting and fragmentation of the nanostructure

As in the case of short pulse interaction, melting and fragmentation of the NPs may

occur for irradiation with su�cient fluences. The ultrashort nature of the laser pulse however

introduces some particularity, and the apparition of new mechanisms.

For example, Link et al. observed much lower melting threshold (in the order of 100X) for

AuNRs using fs pulses than ns pulses [203, 204, 261]. They also showed that the range of

fluence where only melting of the NRs occurred without fragmentation was much larger for fs
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pulses than for ns pulses. This behavior is attributed to the short electron-phonon coupling

time. Plech et al. [211] also determined a very low surface melting temperature of 104�C

under fs excitation. Link et al. [262] showed that the melting process of a AuNR occurred in

30-35 ps, independently of the power used or the aspect ratio of the NRs.

Non-thermal channels of material modification, such as the Coulomb explosion, are expected

to become more important in the fs regime. Werner et al. [263] indeed presented fs transient

absorption experiments that provided direct spectroscopic observation of fragmentation at

time scale within 100 ps, due this mechanism. The observed threshold fluences for 60 nm

AuNPs and 150 fs pulses were 7.3 mJ/cm2 and 3.6 mJ/cm2 for 400 nm and 532 nm irradiation

respectively. Note that this is well below the bubble formation threshold reported by Plech

et al., shown in figure 2.14, for similar experimental conditions (400 nm, 100 fs). Werner et

al. attributed the onset of the Coulomb explosion to the ejection of electrons from thermionic

emission due to the very high temperature reached by the electrons in the fs irradiation

regime. Fragmentation then occurs because of the Rayleigh instability [264]. They suggested

T

e

⇡ 7260-7640 K as the electronic temperature threshold required for the Coulomb explosion

to occur for 60 nm AuNPs.

Plech et al. [126] also observed mass removal from the poles of a 38 nm AuNP irradiated

with 100 fs, 400 nm ultrashort laser pulses for fluences well below the melting threshold and

temperatures an order of magnitude below the explosive boiling threshold. They associated

the result to non-thermal material ejection due to the near-field enhancement at the pole of

the NP.
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Figure 2.19 Generation of a vapor nanobubble around a 100 nm NP after a 200 mJ/cm2, 45
fs, 800 nm laser irradiation. a. Time evolution of the average diameter of the vapor bubble
created around the NP after the irradiation. b. The left panel shows the vapor bubble around
the NP 72 ns after the irradiation. The bubble is at its maximal extension. Dryness fraction is
represented on the figure. The bubble boundary is fixed at a 10% dryness fraction. The right
panel presents the bubble obtained when the contribution from the plasma is neglected. c.
Phase space trajectory of water situated near the pole of the NP during the first ns following
the irradiation. Green line is the binodal curve, black line is the kinetic spinodal, red line
is the trajectory when no plasma is present and blue curve is the trajectory including the
plasma contribution. The trajectory when no plasma is present is along the binodal curve
and reaches its maximal temperature 300ps after the laser pulse. Taken from [70]
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2.8 Plasmonic enhanced pulsed-laser cell nanosurgery

The last sections reviewed quite extensively the phenomena that occur following the

pulsed-laser irradiation of plasmonic nanostructures in water. A cellular environment is consi-

dered as being similar enough to water to assume that the basic mechanisms, theoretical and

experimental results obtained in a water environment will stay approximately the same.

Many physical processes described above can lead to molecular and cell damaging in a cellu-

lar environment. For instance, temperature increase around the particle may induce protein

denaturation [158, 265] and prolonged exposition to moderately high temperature may in-

duce cell death, a process known as hyperthermia [21, 22, 27]. Low-density electronic plasma

generation in the medium is associated with chemical damage to molecules [72]. Finally, va-

por bubbles, pressure wave and fragmentation of the nanostructure are also associated with

important damaging e↵ects [158].

One of the principal advantage of the use of AuNPs is the possibility for active targeting,

involving the use of peripherally conjugated moieties that specifically bind to particular types

of cells and increase their endocytosis during the incubation time that precedes the treat-

ment. This internalization process has proven to be determinant in the e�ciency of the laser

interaction process. This allows for specific treatment limited to those cells only, hence de-

creasing the need for costly and complex laser focussing and visualization system required

for direct laser targeting. NP targeting strategies is a vast subject beyond the scope of the

present paper. The interested reader is referred to reviews by Byrne et al. [56] and Peer et

al. [266] for further details.

In the next section we will discuss some of the most promising applications for pulsed laser

interaction in cell nanosurgery. Note that this review is not exhaustive and only aims to give

the reader a glimpse of the great potential of this technology for therapeutic applications.

2.8.1 Plasmonic photothermal therapy

The use of heat as a method for tumor therapy has a long history and goes back to 1700

B.C. when people was using the hot tip from a firedrill for breast cancer therapy [27]. In the

modern days, other means to selectively heat tissues have been introduced, including radio-

frequency [268, 269], microwaves [270], ultrasound waves [271] and laser irradiation [272, 273].

While those methods gain a certain success, their application is limited due to the important

amount of collateral damage it brings to surrounding tissues. The development of targeted

technologies with cellular precision is therefore required.

Plasmonic photothermal therapy uses targeted plasmonic nanostructures to act as localized

source of heat to damage and destroy specific cancer cells. Over the years, many groups have
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Figure 2.20 Scanning electron microscopy image of prostate cancer cells at di↵erent stages.
After incubation with gold NPs showing a. membrane coupling and b. internalization c. After
irradiation of a single laser pulse yielding c. a non-invasive vapor bubble with a lifetime of
25±5 ns and d. an ablative bubble with a lifetime of 300±42 ns. Images of the whole cell are
shown in inset of b, c and d. Taken from [267].

demonstrated, both in vivo and in vitro, the destruction of cancer cells and the ablation of tu-

mours using continuous wave laser with AuNPs [26], core-shell structures [28–30] and AuNRs

[24]. The use of core-shell structures and AuNRs are particularly interesting has their plasmon

band lies in the NIR where tissues are less absorbent [82], reducing collateral damages and

enabling deeper tissue treatment (up to 10 cm for breast tissue). With continuous wave laser,

cell death occurs due to purely thermal damages such as protein denaturation, coagulation

and cell membrane destruction [27], following a several minutes irradiation. However, with

pulsed irradiation, the formation of vapor bubbles around the nanostructures is thought to

be the main source of damage to the cell [90, 274, 275], yielding the possibility for further

localization and reducing the treatment time down to a single-pulse event. Representative

examples of photothermal applications of plasmonic enhanced pulsed-laser cell nanosurgery

are summarized in figure 2.21.

Pitsillides et al. [276] used immunotargeted gold nanospheres with 20 ns, 565 nm laser pulses

to induce the death of lymphocytes. Using ⇠100 pulses of 500 mJ/cm2, they showed a letha-

lity for target cell ranging from 54% to 95%. depending on the number of AuNPs per cell,

whereas only 2%-8% of the untargeted cells were killed. Nedyalkov et al. [277] demonstrated

the use of 40 nm, 100 nm and 200 nm AuNPs using 532 nm, 15 ns laser pulses at fluences

in the range 50-100 mJ/cm2 for photothermal therapy of HeLa cancer cells and showed the

fragmentation of the AuNPs in this range of fluences.

Li et al. [278] used 25 nm-50 nm AuNPs conjugated with transferrin molecules for imaging,

targeting and therapy of breast cancer cells. 5 min irradiation from a 10 Hz, 530 nm, ns

pulsed-laser resulted in significant cellular damage for laser intensity over 7 W/cm2, which

they attributed to thermal energy. They showed a much higher damage threshold for untar-
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Figure 2.21 Representative examples of photothermal applications of plasmonic enhanced
pulsed-laser cell nanosurgery. In the Laser & Target boxes, � is the laser wavelength, ⌧

p

is
the pulse duration, F is the fluence of a single laser pulse, E is the pulse exposure and T is
the targeted cell.
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geted NPs (14 W/cm2), with a cellular uptake of ⇠25% the one of targeted NPs. The damage

threshold when no NPs were present was around 1600 W/cm2.

Zharov et al. [279] used 532 nm, 12 ns laser pulses with various size of AuNPs for the thermo-

lysis of lymphoblasts. They found the greatest kill e�ciency with 10-30 nm AuNPs for ⇡200

mJ/cm2 irradiation. This is consistent with theoretical results from Ba↵ou et al. [280] that

predicted an optimal 40 nm diameter to maximize the temperature increase for irradiated

AuNPs.

Using optical in situ probing technique Zharov et al. then showed a significant correlation

between bubble formation and cell damage induced by the particle. They also determined an

optimal incubation time of ⇡ 15 h. They used a similar system for demonstrating the killing

of Staphylococcus aureus bacteria [274].

Huang et al. [281] also presented an interesting study showing that nuclear-targeted NPs

were more e↵ective than cytoplasm-targeted NPs for ns pulse laser phototherapy of HSC-3

oral cancer cells.

Finally, Wagner et al. [267] demonstrated the use of anti-EFGR targeted 60 nm AuNPs with

0.5 ns, 532 nm to ablate in vivo human prostate cancer cells transplanted into zebrafish.

They also introduced the theranostic technique consisting in a two-pulse process that first

generates a non-invasive vapor bubble to detect the cancer cells through optical scattering,

followed by a second larger ablative bubble that aim to destroy the cell. The paper also pre-

sents SEM imaging of cancer cells targeted with AuNPs, showing their membrane coupling

and internalization. SEM imaging of the consequence of the non-invasive and of the ablative

bubble on the cell’s morphology is also presented. Those pictures are reproduced in figure

2.20.

Although Wagner et al. [267] demonstrated the in vivo implementation of the technique in

small living organisms, in vivo application of the work presented above is limited by the

visible wavelength used that is heavily absorbed by the living tissues. NIR irradiation would

be much preferable to allow deeper penetration into biological tissues. Tong et al. [91] thus

used folate-conjugated AuNRs targeted toward the plasma membrane of malignant KB cells

with fs-laser irradiation to induce cell death. Monitoring of the internalization process shows

the KB cells heavily coated with targeted NRs after 6h incubation and a slow migration of

the NRs toward the perinuclear region after 17 h. Their results showed an increased e�-

ciency of the fs-laser photothermal process when compared to continuous laser, and attribute

the cell membrane blebbing to the degradation of the intracellular actin network. They also

demonstrated the higher e�ciency of membrane-bound NRs compared to internalized NRs,

in opposition to the result obtained by Huang et al. [281] for ns pulses. NIR fs-laser indu-

ced photothermal ablation of human cervical cancer cell (HeLa) with transferrin-conjugated
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AuNRs is also presented by Li et al. [59] and shows a better e�ciency for circularly polarized

compared to linearly polarized light.

Finally, Huang et al. [58] showed the use of 0.1-1 mJ/cm2, 800 nm fs-laser pulses at 1 KHz to

irradiate o↵-resonance anti-EGFR conjugated AuNPs during 2 minutes (total fluence of 15-

150 Jcm2) to realize photothermal ablation of HSC-3 oral cancer cells. Since the absorption

of AuNPs is very low at 800 nm, they attribute the e↵ect to either a two-photon absorption

within the particle, or to secondary absorption of photons issued from plasmonic enhanced

second harmonic generation. This hypothesis is supported by the squared dependence of the

number of dead cells on the incident laser power.

2.8.2 Molecular surgery

In addition to killing cells, plasmonic NPs also brings the possibility to selectively da-

mage individual molecules. There are many source of possible damage at the molecular level.

Heating of the surrounding of a NP may lead to the breakdown of the protein’s structure, a

process known as thermal denaturation [158, 265]. Vogel et al. [72] also reported the possible

chemical breaking of biomolecules by the quasi-free electrons of the plasma that can be gene-

rated around laser-excited NPs. Capture of low-energy electrons may indeed induce damage

to molecules and initiate their fragmentation [282–284]. Mechanisms of molecule breaking

by free electrons are however beyond the scope of this review and the interested reader is

referred to the above-cited literature for further details.

Reports on plasmon-enhanced damage to specific molecules are rather sparse. Representative

examples of molecular surgery applications of plasmonic enhanced pulsed-laser cell nanosur-

gery are summarized in figure 2.23. Pitsillides et al. [276] reported the successful inactivation

of the anti-fluorescein rabbit IgG protein by 20 nm AuNPs irradiated with 200 mJ/cm2, 532

nm, 20 ns pulses. Their results showed that direct conjugation of the protein on the NP yields

a complete inactivation of the protein, whereas significantly less inactivation (⇠10%) is obtai-

ned when the protein is prevented from associating directly with the NP. This demonstrates

the very short range at which the inactivation is possible and the degree of localization of the

process. Hüttmann et al. [285] also reported the inactivation of alkaline phosphatase protein

conjugated to 15 nm gold NPs and irradiated with ⇠104 pulses (50 mJ/cm2, 35 ps) from a

527 nm laser. They evaluated a damage range below 10 nm.

Csaki et al. [60] targeted certain DNA sequences along chromosomes with ⇡60 nm gold-

silver coreshell structures. Following a fs-laser irradiation, high-resolution imaging confirms

that targeted regions of the DNA sequences were transformed into nanoscale cavities of sub

wavelength dimensions, extending over several tens of nanometers, as shown on figure 2.22.

Single molecule manipulation is the last frontier of nanotechnology. Much work is required to
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Figure 2.22 Highly localized energy conversion at sequence-specific bound NPs on metaphase
chromosomes. AFM images : overviews (a,c) and 500nm⇥500 nm zooms (b,d) of the marked
regions. Particles targeting certain DNA sequences on a chromosome before (a,b) and after
(c,d) laser irradiation. The irradiation results in a disappearance of the particles in the AFM
image and the formation of nanocavities at these locations (cf. d). Taken from [60].

develop this exciting field that brings interesting possibilites for both therapeutic applications

and fundamental science.

2.8.3 Cell membrane optoporation and transfection

The concept behind cell membrane optoporation is very similar to photothermal the-

rapy and is presented in figure 2.24. Laser irradiation of membrane-bound and internalized

nanostructures are used to open transient pores in the membrane that allow molecular trans-

port into the cytoplasm. The laser parameters must be adjusted to create pores that do not

compromise the cell viability and from which the cell can recover. This method is used to

make di↵erent molecules, such as DNA, RNA and drugs, cross the membrane barrier and

is a promising tool for gene therapy and cancer treatment. Representative examples of cell

membrane optoporation and transfection applications of plasmonic enhanced pulsed-laser cell

nanosurgery are summarized in figure 2.23.

Laser cell transfection (without NPs) has been introduced by Tsukokachi et al. [286] in a

paper presenting the transfection of normal rat kidney cells with 355 nm, 5 ns pulses from

a Nd :YAG laser. This paper has been followed by many other authors that demonstrated

the use of laser pulses to induce transfection of various cell types [54, 55, 72, 157, 287–293].
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Figure 2.23 Representative examples of molecular surgery, cell membrane optoporation and
transfection and drug delivery applications of plasmonic enhanced pulsed-laser cell nanosur-
gery. In the Laser & Target boxes, � is the laser wavelength, ⌧

p

is the pulse duration, F is
the fluence of a single laser pulse and E is the pulse exposure. In the case of cell membrane
optoporation and transfection, T is the targeted cell, while in the case of drug delivery and
molecular surgery T is respectively the cargo and the targeted molecule.
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Figure 2.24 Principle of plasmonic cell transfection. a. Targeted plasmonic nanostructures are
incubated with cells and are membrane-bound and internalized. Molecules (such as exogenous
DNA, RNA and drugs) are added to the cell sample but are not incorporated due to the cell
membrane barrier. b. The NPs are irradiated. c. A series of phenomena including heat transfer
and bubble formation around the particles occur. d. This leads to the formation or transient
nanoscale pores in the membrane, which allow the incorporation of exogenous DNA, RNA
or drugs.

However, laser cell transfection implies a sequential treatment in which each cell must be

treated separately by a tightly focused laser. That brings major issues concerning both the

high-speed transfection of large population of cells in vitro, and more importantly, the in

vivo application of the technique. The use of nano absorbers such as plasmonic NPs that can

target specific cells and locally enhance the impact of the laser irradiation brings an elegant

solution to the problematic.

Pitsillides et al. [276] achieved permeabilization of the cell membrane of lymphocytes cell

by irradiating 20 nm AuNPs with 20 ns, 500 mJ/cm2 pulses from a 532 nm laser. Their

results showed the uptake of 10-kDa fluorescein-dextran conjugates (FITC-D), a membrane-

impermeable probe, and suggested that the plasma membrane recovers within 2 min after

irradiation. Yao et al. [294] presented a similar experiment, where 10-kDa FITC-D are trans-

fected in Hodgkin’s disease and lymphoma cells using 6 ns, 532 nm laser pulses with 15 nm

and 30 nm AuNPs. They showed a 8%-68% transfection e�ciency depending on the diame-

ter of the AuNPs (15 nm or 30 nm), their conjugation, the laser parameters and the cell

line. Both studies associated the permeabilization mechanism to the formation of cavitation

bubbles due to the laser-NP interaction.

Recently Lukianova-Hleb et al. [295] reported the use of internalized clusters of AuNPs with

a single 110-150 mJ/cm2, 532 nm, 0.5 ns pulse for the transfection of DNA plasmids in va-

rious cell types with high e�cacy (⇠70% after 48 h), selectivity (⇠100%) and cell viability

(⇠80%).

However, as it was the case for plasmonic photothermal therapy, application of the work
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presented above is limited in vivo by the visible wavelength used that is heavily absorbed

by the living tissues [82]. NIR irradiation would be much preferable to allow deeper penetra-

tion into biological tissues. Ben-Yakar et al. [296] shortly reported the use of 80 nm targeted

AuNPs irradiated with 18 mJ/cm2, 760 nm, fs pulses at 80 MHz to induce the uptake of

10-kDa FITC-D in epithelial breast cancer cells. The membrane disruption is attributed to

the formation of a low-density plasma in the particle enhanced near-field. Following prelimi-

nary studies by Schomaker et al. [297, 298], Baumgart et al. [57] reported the transfection of

cancer melanoma cells with YFP-SMAD2 cDNA plasmids using 100 mJ/cm2, 800 nm, 45 fs,

1 KHz laser pulses. They reported a ⇠70% perforation e�ciency, an ⇠80% cell viability and

a 25% transfection e�ciency, three times higher than what they obtained using a standard

lipofectamine transfection technique on the same cell line (see figure 2.25). Baumgart et al.

attributed the membrane disruption to the formation of an electronic plasma in the near-field

of the NPs and to the cavitation bubble formation resulting from its relaxation. In a recent

study, Boulais et al. presented a complete model and spectroscopic study of the fs laser-NP

interaction in water that confirms this mechanism [70]. Spectroscopic studies demonstrated

that the particles are not damaged by the treatment.

Figure 2.25 Comparison of transfected cells with YFP-SMAD2 cDNA plasmid : fs laser plas-
monic enhanced transfection and lipofection. a. Fluorescence and b. phase contrast image
of cells transfected by plasmonic enhanced fs laser pulses ; c. fluorescence and d. di↵erential
interference contrast (DIC) image of cells transfected by Lipofectamine. Scale bars : 100 mm.
e.Transfection e�ciency of the laser based transfection method and lipofection. Error bars
represent standard deviation ; n�3. Taken from [57].
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2.8.4 Drug delivery

Plasmonic nanostructures can also be used as vectors allowing the controlled release of

specific cargo molecules. Representative examples of drug delivery applications of plasmonic

enhanced pulsed-laser cell nanosurgery are summarized in figure 2.23.

Anderson et al. [299] loaded liposomes with fluorescent proteins and plasmonic NPs. Irra-

diation of the liposome with ns laser pulses created bubbles around the NPs that broke the

liposome and ejected its content. Lukianova-Hleb et al. used the same principle to release

encapsulated doxorubicin (DOX), a well known drug used in cancer chemotherapy, into the

cytoplasm of cancer cells [300]. The encapsulated drugs and AuNSs are targeted separately

to the cancer cells and are internalized. In targeted cancer cells, endosomes containing both

clustered AuNPs and encapsulated DOX will form. Irradiation of the clustered AuNPs with

short laser pulses forms cavitation bubble that breaks both the DOX capsule and the endo-

some membrane, releasing the drug into the cell. The authors showed a 31-fold increase of

the therapeutic e�cacy, along with significant reduction of the drug dose, treatment time

and non-specific toxicity when compared to standard treatment.

Other works focused on the release of cargo directly attached on the nanostructure. Wijaya

et al. [301] showed the release of DNA oligonucleotides from AuNRs due to their selective

melting using ultrafast irradiation. DNA molecules were loaded on two types of AuNRs with

di↵erent aspect ratio using thiol conjugation. The laser wavelength could be tuned to the

plasmon resonance of a certain type of NRs and thus release only specific cargo. A similar

process has been recently published by Thibaudau et al. [302] using AuNPs instead, with 250

ns laser pulses. Jain et al. [303] studied the mechanisms of gold-sulfur bond resulting from fs

laser heating . They concluded that the bond dissociation mechanism involved the coupling

between the photoexcited hot electrons and the gold-sulfur bond vibrations rather than a

conventional heating process.

Braun et al. [304] used a similar principle and used ⇡40 nm hollow AuNSs thiol bounded

with si-RNA conjugates to silence specific genes in cells. The NS is further coated with a

Tat-lipid conjugate that facilitates the delivery of the assembly into the cell. A 800 nm fs

laser is then used to release the si-RNA from the NS and to disrupt the endosome in which

the nanostructure was placed following the initial uptake, yielding e�cient gene silencing.

Finally, an interesting work from Yavuz et al. [106] used Au nanocages coated with polymers

that go from a hydrophilic to a hydrophobic state when the temperature is increased beyond

32�C. The nanocage itself is permeable to the cargo molecules and become impermeable only

if the coating polymer is in its hydrophilic state. Heating of the assembly with a pulsed NIR

laser thus allows controlling the permeability of the system and the controlled release of the

cargo.
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2.9 Conclusion

In summary, this paper reviewed the basic theory of nanoplasmonics, i.e. the interaction

of nanoscale metallic structures with light. The excitation of collective oscillations of electrons

in those particles, called plasmon, has been shown to have profound impacts on their optical

properties. In particular, strong absorption and scattering occur at a particular irradiation

wavelength corresponding to the plasmon resonance. Size and shape dependence of the opti-

cal properties of nanostructures have also been discussed.

We then reviewed the di↵erent relaxation channels of the plasmon oscillation and the ba-

sic theory of short and ultrashort laser pulses with plasmonic nanostructures in water. We

showed that irradiating plasmonic nanostructures with high intensity lasers have important

consequences on both the NP (heating, lattice expansion, melting, fragmentation,...) and its

environment (heating, pressure wave release, vapor bubble formation,...). The importance

and specific mechanisms leading to those di↵erent phenomena have been shown to strongly

depend on the pulse time-width. In particular, we showed that important non-linear e↵ects

might arise in the near-field of plasmonic NPs following ultrashort pulses irradiation.

Finally, we reviewed a series of technologies that use the di↵erent phenomena triggered by

pulsed laser irradiation of nanostructure to damage, destroy, or transiently modify the pro-

perties of cells, sub-cellular, molecular and even sub-molecular structures. Those technologies

have been showed to find applications in a wide range of field, from cancer therapeutics to

fundamental biology.

With the rapidly developing field of nanoplasmonics that introduces new nano systems with

unsuspected optical properties at a fast pace, plasmonic nanostructures will beyond any

doubt continue to o↵er new ways and means to control light for the diagnostic and therapy

of diseases, and this for many years to come.
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CHAPITRE 3

Description du Modèle

3.1 Introduction

Tel que vu au chapitre précédent, l’irradiation laser d’une nanostructure plasmonique

en milieu cellulaire est le point de départ d’une série de phénomènes susceptibles d’a↵ec-

ter les structures cellulaires et sub-cellulaires de la cellule. Les travaux de recherche menés

en laboratoire concernent principalement l’utilisation de ces dommages afin de d’induire la

perméabilisation transitoire des membranes cellulaires pour incorporer du matériel génétique

exogène (ADN, ARN) aux cellules dans le cadre de thérapies géniques. Cependant, de nom-

breuses autres applications sont possibles et ont été rapidement revues à la section 2.8.

La suite de la thèse s’intéressera uniquement à l’utilisation de lasers ultrarapides dont la

durée d’impulsion est beaucoup plus courte que le temps de couplage electrons-ions ⌧
ei

⇡1-3

ps [127, 129, 141, 142]. Les travaux de simulation concerneront plus spécifiquement aux im-

pulsions lasers de 45 fs à une longueur d’onde de 800 nm qui se comparent aux impulsions

obtenues avec le système laser disponible en laboratoire qui est utilisé pour la validation du

modèle et les traitements cellulaires (Système laser Spitfire de Spectra-Physics, temps d’im-

pulsion : 45 fs, énergie par impulsion : 6 mJ, longueur d’onde d’irradiation : 800 nm).

Bien que l’on cherche à modéliser des processus ayant lieu dans un milieu biologique à proxi-

mité d’une membrane cellulaire, nous modéliserons l’interaction d’un laser ultrarapide avec

une nanostructure plasmonique en milieu aqueux. La principale motivation de cette sim-

plification provient de la relativement bonne connaissance des caractéristiques physiques et

thermodynamiques des milieux aqueux. De plus, des expériences ont démontré la similarité

des milieux aqueux et des milieux biologiques dans le cadre de travaux portant sur l’inter-

action de milieux biologiques avec des faisceaux lasers ultrarapides [72]. Conséquemment,

l’utilisation de l’eau comme environnement pour les nanostructures semble être un compro-

mis acceptable.

Les principaux événements survenant suite à l’irradiation d’une nanostructure plasmonique

en milieu aqueux avec une impulsion laser ultrabrève ainsi que les échelles de temps auxquels

ils surviennent sont présentés à la figure 3.1. Comme indiqué sur cette figure, l’irradiation

laser excite un plasmon, c’est-à-dire une oscillation collective des électrons qui amplifie lo-

calement le champ électrique, dans le champ proche près des pôles de la particule. Tel que

discuté à la section 2.5.1, le plasmon se désexcite avec un temps caractéristique ⇡1-10 fs
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en émettant des photons (processus radiatif), en créant des paires électrons-trous nonther-

miques dans la nanostructure (processus non-radiatif), et en ionisant les molécules situées

dans le champ proche par une combinaison de photoionisation et d’ionisation par impact.

Notez que la présence du plasma dans le milieu modifie localement sa fonction diélectrique,

et conséquemment la distribution de champ et les propriétés d’absorption et de di↵usion de

la particule plasmonique.

Suite à la désexcitation du plasmon, on peut diviser les processus en deux selon le milieu

dans lequel ils se produisent.

Dans la nanostructure, la population d’électrons nonthermiques atteint un équilibre ther-

mique (i.e. est représentée par une distribution de Fermi-Dirac) dans un temps caractéristique

⇡500 fs [75, 127, 129, 140]. Les électrons transfèrent par la suite leur énergie aux phonons

(réseau atomique) avec un temps caractéristique ⇡1-3 ps [127, 129, 141, 142]. Les électrons

très énergétiques peuvent aussi être émis directement dans le milieu par un processus photo-

thermique, participant à la génération du plasma. Bien que le transfert d’énergie aux phonons

de la particule s’e↵ectue assez rapidement, l’énergie accumulée dans la particule prendra plu-

sieurs nanosecondes à se dissiper dans le milieu. Tel que vu à la section 2.7, la température

élevée de la particule peut provoquer son expansion, sa fusion et même sa fragmentation.

En particulier, nous avons montré à la section 2.7.2 qu’un chau↵age rapide de la particule

provoque l’excitation de modes d’oscillations rapides caractérisés par une période de l’ordre

de 10 ps.

Dans le milieu environnant la nanoparticule, le plasma électronique excité dans le champ

proche di↵use, collisionne avec les molécules d’eau et se désexcite, transférant son énergie

aux molécules d’eau dans un temps caractéristique qui dépend fortement de sa densité (⇡
500 fs pour une densité de 1021cm�3 [70]). Les molécules d’eau sont conséquemment chau↵ées

extrêmement rapidement et atteignent un état caractérisé par de très hautes températures

et de fortes pressions. En relaxant, cet état génère une importante onde de pression et pos-

siblement entrâıne une transition de phase vers un état gazeux et forme une bulle de vapeur

nanométrique autour de la NP, un phénomène appelé nanocavitation. Les di↵érents processus

de nucléation de bulles dans le cadre de processus ultrarapides ont été discutés en détails à

la section 2.7.3. De plus, il est à considérer qu’une partie de l’énergie transférée à l’eau l’est

aussi par un processus de conduction au niveau de l’interface nanostructure/eau.

Veuillez noter que dans le domaine de la mécanique des fluides, le terme cavitation est habi-

tuellement réservé à la formation de bulle suite à des processus n’impliquant pas de chau↵age,

mais simplement un changement brusque de pression. C’est par exemple le cas lors de la for-

mation de bulles autour d’une hélice de bateau en mouvement. En comparaison, les processus

en jeu lors d’une interaction laser impliquent plutôt à la fois des phénomènes mécaniques et
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Figure 3.1 Illustration schématique des di↵érents événements découlant de l’interaction d’un
laser ultrarapide avec une nanostructure plasmonique en milieu aqueux

thermiques. Le terme cavitation sera tout de même utilisé par souci de simplicité.

Dans le cadre de la nanochirurgie cellulaire, la hausse de température, le choc mécanique

provoqué par l’onde de pression, la présence d’électrons énergétiques dans le milieu, ainsi

que la présence d’une bulle de cavitation sont autant de causes susceptibles d’endommager

de façon importantes les structures biologiques environnantes. Il est donc primordial que le

modèle développé puisse décrire correctement la dynamique de ces quatre phénomènes.

3.2 Modèles existants

Les modèles permettant de simuler la réponse complète, incluant les phénomènes de cavi-

tation, de l’interaction d’une nanoparticule plasmonique et d’une impulsion laser ultrabrève

sont pour le moment inexistants dans la littérature.

Plusieurs techniques existent pour modéliser la réponse exclusivement optique des nanopar-

ticules. Des méthodes analytiques, basées essentiellement sur la théorie de Mie ou une de ses

généralisations, permettent de calculer les distributions de champs autour de nanosphères

[67], de structures coeur-couronnes [88], ou d’ellipsöıdes de révolution [96]. Pour ce qui est

d’une géométrie d’arbitraire, plusieurs méthodes numériques ont été développées. Parmi les

plus populaires citons l’approximation des dipôles discrets (DDA) [93], la méthode des dif-

férences finies en domaine temporel (FDTD) [94], et la méthode des éléments finis [95]. Une
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revue des di↵érentes techniques est présentée par Kahnert et al. [305].

Plusieurs modèles sont disponibles pour traiter l’évolution thermique d’un matériau suite à

une irradiation laser ultrarapide. Des méthodes très complètes basées sur des approches de

type dynamique moléculaire (MD) ont été développées [160, 173, 259]. Bien que la plupart

des travaux utilisant cette méthode étudie l’ablation de surfaces dans le vide, certains travaux

utilisant cette méthode étudient aussi l’ablation de surfaces recouvertes d’une mince couche

d’eau [306]. Bien que donnant des bons résultats, ces méthodes sont lourdes et demandent

des ressources computationnelles considérables, si bien que seules des structures relativement

petites (⇠105 atomes) peuvent être simulées. Il est par conséquent impensable d’espérer si-

muler la cavitation autour des particules de diamètre ⇠100 nm utilisées pour les expériences

(⇠107-108 atomes, sans compter les molécules d’eau formant la bulle).

Certaines simulations basées sur le modèle deux-températures, introduit à la section 2.7.1,

ont été e↵ectuées sur des nanostructures plasmoniques en milieu aqueux. Ekici et al. utilisent

un modèle deux-températures pour simuler la réponse thermique d’un nanobâton de 14⇥48

nm2 soumis à une impulsion laser de 200 fs à une longueur d’onde de 760 nm [172]. La tem-

pérature du milieu environnant est calculée à l’aide d’une équation de di↵usion de la chaleur.

Ce modèle décrit bien la température de la nanostructure jusqu’à la cavitation du milieu.

L’auteur stipule que la cavitation a lieu lorsque la température du milieu aqueux atteint

0.9T
c

, où T

c

est la température critique de l’eau. Par contre, la formation et la dynamique

des bulles de cavitation n’est pas décrite par ce modèle. Volokov et al. proposent un mo-

dèle semblable, mais en ajoutant une description de l’aspect thermodynamique et dynamique

de l’eau qui est modélisé par une équation de di↵usion de la chaleur couplée aux équation

de Navier-Stokes compressibles ainsi qu’à une équation d’état appropriée [235]. Cependant,

aucun de ces travaux ne considère la présence d’absorption non-linéaire et la formation de

plasma dans l’eau et traite essentiellement la particule comme un nanoabsorbeur d’énergie.

Des modèles décrivant la formation de plasma par un laser ultrarapide dans des matériaux

transparents ont été développés. Vogel et al. ont étudié le phénomène de cavitation subsé-

quent à l’irradiation de l’eau par un laser ultrarapide menant à la formation de plasma dans

le cadre d’applications en nanorchirurgie cellulaire [72]. Hallo et al. utilisent une approche

semblable pour étudier la formation de cavités dans des matériaux diélectriques [253]. Par

contre, aucun de ces modèles n’inclue la présence de nanostructures plasmoniques permettant

d’amplifier localement le champ électrique.

Finalement, Bisker et al. proposent un modèle de formation de plasma dans le champ proche

de particules nanoplasmoniques suite à une impulsion laser ultrabrève [256]. Cependant,

aucune description de l’évolution thermique ou dynamique de l’eau n’est proposée, et la mo-

délisation du chau↵age des nanoparticules est grandement simplifiée.
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On constate qu’il n’existe pas dans la littérature de modèle satisfaisant intégrant tous les

phénomènes engendrés par l’interaction d’un laser ultrarapide avec une nanostructure plas-

monique dans un milieu aqueux. Une modélisation mathématique complète du procédé, en

permettant la compréhension de ces phénomènes ainsi que la prédiction quantitative de leurs

impacts, est nécessaire à un meilleur contrôle et à une optimisation des techniques de nano-

chirurgie par laser amplifié par nanostructures plasmoniques.

3.3 Description du modèle proposé

Les figures 3.2 et 3.3 illustrent la structure du modèle mathématique proposé. Le modèle

complet est divisé en quatre sous-modèles en interaction les uns avec les autres.

Un premier sous-modèle (intitulé ”Interaction Électromagnétique” dans la figure 3.2 et cor-

respondant à l’équation 3.2 à la figure 3.3) modélise l’interaction électromagnétique avec le

système nanostructure-eau. Ce modèle calcule la distribution du champ électromagnétique

E qui détermine la source d’énergie étant absorbée linéairement et non-linéairement dans

la nanostructure et l’eau environnante. La permittivité ✏

r

dépend des propriétés du plasma

autour de la nanostructures.

Dans la nanostructure, un sous-modèle modélise à la fois la température électronique T

e

et

l’évolution en température du réseau T

l

(équations 3.3 à 3.6 à la figure 3.3). La chaleur est

fournie aux électrons de la nanostructure à partir du terme S

EM

, lui même calculé à partir

de la distribution de champ E. Les températures électroniques et de réseau sont couplées par

l’entremise des collisions électron-phonon G.

Dans l’eau, un premier sous-modèle (”Dynamique du plasma”) modélise la température et la

densité du plasma (équations 3.7 et 3.8 à la figure 3.3). La densité du plasma est généré par

les termes de photoionisation (S
photo

) et ionisation par collision (S
coll

) qui dépendent tous les

deux de E et sont donc couplés au modèle électromagnétique. Un terme de recombinaison S

ref

gère la recombinaison du plasma. Le plasma est chau↵é par l’impulsion laser (terme S
EM

), et

l’équation de conservation de l’énergie considère le couplage énergétique électrons-molécules

(Q
ei

), les pertes radiatives (Q
rad

), l’utilisation de l’énergie cinétique pour l’ionisation par

collision �̃S

coll

ainsi que les pertes dues à la recombinaison des porteurs (S
ref

(u/n
e

)). Noter

que la présence de plasma modifie l’indice de réfraction locale, ce qui entrâıne un couplage

bidirectionnel entre le modèle ”Dynamique du plasma” et le modèle ”Interaction Électroma-

gnétique”. Aussi, la génération de plasma due à l’émission photothermique à partir de la

nanostructure est introduit au travers des conditions frontières et entrâıne un couplage entre

le modèle ”Dynamique du plasma” et le modèle ”2-Température”.

Finalement, un dernier sous-modèle calcule la température, la densité ainsi que la vitesse des
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molécules d’eau (équation 3.9-3.11 à la figure 3.3). L’équation 3.9 est une équation de conser-

vation de la masse. L’équation de conservation d’énergie (équation 3.10) montre les termes

qui fournissent la chaleur aux molécules d’eau : le terme dû au couplage énergétique électron-

molécule Q

ei

, ainsi que le terme dû à la recombinaison du plasma. Il y a par conséquent un

couplage évident entre le modèle de dynamique du plasma et le modèle hydrodynamique.

Un terme de chau↵age par l’entremise de la conduction thermique à partir du réseau de la

nanostructure est aussi appliqué sous la forme d’une condition frontière, entrâınant un cou-

plage entre le modèle ”2-Températures” et le modèle ”Hydrodynamique”. Les autres termes

de l’équation 3.10 décrivent le chau↵age par frottement visqueux et la conduction thermique.

L’évaluation de la phase et de la pression de l’eau est aussi gérée par ce sous-modèle. L’équa-

tion 3.11 est une équation de conservation du moment qui inclue un terme dû à la pression,

un terme dû à la tension de surface de la bulle, ainsi qu’un terme dû à la viscosité. La suite

de cette section détaille la mise en équation du modèle général et explicite l’ensemble des

termes en détaillant chacun des sous-modèles.

3.3.1 Interaction électromagnétique

Plusieurs méthodes existent pour calculer l’interaction électromagnétique. L’une des prin-

cipales méthodes utilisées dans la littérature est l’approximation des dipôles discrets [93]. Ce-

pendant, comme nous avons besoin de calculer le champ proche et non seulement le champ

à l’intérieur de la particule, cette méthode perd son intérêt principal. Nous utilisons pour

notre part une méthode par éléments finis qui possède l’avantage de donner directement le

résultat du champ proche et de bien s’adapter à la simulation de la réponse optique de par-

ticules de formes arbitraires. Les calculs sont réalisés à l’aide du code commercial Comsol

(www.comsol.com). Une approche de type harmonique est utilisée. Cette approche néglige la

transitoire du champ électrique au cours duquel celui-ci n’est pas sinusöıdal. Elle consiste à

poser

E (x, t) = E (x) e�i!t (3.1)

Les équations de Maxwell pour le champ électromagnétique peuvent alors se réécrire sous

la forme de l’équation d’Helmholtz, tel que présenté à l’équation 3.2 à la figure 3.3. Cette

équation peut alors être résolue à l’aide de la méthode des éléments finis et on peut recons-

truire le champ électromagnétique dépendant du temps en se servant de (3.1). Des conditions

frontières parfaitement absorbante (perfectly matched layers ou PML) sont utilisées à la fron-

tière du domaine pour émuler un domaine infini.

La réponse électromagnétique de l’or est modélisée par sa permittivité électrique et sa per-

méabilité magnétique. Comme les e↵ets magnétiques dans l’or sont très faibles, ceux-ci sont
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Figure 3.2 Structure du modèle

négligés de sorte que µ = µ0. La constante diélectrique de l’or en fonction de la longueur

d’onde incidente est tirée de [73]. Cette constante diélectrique ne comprend cependant pas

les e↵ets non-linéaires tel l’absorption 2-photons. L’impact de cette absorption n’est habituel-

lement pas considéré dans les modèles d’ablation des métaux. Nous faisons de plus l’hypothèse

dans le calcul que l’indice de réfraction n’est pas modifié par la géométrie. Tel que vu à la

section 2.4.2, des e↵ets importants de la géométrie sur la réponse optique des matériaux ap-

parait pour des nanoparticules de diamètres inférieurs à 10 nm. Nous nous limiterons à des

diamètres supérieurs à cette valeur dans le cadre de cette étude.

Il est à noter que l’équation de Helmholtz est une équation stationnaire et non dépendante du

temps. Pour chacun des pas de temps, la distribution du champ électrique dans le système est

calculée à partir de l’intensité instantanée de l’onde plane incidente qui est temporellement

Gaussienne. La présence du plasma modifie la permittivité locale, et celle-ci est réutilisée

à chacun des pas de temps pour calculer une nouvelle distribution de de champ électrique.
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Interaction EM 
Eq. 3.2

Interaction Électromagnétique

Modèle deux-températures
Eq. 3.3, 3.4, 3.5, 3.6

Dynamique du plasma
Eq. 3.7, 3.8

Hydrodynamique
Eq. 3.9, 3.10, 3.11

(3.2)

(3.3)

Modèle 2-Températures

(3.4) � e
Au �qe

�t
+ qe = �� e�Te

Cl
�Tl
�t

+��ql = G Te �Tl( )(3.5)

� l
Au �ql

�t
+ ql = �� l�Tl(3.6)

Équation Variables
E  : Champ électrique 
k0  : 9HFWHXU�G·RQGH 
Jr   ��3HUPLWWLYLWp�UHODWLYH�FRPSOH[H

G   ��&RXSODJH�pOHFWURQV�SKRQRQV���
SEM     : 7DX[�GH�WUDYDLO�pOHFWURPDJQpWLTXH
Te  ��7HPSpUDWXUH�pOHFWURQLTXH
Tl   ��7HPSpUDWXUH�GX�UpVHDX
qe    ��'HQVLWp�GH�FRXUDQW�GH�FKDOHXU�pO�
ql     ��'HQVLWp�GH�FRXUDQW�GH�FKDOHXU�UpV�
Ce  ��&DSDFLWp�WKHUPLTXH�GHV�pOHFWURQV
Cl   ��&DSDFLWp�WKHUPLTXH�GX�UpVHDX
YAu

e   ��7HPSV�GH�GLIIXVLRQ�GHV�pOHFWURQV
YAu

l     ��7HPSV�GH�GLIIXVLRQ�GHV�SKRQRQV
Pe� ��&RQGXFWLYLWp�WKHUPLTXH�pO�
Pl� ��&RQGXFWLYLWp�WKHUPLTXH�UpV�

Dynamique du plasma

(3.7)

u   ����� ��eQHUJLH�FLQpWLTXH�GX�SODVPD
ne������ ��'HQVLWp�GX�SODVPD
Jn           ��'HQVLWp�GH�FRXUDQW�pOHFWURQLTXH
Jq           ��'HQVLWp�GH�FRXUDQW�WKHUPLTXH
Qei      ��&RXSODJH�pOHFWURQV�LRQV
Qrad    ��3HUWH�pQHUJpWLTXH�SDU�UDGLDWLRQ
Sphoto  ��7DX[�GH�SKRWRLRQL]DWLRQ
Scoll    ��7DX[�G·LRQLVDWLRQ�SDU�FROOLVLRQ
Srec    ��7DX[�GH�UHFRPELQDLVRQ
������������ :��3RWHQWLHO�G·LRQLVDWLRQ�HIIHFWLI

�ne
�t

+��Jn = Sphoto + Scoll � Srec(3.8)

Hydrodynamique
��
�t

+�� �v( ) = 0(3.9)

(3.10)

(3.11)

W� ��'HQVLWp�GH�O·HDX
v�� ��9LWHVVH�GHV�PROpFXOHV�G·HDX
Tm ��7HPSpUDWXUH�GH�O·HDX
S ��(QWURSLH�GH�O·HDX
P� ��&RQGXFWLYLWp�WKHUPLTXH�GH�O·HDX
M� ��&RHIILFLHQW�GH�YLVFRVLWp
Xs� ��7HQVLRQ�GH�VXUIDFH
Ps� ��&RXUEXUH�GH�OD�EXOOH
Is� ��'LVWULEXWLRQ�GH�'LUDF�D\DQW�FRPPH�
� ��VXSSRUW�O·LQWHUIDFH�GH�OD�EXOOH
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Figure 3.3 Sommaire de la mise en équation du modèle
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L’utilisation de l’équation d’Helmholtz stationnaire fait implicitement l’hypothèse que l’am-

plification de champ atteint son régime stationnaire beaucoup plus rapidement que le temps

d’impulsion. Le temps requis pour atteindre le régime stationnaire est lié au temps de désex-

citation du plasmon qui est de l’ordre de 1-10 fs [3]. En particulier, Sönnichsen et al. a mesuré

un temps de désexcitation de l’ordre de 1-2 fs pour des particules d’or de 100 nm de diamètre

[130]. Ce temps de désexcitation devrait de plus tendre à diminuer pour des impulsions très

énergétiques. Il est donc justifié d’utiliser cette approche pour modéliser l’interaction d’im-

pulsions laser ultrabrèves avec des nanostructures plasmoniques.

3.3.2 Description des phénomènes se produisant dans la nanoparticule

Chau↵age des électrons et du réseau : le modèle deux températures

Comme mentionné précédemment, un modèle de type deux-températures est utilisé pour

calculer l’évolution en température des systèmes de phonons et d’électrons dans la nanostruc-

ture. Le modèle général utilisé est un modèle couplé hyperbolique basé sur les équations de

transport de Boltzmann. Les équations de base composant ce modèle sont présentées à la

figure 3.3 (équations 3.3-3.5). Veuillez noter qu’un tableau résumant les di↵érents paramètres

et expressions concernant la modélisation de nanostructures d’or, présentés dans les prochains

paragraphes, est disponible à l’annexe A.

Propriétés de transport électronique

Dans l’or, nous utilisons une densité d’état théorique incluant les électrons de la bande

5d106s1. Comme l’étendue des énergies à laquelle cette densité est disponible est limitée, nous

avons étendu celle-ci aux plus hautes énergies avec une densité d’état de type électrons libres.

La densité d’état de l’or est présentée à la figure 3.4. Une fois cette densité d’état obtenue, il

est aisé de calculer la capacité thermique à partir de [308] :

C

e

=
@

@T

e

✓Z
✏f(✏)g(✏)d✏

◆
(3.12)

Pour ce qui est de la conductivité thermique, celle-ci est évaluée à partir des équations

semiclassiques de transport de Boltzmann [308] :



e

= L22 � L21L
�1
11 L12 (3.13)

où les L
ij

sont les coe�cients d’Onsager, qu’on peut trouver dans [308]. Le temps de di↵usion
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Figure 3.4 Densité d’état des électrons dans l’or massif [307].

des électrons ⌧
e

et des phonons ⌧
l

sont donnés par les expressions suivantes [218, 309] :

⌧

e

(T
e

, T

l

) =
1

1.2 ⇥ 107T 2
e

+ 1.23 ⇥ 1011T
l

(3.14a)

⌧

l

= 0.8ps (3.14b)

Propriétés de transport du réseau

La capacité thermique C
l

du réseau (en J m�3K�1) est donnée par l’expression empirique

suivante [172] (sous le seuil de fusion) :

C

l

= ⇢

�
109.579T

l

+ 0.128T
l

� 3.4 ⇥ 10�4
T

2
l

+ 5.24 ⇥ 10�7
T

3
l

� 3.93 ⇥ 10�10
T

4
l

�
(3.15)

Dans cette équation, ⇢ est la densité de l’or en kg/m3, T
l

est la température du réseau en

K. Pour ce qui est de la conductivité thermique du réseau K

l

, on utilise l’approximation

classique [308] :



l

=
1

3
v

2
l

⌧

l

C

l

(3.16)
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La vitesse du son dans l’or est calculée à partir de la formule :

v

l

=

s
E

⇢

Au

(3.17)

où E=42 GPa est le module de Young dans la direction [100], E=81GPa dans la direction

[110] [210, 310] et ⇢Au =19.3 g/cm3 est la densité de l’or [172]. On trouve des vitesse de 2050

m/s et 1475 m/s dans les directions [110] et [100] respectivement. On voit que la conductivité

thermique du gaz de phonon est très faible, de l’ordre de 1-10 Wm�1K�1, comparativement

à celle des électrons qui se situe autour de 300 Wm�1K�1. Pour cette raison, K
l

est souvent

négligée dans les calculs. Pour notre part, nous ne la négligeons pas, mais nous nous contentons

d’une vitesse du son isotrope de 2000 m/s dans les calculs.

Couplage électrons-phonons

L’expression pour le couplage électron-phonon dans l’or est tirée de [220] où on la définit

comme :

G = G0
g

✏

g

2(✏
f

)
(3.18)

avec

g

✏

=

Z
g

2(✏)

✓
�@f

@✏

d✏

◆
(3.19)

et G0 =2.5⇥1016 Wm�3K�1 [219, 220]. Cette formulation permet de tenir compte de l’e↵et

des bandes d sur le couplage électron-phonon à haute température électronique.

Émission thermoionique et émission photothermique

L’émission thermöıonique est traitée de façon très standard dans le modèle. On évalue

premièrement la barrière de potentiel que les électrons de la nanostructure ont à surmonter

pour atteindre le plasma situé dans le milieu aqueux. Cette barrière a été déterminée expéri-

mentalement dans [254] comme étant 3.72eV . La densité de courant d’émission thermöıonique

s’écrit alors :

Jth

0 = AT

2
e

� �
kbTe (3.20)

où � est le travail de sortie de l’or dans l’eau et A est la constante de Richardson égale à 120

Acm�2K�2. Afin que ce traitement soit justifié, il faut s’assurer que la quantité d’électrons

ayant quitté la nanostructure est négligeable par rapport à la quantité totale d’électrons pré-

sents dans celle-ci. Ceci est une des balises qui limite l’étendue de la validité du modèle.

En plus de l’émission thermoionique pure, l’émission photothermique est aussi susceptible
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d’émettre des électrons du métal vers le liquide. Ce phénomène est particulièrement impor-

tant dans le cadre d’une interaction avec un laser ultrarapide en raison de l’intensité des

champs électriques impliqués. Le phénomène consiste à considérer l’absorption multiphoto-

nique susceptible de fournir l’énergie nécessaire à un électron du métal pour qu’il soit éjecté

de sa surface vers le milieu environnant. Ce mécanisme est décrit par la théorie de Fowler-

DuBridge [311]. Noter qu’il faut distinguer ce type de processus d’éjection du processus dit

de Fowler-Nordeim où le champ électrique est su�samment intense pour déformer la barrière

de potentiel et permettre aux électrons de la bande de conduction du métal de la traverser

par e↵et tunnel. Le paramètre de Keldysh � décrit l’importance du processus d’ionisation

multiphotonique par rapport au processus d’émission par e↵et tunnel [312].

� =
!

e|E|
p
m� (3.21)

Pour � � 1, l’ionisation multiphotonique domine. Dans notre cas, avec une irradiation à 800

nm, on voit que la théorie de Fowler-DuBridge décrit correctement le processus d’éjection

d’électrons pour des champs ne dépassant pas environ 1⇥1010 V/m. Une telle valeur de

champ est bien au-dessus de ce qui est utilisé dans le cadre de ce travail. La théorie de

Fowler-DuBridge stipule que le courant des particules émises d’une surface par photoémission

thermiquement assistée peut s’écrire comme [311, 312] :

Jth =
X

Jth

n

(3.22)

où les Jth

n

correspondent à l’émission produite par l’absorption de n photons. Plus particu-

lièrement, Jth

0 correspond à l’émission purement thermöıonique. Les Jn s’écrivent :

J
n

= a

n

⇣
e

h⌫

⌘
n

AI

n

T

2
e

F

✓
nh⌫ � �

k

b

T

e

◆
n (3.23)

où a

n

est une constante, A est la constante de Richardson et F (x) est la fonction de Fowler

tracée à la figure 3.5 et n est le vecteur unitaire normal à la surface.

De par la forme de la fonction de Fowler, on voit que, pour l’or irradié à 800 nm, tous les termes

dont l’énergie additionnée des n photons ne dépasse pas la barrière de potentiel vers le milieu

externe peuvent être négligés. De même, il est attendu que la section e�cace d’ionisation

diminue à mesure que le nombre de photons impliqués dans l’interaction augmente. Ainsi,

on s’attend à ce que les a
n

diminuent fortement à mesure que n augmente. Alors, les termes

dominants de la sommation sont simplement J0 et J3 pour l’or en milieu aqueux. On peut
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Figure 3.5 Fonction de Fowler

réécrire 3.23 comme [255]

Jth = Jth

0 + c

Au

2 (k
b

T

e

)2

(3h̄! � �)2
F

✓
3h̄! � �

k

b

T

e

◆
I

3n (3.24)

où c

Au

est la section e�cace d’ionisation à 3 photons déterminée expérimentalement dans

[313] comme étant 1⇥10�7 A/cm

2

(MW/cm

2)3
. Noter que le I dans 3.23 et 3.24 représente l’intensité

équivalente de l’onde plane correspondant au champ électrique incident. En e↵et, toutes ces

expressions ont été développées et mesurées dans le cas où l’onde incidente était plane. Dans

ce cas, I = 1
2Re [|E ⇥ H⇤|] ou I = 1

2✏c|E|2 peuvent être utilisés indépendamment puisqu’ils

sont équivalents. Cependant, ultimement, ce n’est pas I mais bien |E|2 qui couple avec la

matière. Ainsi, si on est en présence d’ondes non-planes, il ne faut pas faire l’erreur d’utiliser

I = 1
2Re [|E ⇥ H⇤|] comme terme de couplage avec le matériau, mais bien I = 1

2✏c|E|2.
Noter que le traitement de l’émission photothermique est grandement simplifié dans notre

modèle. En e↵et, aucune correction due à la polarisation de la nanostructure suite à l’émis-

sion n’est considérée. Celle-ci devrait cependant entrâıner une certaine réduction du courant

photothermique réellement émis suite à l’interaction laser [220]. Le courant idéalisé calculé

dans le cadre du modèle devrait par conséquence surestimer le courant réel et devrait être in-

terprété comme une borne supérieure à ce dernier. Comme nous le verrons dans les chapitres

subséquents, les cas où l’influence de ce courant est significative se limitent principalement à

l’irradiation de NRs en résonance à de basses fluences, bien en-deçà des fluences d’opération
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requises pour la nanochirurgie cellulaires, en particulier pour la transfection cellulaire. Ainsi,

bien qu’approximatif, ce modèle simple su�t amplement à nos besoins.

Conduction de chaleur à l’interface

La conduction de chaleur à l’interface or/eau est limitée par une conductance finie à

l’interface. Ainsi, le courant de chaleur émis de la nanostructure vers son environnement

s’écrit :

J

cond

= q0 (Te

� T

m

) (3.25)

avec q0 =105⇥106 Wm�2K�1 [172].

Fusion de la nanostructure

La fusion de la nanostructure est tenue en compte en utilisant un modèle de type enthal-

pique où une contribution due à la chaleur latente de fusion est introduite dans la capacité

thermique utilisée pour le calcul de T

l

. Ainsi,

⇢

Au

C

l

= ⇢C

0
l

+ �(T
l

� T

f

l

)⇢Au

L (3.26)

où L est la chaleur latente de fusion et T f est la température de fusion de l’or.

Dans le cas de nanostructures, ces deux paramètres dépendent des dimensions et peuvent

diverger considérablement de leur valeur connue pour des matériaux macroscopiques. La

méthode utilisée afin d’évaluer leur valeur est tirée de [314, 315]. On définit le paramètre ↵

comme :

↵ =
�

s

4⇡
�
3V
4⇡

�2/3 (3.27)

où V est le volume de la particule et �
s

, sa surface. La température de fusion modifiée peut

alors s’écrire :

T

f

= T

0
f

 
1 � 6↵

r

�
23V
4⇡

�1/3

!
(3.28)

Dans notre cas, T 0
f

=1337 K et r =0.135 nm est la moitié du paramètre de maille du réseau

pour l’or [315]. On définit ensuite la chaleur latente comme :

L = T

f

�S

Au (3.29)
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où �S

Au est le changement d’entropie au point de fusion et T
f

est la température de fusion.

On peut alors exprimer :

�S

Au = �S

Au,0 +
(3/2)k

b

ln

✓
1 � 5r

↵

1/2( 3V
4⇡ )

1/3

◆ (3.30)

Dans notre cas �S

Au,0 =9.37 J kg�1K�1. La chaleur latente et la température de fusion des

nanostructures d’or peuvent alors être connues en fonction de leur taille et être utilisées dans

l’équation 3.26.

Commentaire sur les oscillations et la dynamique du réseau

Tel que vu à la section 2.7.2, l’irradiation de nanostructures plasmoniques avec une im-

pulsion laser ultrabrève mène à la génération d’un champ de contrainte dans le matériau

qui relaxe en entrainant une rapide expansion ainsi que l’oscillation du réseau atomique de

la nanostructure. Dans son étude théorique, Volkov et al. ont déterminé l’impact de cette

rapide expansion sur la pression de l’eau environnant la nanostructure [235]. Ses résultats

démontrent que l’expansion du réseau a un impact considérable sur la pression durant les

premières 20 ps suivant l’irradiation. La pression engendrée par ce phénomène est de l’ordre de

⇠10 MPa. Par contre, son e↵et sur la température de l’eau est négligeable. Dans les chapitres

suivants, nous verrons que les pressions engendrées suite à l’irradiation d’une nanostructure

plasmonique à l’aide d’un laser ultrarapide sont de plusieurs ordres de grandeur supérieures

à ⇠10 MPa en raison de l’excitation d’un plasma dans le champ proche des particules. Nous

allons donc négliger l’impact de l’expansion thermique et des oscillations thermiques sur la

dynamique de l’eau autour de la nanostructure.

3.3.3 Propriétés et dynamique du plasma

Tel que décrit à la section 2.7.4, l’irradiation d’une nanostructure plasmonique à l’aide

d’un laser ultrarapide, dans certaines conditions, est en mesure de générer un plasma dans

l’eau dans le champ proche amplifié à proximité de la nanostructure. L’énergie contenue dans

ce plasma ainsi que sa densité sont décrites par les équations 3.7-3.8 présentées à la figure

3.3. Les prochains paragraphes visent à détailler ces équations et les di↵érentes contributions

qui les composent. Un tableau résumant les expressions et paramètres relatifs à la dynamique

du plasma est aussi présenté à l’annexe A.
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Photoionisation

Le terme de photoionisation (S
photo

) dans l’équation 3.8 de la figure 3.3 est calculé à

partir de la théorie de Keldysh [245]. Cette théorie est décrite en détails à la section 2.7.4. Le

lecteur est référé à cette section pour le détail des équations. Cette formulation est entièrement

justifiée si la densité électronique du plasma reste relativement faible. Cependant, dans le cas

d’un plasma fortement dégénéré, l’expression doit être modifiée. En e↵et, afin qu’un photon

puisse transférer son énergie à un électron, l’état final de ce dernier se doit d’être accessible.

Dans le cas d’un plasma fortement dégénéré occupant les niveaux excités des molécules d’eau,

de tels états récepteurs ne sont plus disponibles pour des énergies en bordure du minimum

de la bande excitée. Concrètement, plus d’énergie est nécessaire pour faire passer l’électron

de son état fondamental à son état excité. En première approximation, on peut a�rmer que

les états associés aux énergies inférieures au potentiel chimique sont complètement remplis.

Ainsi, le potentiel d’ionisation e↵ectif des molécules d’eau doit être majoré par l’énergie de

pénétration du potentiel chimique à l’intérieur de la bande excitée. Il est à noter qu’en principe

cette condition est quelque peu relâchée à mesure que la température augmente, celle-ci ayant

pour e↵et de libérer certains états situés en deçà du potentiel chimique. Ce relâchement est

cependant négligé dans le modèle.

Cinétique du plasma

Le traitement de l’ionisation par impact (S
coll

) est basé sur une approche du type plasma.

Il se base sur celui utilisé par Hallo et al. dans [253]. Afin de déterminer le taux d’ionisation

et le comportement du plasma formé, nous devons premièrement être en mesure de calculer

les fréquences de collisions des di↵érentes espèces en présence entre elles.

Collision électron-ion

La fréquence des collisions électron-ion est donnée par [316] :

⌫

ei

=
Ze

4
n

e

⇤

3✏20m
1/2
e

(2⇡k
b

T

e

)3/2 (1 + e

(�µ/kbTe))F1/2

(3.31)

où Z est la charge de l’ion (1 dans notre cas), n
e

est la densité de porteurs dans le plasma,

T

e

est leur température et F1/2 est l’intégrale de Fermi d’ordre 1/2 définie par :

F

j

=
1

�(j + 1)

Z 1

0

t

j

dt

1 + e

(t�µ/kbTe)
(3.32)
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Noter que :

lim
µ/kbTe!�1

�
1 + e

�µ/kbTe
�
F1/2 = 1 (3.33)

On retrouve donc l’expression du temps de collisions d’un plasma classique tel que donné

par le formalisme de Fokker-Planck dans la limite du gaz électronique non-dégénéré [317]. Le

logarithme de Coulomb ⇤ est quant à lui donné par [316] :

⇤ = max

"
2,

1

2
ln

 
1 +

✓
b

max

b

min

◆2
!#

(3.34)

où les paramètres b
max

et b
min

représentent respectivement les paramètres d’impact minimaux

et maximaux lors d’une collision de type Coulombienne. Le paramètre d’impact maximal

correspond à la distance maximale de l’ion au delà de laquelle son e↵et se fait encore sentir,

et est habituellement pris comme étant la longueur de Debye dans le matériau.

b

max

=

 
n

e

e

2

✏0kb

p
T

2
e

+ T

2
F

+
n

e

e

2

✏0kbTm

!�1/2

(3.35)

Le paramètre d’impact minimal est habituellement pris comme le paramètre d’impact né-

cessaire pour obtenir un angle de collision supérieur à ⇡/2 dans la théorie des collisions de

Rutherford. Pour des énergies encore plus importantes, le paramètre d’impact minimal est

défini par le principe d’incertitude d’Heisenberg, de sorte que, au final, :

b

min

= max


Ze

2

4⇡ ✏0me

v

2
e

,

h

2m
e

v

e

�
(3.36)

où v

e

est la vitesse moyenne des électrons. La fréquence de collision des électrons avec les

ions ⌫
ei

est de plus limitée par !pp
6
dans le cas non-idéal de manière à ce que le libre parcours

moyen d’un électron ne devienne pas inférieur à la distance entre deux ions [252].

Collision électron-neutre

La fréquence de collision des électrons avec les espèces neutres est donnée par l’équation

[253] :

⌫

en

= n

a

�

a

v

e

(3.37)

où �

a

est la section e�cace de collision élastique, n
a

est la densité d’atomes neutres. ⌫
en

est

bornée par v
e

h
1
2

�
n

a

4⇡
3

�1/3i
dans le cas non-idéal [252], considérant le fait que le libre parcours

moyen des électrons ne peut pas être plus faible que la distance séparant deux espèces neutres.
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Fréquence de collision totale et ionisation par impact

La fréquence de collision e�cace des électrons est déterminée par :

�

c

= ⌫

en

+ ⌫

ei

(3.38)

Ionisation par impact

Le taux de création de porteur par collision (S
coll

) est donné par :

S

coll

= ⌫

ci

n

e

(3.39)

avec

⌫

ci

= n

a

�0ve

 
(7.5� � 1)

r
�

⇡

e

�1/� + (3.75�2 � 3� + 1)erfc(1/
p

�)

!
(3.40)

où n

a

est la densité d’espèces neutres, �0 est la section e�cace d’ionisation par collision et �

est le rapport entre l’énergie des porteurs et le potentiel d’ionisation.

� =
3k

b

T

e

2�̃
(3.41)

Noter que dans le cas d’un gaz électronique fortement dégénéré, de façon similaire au cas de

la photoionisation, le potentiel d’ionisation e↵ectif doit être majoré par l’énergie du potentiel

chimique si celui-ci est situé au-dessus du minimum de la bande du niveau excité.

La densité nominale d’électrons disponibles ⇢0, la section e�cace de collision élastique �

a

,

la section e�cace d’ionisation par collision �0 et le potentiel d’ionisation � sont résumés au

tableau 3.1

Tableau 3.1 Propriétés d’ionisation de l’eau

Paramètre Symbole Valeur

Section e�cace de collision élastique �

a

2⇥10�19 m2 [251]
Section e�cace d’ionisation par collision �0 8.97⇥10�22 m2 [318]
Potentiel d’ionisation � 6.5 eV [72]
Densité nominale d’électrons disponibles ⇢0 6.68⇥1022 cm�3 [72]
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Taux de recombinaison du plasma

Le taux de recombinaison (S
rec

)du plasma est établi empiriquement [72] :

S

rec

= 2 ⇥ 10�9
cm

3
s

�1
n

2
e

(3.42)

Absorption d’énergie par le plasma

L’absorption de l’énergie électromagnétique du laser par les électrons libres du plasma

se fait par l’entremise d’un processus de type Bremmstrahlung inverse. Le taux de travail

électromagnétique est donné par :

S

EM

= (1/2)Re[�⇤]|E|2 (3.43)

où � est la conductivité du plasma, dont l’expression est donnée par le modèle de Drude

[72, 253].

� =
�

dc

1 � j!/�

c

(3.44)

avec, ! la fréquence angulaire du laser et �
dc

, la conductivité à fréquence nulle donnée par :

�

dc

=
n

e

e

2

�

c

m

(3.45)

Couplage énergétique électron-ion

Le couplage énergétique électron-ion est calculé à partir de la fréquence de collision e�cace

des électrons �
c

donnée à l’équation 3.38 [252, 319]

Q

ei

= 3(m
e

/m

ion

)n
e

�

c

k

b

(T
e

� T

m

) (3.46)

où m

e

est la masse de l’électron (9.109⇥10�31 kg) et m
ion

est la masse d’une molécule d’eau

(3.02⇥10�26 kg).

Perte énergétique du plasma par radiation

La perte énergétique du plasma due à la radiation thermique de type Bremmstrahlung

est donnée par [319]

Q

rad

=
1

4⇡✏0

4e2p
3h̄c

k

2
b

T

2
e

m

e

c

2
n

e

�

c

(3.47)

où c est la vitesse de la lumière.
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Courants de chaleur et de particules dans le plasma

Le courant particulaire (Jn) et le courant de chaleur (Jq) dans le plasma sont calculés

à partir de l’équation de transport semiclassique de Boltzmann, faisant intervenir les coe�-

cients d’Onsager [308]. Ces courants comprennent un courant de di↵usion (proportionnel au

gradient du potentiel chimique) et un courant thermoélectrique (proportionnel au gradient

de température).

Jn = (�1/e)
�
L

11 (rµ/e) + L

12 (�rT

e

)
�

(3.48)

et

Jq = (�1/e)
�
L

21 (rµ/e) + L

22 (�rT

e

)
�

(3.49)

où L11 et L12 sont définis en fonction de

⇤(↵) =
e

2

�

c

Z
dk

4⇡3

✓
�@f

@✏

◆
v(k)v(k) (✏(k) � µ)↵ (3.50)

et

L

11 = ⇤(0) (3.51)

L

21 = T

e

L

12 = �1

e

⇤(1) (3.52)

L

22 =
1

e

2
T

e

⇤(2) (3.53)

Les di↵érentes intégrales sont calculées à partir de l’approximation d’un gaz d’électrons libres

pour le calcul des vitesses électroniques v(k).

Modification locale de la permittivité

La modification de l’indice de réfraction réel de l’eau en fonction des paramètres thermo-

dynamiques est donnée par la base de donnée de l’IAPWS [170]. Cependant une modification

supplémentaire de l’indice de réfraction est provoquée par la création d’un plasma dans le

milieu. La permittivité du milieu s’écrit :

✏

r

= ✏1 +
i�

✏0!
(3.54)

où ✏1 est la permittivité relative de l’eau sans le plasma, ! est la fréquence du laser, �
c

est la fréquence e�cace de collision des espèces du plasma donnée par l’équation 3.38 et la

conductivité � est donnée par l’équation 3.44.
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3.3.4 Hydrodynamique et propriétés thermodynamiques de l’eau

Dans le milieu aqueux, les variables qui doivent être calculées sont la vitesse v des par-

ticules du fluide, sa densité locale ⇢, sa température T

m

, ainsi que sa pression p. L’évolution

de ces variables est régie par un système d’équations composé de l’équation de continuité

pour la conservation de la masse (figure 3.3, équation 3.9 ), d’une équation de conservation

de l’énergie (figure 3.3, équation 3.10), des équations de Navier-Stokes pour la conservation

de la quantité de mouvement (figure 3.3, équation 3.10), et d’une équation d’état. À la fron-

tière de la particule, le transfert de chaleur est régi par l’équation 3.25, alors que la vitesse

du fluide est nulle ainsi que la di↵usion des molécules d’eau perpendiculaire à l’interface.

Habituellement, dans le cas des fluides incompressibles, les équations sont posées de manière

à résoudre pour (T
m

,v, p) et l’équation d’état s’écrit ⇢ = f(p, T
m

). Cependant, dans notre

cas, la hausse de température du milieu cause une forte variation de la densité du fluide. Les

équations sont alors plutôt posées de manière à résoudre pour (T
m

,v, ⇢) avec une équation

d’état p = f(⇢, T
m

).

Dans cette section, nous allons décrire les di↵érentes équations régissant l’évolution des va-

riables thermodynamiques du milieu avant de décrire avec plus de détail l’équation d’état

utilisée.

Les hypothèses suivantes sont considérées :

1. L’état thermodynamique de l’eau peut-être représenté par une équation d’état à l’équi-

libre.

2. Le mélange vapeur-liquide est traité comme un fluide homogène en tout point.

3. La cavitation s’e↵ectue suite à un phénomène d’explosion de phase. Le liquide méta-

stable devient un mélange homogène liquide-vapeur à la pression de saturation de façon

instantanée lorsque la spinodale cinétique est atteinte.

L’hypothèse 1 implique l’atteinte d’un équilibre thermique local dans l’eau, malgré la na-

ture ultrarapide du procédé. Cette hypothèse décrit l’évolution thermodynamique de l’eau

comme une succession d’états pouvant être décrits par son équation d’état à l’équilibre. L’at-

teinte de cet équilibre thermique a été vérifiée pour des temps de l’ordre de la picoseconde

dans le cas de matériaux à l’état solide irradiés avec un laser femtoseconde à une fluence sous

le seuil menant à la formation de plasma [160, 320, 321]. On peut faire l’hypothèse qu’une

situation semblable prévaut dans l’eau. En e↵et, la présence du plasma électronique créé dans

l’eau lors de l’irradiation laser peut sous certaines conditions modifier son équation d’états.

Or, ce plasma recombine très rapidement, de sorte que sa densité devient très faible dans un

temps caractéristique de l’ordre de ⇠1 ps, soit beaucoup plus rapidement que le temps requis

pour que l’eau subisse une expansion significative. L’évolution thermodynamique de l’eau se
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produit donc à partir d’un état initial de haute température et de pression déterminé par

l’énergie qui y est déposée lors de la relaxation du plasma. Comme une expansion significative

ne débute qu’à une échelle de temps bien supérieure au temps caractéristique de relaxation

du plasma, il est justifié de faire l’hypothèse que le plasma n’a que très peu d’influence sur

l’équation d’état de l’eau lors de son évolution thermodynamique. Cette situation est en par-

faite analogie avec les modèles de type deux-températures couramment utilisés dans le cadre

d’études théoriques concernant l’ablation laser de di↵érents matériaux.

L’hypothèse 2 implique que l’on représente le matériau comme un fluide homogène en tout

point. Cependant, l’atteinte d’un équilibre thermique local dans l’eau discuté à l’hypothèse 1

n’implique pas nécessairement une homogénéité de phase, ni par ailleurs l’atteinte d’un état

d’équilibre entre les phases. L’irradiation d’un matériau à l’aide d’un laser femtoseconde peut

en e↵et créer des états transitoires hors-équilibre, tel que décrit par Lorazo et al. [160]. Le

modèle, basé sur une représentation de type milieu-continu du fluide, néglige donc sa struc-

ture ”microscopique” et ne considère que ses propriétés ”macroscopiques”. En particulier, à la

saturation, le modèle considère l’eau comme un mélange parfaitement homogène de liquide

et de vapeur dont les propriétés sont définies en fonction de la proportion de chacune des

phases dans le mélange. Cette hypothèse évite l’introduction d’un modèle de type moléculaire

qui alourdirait considérablement les calculs et rendrait très di�cile, voire impossible, l’obten-

tion de résultats pour la taille des systèmes impliqués en nanochirurgie par laser (bulles de

l’ordre du µm). Par ailleurs, les bulles simulées étant relativement grosses, il est raisonnable

de penser que la possible hétérogénéité de la structure microscopique du fluide n’a que peu

d’influence sur la dynamique des bulles.

L’hypothèse 3 établit la manière dont les changements de phases sont abordés dans le modèle

et sera discutée en détail plus loin. En résumé, cette hypothèse considère que l’eau reste

liquide dans la région métastable, sous la courbe de saturation, jusqu’au croisement de la

spinodale cinétique où il se transforme immédiatement en un mélange homogène d’eau et

de vapeur (conformément à l’hypothèse 2) avec une pression correspondant à la pression de

saturation.

En somme, ces trois hypothèses permettent de construire un modèle de génération et de

dynamique de bulle reposant sur des bases théoriques raisonnables, tout en conservant la

possibilité d’étudier des systèmes dont les dimensions demeurent d’intérêt pour les applica-

tions en nanochirurgie cellulaire (⇠ 1µm). Au-delà des simples considérations théoriques, la

confrontation des résultats obtenus par simulation avec des mesures expérimentales assurera

la validité du modèle et de ses hypothèses. De telles vérifications expérimentales, montrant

un très bon accord avec les simulations, sont présentées aux chapitres 4 et 5.
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Équation d’état à basse température (T
m

<1273 K) et à basse pression (p<1 GPa)

L’équation d’état utilisée pour l’eau est celle issue de l’IAPWS-95 [170], conçue pour des

usages scientifiques et métrologiques. Il existe aussi l’IAPWS-97, mais il ne s’agit que d’une

approximation de la version 95 développée pour les besoins de l’industrie. Cette formulation

est basée sur le développement d’une équation semi-empirique pour l’énergie libre d’Helmholtz

de l’eau donnée par :

f = f (⇢, T
m

) (3.55)

Il est alors possible à partir de cette énergie libre de déduire l’ensemble des propriétés ther-

modynamiques de l’eau. Nous utiliserons principalement l’entropie de la substance, S, et son

équation d’état, respectivement donnés par les équations suivantes :

p = ⇢

2

✓
@f

@⇢

◆

Tm

(3.56)

S = �
✓

@f

@T

m

◆

⇢

(3.57)

L’IAPWS fournit aussi des formulations pour les propriétés non-thermodynamiques telles la

viscosité et la conductivité thermique.

L’IAPWS95 a été testée et est conforme aux résultats expérimentaux dans sa région fluide

stable jusqu’à des températures de 1273 K et des pressions de 1 GPa. Des tests mentionnés

dans la documentation de l’IAPWS montrent que l’énergie d’Helmholtz se comporte correc-

tement jusqu’à des pressions de ⇠100 GPa et des températures jusqu’à 5000 K [170]. Ils

montrent aussi que les propriétés thermodynamiques calculées à l’aide de l’équation d’états

se comportent correctement lorsqu’elles sont extrapolées dans les régions métastables. Les

propriétés non-thermodynamiques (viscosité, conductivité thermique) ont le même domaine

de validité.

Équation d’état à haute température (T
m

>1273 K) et à haute pression (p>1

GPa)

Pour les températures et pressions en dehors de la zone de validité de l’équation d’état

fournie par l’IAPWS, nous utilisons l’équation d’état fournie par SESAME [322]. Cette équa-

tion d’état est tabulée pour des températures allant jusqu’à ⇡2⇥108 K et des pressions allant

jusqu’à ⇡109 GPa. Celle-ci est générée à partir d’une combinaison de modèles théoriques.

La discrétisation est cependant très grossière (3520 points sur toute l’étendue du domaine

couvert) et la validation de cette équation d’état est beaucoup moins systématique que celle

de l’IAPWS.
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Binodale, spinodale et spinodale cinétique

Dans le diagramme de phase de l’eau, la binodale représente la courbe d’équilibre de

coexistence entre la phase vapeur et la phase liquide. Lorsque soumis à une contrainte, un

liquide peut temporairement entrer dans une région du diagramme de phase appelée région

métastable, qui se situe entre la binodale et la spinodale. La spinodale est la limite de stabilité

d’une phase homogène du fluide. Dans la région instable, �2f < 0, menant entre autre à

C

p

< 0 et @p

@V

> 0. La spinodale est alors définie comme l’ensemble des points (⇢, T
m

, p)

tel que �

2
f = 0. Un fluide dont l’état se situe entre la spinodale et la binodale du système

est un liquide métastable dont on suppose le temps de vie assez long pour qu’il demeure

liquide tout au cours de son passage dans cette zone du diagramme de phase. La spinodale

est alors le point limite du diagramme de phase où le liquide subit un brusque changement

de phase et se transforme en un mélange hétérogène liquide-vapeur. Cependant, le liquide

devient instable avant d’atteindre la spinodale du système. On définit la spinodale cinétique

comme la limite où le temps de vie ⌧

M

du liquide métastable devient inférieure au temps

⌧

R

de relaxation vers un équilibre local [177]. La zone où un liquide peut e↵ectivement se

trouver dans un état métastable est donc limitée à la région entre la binodale du système et la

spinodale cinétique du système. La spinodale cinétique peut s’exprimer en fonction de la seule

équation d’état et de de la tension de surface du fluide [177]. Une expression pour la spinodale

cinétique se retrouve dans [177]. Dans le cadre du modèle proposé, celui-ci permet au liquide

d’entrer dans la région métastable jusqu’à la spinodale cinétique, puis traite la décomposition

spinodale en faisant l’hypothèse que le fluide reste un mélange homogène des phases liquides

et gazeuses à l’équilibre dont les propriétés thermodynamiques sont les moyennes pondérées

des deux phases en présence. Le lecteur est référé à la section 2.6.3 pour une discussion plus

approfondie des mécanismes d’explosion de phase en lien avec le diagramme de phase de

l’eau.

E↵et de la tension de surface

Lors de la création d’un interface entre la vapeur d’eau et le liquide, la présence d’une

énergie de surface se traduit par l’apparition d’une force à l’interface appelée tension de

surface. Mathématiquement, celle-ci vient modifier l’équation de conservation du mouvement

du fluide (équation 3.11 à la figure 3.3) par l’introduction d’un terme proportionnel à �

s

. Le

point délicat dans nos simulation est de définir l’emplacement géométrique de cet interface.

Nous fixons arbitrairement cet interface au lieu géométrique où le titre (pourcentage massique

de vapeur) est de 10%. Nous définissons ensuite la fonction ⇧
s

qui prend la valeur 1 à

l’intérieur de la bulle et la valeur 0 à l’extérieur de la bulle. Le vecteur normal à la surface à
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l’interface s’écrit alors :

n =
r⇧

s

|r⇧
s

| (3.58)

et la courbure locale est définie comme



s

= �r · n (3.59)

3.4 Résolution du système d’équations et validation numérique

3.4.1 Méthode numérique employée

Les équations 3.2 � 3.11 présentées à la figure 3.3 sont résolues à l’aide de la méthode

des éléments finis. La figure 3.6 résume de plus les di↵érentes conditions frontières appliquées

aux di↵érentes variables qui sont nécessaire à la résolution du système. Le logiciel commercial

Comsol est utilisé (www.comsol.com) afin de résoudre le problème. Le domaine comprenant

la nanostructure et son environnement est premièrement discrétisé en éléments. Le domaine

est choisi su�samment grand afin que les conditions frontières au bord n’influence pas la

solution à proximité de la particule. La solution dépendante du temps du système est obte-

nue en utilisant l’algorithme appelé ↵-Généralisé [323, 324], implémenté dans Comsol, et qui

transforme le système d’équations 3.2-3.11(10 équations di↵érentielles à 10 inconnus) en un

système d’équation algébrique non-linéaire. Ce système est résolu en appliquant une méthode

de type Newton à chacun des pas de temps.

En principe, toutes les équations doivent être résolues en 3D. Cependant, pour des raisons

d’économie de ressources, dans le cas de petites particules, il est possible de résoudre l’en-

semble des équations en tenant compte de cette symétrie axiale. En e↵et, comme pour des

petites particules la distribution de champ engendrée par l’équation 3.2 présente essentiel-

lement une symétrie axiale (en raison d’une domination de la composante dipolaire de la

réponse optique), il est possible de simplifier le problème et de traiter l’ensemble des équa-

tions 3.3-3.11 en 2D, en tenant compte de cette symétrie pour des temps ultérieurs au dépôt

d’énergie.

3.4.2 Interaction électromagnétique

3.4.3 Maillage et convergence

Le maillage des géométries est réalisé à l’aide d’éléments tétraédriques en 3D et triangu-

laires en 2D. Un exemple de maillage type utilisé pour une particule de 100 nm de diamètre
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Figure 3.6 Sommaire des conditions aux frontières appliquées aux di↵érentes variables du
système d’équations di↵érentielles.

est présenté à la figure 3.7.La figure 3.7a présente le maillage 3D utilisé pour l’étape du dépôt

d’énergie. Il contient ⇡87000 éléments. La figure 3.7b présente le maillage 2D utilisé pour

l’étape de croissance de la bulle. Il contient ⇡9000 éléments. Un agrandissement de la région

centrale de ce maillage est présenté à la figure 3.7c. Noter qu’en plus de la symétrie axiale,

on peut profiter de la quasi-symétrie de réflexion de la distribution de champ dans le cas de

particules assez petites, ce qui est le cas pour des particules de 100 nm.

Un polynôme de degré 2 est utilisé comme fonction de base pour l’ensemble des variables, mis

à part le champ de vitesse de l’eau dans l’équation de Navier-Stokes qui utilise une fonction

de base de degré 3.

Il est impératif que le maillage utilisé soit su�sant pour assurer la convergence du système

d’équations vers sa solution. Comme le modèle comporte plusieurs échelles de temps et de dis-

tance impliquées, plusieurs maillages di↵érents sont utilisés, dépendamment du temps écoulé

depuis l’impulsion laser.

La convergence du maillage a été e↵ectuée avec un modèle test où une impulsion laser de

fluence 200 mJ/cm2, de durée 45 fs et de longueur d’onde 800 nm interagit avec une NP de

100nm de diamètre. Nous estimons qu’un niveau de maillage équivalent appliqué à d’autres
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systèmes (NRs, NPs de tailles di↵érentes) entrâıne un niveau de convergence similaire.

Durant l’impulsion laser, le champ amplifié autour de la nanostructure et le plasma créé dans

le champ proche entrâınent la création de gradients importants autour de la particule. Par

conséquent un maillage très fin est requis à la frontière de la particule. Nous utilisons un

maillage constitué de ⇡ 87000 éléments, avec des éléments d’au plus 4nm à la frontière pour

les calculs. L’erreur de la section e�cace de di↵usion (linéaire) calculée comparée à la théorie

de Mie est alors de moins de 5% à 800 nm. Utiliser 3⇥ plus d’éléments, c’est-à-dire environ

295000 éléments, ne permet pas d’améliorer la précision de cette section e�cace. De même

l’énergie totale déposée sous forme de plasma dans le système suite à cette augmentation

du maillage n’est modifiée que de 1.6%. Par conséquent, nous considérons que le maillage

comprenant les 87000 éléments est su�sant pour assurer la convergence lors de l’étape du

dépôt d’énergie.

Lors de l’étape de la création et croissance de la bulle, le maillage est quelque peu modifié

pour accélérer les calculs. Cette étape est réalisée en symétrie axiale (2D). Le maillage utilisé

est composé de ⇡9000 éléments triangulaires. La taille maximale et le temps de croissance de

la bulle engendrée suite à l’interaction d’un impulsion laser ne variant que de respectivement

5% et4% lorsqu’un maillage 3⇥ plus fin est utilisé (⇡25000 éléments), le maillage de ⇡9000

éléments semble su�sant pour assurer la convergence lors de cette étape.

a b c

25 Rm
500 nm

1 Rm

Figure 3.7 Maillages utilisés lors de la résolution du système d’équation di↵érentielles. a.
Maillage 3D utilisé lors du dépôt d’énergie. b. Maillage 2D utilisé ultérieurement au dépôt
d’énergie. bf c. Agrandissement de la région centrale du maillage présenté en b.
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3.4.4 Pas de temps et convergence

Le pas de temps utilisé lors de la résolution dépendante du temps est choisi automatique-

ment par Comsol afin que la solution reste en deçà d’une erreur globale estimée numérique-

ment, multipliée par un certain seuil de tolérance. Nous utilisons un seuil de tolérance relatif

de 0.01%, signifiant que l’erreur globale estimée pour le pas de temps choisi est inférieure à

0.01% de la norme du vecteur solution. Afin de s’assurer que ce seuil est su�sant, la simu-

lation a été répétée avec un seuil de tolérance moins restrictif de 0.1%. La taille maximale

de la bulle n’ayant varié que de 0.1% suite à ce changement, la tolérance de 0.01% employée

assure la convergence de la solution.
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CHAPITRE 4

Plasma mediated o↵-resonance plasmonic enhanced ultrafast laser induced

nanocavitation

Ce chapitre retranscrit un article publié dans Nanoletters en 2012 1. Celui-ci décrit en dé-

tail les mécanismes physiques menant au phénomène de cavitation lors de l’irradiation d’une

nanoparticule d’or de 100 nm par un laser femtoseconde produisant des impulsions de 45 fs,

d’une fluence de 200 mJ/cm2, à une longueur d’onde de 800 nm. L’article démontre que la

cavitation résulte de la formation d’un plasma aux dimensions nanométriques excité dans

le champ proche amplifié autour de la nanoparticule. L’énergie déposée par ce plasma est

11⇥ supérieure à celle absorbée dans la nanostructure. Dans le contexte de la nanochirurgie

cellulaire, cette nouvelle approche permet de créer des bulles en milieu liquide en irradiant

des nanoparticules sans les endommager, tout en utilisant une longueur d’onde dans le proche

infrarouge qui est peu absorbée par les tissus environnants, ce qui la rend particulièrement

intéressante. Un document contenant certains détails complémentaires concernant la modéli-

sation ainsi qu’un graphique supplémentaire montrant le comportement oscillatoire des bulles

créées autour des nanoparticules à haute fluence est disponible en annexe A.

4.1 Authors

Etienne Boulais, Rémi Lachaine & Michel Meunier

Laser Processing Laboratory,

Department of Engineering Physics, École Polytechnique de Montréal,

CP6079, Succ. Centre-ville, Montréal, QC, Canada, H3C 3A7.

4.2 Abstract

The generation of nanobubbles around plasmonic nanostructures is an e�cient approach

for imaging and therapy, especially in the field of cancer research. We show a novel method

using infrared femtosecond laser that generates ⇡800 nm bubbles around o↵-resonance gold

nanospheres using 200 mJ/cm2, 45 fs pulses. We present experimental and theoretical work

that demonstrate that the nanobubble formation results from the generation of a nanoscale

1. E. Boulais, R. Lachaine et M. Meunier, Plasma mediated o↵-resonance plasmonic enhanced ultrafast
laser induced nanocavitation. Nano Letters 12(9), 4763-4669, 2012.
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plasma around the particle due to the amplified near-field rather than from the heating of

the particle. Energy absorbed in the nanoplasma is indeed more than 11 times the energy

absorbed in the particle. When compared to the usual approach that uses nanosecond laser

to induce the extreme heating of in-resonance nanoparticles to initiate bubble formation, our

o↵-resonance femtosecond technique is shown to bring many advantages, including avoiding

the particles fragmentation, working in the optical window of biological material and using

the deposited energy more e�ciently.

4.3 Introduction

The use of plasmonic nanobubbles for imaging and therapy has emerged in the past few

years as a valuable tool in cancer treatment [57, 184, 194, 214, 267, 295, 299, 300, 325].

Nanoscale bubbles can be generated following the interaction of a nanosecond [180, 196] or

femtosecond [126, 159, 191] laser with resonant nanoparticles (NPs). High absorption cross-

section then results in the extreme heating of the NPs, which in turn leads to cavitation,

but also most likely to the destruction of the NPs at the fluence used for applications, which

could result in toxicity issue [57, 326]. Also, wavelengths near the gold nanoparticle resonance

lie outside the optical window of biological material [82] (600 nm-1100 nm) which may cause

issues concerning collateral damage to tissues during treatment. Inspired by the technology of

focussed ultrafast laser cell transfection in which laser-induced cavitation bubbles are used to

permeabilize cell membrane [54, 55, 72, 157, 287–293], and driven by the need for a method

that leaves the NPs intact and uses a wavelength in the optical window of biological material,

a novel technique using o↵-resonance plasmonic gold NPs irradiated with a broadly focussed

infrared femtosecond laser has been recently introduced [57, 297].

Physical mechanisms leading to cavitation remain however unclear in that case. Indeed,

the low absorption cross-section of the o↵-resonance NPs should prevent any extreme heating

at fluences used for transfection, as confirmed by earlier studies showing that the interaction

leaves the NPs undamaged [57]. It is thus not obvious that the energy absorbed in the NP

can be responsible for the formation of the nanobubble. In this paper, a combination of

experimental measurements and modelling allows us to clearly demonstrate that, in the case

of ultrafast o↵-resonance interaction, nanocavitation mechanism is rather dominated by the

energy transfer from a plasma created by multiphotons ionization in the amplified near-field

around the NPs. Damaging e↵ect of amplified near-field has been reported in the case of

surface ablation [149, 327] and non-thermal ablation of the NP itself in a water environment

[126], but to our knowledge has never been cited has a way to initiate cavitation in a liquid

medium. We therefore demonstrate the possibility to create a vapour nanobubble around
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a NP using the scattered near-field instead of relying on the energy absorbed directly in

the particle itself. Note that we will use the word cavitation throughout the text to simply

mean vapour bubble generation. Indeed, since our mechanism rely on an initial non-thermal

e↵ect followed by a thermal e↵ect, the boundary between generation of thermal bubbles and

cavitation is quite thin.
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Figure 4.1 General picture of the interaction between a linearly polarized ultrafast laser and an
o↵-resonance nanoparticle. a. Calculated absorption, scattering and extinction cross-sections
for a 100nm NP in water as a function of the incident wavelength. b. Simulation results of the
electric field enhancement in and around the nanoparticle showing both low field absorption
in the particle and near-field enhancement. c. Schematics of the di↵erent phenomena that
can occur following the irradiation classified in term of the laser intensity that characterize
their onset.

4.4 A broad picture of ultrafast laser interaction with o↵-resonance nano par-

ticles

We study the interaction of a linearly polarized single infrared femtosecond pulse (800

nm, 45 fs) with o↵-resonance plasmonic NPs (gold, 100 nm diameter) in water, this medium

modelling adequately a cellular environment under laser irradiation [45]. Figure 4.1a shows

that at 800 nm, the NP has a very limited absorption (�
abs

⇡5.7⇥10�16m2), as well as some

scattering (�
scat

⇡3.7⇥10�15m2). Although this scattering is much lower than in the case of
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a resonant interaction (⇡540 nm) , figure 4.1b shows that it still results in the formation of a

small region about 50 nm wide around the particle that experiences an amplified near-field.

Consequences of the energy absorption and scattering by the NP depend on the intensity

of the incident laser, as schematized in figure 4.1c. For low laser intensity, absorption only

occurs in the nanostructure, leading to the heating of first the electrons of the gold, and then,

within a few picosecond, the lattice itself. As the laser intensity increases, the lattice is heated

more and more, leading to a significant, but slow, heating of the surrounding water. When the

intensity of the incident laser reaches a level where the amplified near-field gets over the optical

breakdown threshold, non-linear absorption of the laser energy occurs in the vicinity of the

particle, leading to the generation of an electronic plasma around the nanostructure, directly

in the water. This process is quite similar to what happens in the case of ultrafast focussed

laser cavitation (without plasmonic NPs) [72]. In our case, the plasma is however confined

to the near-field instead of the whole focal volume, thus becoming a nanoplasma. Some

contribution to this nanoplasma could also come from thermionic emission from the particle,

but this will be shown to be negligible. Once created, the plasma still continues to absorb laser

energy through an inverse Bremmstrahlung process, di↵uses, and eventually cedes its energy

to the water molecules in a few picoseconds. If the laser intensity is su�cient to create an

important nanoplasma, significant heating of the water molecules could result from electron

relaxation. Now, this energy transfer being very fast, important stress confinement will occur

leading to the release of a more or less important pressure wave, depending on the laser

intensity. Finally, following this pressure wave emission, if the laser intensity is important

enough, nanocavitation will occur. Please note that many other phenomena, such as particle

fragmentation, may happen at higher intensity but are not considered in this work.

4.5 Experimental evidence for o↵-resonance plasmonic enhanced ultrafast laser

induced nanocavitation

While laser generated nanobubbles cannot be readily measured using optical microscopy

because of the di↵raction limit, it is still possible to detect and characterize them using an

optical in-situ probing setup. This setup exploits the variation in the extinction cross-section

of an irradiated NPs suspension sample when cavitation occurs [196]. A 5 mW, CW, 633

nm, He :Ne probe laser (5.5 µ m spot size measured at 1/e2, Rayleigh length of 399µ m) is

colinearly aligned with the femtosecond pump laser and is spatially filtered after the sample (1

cm wide cuvette). All experiments are conducted in deionized water. Note that the probe laser

power is too low to induce any noticeable heating of the particle. Creation of vapour bubbles

around NPs perturbs momentarily the local permittivity, scatters the beam and increases the
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portion blocked by the spatial filter. This results in a decrease of the optical power measured

at the photodiode, as shown in figure 4.2a. Variation of the transmitted probe power is

shown in figure 4.2b for a pump fluence of 200 mJ/cm2 (5.5 µm spot size measured at 1/e2,

Rayleigh length of 316 µm). This choice of fluence is not arbitrary as it has been reported to

induce e�cient cell membrane optoporation when coupled to 100 nm diameter NPs in actual

transfection experiments [57]. NPs are in addition shown to remain fairly intact following the

irradiation in this range of fluence [57]. Figure 4.2b shows no variation in the transmitted

signal when the sample contains no NPs, even at much higher fluence (630 mJ/cm2). However,

when NPs are present (1.2⇥109 particles/mL), a decrease in the transmitted signal can be

observed for a fluence of 200 mJ/cm2. This variation can be associated to the growth and

collapse of a nanoscale bubble. One could argue that this slight modification may originate

from other sources than a cavitation bubble. However, as pump power is increased, the curve

varies continuously to a fluence where an oscillatory behaviour appears, phenomenon usually

linked to successive growth and collapse phases of vapour bubbles [157, 179–183] (see Figure

2 in Supplementary Information showing oscillatory behaviour at a slightly higher fluence of

450 mJ/cm2). It is thus legitimate by extension to assume that the signal shown in figure 4.2b

also comes from cavitation bubbles. The oscillatory behaviour is not observed at these lower

fluences either because bubbles are too small to present a detectable oscillatory signal or

because it is somehow quenched by the presence of NPs.

A very fast expansion in the order of 80 ns followed by a much longer ⇡300 ns recovery

phase can be seen from figure 4.2b. This asymmetric growth and collapse phase contrasts with

the time-symmetric bubbles observed using nanosecond [180] laser with resonant particles.

The very rapid growth is consistent with a bubble created directly in the medium, very rapidly,

through direct action by the near-field, followed by a fast expansion. The asymmetric time-

shape can be in part attributed to the ultrafast nature of the cavitation mechanism, as it

will be shown later. However, the much longer recovery time of the bubble is also associated

to the presence of many bubbles of di↵erent sizes, and thus di↵erent lifetimes, in the focal

volume that contribute to the total signal. [193]

It is furthermore possible to deduce the maximal bubble diameter from the experimental

signal of figure 4.2b. Using Mie-coated theory [328] for a gold nanosphere in water surroun-

ded by a vapour layer, assuming that every nanosphere irradiated inside the focal volume

contributes with an equivalent bubble and assuming that those bubble-nanoparticle systems

scatter light independently, we can deduce an approximate maximal average diameter of 813

nm for the nanobubbles created with a 200 mJ/cm2 irradiation. The bubble formation is

undoubtedly due to the presence of the NPs as irradiating only water, even with a much

higher fluence, produces no bubbles. Whether the energy transfer from the lattice or from
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Figure 4.2 Experimental detection of vapour nanobubbles around 100 nm NPs. a. Principle
of the plasmonic nanobubbles detection method. As nanobubbles are formed, scattered light
does not go through the pinhole, resulting in a decrease in the transmission. b. Experimental
variation of the transmitted power from a He :Ne CW probe following a 45 fs, 800 nm irra-
diation of a sample containing only water at 630 mJ/cm2(red line), and a sample containing
1.2 ⇥109 particles/mL of 100 nm diameter gold nanopshere at 200 mJ/cm2 (blue line). Inset
shows a zoom near the minimum.
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the plasma dominates the cavitation dynamic is questionable. Previous models considering

the lattice conduction mechanism only, and thus neglecting plasma production, have been

previously proposed [172, 235]. However, to understand the origin of the cavitation and the di-

mension of the vapour bubble created, we must take a deeper look into the energy absorption

mechanism and the di↵erent phenomena that are triggered by the laser irradiation.

 10     100 10     100 10     100

Electron heating
Thermoemission

Lattice heating
Impact ionization
Photoionization

Plasma expansion
Water heating

Pressure wave
Cavitation

Pulse 

Figure 4.3 Timeline of events following the interaction of an ultrafast laser irradiation with
an o↵-resonance plasmonic nanosphere in water

4.6 Modelling o↵-resonance plasmonic enhanced ultrafast laser induced nano-

cavitation

We developed a complete model that includes the di↵erent phenomena that occur follo-

wing the the irradiation by an ultrafast laser of an o↵-resonance plasmonic nanostructure.

Those phenomena are presented in figure 4.3 along with their characteristic time scale. As

the laser energy is absorbed by the electrons of the structure, a strongly amplified near-field

induces a non-linear absorption in the medium, which, along with electrons emitted from

the metallic surface, produces a plasma in a confined volume around the nanostructure. This

nanoplasma in turn contributes to an electromagnetic energy absorption, getting more and

more important through collision ionization. This initial energy transfer, from the electroma-

gnetic field to the electrons of both the metallic nanostructure and the water molecules, is

the starting point of a series of phenomena that lead to cavitation. Energy transfer from the

electrons of the NP to the lattice occurs in a time scale characterized by the electron-phonon

coupling time (⌧
e�ph

⇡ 1 ps) [141]. Energy transfer from the electrons of the plasma to the

water molecules (⌧
ei

⇡ 500 fs, as given in [72] with an electron density of 1021cm�3), along

with energy transfer from the heated nanostructure lattice (⌧
lw

⇡100 ps) [172], induces a
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rapid rise of the water temperature leading to stress confinement. Relaxation of that stress

generates a pressure wave travelling away from the nanostructure and induces the formation

of a vapour bubble. Other characteristic times presented in figure 4.3 are estimated from the

model.

A complete model enabling the adequate description of the o↵-resonance plasmonic enhan-

ced ultrafast laser induced nanocavitation and the determination of the dominant cavitation

mechanism have to include a correct description of all the above-mentionned phenomena.

The complete mathematical model is conceptually divided into four parts, as illustrated in

figure 4.3 by the four boxes. Those four sub-models are tightly coupled and the whole system

has to be solved in a self-consistent way. Finite-element method has been used to perform the

calculations. Note that we do not consider nanostructure ablation or fragmentation. Indeed,

as experimental evidences suggest that no particle fragmentation occurs for 100 nm gold NP

under a 45 fs, 800 nm laser pulse for fluences below 500 mJ/cm2 [57], proper description

of that particular process is not relevant for fluences used in cell transfection experiments

(100-200 mJ/cm2).

Electromagnetic interaction between the laser irradiation and the nanostructure-water

system is calculated using Helmohltz equation. Energy transfer from the electromagnetic

field is the energy source for NP heating and plasma production in the water surrounding the

particle. The NP thermodynamic evolution is modelled using a hyperbolic two-temperature

scheme based on the Boltzmann semiclassical transport equation [218]. Plasma in the sur-

rounding water is generated by multiphoton ionization, described by Keldysh theory [72],

impact ionization [253] and thermo-assisted photoemission from the particle, as described by

the Fowler-Dubridge theory [255]. The laser-heated plasma density and temperature evolu-

tion is described using a di↵usive process [253] as its kinetic properties are determined using

the dense plasma theory [252, 316]. The presence of this plasma alters the local permittivity,

which in turn modifies the near-field enhancement so that the model is self-consistent. Colli-

sions between electrons from the plasma and water molecules, recombination of the electrons,

as well as heat conduction from the particle lattice contribute to heat the water molecules.

General heat transfer equation for a viscous fluid coupled to compressible Navier-Stokes equa-

tions, including surface tension e↵ects, describes the water dynamic. A combination of the

IAPWS95 [170] and SESAME [322] equation of state is used, ensuring a validity range well

beyond the relevant pressure and temperature range. Under the saturation curve, liquid water

enters a metastable state described by the above-mentioned equation of state until it crosses

the kinetic spinodal that represents the limit of mechanical stability where phase explosion

occurs [72, 177]. Beyond that limit, water pressure relaxes to the saturation pressure as all

other parameters return to their phase equilibrium value. This has to be interpreted as liquid
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water undergoing a phase transformation to a homogenous liquid-vapour mixture at equili-

brium. Surface tension is enforced at the interface of the bubble, fixed at a vapour dryness

fraction of 10%. This method has the disadvantage to induce the formation of a smooth wa-

ter/vapour transition instead of a sharp interface. It has however been proven to adequately

capture the pressure and density evolution in water [235]. The interested reader is referred

to the Supplementary Information for further description of the mathematical model.
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Figure 4.4 Characterization of the plasma density and pressure distribution around a 100 nm
nanoparticle after a 200 mJ/cm2, 45 fs, 800 nm laser irradiation. Polarization of the laser is
horizontal and the propagation vector is perpendicular to the plane of the figure. The pulse is
a gaussian centred at time=200 fs. a. Cross-section of the plasma distribution 100 fs after the
pulse maximum. Incident field is perpendicular to the plane of the figure. b. Time evolution
of the plasma density at the pole of the nanoparticle corresponding to the highest point of
the plasma density. Red line shows the laser pulse. c. Reached maximum plasma density as
a function of distance from the nanosphere. d. Cross-section of the pressure distribution 1
ps after the pulse maximum. Incident field is perpendicular to the plane of the figure. e.
Time evolution of the pressure distribution at the pole of the nanoparticle corresponding to
the pressure highest point. f. Reached maximum pressure as a function of distance from the
nanosphere.
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4.7 Results and discussion

Calculations confirm the generation of a nanoplasma by the amplified near-field of the

nanostructure. Maximal electron density is hence reached near the poles where the near-

field is the most intense, as shown in figure 4.4a. Plasma reaches its highest density of

4⇥1022cm�3 during the laser pulse and then di↵uses and recombines, reducing its density

below 1⇥1021cm�3 in less than 2 ps, as shown in figure 4.4b. Figure 4.4c shows that density

over 1⇥1021cm�3, commonly taken as a characteristic density for the optical breakdown [72],

is limited to a small volume about 30 nm thick around the particle, justifying the name na-

noplasma. It is instructive to compare the amount of plasma produced through photothermal

emission from the particle to the one generated directly in the water by the near-field through

photoionization and impact ionization. Calculations show that the former accounts for only

11% of the total electrons, consistent with the dominance of scattering over absorption for

this type of particle under a 800 nm irradiation, as shown in figure 4.1a. Indeed, the total

energy deposited in the plasma is over 11 times superior to the one absorbed in the nano-

structure itself. For a 200 mJ/cm2, 45 fs pulse, the energy absorbed in the plasma is about

11 pJ whereas the energy absorbed in the particle is only 1 pJ, accounting for the observed

absence of structural modification of the NPs following the irradiation [57].

Plasma relaxation and collision heats rapidly the water surrounding the particle, building

up a strong pressure due to stress confinement. Figure 4.4d shows the pressure distribution

1 ps after the laser pulse. Note the geometric similarity with the plasma distribution of

figure 4.4a, supporting a direct causality relation between the plasma relaxation and the

stress generation. Figure 4.4e shows the time evolution of the maximal pressure, located

at the particle pole. Shortly after the initial stress confinement, water mechanically relaxes

through the emission of a strong pressure wave that propagates in the water. Pressure damps

rapidly, as shown on figure 4.4f, where the maximum pressure drops below 1 GPa as near as

200 nm from the NP centre.

Following the emission of the pressure wave, a vapour bubble appears around the NP.

Figure 4.5a shows the time evolution of the bubble average diameter. Results show a very

rapid bubble expansion, which is consistent with the experiment, that culminates with the

formation of a spheroidal bubble with a maximal average diameter around 1.2 µm, 72 ns after

the laser irradiation. Both the maximal average diameter and the theoretical growth time

compare well with the experimental values of respectively 813 nm and 80 ns. The left panel

of figure 4.5b shows this bubble. The weak spatial asymmetry is a consequence of the near-

field enhancement asymmetry. The right panel of figure 4.5b demonstrates that cavitation

results mainly from the relaxation of the plasma generated around the particle following



100

the irradiation and not from the energy transfer from the heated lattice. Indeed, this figure

shows that no vapour bubble is created if we perform the same simulation without considering

the contribution of the plasma to the heat transfer. Heat transfer from the lattice alone is

thus not able to generate a cavitation bubble under this irradiation condition, in opposition

to the experimental results. Energy transfer from the plasma is thus identified as the main

mechanism for o↵-resonance plasmonic ultrafast laser enhanced nanocavitation. Two reasons

explain this domination. First, as mentioned before, calculations show that the total energy

contained in the plasma is about 11 times the energy absorbed in the NP. Second, plasma

relaxation and collisions with water molecules result in a much faster heat transfer than heat

conduction from the lattice. This leads to a greater stress confinement resulting in a stronger

pressure stress that promotes cavitation.

Phase space trajectory of the water near the pole of the NP is very useful to illustrate this

concept. Figure 4.5c shows such a trajectory when the plasma contribution is considered (blue

line) and when only heat transfer from the particle lattice is present (red line). In the case

where heat transfer is dominated by plasma relaxation, the energy transfer characteristic time

is very fast, of the order of ⌧
ei

⇡500 fs, much shorter than the liquid-vapour equilibration time

(⌧
LV

⇡[10-100] ps) [160]. Water hence experiences a fast quasi-isochoric heating, reaching

47 060K. The supercritical water then relaxes, decreasing its temperature and its density,

eventually creating a cavitation bubble. The situation is very di↵erent when only heat transfer

from the NP lattice is considered. In opposition to the fast heating from the plasma, the heat

transfer in the case of lattice conduction is much slower, in the order of ⌧
lw

⇡100 ps⇡ ⌧

LV

.

Water would then experience a slow heating on the saturation curve (green line), leading to a

much more modest pressure build-up of 19 MPa and a temperature of 546 K, slightly below

the critical temperature. The water would then relax, still on the saturation curve, leading to

no significant density decrease and hence no cavitation bubble generation. Heat transfer from

the plasma is thus necessary to explain the formation of the vapour bubble that is detected

experimentally.

As seen from figure 4.5a, the bubble collapse time (104 ns) is about 44% longer than

the bubble growth time (72 ns), leading to an asymmetric time-shape. This asymmetry is a

consequence of the large pressure under which the bubble is formed, leading to a very fast

initial expansion. However, this asymmetry is not important enough to explain completely

the asymmetric time-shape observed experimentally, where the bubble collapse time (⇡300

ns) is about 275% longer than the bubble growth time (⇡80ns). This much larger asymmetry

is associated to the presence of bubbles of di↵erent sizes and lifetimes within the laser focal

volume, arising from the Gaussian fluence distribution of the pump laser. The signal observed

for times longer than 175 ns in figure 4.2b is thus associated to the presence of slightly larger
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Figure 4.5 Generation of a vapour nanobubble around a 100 nm nanoparticle after a 200
mJ/cm2, 45 fs, 800 nm laser irradiation. a. Time evolution of the average diameter of the
vapour bubble created around the NP after the irradiation. b. The left panel shows the vapour
bubble around the NP, 72 ns after the irradiation. The bubble is at its maximal extension.
Dryness fraction is represented on the figure. The bubble boundary is fixed at a 10% dryness
fraction. The right panel presents the bubble obtained when the contribution from the plasma
is neglected. c. Phase space trajectory of water situated near the pole of the NP during the
first nanosecond following the irradiation. Green line is the binodal curve, black line is the
kinetic spinodal, red line is the trajectory when no plasma is present and blue curve is the
trajectory including the plasma contribution. The trajectory when no plasma is present is
along the binodal curve and reaches its maximal temperature 300 ps after the laser pulse.
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Figure 4.6 Schematics showing the dominant phenomena leading to the formation of a vapour
bubble around an o↵-resonance plasmonic NP irradiated by an ultrafast infrared laser. a.
Near-field is amplified during the pulse. b. Amplified near-field ionizes the surrounding water,
creating a nanoplasma near the poles of the particle. c. Plasma fast relaxation and plasma-ions
collisions heats the water isochorically, generates great stress-confinement and then releases
a strong pressure wave in the surrounding medium. d. A nanoscale bubble is formed around
the particle. The figure sketches the bubble 1 ns after the laser irradiation.

bubbles in the sample, which contribution becomes dominant as the average bubbles collapse

and decrease their contribution to the signal.[193]

4.8 Conclusion

In conclusion, irradiating an o↵-resonance NP with a femtosecond laser initiates a series

of phenomena that, under some conditions, leads to the formation of a cavitation bubble.

Theoretical and experimental work presented in this paper allow identifying a dominant chain

of event leading to cavitation that is presented in figure 4.6. The proposed model predicts

that, following the irradiation of an o↵-resonance gold NP, the plasmonic enhancement of

the near-field produces a nanoplasma around the nanostructure. Energy transfer from this

plasma is then responsible for the release of a pressure wave and the generation of a cavitation

bubble around the particle. It has been shown that heat transfer from the lattice alone would

not yield such a cavitation bubble at that fluence, whereas its existence is experimentally

confirmed, with a deduced diameter (813 nm) and growth time (80 ns) for a laser fluence

of 200 mJ/cm2, in good agreement with the calculation from the model (1.2 µm and 72

ns). This result strongly supports the plasma mediated plasmonic enhanced ultrafast laser

nanocavitation brought forward in this work. It also clearly demonstrates the possibility to

create vapour nanobubbles in a liquid environment using the NPs scattered near-field instead

of relying on NPs extreme heating. As nanobubbles has been pointed out as very important

for laser induced cellular damage, in particular for cell membrane optoporation, a deeper

understanding of the basic mechanisms leading to cavitation provides the tools required to

further develop and optimize new technology involving plasmonic enhanced ultrafast laser

interaction with cells.



103

CHAPITRE 5

Plasma-Mediated Nanocavitation and Photothermal E↵ects in Ultrafast Laser

Irradiation of Gold Nanorods in Water

Ce chapitre retranscrit un article soumis à Journal of Physical Chemistry C en 2012 1.

Il présente les di↵érents mécanismes d’interaction entre une impulsion laser femtoseconde

et un nanobâton résonant en fonction de la fluence d’irradiation. Il démontre l’existence de

deux régimes d’interaction. À basse fluence, l’énergie est majoritairement absorbée par le

nanobâton menant à une rapide augmentation de sa température et à l’excitation de modes

vibrationnels caractéristiques. À haute fluence, de façon similaire au cas des particules hors-

résonance présenté au chapitre précédent, un plasma est formé directement dans le champ

proche amplifié autour du nanobâton et sa relaxation mène à la formation d’une bulle de

cavitation. Les résultats démontrent cependant que la formation de la bulle s’accompagne

d’un endommagement significatif de la structure. Les résultats finalement révèlent une im-

portante modification des propriétés optiques du nanobâton due à la présence de plasma dans

son environnement. Un document complémentaire qui apporte des précisions sur les oscilla-

tions mécaniques observées expérimentalement et détaille la méthode permettant d’obtenir

le diamètre maximal de la bulle à partir des études spectroscopiques est présenté en annexe

B.
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5.2 Abstract

We present a theoretical and experimental study that reveals the physical mechanism

underlying the response of an in-resonance gold nanorod (AuNR) in water to a near infrared

1. E. Boulais, R. Lachaine et M. Meunier. Plasma-Mediated Nanocavitation and Photothermal E↵ects in
Ultrafast Laser Irradiation of Gold Nanorods in Water. J. Phys. Chem. C, Manuscript ID : jp-2012-12475h,
2012



104

ultrafast laser pulse. Results reveal the presence of two di↵erent regimes of interaction, de-

pending on the irradiation fluence. For fluences below 3 mJ/cm2, AuNRs are in the so-called

absorption regime and are shown to strongly absorb energy, leading to a fast temperature

increase revealed by the onset of characteristic mechanical vibration of the structure. In-situ

measurement demonstrates a permanent deformation of the AuNRs occurring for fluences

over 100 µJ/cm2. In the absorption regime, we show the formation of a nanoscale plasma

around the structure, dominated by a photothermal emission from the AuNR, and the ge-

neration of a pressure wave. However, no cavitation occurs under the deformation threshold

fluence (100 µJ/cm2). For fluences over 3 mJ/cm2, in the near-field regime, the energy trans-

fer is dominated by the enhanced near-field around the particle that directly ionizes and

heats a nanoplasma in the surrounding water. We theoretically and experimentally show

that bubbles with diameters (⇡[200-600] nm can be generated in this near-field regime for

fluences around [100-400] mJ/cm2. Important shielding of the laser-nanostructure interaction

by the surrounding plasma is shown to decrease considerably the near-field enhancement, the

energy absorption and the diameter of the generated bubbles.

5.3 Introduction

Gold nanoparticles (AuNPs) interacting with laser beam have been extensively used in the

past few years in biological medium as nanoheaters [20–24, 26, 27, 32–34], imaging contrast

agents [21, 22, 58, 329–331], biosensors[18], drug delivery vectors [332, 333] and vapor bubble

generators [70, 180, 191] for photothermal imaging [194, 195, 334, 335], photothermolysis

[194, 267, 275, 276] or gene therapy applications [57, 294, 295]. The principal characteristic

that makes gold NPs so interesting is the possibility to induce a so-called plasmonic reso-

nance in the metal when interacting with an electromagnetic field at a particular wavelength,

depending on the size, environment and structure of the NPs. This phenomenon, first descri-

bed by the celebrated Mie theory [67], consists in the excitation of a collective oscillation of

the conducting electrons in the nanostructure, resulting in unusually strong absorption and

scattering properties when compared to other non-plasmonic micro and nano absorbers [92].

For spherical gold NPs in water, this resonance occurs for an incident irradiation wavelength

near 540 nm, with a weak dependance on the particle dimensions.

For biological applications, it is usually advantageous to work in the optical window of

biological material (600 nm-1100 nm) [82] to avoid issues concerning collateral damage to

tissues during treatment or to enhance the e↵ective depth. Since gold NPs resonance lies

outside this window, gold nanorods (AuNRs) [19, 25, 89–92] and core-shell [28–30, 92] have

been proposed as alternative structures having resonance in the near-infrared portion of the
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electromagnetic spectrum. Optical properties of AuNRs have been extensively studied [89, 92]

and the presence of the second plasmon resonance peak in the near infrared region has been

associated to an electron oscillation along the long axis of the NR. The wavelength at which

this resonance occurs has been in addition shown to be highly dependent on the length over

diameter ratio, making these nanostructures particularly interesting for applications.

Ultrashort pulse laser irradiation of AuNRs, depending on the fluence, are used for in-vitro

and in-vivo imaging [90, 91, 98, 336, 337], hyperthermal therapy [59] and targeted thermolysis

[90, 91], the later being intimately associated with the formation of vapor bubbles in the

cellular environment [57, 276, 294].

In this work, we investigate the response of in-resonance AuNRs in water after being

irradiated with near-infrared (NIR) ultrashort pulses as a function of the irradiation fluence.

Experimentally supported theoretical results reveals the presence of two distinct regimes

of interaction. We will show that for fluences lower than 3 mJ/cm2, the energy absorbed

in the AuNRs dominates the energy absorbed in the near-field. The action of the AuNRs

on its environment is then limited to thermal e↵ect and to the generation of a nanoscale

plasma around the structure due mainly to photothermal emission. We call this regime the

absorption regime. In-situ spectroscopic measurement allows identifying a damage fluence

threshold beyond which the plasmonic properties of the AuNRs are degraded, defining a

fluence process window suitable for applications. At higher fluences, results reveal that the

near-field enhanced laser irradiation creates and excites a nanoscale plasma directly in the

water around the structure. We call this regime the near-field regime. At su�cient fluences,

this plasma is shown to trigger a series of events leading to the formation of ⇠200-600 nm

vapor bubbles in the surrounding medium. Shielding of the laser-plasmon interaction by this

plasma will also be shown to alter considerably the AuNRs’ response to the ultrafast laser

irradiation.

5.4 Experimental and Theoretical Methods

5.4.1 Modelling the ultrafast laser interaction with AuNRs

We developed a complete model that includes the di↵erent phenomena that occur follo-

wing the irradiation by an ultrafast laser of a resonant AuNR in water. Those phenomena

are presented in figure 5.1. Models previously proposed in the literature [172, 235] usually

neglect plasma formation in the surrounding medium. However, this plasma, which is ge-

nerated through a combination of direct photoionization by the enhanced near-field and

temperature-assisted photothermal emission from the surface of the nanostructure, turns

out to have important e↵ects, especially at high fluences. In particular, the presence of the
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A. Electromagnetic interaction
        (Maxwell’s Equations)

B. Plasma generation and dynamics
(Semiclassical Transport Equations)

Electrons + lattice heating

Temperature-assisted Photothermal Emission

D. Water thermodynamics and dynamics
(Navier-Stokes Equations and Heat Transfer)

C. Electrons and lattice heating
(2-Temperatures Model)

Photoionization

45fs

Figure 5.1 Schematic picture of the laser interaction model describing various phenomena
occurring in a AuNR and in the surrounding water following laser irradiation. The letters A,
B, C, and D indicate the four tightly coupled sub-models. Sources of plasma are shown in
italic.

plasma in the AuNR’s environment modifies the local permittivity, and has consequently an

important impact on the optical properties of the AuNR and the enhanced near-field. The

field distribution around the AuNR is calculated from the Helmholtz equation, considering

the bulk gold optical properties and the locally modified water permittivity. From the field

distribution, the electronic and lattice temperatures are calculated using a two-temperature

hyperbolic model based on the semiclassical Boltzmann transport equation [309]. The density

and energy time-dependent distributions of the plasma generated in the enhanced near-field

are calculated using transport equations. A Navier-Stokes equation system added to a heat

transfer equation and supported with an adequate equation of states is used to calculate the

thermodynamic state of the water at all time. A combination of the IAPWS95 [170] and

SESAME [322] equations of state ensures a su�cient validity range.

The phase change of the water is handled using the phase diagram defined by the equation

of state. Under the saturation curve, liquid water is in a metastable state until it reaches

the kinetic spinodal that represents the limit of mechanical stability where phase explosion

occurs [72, 177]. Beyond that limit, water pressure returns to the saturation pressure and all

other parameters return to their phase equilibrium value as water undergoes a phase trans-

formation to a homogeneous liquid-vapor mixture at equilibrium. Surface tension is applied
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at the interface of the bubble, fixed at a vapor dryness fraction of 10%. This method has

the inconvenient to induce the formation of a smooth water/vapor transition instead of a

sharp interface. It has however been proven to adequately capture the pressure and density

evolution in water [235]. A finite-element scheme is used to solve the system of tightly coupled

di↵erential equations. Extensive discussion on the modelling, including precise equations and

details on the used parameters, is presented elsewhere [70]. The mathematical model was

solved using a finite-element method, using the Comsol software (www.comsol.com).

5.4.2 Deformation threshold fluence (DTF) measurement

The deformation of AuNRs has been induced using a Ti :Sapphire, 6 mJ/pulse, 45 fs, 800

nm laser (Spitifre from Spectra-Physics) with a 1 kHz repetition rate. A 1⇥1cm2 four faces

polished cuvette containing 2 mL of AuNRs with a concentration of 45 µg/mL in a water

suspension has been irradiated for 12 hours with di↵erent fluences. The Gaussian beam spot

diameter (measured at 1/e2) was 0.9 cm. The maximum fluence at the center of this Gaussian

spot (twice the average fluence) has been considered. Extinction spectrum has been recorded

every minute perpendicularly to the femtosecond laser beam using a StellarNet EPP2000

spectrometer from SpectraWiz.

5.4.3 Pump-probe measurements of AuNRs vibration

The 1 KHz, 45 fs, 800 nm laser beam has been separated in two beams (pump and

probe) using a beamsplitter for ultrashort pulses. Pump beam maximal fluence was set to

100 µJ/cm2 at the center of the 0.9 cm (at 1/e2) diameter Gaussian beam. Probe beam fluence

was 0.2 µJ/cm2 with a 0.1cm diameter. The much lower probe fluence ensures the pump beam

dominance on excitation. Both beams were quasi-collinearly aligned (1.3� between beams)

and probe beam was centered to the pump beam at the front end of the cuvette containing the

AuNRs solution. Both polarizations were horizontal. Probe delay was set using two mirrors

installed on an IMS600PP linear stage from Newport with a 1.25 µm resolution. The setup

time resolution was limited to 500 fs due to the angle between the probe and pump beams.

Beams were separated geometrically using this angle. Probe beam has been detected using a

DET100 photodiode connected to a SR510 lock-in amplifier from Stanford Research Systems.

5.4.4 Cavitation bubble detection

A He :Ne, continuous wave, 5 mW, 633 nm probe beam has been collinearly aligned with

the femtosecond beam. Both beams were focused into the AuNRs sample. The femtosecond

pump laser repetition rate is set at 4 Hz for this experiment and a typical acquisition last
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under 100 s. The low pump laser repetition rate is equivalent of using multiple single-shot

experiments. Note that the cw probe irradiation was insu�cient to induce significant heating

in the sample. The waists of both beam (fs pump and cw probe) were set to (6±1 µm). The

probe beam scattered field was filtered out using a spatial filter (15 µm diameter pinhole).

Extinction cross-section change was thus detected. This detection was made using a Si 1-GHz

photodiode with a 0.6 ns rise time connected to a 500 MHz Agilent oscilloscope.

5.5 Results and Discussion

5.5.1 Optical properties of gold nanorods

In this work, we focus on the interaction between a 45 fs, 800 nm ultrafast laser with a

10⇥41 nm2 AuNRs colloidal suspension. Figure 5.2a shows the calculated absorption, scat-

tering and extinction spectrum for such a sample. The optical properties are calculated from

the field distribution simulated using the finite-element scheme discussed above. To account

for the random orientation distribution of the sample, the calculation is performed for several

polarizations and propagation vectors orientations relative to the AuNR’s longitudinal axis.

The result presented in Figure 5.2a is obtained by averaging the individual contribution from

each orientation. Note the two plasmon peaks, a large one near 800 nm corresponding to the

excitation of the longitudinal plasmon band (LP) and a smaller one near 510 nm associated

to the transverse plasmon band (TP). The irradiation wavelength (800 nm) thus lies directly

on the LP of the AuNRs. As can be seen from figure 5.2a, energy at this wavelength is mainly

absorbed by the AuNRs, although a small amount is scattered in the medium. Figure 5.2b

shows the enhanced near-field around the AuNR when the light polarization is aligned with

the rod’s longitudinal axis. Strong field enhancement (|E|/|E0| ⇡77) is visible near the tips of

the rod, while noticeable field absorption exists in the central part. It is important to notice

that the optical properties and field distribution around the AuNR are highly orientation-

dependent. Figure 5.2c shows the field distribution around a AuNR still at the resonance

wavelength corresponding to the LP excitation (800 nm), but with a light polarization now

perpendicular to the longitudinal axis. Results show that this polarization inhibits the exci-

tation of plasmon in the LP band. The laser energy is thus only weakly absorbed, although

some scattering remains, leading to a small enhancement in the near-field (|E|/|E0| ⇡2.9).

Since the contribution from AuNRs aligned with the incident polarization is clearly dominant,

theoretical results presented in this work will only consider those AuNRs. However, we must

keep in mind that the experimental results have been obtained from randomly distributed

colloidal samples that include the contribution of misaligned AuNR as well.
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Figure 5.2 Optical properties of 10⇥41 nm2 AuNRs. a. Calculated absorption, scattering
and extinction cross-sections for randomly distributed AuNRs in water as a function of the
incident wavelength. Peaks associated with the longitudinal plasmon band (LP) and the
transverse plasmon band (TP) are indicated on the figure. b. Cross-section of the electric
field enhancement distribution in and around a AuNR, showing both field absorption in the
particle and near-field enhancement near the tips, when irradiated with a 800 nm linearly
polarized along the rod’s longitudinal axis . c. Cross-section of the electric field enhancement
distribution in and around a AuNR, showing almost no field absorption in the particle and
weak near-field enhancement, when irradiated with a 800 nm linearly polarized perpendicular
to a rod’s longitudinal axis .
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5.5.2 The existence of two regimes of irradiation

The last section concerned only the linear optical properties of the AuNR that are insuf-

ficient to describe completely the physics of the interaction with an ultrafast laser. Indeed,

while at low fluences the absorption cross-sections calculated from the linear theory are fairly

accurate, the energy absorbed directly in the water by non-linear interaction in the near-field

at higher fluences justifies the need for a complete non-linear theory.

Using the model presented in the Theoretical Methods and detailed elsewhere [70], we calcu-

lated the total energy deposited in the system by a 45 fs, 800 nm ultrafast laser pulse linearly

polarized along the AuNR’s longitudinal axis as a function of laser fluence. Figure 5.3 shows

separately the energy absorbed in the AuNR (blue line) and in the plasma around the AuNR

(green line) as a function of laser fluence. Note that the absorbed energy is presented as a

cross-section. A transition from a linear to a non-linear regime as the laser fluence is increased

is clearly visible from the figure.

The blue line in Figure 5.3 represents the absorption cross-section of the AuNR itself (�AuNR

abs

),

which in the limit of low fluences, is precisely the linear absorption cross-section. Note that

the apparent discrepancy with the results shown in 5.2a comes from the fact that those results

included random contribution from misaligned AuNRs, whereas results presented in Figure

5.3 only considers aligned AuNRs.

In Figure 5.3, the green line is the non-linear absorption cross-section arising from the contri-

bution of the plasma (�plasma

abs

) created in the near-field around the AuNR. As the fluence

is increased, contribution from �

plasma

abs

becomes more and more important, while �

AuNR

abs

de-

creases due to what we will show to be shielding from the plasma. For fluences F > F

th

=3

mJ/cm2, contribution from the plasma exceeds the absorption in the AuNR. This value is in

agreement with a recent study from Bisker et al. that calculated a fluence around 2 mJ/cm2

as the threshold for optical breakdown in the water surrounding a 14⇥56nm2 AuNR irradia-

ted with a 45 fs, 808 nm laser pulse [256].

F

th

represents the limit between two distinct regimes of irradiation. For fluences F < F

th

=3

mJ/cm2, the laser interaction is dominated by the energy absorption within the AuNR itself.

This regime is thus called ”the absorption regime”. For fluences over F
th

, the laser interaction

is dominated by the energy absorbed by the plasma in the near-field. This regime is hence

called ”the near-field regime”. The next sections are devoted to the exploration of the basic

mechanisms of the ultrafast laser irradiation of AuNRs in both regimes.
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Figure 5.3 Cross-section of the energy absorbed in the AuNR (blue line) and the energy
absorbed in the surrounding plasma (green line) for a 10⇥41nm2 AuNR aligned with the
polarization of a 800 nm, 45 fs laser pulse. The frontier between the absorption regime and
the near-field regime is also indicated on the figure (dashed red line).

5.5.3 The absorption regime

Deformation of the AuNRs

As mentioned in the last section, the absorption regime is characterized by an energy

absorption occurring in majority in the AuNR itself, the enhanced near-field being too weak

to induce important non-linear energy absorption in water. According to figure 5.3, absorption

in the near-field overcomes energy absorption in the particle for fluences larger than F

th

=3

mJ/cm2, giving a superior limit to the absorption regime. However, energy absorption in the

AuNRs leads to a temperature increase in the lattice that may lead to deformations that can

alter their plasmonic properties. We define the deformation threshold fluence (DTF) as the

fluence from which the AuNRs’ optical properties, monitored in real-time with a spectrometer

(see figure 5.4a), are significantly degraded after a 12 h irradiation at 1 kHz. This long

irradiation time ensure reaching homogeneity in the sample. As seen from figure 5.4b, a blue

shift of the extinction peak is visible when the laser fluence reaches ⇡100 µJ/cm2. This blue

shift arises most probably from the gradual transformation of the resonant AuNRs into small

o↵-resonance spherical NPs [261, 338], which extinction cross-section is much smaller than

for the AuNRs at 800 nm. The peak blue shift thus allows to measure a DTF around 100

µJ/cm2. Note that the exact value of the DTF remains quite arbitrary and is function of the

tolerance requirement regarding a specific application. For the vast majority of applications

involving low fluence irradiation, it is very desirable that the AuNRs remain intact after the

laser irradiation. In what follow, we will thus only consider fluences that lie around or below
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µJ/cm2 is shown in inset.
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the DTF (100 µJ/cm2) and explore in greater depth the laser-nanostructure interaction in

what one could call the ”sub-deformation threshold absorption regime” that is suitable for

most applications.

AuNR heating

The absorption regime at fluences below the deformation threshold is characterized by

a limited impact on both the AuNRs and their surrounding medium, though some e↵ects

are still present. In this regime, the laser electromagnetic field is mainly absorbed by the

nanostructure, as shown by the clear predominance of the absorption cross-section over the

scattering cross-section at 800 nm (see figure 5.2a). Electrons transfer their energy to the

lattice in a few ps (⌧
e�ph

⇡1 ps) [141], rapidly heating the nanostructure. This fast tempera-

ture increase creates a stress state in the AuNR that results into rapid structural oscillations

that are readily observable using a pump-probe optical setup (figure 5.5a) that exploits the

variation of the extinction cross-section with the modification of the AuNRs’ aspect ratio. In

this experiment, a femtosecond laser pulse is split in two pulses. The first pulse is called the

pump and is directed to the sample to excite the AuNRs. The second pulse is much lower in

intensity and is called the probe pulse. This pulse first passes through an adjustable delay

line before being directed to the sample, so that it arrives with a certain tunable time delay

relative to the pump pulse. The transmission of the probe pulse is then measured, providing

information on the state of the AuNR at the specific time corresponding to the time delay.

Varying this delay, one can obtain a complete time-dependent characterization of the laser

interaction.

Figure 5.5b shows the oscillation in the transmission of the probe beam as a function of

the delay with the pump pulse. The measured period (63 ps) is in good agreement with the

64 ps period predicted by the thin rod theory [233]. The damping of the oscillation results

from the combination of viscous stress between the rod and its environment, called homo-

geneous damping, and an inhomogeneous damping due to the rods’ size distribution within

the sample [230]. Based on TEM imaging of the sample and a simple model linking the rod’s

size distribution to a specific oscillation period and damping (see figure 1 in the Supporting

Information), the red curve in figure 5.5b presents the simulated variation in the extinction

due to the oscillations. The very good agreement indicates that the signal indeed originates

from the AuNRs’ structural oscillations.

Figure 5.6 shows the simulation results for the temperature reached at the centre of the

AuNR as a function of the incident fluence. Figure 5.6a also indicates the theoretical mel-

ting temperature for 10⇥41 nm2 AuNRs (1254 K), about 10% lower than the bulk melting

point because of the reduced dimensionality [314] (See Supporting Info). Results show that
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this temperature is reached for a fluence slightly over 120 µJ/cm2, in good agreement with

the experimental DTF of 100 µJ/cm2. A deformation threshold somewhat below the melting

threshold, as reported by Link et al.[261], seems indeed reasonable as high surface energy may

lead to important restructuration before complete melting occurs. Link et al. experimentally

determined that ⇠60 fJ were required to melt 11⇥41nm2 AuNR completely and observed

shape transformation after the absorption of ⇠12 fJ [339] . This is consistent with our result

as ⇠6 fJ per pulse is deposited in the AuNR at 1 KHz at the DTF. Figure 5.6 also presents

the temperature reached in the water at the boundary with the AuNR. This result will be

discussed in the section ”Pressure wave generation and bubble formation”.

Plasma formation

In addition to heat generation in the AuNR, irradiation also triggers the generation of an

electronic nanoscale plasma around the structure. This nanoplasma comes from the direct

photoionization and collision ionization in the near-field, as well as from a photothermal

emission at the metal/water interface [70]. Figure 5.7a shows the plasma generated around

the structure 100 fs after a 100 µJ/cm2 irradiation. Maximal plasma density occurs in the

central region of the AuNR. This is a consequence of the photothermal emission process

being dominant over the photoionization process at low fluences. This reflects the huge energy

absorption cross-section compared to the energy scattering cross-section at 800 nm. Maximal

plasma density thus occurs near the place where the energy is absorbed the most, heating up

electrons in the AuNR and favoring thermal emission into the surrounding water.

Electronic plasma is known to contribute to damaging cells through chemical interactions

[72]. Plasma density as low as 1.5⇥1014 cm�3 has been reported to induce cell damage, and

density of 2⇥1016 cm�3, to be able to dissect intracellular organites. AuNRs irradiated in

the absorption regime may thus be used as generators of nanoplasma that can be used to

locally interact with cellular components in the context of nanosurgery. As shown in figure

5.7b, maximal density reached in the vicinity of the AuNR gets over those reference plasma

densities for irradiation fluences greater than 1 µJ/cm2. Once created, plasma di↵uses and

can a↵ect a certain volume around the structure. Figure 5.7c shows the radius of the zone

a↵ected by the above mentioned reference plasma densities as a function of the laser fluence.

As seen from this figure, this volume can be finely tuned by changing the laser fluence, leading

to the possibility of highly localized processes.

Though the presence of this plasma is desirable for certain applications, it can rather

become a problem for others. For instance, the use of AuNRs as imaging contrast agents

or biodetectors requires a minimal impact of the laser irradiation on the surrounding cell

environment. However, as seen from figure 5.7c, the radius of the a↵ected zone can get quite
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significant depending on the fluence. For instance, at 100 µJ/cm2 a density of 2⇥1016cm�3 is

reached up to 165 nm from the AuNR, and a density of 1.5⇥1014cm�3, as far as 1.0 µm. The

possibility of chemical damage brought by the photothermal emission should thus be taken

into consideration and limit the range of suitable fluences when planning to use AuNRs in

such applications.

Pressure wave generation and bubble formation

A combination of heat transfer from the plasma relaxation and from the AuNR lattice

through a conduction process causes a fast temperature increase in the water medium in

⇠50 ps. At those fluences, the heat transfer from the conduction process is largely dominant

over the plasma-mediated heat transfer. Stress confinement is created, releasing a pressure

wave upon its relaxation. Figure 5.8a shows the pressure around the AuNR, 10 ps after a

100 µJ/cm2 irradiation. The maximal pressure (⇡8 MPa) is located near the central part of

the AuNR. As shown in figure 5.8b, the maximal pressure observed in the water range from

⇠2-14 MPa for irradiation fluences between 10 µJ/cm2 and 120 µJ/cm2.

The onset of cavitation is often evaluated as the fluence required to heat the surrounding

water above the 0.9T
c

=582 K limit [159, 172, 234], indicated by a red line on figure 5.6.

From this crude approximation, the theoretical cavitation onset should be slightly over 120

µJ/cm2 as temperature at this fluence only reaches ⇠ 0.88T
c

. The complete hydrodynamic

model confirms this prediction and does not show the formation of a vapor bubble around

the AuNR at 120 µJ/cm2. This result is consistent with the one obtained by Ekici et al. [172]

who theoretically determined a somewhat higher 450 µJ/cm2 cavitation fluence threshold for

14⇥48 nm2 NRs irradiated with a 250 fs, 760 nm pulse. Their model however did not consi-

der any plasma generation. Our results thus demonstrate that, though 10⇥41nm2 AuNRs are

in-resonance with the irradiation and thus highly enhance the near-field, it is not possible to

generate cavitation bubbles around them without damaging, deforming or even destroying

them. This represents a major drawback of the use of AuNRs for the generation of vapor

bubbles since it prohibits any multipulses operation. In addition, destruction of the AuNRs

could lead to the creation of small particles that can be harmful to the cellular environment

[57].

5.5.4 The near-field regime

For fluences larger than 3 mJ/cm2, figure 5.3 shows that the laser intensity in the near-

field become important enough to trigger a non-linear absorption directly in the surrounding
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water that overcomes the absorption in the nanostructure. The energy absorption process is

then controlled by the enhanced electric field in the near-field of the nanostructure, hence

justifying the name ”near-field regime”. Irradiation of AuNRs in that regime is principally

motivated by the possibility to create nanoscale vapor bubbles around the structures with

diameters in the (⇡200-600 nm) range.

Experimental detection and characterization of the vapor bubbles

Those bubbles cannot be readily measured and characterized using direct microscopy

technique, but can be detected using an in-situ optical detection setup described in figure

5.9a.

This setup exploits the variation in the extinction cross-section of the irradiated sample due

to the presence of the vapor bubble around the AuNRs to evaluate their dimensions. A first

laser, the ultrafast pump laser (45 fs, 4 Hz, 800 nm, 100 s acquisition time), is focused in a

sample (1 cm wide cuvette) containing the AuNR suspension. At such large fluences, rods are

expected to be heavily damaged by the ultrafast laser pulse. The slow 4 Hz repetition rate

however allows an adequate mixing of the AuNR suspension between each pulse, ensuring

that only undamaged AuNRs interact with each pump laser pulse. A second laser, the probe

laser (CW, 633 nm, 5 mW), is collinear with the pump laser and its transmission through

the sample is measured with a photodiode. It is possible to deduce the mean bubble diameter

using Mie theory. More details on the technique is available elsewhere [70, 197].

Figure 5.9b shows a typical signal obtained at 200 mJ/cm2. The increase in intensity near

0 ns is attributed to non-linear e↵ects due to the high intensity ultrafast laser, including
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Figure 5.9 Characterization of plasmonic enhanced generated bubbles . a. In-situ detection
system for the detection and characterization of the bubbles. The ultrafast 800 nm pump laser
is focussed into the sample containing the AuNRs to generate the bubbles, and is then filtered
out. The CW 633 nm probe laser is coaligned with the pump beam and pass through a spatial
filter (pinhole) before being measured by a photodiode. Scattered field is blocked by a spatial
filter, so that the variation in power detected in the photodiode can be associated to a change
in the extinction cross-section. b. Experimental variation in the transmission signal of the
probe beam following a 200 mJ/cm2, 45 fs irradiation. A zoom near the minimum (⇡30 ns)
is shown in inset. The red curve sketches the contribution associated with the polarization-
aligned average bubble. The approximate lifetime of the polarization-aligned average bubbles
is indicated on the figure c. Deduced average bubble diameter as function of laser fluence.
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self-phase modulation and plasma emission. We can see from this figure a very rapid growth

time for the bubble (⇡30 ns), followed by a relatively slow recovery (⇡300 ns). This slow

recovery time is associated to the presence of many bubbles of di↵erent sizes, and thus

di↵erent lifetimes, in the focal volume and to the presence of dephasing oscillating bubbles

that contribute to the total signal [70, 193]. This situation may originate from the fluence

distribution within the focal volume, but also from the laser interaction with agglomerated

AuNRs and gold nanospheres that are inevitably present in the sample. Some scattering may

also come from thermal lensing due to the temperature increase in the focal volume.

Figure 5.9c shows the mean bubble average diameter produced around AuNRs aligned

with the polarization as a function of fluence. The method used to obtain this result from the

modification of the transmission of the probe laser is described in details in the the Supporting

Info. In summary, it consists in writing the experimentally measured absorption coe�cient

as a function of the extinction cross-section of individual bubbles, knowing the concentration

of the AuNRs and the dimension of the focal volume. It is then possible to deduce the

diameter of the bubble from electromagnetic theory that gives the extinction cross-section

of the bubble as a function of its diameter. Corrections accounting for the contribution of

misaligned AuNRs are calculated from the fact that the energy deposited in the water (E
d

)

is roughly proportional to cos�, where � is the angle between the polarization vector and

the AuNR’s longitudinal axis, and from the dependence of the bubble’s diameter (d
bubble

) on

the deposited energy (E
d

), estimated as d
bubble

⇠ E

0.45
d

by Siems et al. [193]. The interested

reader is referred to the Supporting Information for more information.

For a fluence of 200 mJ/cm2, the average bubble produced in the focal volume by AuNRs

aligned with the polarization is measured to be ⇡(430±50) nm. Note that this represents an

average bubble diameter. A Gaussian pulse with a given fluence (which is in fact an average

fluence) is indeed composed of a spatial distribution of local fluences in the focal volume.

This should thus create a distribution of bubble dimensions in the focal volume. We however

consider that the average bubble calculated using our method is a good approximation for

the size of the bubble produced by aligned AuNRs irradiated at a local fluence corresponding

to the average fluence of the pulse.

Another common method used to evaluate bubble dimensions is the Rayleigh-Plesset

equation that relates the lifetime of the bubble to its diameter [179].

⌧

bubble

⇡ 0.092d
bubble

(5.1)

This formula may be inaccurate for nanoscale bubbles, but still gives a correct approxi-

mation of the maximal bubble diameter in those cases. [157, 191]. The application of this

method with ensemble measurement is however complicated by the asymmetric time-shape.
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Vapor bubbles are usually characterized by growth and collapse times that are fairly symme-

tric [157, 180, 191]. In the case of an ensemble measurement, this symmetric signal is however

superposed with a long-lifetime asymmetric tail that can originate from several phenomena

that we already discussed. As this tail is not related to the lifetime of the average bubble,

it would not be justified to use the full lifetime of the signal (⇠300 ns from figure 5.9a) in

the Rayleigh-Plesset formula to calculate the average bubble diameter. Assuming that the

maximal observed dip in the transmission signal shown in figure 5.9b is due in majority to the

polarization-aligned average bubbles within the sample, we evaluate the growth time of the

average polarization-aligned bubble ⌧
growth

⇡30 ns for a fluence of 200 mJ/cm2. According to

the known symmetric growth and collapse phase of vapor bubbles, this growth time should

approximately correspond to an average bubble lifetime ⌧

bubble

⇡60 ns (see dashed red line

in figure 5.9b). Using the Rayleigh-Plesset formula, this corresponds to an average diameter

⇡650 nm . The error on that value is rather large as the asymmetric tail might influence the

position of the minimum in figure 5.9b, making the evaluation of the bubble lifetime very

approximate. The order of magnitude of the diameter however corresponds with the ⇡430

nm diameter found with the optical scattering method.

Summarizing this experimental section, the optical probing technique presented demons-

trates the plasmonic-enhanced generation of vapor bubbles around AuNRs for fluences over

⇠75 mJ/cm2. This optical technique allows evaluating the dimensions of the bubble. Howe-

ver, large errors are introduced by the use of an ensemble measurement. At 200 mJ/cm2, the

diameter of the average polarization-aligned vapor bubbles is ⇡380 nm-480 nm. Although

this result is approximate, the precision obtained is su�cient for the purpose of this paper

that focuses on the cavitation mechanisms rather than on precisely evaluating the diameters

of the produced bubble.

Plasma mediated nanocavitation

In order to get a better understanding of the physical mechanism leading to bubble forma-

tion after an irradiation of the AuNRs in the near-field regime, we simulated the interaction

of a 10⇥41 nm2 AuNR aligned with the polarization of a 200 mJ/cm2 laser pulse. The simu-

lation has been conducted using the complete model presented in the Theoretical Methods

and detailed elsewhere [70].

Figure 5.10a and b show the plasma around the nanostructure 100 fs after the irradiation.

Results show that, unlike in the absorption regime, plasma is principally formed near the tips

of the AuNR. Indeed, enhanced near-field is now important enough to allow the formation

of a plasma directly in water by photoionization and impact ionization.

Heat transferred from this plasma increases rapidly the water temperature, creating stress
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confinement that relaxes, emitting a strong pressure wave that originates from the tips of

the AuNRs, where the plasma density is the highest (see figure 5.11a). This contrasts with

the result obtained in the absorption regime where the maximal pressure was rather near

the center of the AuNR, due to the localization of the photothermal emission and energy

absorption in this range of fluence (see figure 5.8a). As shown in figure 5.11b, the magnitude

of the pressure wave is around 180 GPa, almost 104 times higher than those emitted in the

absorption regime, below the DTF.

Following the emission of the pressure wave, a vapor bubble is formed around the struc-

ture. Figure 5.11c shows the time evolution of the diameter of this bubble. Simulation shows

the formation of a ⇡490 nm diameter bubble, a 20 ns growth time and a 45 ns total lifetime.

The bubble at its maximal extension is shown in 5.11d. This result is consistent with the

experimental results (⇠380-480 nm diameter, ⇠30 ns growth time and ⇠60 ns total lifetime)

that were obtained for the average bubbles generated by a 200 mJ/cm2, 45 fs laser pulse

around polarization aligned AuNRs. The very fast initial growth of the bubble seen in Figure

5.11c is a consequence of the large pressure under which the bubble is created, due to the ul-

trafast nature of the laser irradiation. Very fast quasi-isochoric heat transfer from the heated

plasma to the water molecules indeed heats the water to a high temperature and pressure

state. The very high pressure in the initial stage of the bubble growth leads to a very fast

expansion in the first nanoseconds after the bubble nucleation, as shown on figure 5.11c. This

leads to an asymmetry in the time evolution of the bubble that is however much weaker than

the one observed in the experimental signal (see Figure 5.9b). This larger asymmetry rather

arises from phenomena due to the ensemble measurement and was discussed in section 5.5.4.
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Plasma shielding of the plasmon resonance

The domination of the plasma in the cavitation mechanism is quite surprising considering

the linear optical properties of the AuNRs presented earlier (see figure 5.2a) showing a net

domination of the energy absorbed in the AuNR. However, this calculation only considered

linear optical properties of the AuNR-water system, and is therefore no longer valid for high

laser intensity. Hence, despite the fact that the linear absorption cross-section of the AuNR is

over 10 times higher than the scattering cross-section at the irradiation wavelength (see figure

5.2a), because of the non-linear absorption in water and the high near-field enhancement,

interaction of the AuNR with its environment is controlled by the near-field that generates

and heats a plasma directly in the water. Simulation results show that the energy absorbed

in this plasma is indeed around 5.7 times superior than the one absorbed directly in the

AuNR at 200 mJ/cm2 (see figure 5.3). This situation is very similar to the one presented in

a recent study from Boulais et al. [70] that demonstrates the domination of the nanoplasma

formed around a gold nanosphere on the cavitation mechanism following an o↵-resonance 800

nm ultrafast irradiation. However, unlike the o↵-resonance interaction, the irradiation in the

present case heavily damages the AuNRs. The use of AuNRs as generators of vapor bubbles

is thus limited to single-pulse applications for which the possible degradation of the AuNRs

does not constitute an important issue.

The similarity with the o↵-resonance case can be easily understood by noting that, because

of the excitation of a plasma around the nanostructure, the local permittivity is altered during

the laser irradiation. The AuNR thus loses progressively its resonant characteristics during

the time of the laser pulse and a majority of the energy absorption is moved from the AuNR

itself to the plasma in the surrounding water. Figure 5.12a shows that transition during

a 200 mJ/cm2 laser-nanostructure interaction. Results show that at the beginning of the

interaction, when no important plasma density is present, the absorption cross-section of

the AuNR (�AuNR

abs

) is equivalent to the linear absorption cross-section (�lin

abs

), and that the

absorption cross-section of the surrounding plasma (�plasma

abs

) is null. With time, the enhanced

near-field interacts non-linearly with the water and creates a plasma around the AuNR. This

plasma absorbs energy from the electromagnetic field and modifies the local permittivity, so

that �

AuNR

abs

drops well below �

lin

abs

and that �

plasma

abs

becomes dominant. The modification of

the local permittivity indeed alters the resonance condition so that a 800 nm irradiation is

no longer resonant with a 10⇥41nm2 AuNR, explaining the important decrease of �AuNR

abs

seen in figure 5.12a. We call this phenomenon ”plasma shielding of the plasmon resonance”.

This alteration in the resonance condition also a↵ects the near-field enhancement. As seen

from figure 5.12b, the modified permittivity degrades notably the electric field enhancement

factor, which maximum goes from 77 (see figure 5.4b) to around 2.6. This reduction explains
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the strong decrease of �plasma

abs

observed in figure 5.12a between 150 fs and 200 fs.
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Figure 5.12 Plasma shielding of the plasmon resonance. a. Variation of the absorption cross-
section of the AuNR (blue line) and of the surrounding plasma (green line) relative to the
linear absorption cross-section as a function of time. b. Cross-section of the electric field
enhancement factor at the time corresponding to the pulse maximum.

5.6 Conclusion

In summary, we demonstrated that the interaction of an ultrafast laser impulsion with

an in-resonance AuNRs is highly dependent on the fluence of the incident radiation. Calcu-

lations revealed the presence of two distinct regimes of irradiation that depend on the laser

fluence. For F<3 mJ/cm2, the AuNRs are in the absorption regime and the laser energy

is mainly absorbed in the AuNR itself. Results show that below the deformation threshold

fluence, (F<100 µJ/cm2), the AuNR’s structural integrity is not compromised and the field

enhancement due to the plasmonic interaction leads to low heating of the AuNR, small ampli-

tude pressure wave emission, and low-density plasma generation in the surrounding medium.

This plasma is mainly produced by a photothermal emission from the AuNR’s surface due

to field absorbed directly in the AuNR. It moreover brings the possibility to use AuNRs as

nanoplasma generators that can induce highly localized chemical damage to cell components

in the context of nanosurgery. We however showed that no bubbles were generated around

the AuNRs for irradiations with fluences below the deformation threshold.

For F>3 mJ/cm2, the AuNRs are in the near-field regime and the laser energy is absorbed

directly in the water surrounding the AuNR through a photoionization process that occurs

due to the enhanced near-field. We demonstrated and measured the formation of bubbles

with average diameters ⇡[200-600] nm around the AuNRs following a [100-400] mJ/cm2

single pulse irradiation. However, irradiation at those fluences has been shown to destroy

the AuNRs, raising potential toxicity concerns and compromising the e�ciency of multipulse

processes or scanning procedures. We presented a complete modelling of the nanocavitation
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mechanisms. In addition to showing good agreement with the measured bubbles, simulation

results allowed to demonstrate the formation of a nanoplasma initiated by the enhanced

near-field at the tips of the AuNR, directly in the water. This plasma is created by the

enhanced near-field around the AuNR and not by the absorbed field, in opposition to what

is the case in the absorption regime. We showed that this plasma shields the laser-plasmon

interaction, alters the resonance condition, and transforms the role of the AuNR in term of

energy transfer. Simulation results demonstrated the strong influence of that plasma on the

field distribution around the plasmonic nanostructure. It has been shown to induce a strong

decrease in both the field enhancement around the AuNR and the energy absorbed in the

AuNR, explaining the observed similarity to o↵-resonance interaction.
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CHAPITRE 6

Discussion générale : Importance du plasma pour la nanocavitation et analyse

du potentiel des nanostructures

Les résultats présentés aux chapitres 4 et 5 démontrent l’importance du plasma dans le

processus de nanocavitation par laser ultrarapide amplifié par nanostructures plasmoniques.

En particulier, ils présentent des mesures expérimentales de diamètre des bulles produites qui

concordent bien avec les résultats théoriques obtenus par simulation en utilisant le modèle

présenté en détail au chapitre 3.

Les résultats démontrent en outre que l’existence d’un processus de photoionisation en champ

proche est nécessaire pour expliquer la présence des bulles observées expérimentalement. Une

absorption d’énergie limitée à la particule, suivie d’un transfert à son environnement par un

processus de conduction n’est en e↵et pas en mesure d’expliquer la génération de bulles qui

sont expérimentalement observées dans le milieu aux fluences impliquées. L’ajout au modèle

des processus de photoionisation, d’ionisation par collision et de dynamique de plasma permet

de prédire la génération de ces bulles, avec un diamètre théorique et un temps caractéristique

de croissance correspondant aux valeurs mesurées expérimentalement.

Ce processus de cavitation est inédit dans la littérature et a des conséquences importantes

pour la nanochirurgie cellulaire, en particulier pour les procédés de transfection cellulaire.

En e↵et, comme nous allons le voir dans la première partie de ce chapitre, le mécanisme de

cavitation induite par le plasma procure certains avantages sur les processus utilisant direc-

tement le chau↵age des NPs. Suite à cette discussion, après un bref rappel des principaux

résultats concernant les di↵érences entre les processus de cavitation induite par une irradia-

tion en-résonance et hors-résonance, le chapitre présente une méthode d’analyse e�cace afin

d’évaluer le potentiel de nanostructures et de paramètres laser spécifiques pour la génération

de bulles de vapeur dans l’eau. La méthode présentée est simple, e�cace, et permet une ana-

lyse graphique des résultats. À l’aide de cette méthode, nous comparons entre eux des AuNPs

(hors-résonance) ainsi que des AuNRs d’aspect constant 4.1 (en-résonance) de tailles di↵é-

rentes et nous évaluons leur potentiel d’utilisation en nanochirurgie cellulaire. Cette méthode

permet de généraliser les résultats obtenus au chapitre 5 à l’ensemble des AuNRs en-résonance

et confirme que ceux-ci ne sont pas adaptés aux procédés de nanochirurgie cellulaire dont le

mode de fonctionnement requièrent la production de bulles.
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6.1 Conséquences pour l’optoperforation de membranes cellulaires et la trans-

fection cellulaire

La possibilité de créer des bulles autour de particules d’or hors-résonance à l’aide d’un

laser ultrarapide avec une longueur d’onde située dans l’infrarouge est extrêmement intéres-

sante pour les applications dans le cadre de nanochirurgie cellulaire par laser, spécialement

dans le cadre de procédés de transfection cellulaire. Tel que vu au chapitre 2, ce type de pro-

cédé utilise les bulles de cavitation créées autour des nanostructures plasmoniques irradiées

afin de perforer et perméabiliser la membrane cellulaire à certaines molécules (ADN, ARN,

molécules de médicament) pour permettre leur incorporation à la cellule.

Premièrement, l’utilisation d’un laser dans l’infrarouge réduit l’incidence de dommages colla-

téraux aux structures cellulaires environnantes. En e↵et, les tissus biologiques ne sont que très

peu absorbants aux longueurs d’onde situées dans l’intervalle ⇡600 nm-1300 nm, aussi appelé

fenêtre optique [82]. Un laser infrarouge est donc absorbé très faiblement par les structures

biologiques à l’extérieur du champ proche des particules, ce qui restreint la zone a↵ectée et

permet d’atteindre des tissus plus profonds lors des traitements.

Ensuite, ce procédé permet l’emploi de nanostructures simples pour réaliser les traitements.

En e↵et, puisque le procédé s’e↵ectue hors-résonance, celui-ci ne requiert l’utilisation que

de nanoparticules d’or sphériques (AuNPs), possiblement fonctionnalisées avec des molécules

permettant un ciblage spécifique vers les cellules à traiter. Les méthodes de fabrications de

ces nanostructures sont plutôt bien connues, et il est possible d’obtenir des suspensions collöı-

dales de AuNPs stables présentant une faible dispersion en terme de diamètres. La production

de nanostructures en-résonance dans l’infrarouges (nanobâtons (AuNRs), structures coeur-

couronne, nano-coquilles) est passablement plus complexe et donne des échantillons moins

monodisperses, moins stables, en plus d’impliquer parfois l’emploi de surfactants toxiques,

citons par exemple le Cetyl trimethylammonium bromide (CTAB) dans le cas des AuNRs.

Finalement, puisque l’énergie est déposée en majorité dans le plasma autour de la NP plutôt

que dans la NP elle-même, une importante cavitation peut être induite dans le milieu sans

induire de dommages substantiels aux NPs. Cela revêt une importance cruciale pour les ap-

plications biologiques, puisque la présence de petites particules d’or (<5 nm) qui pourraient

être formées suite à la fragmentation de la NP est fréquemment associée à une cytotoxicité

importante [57, 326, 340].

La figure 6.1 montre la température simulée atteinte en fonction du temps à l’intérieur d’une

AuNP de 100 nm de diamètre suite à une irradiation de 45 fs, 200 mJ/cm2. Bien que ce

résultat montre que la NP atteint une température proche de sa température de fusion (1320

K, légèrement inférieure à la température de fusion de l’or massif en raison de ses dimensions
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Figure 6.1 Température au centre d’une AuNP de 100 nm de diamètre en fonction du temps
suite à une irradiation de fluence de 200 mJ/cm2, d’une durée de 45 fs à une longueur d’onde
de 800 nm.

réduites), des mesures spectroscopiques démontrent que la particule n’est pas brisée suite au

traitement, et ce pour des fluences incidentes pouvant atteindre jusqu’à 400 mJ/cm2.

Ce résultat est reproduit à la figure 6.2. Celui-ci est obtenu en irradiant la solution à une

fluence donnée sur une période de 12 h tout en faisant l’acquisition du spectre d’extinction

des particules en continu. La modification du diamètre des particules se reflète par une

modification notable du spectre d’extinction. En particulier, une réduction du diamètre des

particules entrâıne un décalage vers le bleu du spectre. La figure 6.2 révèle qu’un tel décalage

n’est visible que pour des fluences incidentes supérieures à 400 mJ/cm2. En conséquence,

on en conclut que les particules ne sont pas fragmentées lors d’une irradiation utilisant des

fluences 0-200 mJ/cm2 qui sont employées pour les expériences de transfection cellulaire.

Cela améliore la sécurité du traitement en plus de permettre le développement de procédés

impliquant de multiples impulsions laser.
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Figure 6.2 Modification de la position du maximum du spectre d’extinction après 12 h d’ir-
radiation d’une suspension de AuNPs de 100 nm à l’aide d’impulsions d’une durée de 45 fs
à une longueur d’onde de 800 nm et à une fréquence de 1 KHz, en fonction de la fluence
incidente. Les barres d’erreurs pour l’ordonnée représentent 2⇥ l’écart-type (⇡ ± 0.3 nm,
non-visible sur le graphique). L’échelle de gauche montre le déplacement du maximum vers
le bleu, tandis que l’échelle de droite montre la modification du diamètre associée au dépla-
cement, calculée à partir de la théorie de Mie. L’encadré compare le spectre de la suspension
avant (bleu) et après (rouge) une irradiation de 12 h à une fluence de 100 mJ/cm2. Tiré de
[57].

6.2 Plasma et particules en-résonance

Suite à la démonstration de l’importance du plasma pour les processus de cavitation, on

peut se demander s’il ne serait pas avantageux d’utiliser plutôt des structures en-résonance,

tels que les nanorods (NRs), afin d’induire le processus de cavitation. En e↵et, ces structures

présentent des amplifications de champ très importantes (⇡77 pour les AuNRs de 10⇥41

nm2 étudiées au chapitre 5, voir figure 5.2c). De telles intensités de champ électrique laissent

présager une absorption non-linéaire, une photoionisation et une génération de plasma beau-

coup plus importantes dans le champ proche de ces nanostructures comparativement aux

NPs utilisées au chapitre 4. En e↵et, l’amplification du champ électrique autour des AuNPs

de 100 nm hors-résonance n’est que de l’ordre de ⇡4.5.

Cette analyse simpliste néglige cependant l’impact de la présence du plasma dans l’envi-

ronnement de la nanostructure sur ses propriétés optiques. Le chapitre 5 démontre en e↵et

l’impact important de la modification de la permittivité locale due au plasma sur la distri-

bution du champ électrique autour de NRs. Ainsi, bien que ceux-ci soient en-résonance à

basses fluences, ils deviennent plutôt hors-résonance suite à la création du plasma, réduisant
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substantiellement l’amplification du champ proche et l’absorption d’énergie (voir figure 5.12).

Au final l’énergie totale absorbée dans le système eau-NR en-résonance suite à l’irradiation

est de ⇡1.4 pJ, soit près de 10⇥ inférieure à l’énergie totale absorbée dans le système eau-NP

hors-résonance (⇡12 pJ) à une fluence équivalente (200 mJ/cm2). Noter que dans les deux

cas, l’énergie est en grande majorité (90% pour les AuNPs, et 80% pour les AuNRs) absorbée

dans le plasma autour de la nanostructure. Cependant, contrairement aux AuNPs, le 20%

absorbé par les AuNRs est plus que nécessaire pour les endommager, le seuil en fluence requis

n’étant que de ⇡ 100µJ/cm2 (voir figure 5.4b).

6.3 Énergie et cavitation

La bulle de cavitation générée autour d’une nanostructure plasmonique en milieu aqueux

est une conséquence directe du dépôt d’énergie dans le système eau-nanostructure par le

laser. D’une façon grossière, le volume de la bulle devrait varier linéairement avec l’énergie

déposée (Ed), de sorte que le diamètre de la bulle générée devrait varier selon D = (�E
d

)1/3,

� étant une constante de proportionnalité. Une analyse expérimentale de la formation de

bulles e↵ectuée par Siems et al. montre plutôt que D = (�E
d

)0.45 [193].

À partir de nos résultats de simulation, il est possible d’utiliser cette relation afin de dévelop-

per une méthode simple d’évaluation de la taille des bulles engendrées par l’irradiation d’une

nanostructure spécifique à l’aide de paramètres laser donnés. En e↵et, les résultats présentés

au chapitre 4 montrent la formation d’une bulle de diamètre ⇡1.2 µm suite à l’absorption

de 12 pJ d’énergie, à la fois dans le plasma et la NP. Ce résultat correspond à un paramètre

� =0.0069 J�1. Donc :

D

max

⇡ (0.0069E
d

)0.45 (6.1)

où D

max

est en m. En appliquant cette relation à l’énergie déposée suite à l’irradiation d’un

AuNR de 10⇥41 nm2 avec une impulsion laser de 200 mJ/cm2 polarisée selon son axe longi-

tudinal (1.4 pJ), on obtient un diamètre de D
max

=493 nm. Ce résultat se compare très bien

à celui obtenu suite à la simulation complète de la cavitation présentée au chapitre 5 (⇡490

nm, voir figure 5.11c). Donc, les résultats semblent indiquer que l’équation 6.1 est valide pour

déterminer le diamètre des bulles produites à partir du seul calcul de l’énergie déposée dans le

système. Par contre, afin de déterminer les limites de l’applicabilité de l’équation 6.1, il serait

indiqué de réaliser d’autres simulations à partir du modèle complet pour di↵érents paramètres

laser et structuraux et de comparer leur résultat à l’équation 6.1. Cela n’a cependant pas été

e↵ectué dans le cadre de cette thèse.

Le fait qu’il soit possible de déterminer le diamètre des bulles produites suite à l’irradiation
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d’une nanostructure dans l’eau à partir du seul calcul de l’énergie déposée dans le système

constitue un résultat majeur et particulièrement intéressant dans le cadre d’études de simu-

lation. En e↵et, pour des impulsions laser ultrabrèves, cela implique que seule la simulation

de l’interaction laser (c’est-à-dire quelques centaines de femtosecondes) est nécessaire pour

déterminer le diamètre maximal approximativement atteint par la bulle plusieurs nanose-

condes après l’impulsion. De plus, comme le temps d’interaction laser (et donc le temps de

dépôt de l’énergie) est beaucoup plus court que le temps de couplage électron-phonon, seuls

l’interaction électromagnétique, la dynamique du plasma et le chau↵age des électrons de la

AuNP doivent être considérés. En e↵et, le chau↵age du réseau de la AuNP ainsi que l’hydro-

dynamique n’a aucun impact sur l’absorption d’énergie dans le système pour des impulsions

ultrabrèves. En conséquence, à la figure 3.3, seules les équations (3.2-3.4) et (3.7-3.8) doivent

être résolues. Cela simplifie considérablement le problème et réduit les ressources computa-

tionnelles requises à sa résolution. Ainsi, alors que le modèle complet requiert plusieurs jours,

voire plusieurs semaines à résoudre, ce modèle simplifié ne demande que quelques heures de

calcul. Il est donc beaucoup plus pratique pour e↵ectuer des tests rapides afin d’évaluer le

potentiel de structures ou de paramètres d’impulsion particuliers. La prochaine section pré-

sente un exemple d’analyse comparant le potentiel de AuNPs et de AuNRs de tailles variées

pour la nanochirurgie cellulaire.

6.4 Influence de la taille et de la forme des nanostructures sur leurs perfor-

mances

Nous avons appliqué le modèle simplifié à l’analyse du potentiel de performance de AuNPs

et de AuNRs de diverses tailles soumis à une impulsion laser de 100 mJ/cm2, 800 nm, 45 fs.

Cette fluence a été choisie à partir de récents travaux qui ont montré que des fluences locales

de l’ordre de 100 mJ/cm2 o↵rent de meilleurs résultats que des fluences locales de l’orde

de 200 mJ/cm2 pour l’optoporation de cellules à l’aide de AuNPs (résultats non-publiés).

Dans le cadre de la nanochirurgie par laser, nous dégageons deux paramètres de performance

importants

1. La taille des bulles créées, reliée à l’énergie totale déposée dans le système, tel que vu

à la section précédente.

2. La densité d’énergie absorbée à l’intérieur de la nanostructure, reliée à son élévation en

température et à sa possible fragmentation.

En résumé, la nanostructure idéale, pour une énergie laser donnée, induira l’absorption

d’une grande quantité d’énergie dans le milieu (E
d

, en J), provoquant ainsi le phénomène de

cavitation qui est à la base des dommages cellulaires importants utilisés en nanochirurgie.
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Par contre, la densité d’énergie absorbée dans la nanostructure (⇢
E

, en Jm�3) doit rester

aussi faible que possible afin d’éviter que celle-ci ne soit fragmentée lors de l’interaction laser,

ce qui pourrait provoquer des problèmes de cytotoxicité en plus de proscrire l’utilisation de

procédés utilisant de multiples impulsions.

Nous appelons le couple (E
d

, ⇢

E

) le facteur de mérite. Nous avons calculé ce facteur de mérite

pour des AuNPs de diamètres allant de 60 nm-250 nm (hors-résonance pour une irradiation

à une longueur d’onde � =800 nm) et pour des AuNRs d’aspect 4.1 de di↵érentes tailles

allant de 10⇥41 nm2 à 80⇥328 nm2 (en-résonance à � =800 nm). Les résultats sont présentés

à la figure 6.3. La ligne verte à la figure 6.3 représente la densité d’énergie approximative

provoquant l’atteinte de la température de fusion à l’intérieur de la nanostructure. Celle-ci

est calculée de manière simplifiée comme étant :

⇢

fusion

E

⇡
�
T

fusion � T

ambiant

�
C

approx

L

(6.2)

où T

fusion est la température de fusion de l’or massif (1337 K), T ambiant, la température am-

biante (293 K), et Capprox

L

⇡2.5⇥106 Jkg�1K�1 est la capacité thermique de l’or. Bien entendu

le calcul de ⇢

E

n’est qu’une approximation, puisqu’il néglige complètement le transfert ther-

mique avec l’environnement, la modification de la température de fusion avec la dimension

des particules, ainsi que la dépendance en température de la capacité thermique. Néanmoins,

cette approximation de ⇢

E

reste raisonnable dans le cas d’une interaction laser ultrabrève.

Les résultats pour les AuNPs, présentés à la figure 6.3, montre que les AuNPs qui induisent

la plus forte déposition d’énergie aux paramètres laser considérés sont les AuNPs de diamètre

175 nm. Celles-ci permettent de déposer ⇡6⇥ plus d’énergie que les particules de 100 nm de

diamètre (13.5 pJ comparativement à 2.3 pJ), et produisent des bulles d’un diamètre envi-

ron ⇡2⇥ plus important (⇡ 1.4 µm comparativement à 620 nm). En fait, on constate que

des particules de 175 nm irradiée à 100 mJ/cm2 déposent environ la même énergie dans le

système que des particules de 100 nm irradiées à 200 mJ/cm2 (⇡12 pJ d’après les résultats

présentés au chapitre 4.

Au niveau de la densité d’énergie absorbée par les AuNPs, on constate que pour toutes les

tailles étudiées [60 nm-250 nm], celle-ci demeure en deçà de la limite permettant d’atteindre

une température près de la température de fusion. Cela s’explique par le fait que les particules

sont hors-résonance avec la longueur d’onde incidente (800 nm) et n’absorbent que très peu

l’énergie du laser. Tel qu’expliqué à la section 6.1, cela constitue un avantage majeur de la

nanochirurgie par laser ultrarapide amplifié utilisant des particules hors-résonance.

Concernant les AuNRs, l’inspection de la figure 6.3 révèle que l’énergie maximale est déposée

par des AuNRs de 40nm⇥164 nm2, mais que celle-ci reste en deçà de l’énergie déposée par

une AuNP de 175 nm. Cela est probablement dû au rayon de courbure réduit des NRs qui
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crée un champ proche plus confiné, et qui par conséquent donne accès à un nombre réduit

de molécules d’eau pouvant être ionisées. Aussi, on remarque que ces NRs présentent une

densité d’énergie absorbées de l’ordre de 10⇥ supérieure au seuil approximatif de fusion. Cela

s’explique par le fait que les NRs sont en résonance avec la longueur d’onde incidente et

absorbent fortement l’irradiation laser. Les NRs sont donc sans aucun doute déformés, voire

détruits par l’irradiation laser. Tel que mentionné au chapitre 5, cela représente un inconvé-

nient majeur et diminue drastiquement l’intérêt d’utiliser des NRs en-résonance dans le cadre

de la nanochirurgie cellulaire. Cependant, alors que les conclusions du chapitre 5 se limitaient

aux seuls NRs de dimension 10⇥41nm2, le résultat présenté à la figure 6.3 généralise cette

conclusion à l’ensemble des AuNRs d’aspect 4.1 en résonance à � =800 nm.

En vue des résultats, il serait par conséquent indiqué d’utiliser des AuNPs un peu plus grosses

(⇡175 nm) que celles utilisées dans le cadre de l’étude réalisée par Baumgart et al. (⇡100 nm)

afin de réaliser la transfection cellulaire. Ces particules semblent en e↵et exciter un plasma

beaucoup plus e�cacement dans le milieu tout en présentant une densité d’énergie absorbée

au niveau de la particule qui est similaire. L’utilisation de AuNRs en-résonance n’est pas

indiqué, et ce, quelque soit leur taille.

On constate que cette méthode d’analyse est très utile afin de visualiser rapidement et facile-

ment le potentiel d’une structure particulière pour produire des bulles en milieu aqueux sans

être déformée. Plus une structure est représentée par un point s’approchant du coin supérieur

gauche, plus son potentiel est élevé. L’application de cette méthode à d’autres types de struc-

tures (coeur-couronnes, coquilles, nano-étoiles,...) ou a l’analyse du potentiel de profils tem-

porels d’irradiation particuliers (doubles impulsions, impulsions façonnées temporellement,

impulsions façonnées spectralement) est directe. Une étude systématique dépasse cependant

le cadre de cette thèse et sera le sujet de travaux futurs.
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Figure 6.3 Facteur de mérite de AuNPs de di↵érents diamètres (cercles bleus) et de AuNRs
(cercles rouges) d’aspect 4.1 de di↵érentes tailles lorsque soumis à une irradiation de 100
mJ/cm2, 45 fs, à une longueur d’onde de 800 nm. La ligne pointillée verte présente le seuil
de densité d’énergie (approximatif) qui amène la nanostructure près de la température de
fusion. Les lignes pleines bleues et rouges sont des interpolations.
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CHAPITRE 7

CONCLUSION ET RECOMMANDATIONS

Les travaux réalisés dans le cadre de cette thèse portaient sur l’étude des mécanismes

fondamentaux et des phénomènes physiques induits par l’irradiation d’une nanostructure

plasmonique en milieu cellulaire avec une impulsion laser femtoseconde. Ceux-ci cherchaient

à mieux comprendre et éventuellement à optimiser les procédés de nanochirurgie cellulaire.

Les objectifs, énoncés à l’introduction visaient spécifiquement à :

1. Développer un modèle mathématique capable de simuler adéquatement le dépôt d’éner-

gie, l’élévation de température, l’émission d’ondes de pression et le phénomène de cavi-

tation résultant de l’interaction d’une impulsion laser ultrabrève avec une nanostructure

plasmonique en milieu biologique.

2. Utiliser ce modèle afin de dégager les éléments dominants de l’interaction laser et la

châıne principale des événements menant à la cavitation dans le milieu.

3. Développer un cadre d’évaluation du potentiel de nanostructures plasmoniques parti-

culières pour application en nanochirurgie cellulaire.

Cette thèse a répondu avec succès à l’ensemble de ces objectifs. En e↵et, on y a pré-

senté le développement d’une modélisation mathématique complète de l’interaction laser-

nanostructure dans un environnement aqueux dont le comportement émule adéquatement le

milieu cellulaire. Ce modèle, basé sur une description de type milieu-continu du système eau-

nanostructure, simule le dépôt d’énergie par le laser ainsi que l’élévation de température, la

génération de plasma, l’émission d’ondes de pression et la formation des bulles de vapeur qui

en découlent. Une description adéquate de l’ensemble de ces phénomènes est nécessaire dans

l’optique où chacun peut représenter une source significative de dommage aux structures cel-

lulaires environnantes. Un tel modèle était inexistant dans la littérature et son introduction

a permis l’étude détaillée des procédés de nanochirurgie cellulaire.

Ce modèle a permis d’analyser l’interaction d’une impulsion laser femtoseconde infrarouge

(45fs, 800nm, 200mJ/cm

2) avec une nanoparticule d’or de 100nm hors-résonance plasmo-

nique et avec un nanobâton d’or de 10 ⇥ 41nm2 en-résonance plasmonique. Les résultats

montrent la génération de bulles de cavitation autour des nanostructures pour des fluences

de l’ordre de 100mJ/cm

2. Des expériences de spectroscopie confirment les prédictions du mo-

dèle concernant la taille maximale ainsi que le temps caractéristique de croissance des bulles

créées suite à une irradiation de 200mJ/cm

2 pour les deux systèmes. Ce résultat valide le
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modèle proposé et répond à l’objectif 1.

Pour une irradiation de fluence 200mJ/cm

2, les résultats révèlent la formation d’un plasma

dans le champ proche des nanostructures. Les simulations montrent un transfert énergétique

rapide de ce plasma vers les molécules d’eau générant de fortes ondes de pression qui sont

émises dans le milieu. Elles démontrent de plus l’importance capitale de ce plasma pour le

mécanisme de cavitation. En e↵et, autant pour la nanoparticule que pour le nanobâton, la

majorité de l’énergie du laser est déposée dans le plasma généré dans le champ proche de la

particule, directement dans le milieu, et n’est pas absorbée directement par la nanostructure.

Dans le cas de la nanoparticule de 100nm, les résultats démontrent que la présence de plasma

est même nécessaire pour expliquer la présence de toute cavitation, l’énergie absorbée dans

la nanoparticule n’étant pas su�sante pour entrâıner un changement de phase dans l’eau

environnante.

Dans le cas du système hors-résonance, l’énergie absorbée par la nanoparticule est assez faible

pour que celle-ci ne soit pas endommagée lors de l’interaction. Ce phénomène, confirmé par

des expériences de spectroscopie, confère un avantage considérable aux procédés de nanochi-

rurgie par laser utilisant des nanoparticules hors-résonance. En e↵et, la fragmentation des

nanoparticules peut entrâıner la formation de très petites particules qui sont toxiques pour

les cellules. Le fait que les nanoparticules ne soient pas endommagées réduit donc ce risque

et améliore la sécurité du procédé.

Par contre, dans le cas du système en-résonance, l’énergie absorbée dans le nanobâton est

su�sante pour l’endommager significativement aux fluences requises pour entrâıner la cavi-

tation dans le milieu. Ce résultat est démontré par des expériences spectroscopiques. Aux

fluences sous le seuil de dommage (100µJ/cm2), seul un chau↵age du milieu et la génération

d’un plasma de faible densité par émission photothermique sont observés, et n’entrâınent

pas la formation de bulles. Cela réduit considérablement l’intérêt des nanobâtons d’or pour

la nanochirurgie cellulaire, ou du moins pour les applications de nanochirurgie cellulaire où

la présence de bulles de cavitation est nécessaire. Ce résultat marque aussi une di↵érence

notable avec les procédés utilisant des lasers continus et des impulsions lasers de l’ordre de

la nanoseconde, où l’interaction avec une structure en-résonance est souhaitable et souvent

nécessaire au succès du traitement.

L’étude complète de ces deux cas de figure a permis de constater l’importance prépondérante

du plasma dans le mécanisme de formation des bulles de vapeur et de dégager la châıne

d’événements dominants menant à la cavitation dans le milieu, ce qui correspond à l’objectif

2.

Finalement, une analyse énergétique révèle que la taille de la bulle est principalement contrô-

lée par l’énergie déposée dans le plasma lors de l’interaction laser. Ainsi, on peut évaluer
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la taille des bulles finales à partir de la simulation des quelques centaines de femtosecondes

que dure l’interaction laser. Ce modèle simplifié réduit considérablement les temps de calculs

nécessaires et s’avère utile pour évaluer rapidement les performances d’une structure parti-

culière soumise à une irradiation spécifique.

À partir de ce modèle, nous avons développé un cadre d’évaluation du potentiel de nano-

structures plasmoniques pour leur application en nanochirurgie cellulaire, ce qui correspond

à l’objectif 3. Nous avons par la suite appliqué cette méthode à l’étude de nanoparticules

d’or hors-résonance de di↵érents diamètres et de nanobâtons d’or en-résonance de di↵érentes

tailles soumis à une impulsion femtoseconde. Ce cadre, basé sur un facteur de mérite reposant

sur la minimisation de la densité d’énergie absorbée dans la nanostructure afin d’éviter sa

fragmentation, et la maximisation de l’énergie déposée dans le milieu pour favoriser la créa-

tion de bulle, permet de faire ressortir les nanoparticules d’or de 175nm comme le meilleur

candidat pour les applications de nanochirurgie cellulaire où la présence de bulles est requise.

Il confirme de plus le peu d’intérêt que présente l’utilisation de nanobâtons en-résonance pour

ce type procédé.

Bien que le modèle présenté dans le cadre de cette thèse rencontre les objectifs fixés, un

ensemble de recommandations peuvent être formulées afin d’améliorer la qualité de ses pré-

dictions. En e↵et, bien que le modèle reproduise approximativement le diamètre des bulles

observées dans les deux cas de figure présentés, l’incertitude des mesures expérimentales ne

permet pas de le valider avec précision. Le modèle permet ainsi de dégager les tendances

générales des phénomènes physiques impliqués, mais sa capacité à prédire avec exactitude le

diamètre des bulles formées demeure inconnue. Aussi, plusieurs autres paramètres calculés

par le modèle (pression, densité de plasma, énergie du plasma, température) ne sont pas

directement confrontés à des expériences. Il serait important de développer de nouvelles ap-

proches de mesure pour permettre de valider, et possiblement améliorer, le modèle proposé.

Entre autre, une détection directe de la présence du plasma dans l’eau serait souhaitable afin

de démontrer hors de tout doute le mécanisme proposé dans la thèse.

Il serait aussi nécessaire d’évaluer l’influence de la présence de la membrane cellulaire sur les

processus d’interaction laser et de cavitation. Pour ce faire, il serait intéressant de confron-

ter les prédictions du modèle avec des expériences menées directement en milieu cellulaire.

Des mesures spectroscopiques de la taille des bulles générées directement à proximité de

membranes cellulaires seraient requises. La pertinence d’inclure l’e↵et de la présence de la

membrane cellulaire dans le modèle d’interaction pourrait être évaluée à partir de ce résultat.

De plus une étude de l’e�cacité de transfection cellulaire en fonction de la taille des nano-

particules serait souhaitable afin de valider les résultats obtenus à l’aide du facteur de mérite

introduit dans cette thèse et d’évaluer son utilité réelle à évaluer le potentiel de nanostruc-
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tures pour des applications spécifiques.

En conclusion, l’ensemble des travaux présentés dans cette thèse répond avec succès aux

objectifs du travail énoncés au début de la thèse. D’un point de vue théorique, ces travaux

ont permis de développer une compréhension profonde des mécanismes d’interaction entre

une impulsion laser ultrabrève et une nanostructure en milieu aqueux. Ils o↵rent la première

preuve convaincante que le plasma généré dans le champ proche, et non le chau↵age de la

particule, peut mener à la cavitation dans le milieu sous certaines conditions d’irradiation.

Cette idée nouvelle pourrait influencer de manière significative le développement de nouvelles

technologies relatives à la génération de bulles de vapeur en milieu liquide qui ne se limitent

pas à la nanochirurgie cellulaire.

D’un point de vue pratique, la méthode développée dans la thèse est très générale et est appli-

cable à une panoplie de nanostructures plasmoniques et paramètres d’irradiation di↵érents.

Elle o↵re de très larges possibilités d’exploration et s’avérera sans aucun doute très utile

pour la recherche des structures et paramètres laser adéquats en regard du développement

d’applications spécifiques en nanochirurgie par laser.

Cette thèse est un bon exemple de synergie entre la recherche fondamentale et la recherche

appliquée. Ce type d’approche aura sans aucun doute un rôle important à jouer dans le dé-

veloppement des technologies en nanochirurgie cellulaire et contribuera peut-être à repousser

les limites de l’incursion humaine dans son exploration du vivant et de l’infiniment petit.
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ANNEXE A

Plasma-Mediated o↵-Resonance Plasmonic Enhanced Ultrafast Laser-Induced

Nanocavitation : Supplementary Information

Cette annexe présente le Supplementary Information de l’article retranscrit au chapitre

4 1. Il détaille le modèle utilisé et présente un graphique montrant le comportement oscillatoire

des bulles créées autour des nanoparticules à haute fluence.

1. E. Boulais, R. Lachaine et M. Meunier, Plasma mediated o↵-resonance plasmonic enhanced ultrafast
laser induced nanocavitation. Nano Lett. 12(9), 4763-4669, 2012.
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Supplementary Information
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Laser Processing and Plasmonics Laboratory, Engineering Physics Department, École
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E-mail: michel.meunier@polymtl.ca

Precisions on the model

This section details the complete mathematical model used to describe the interaction between an

ultrafast laser irradiation and an off-resonance plasmonic nanoparticle in water. The whole model,

which includes 10 coupled differential equations (equations (1) to (10)), is summarized in figure 1.

Simulations have been performed using Comsol, a commercial finite-element software distributed

by Comsol inc. (www.comsol.com) on high performance parallel-computing facility provided by

the RQCHP. Full 3D simulation is used for the electromagnetic interaction sub-model as the other

sub-models are solved under axial symmetry.

Electromagnetic interaction

Electromagnetic interaction between the laser irradiation and the nanostructure-water system is

calculated using Maxwell’s equation. A very fast transient, typically in the order of the femtosec-
⇤To whom correspondence should be addressed
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ond, allows to use the harmonic approximation where the field is assumed to be sinusoidal at all

time. Trivial algebraic manipulations along with the assumption of no uncompensated charges and

slow variation of the material properties compared to the electric field oscillation allow to rewrite

Maxwell’s equations as an Helmohltz equation for the electric field (equation (1)). The conductiv-

ity is linked to the permittivity through the well known relation � = ��0� ��, with � , the laser radial

pulsation and � ��, the imaginary part of the relative permittivity. Note that this expression also im-

plies that the energy loss by the field to photoionize the material is negligible when compared to

the energy loss to plasma heating. Calculations show that this condition is verified in our case.

Gold optical properties are assumed constant throughout the process and are taken from.1 Water

optical properties are taken from.2 Plasma generation inside the water medium however affects the

optical properties, its impact being modelled as a Drude permittivity.3

� = �� � ne2

�0m(�2 + j��c)
(11)

where �� is the water relative permittivity, m is the electron mass and �c is the electron scatter-

ing time. Proper discussion on the evaluation of �c is given later.

Two-temperature model

Thermodynamic evolution of the gold nanostructure is modelled using an hyperbolic two-temperature

model based on the Boltzmann transport equation4 (equation (2) to equation (4)) . Parameters and

material properties used in the two-temperature model are summarized in Table 1. The gold nanos-

tructure couples with its environment in two ways. Energy is transferred from the gold lattice to

the water molecules through a conduction process. However, only a finite rate of heat can be trans-

ferred to the water because of the finite interface conductance. For water/gold interface, the rate of

heat transferred is given in Table 1.

Energy is also transferred from the electrons through thermo-assisted photoemission into the

water. In the range of fluence considered, this emission is described by the Fowler-DuBridge
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theory.5 This ejection process must be distinguished from Fowler-Nordheim emission, where the

electric field is intense enough to allow tunnelling through the barrier, that occurs for electric field

much higher than what is used in this paper. Emitted current from gold is written

J = J0 + cAu
(kbTe)

2

4(3h̄� �W )2 F
✓

3h̄� �W
kbTe

◆
I3n (12)

where J0 is the usual thermionic emission expression, cAu is the three-photons ionization cross-

section, � is the laser radial frequency, kb is the Boltzmann constant, W is the extraction potential,

I is the laser intensity and F(x) is the so-called Fowler function.

Note that the increase in the extraction potential due to the degeneracy of the electron plasma

has been taken into account. However, no corrections concerning the polarization of the particle

have been applied. Polarization should indeed limit the emitted current from the particle.6 The

idealized calculated emitted current is thus only a limit current, the real current being lower. As

shown in the main paper, carriers generated by this idealized thermal emission are negligible when

compared to other sources, so that the real current will also be negligible.

Plasma in water

Equations describing plasma dynamics in water correspond to equation (6) and equation (7). Con-

stants and plasma properties used in the plasma dynamics model are summarized in Table 2. Note

that equation for �ei in Table 2 simplifies to the classical result from Fokker-Planck theory in the

limit where electron plasma is non degenerate.7

Water dynamic

Equations describing water dynamics correspond to equation (8) to equation (10). Those three

partial differential equations are completed by an appropriate equation of state. Both IAPWS958

and SESAME9 equations of state are used in their own pressure and temperature validity range.

Thermal conductivity, viscosity and surface tensions expression are also supplied by the IAPWS
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database.

Table 1: Gold properties

Parameter Symbol Value Ref.
Gold density �g =19300 kgm�3 10

Electronic density of state g(�) Theoretical density of state 11

Electronic heat capacity Ce standard calculation from g(�) 12

Lattice heat capacity Cl

= �g(109.579+0.128Tl �
3.4⇥10�4T 2

l +5.24⇥
10�7T 3

l �3.93⇥10�10T 4
l

+1.17⇥10�13T 5
l )Jm�3K�1

10

Electron collision time �g
e = (1.2⇥107T 2

e +1.23⇥1011Tl)
�1s 13

Ion collision time �g
l =0.8 ps 4

Sound velocity vl ⇡ 2000 m/s 14,15

Lattice thermal conductivity Kl = 1
3v2

l �g
l Cl

16

Ambiant electron-phonon coupling G0 =2.5⇥1016 Wm�3K�1 17

T-dependant electron-phonon coupling G = G0
g(� f )

�
g2 (�)

⇣
�� f

��

⌘
d� 17,18

Phonon mismatch factor q0 =105⇥106 Wm�2K�1 10

Three-photons ionization cross-section cAu =1⇥10�7 Acm4

MW 3
19

Gold/water extraction potential W =3.72 eV 20

Heat transfer at the water/gold interface ql|� = q0(Tl �Tm) 10

Electromagnetic rate of work SEM = 1
2Re [J⇤ ·E] = 1

2�� ��|E|2 21

Precisions on the optical setup for bubble diameter measurement

The pump laser is a 6mJ,45 f s (Spitfire Spectra Physics) laser which wavelength is centred at

800nm with a 1kHz repetition rate. The probe laser is a continuous wave 5 mW He:Ne at 633nm.

Pump and probe laser are both focussed on a 5.5µm radius area, as deduced from a combination of

knife-edge and direct CCD measurement. The sample contains 1.2 ⇥ 109 particles/mL of 100nm

diameter gold nanospheres from the company Spi supplies (www.2spi.com). Variation of the ex-

tinction coefficient of the sample is measured with a Thorlabs 1601-Fs-AC 1GHz Si photoreceiver

which photocurrent is read by a 500MHz Agilent oscilloscope.
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EM interaction
Eq. 1

Electromagnetic interaction

Two-temperature model
Eq. 2,3,4,5

Plasma dynamics
Eq. 6,7

Water dynamics
Eq. 8,9,10

(1)

(2)

Two-temperature model

(3) � e
Au �qe

�t
+ qe = �� e�Te

Cl
�Tl
�t

+��ql = G Te �Tl( )(4)

� l
Au �ql

�t
+ ql = �� l�Tl(5)

Equations Variables
E  : Electric Field 
k0  : Wave number     
Jr   : Complex relative permittivity

G   : Electron-phonon coupling    
SEM     : Electromagnetic rate of work
Te  : Electronic temperature
Tl   : Lattice temperature
qe    : Electronic heat current density
ql     : Lattice heat current density
Ce  : Electronic heat capacity
Cl   : Lattice heat capacity
YAu

e   : Electron scattering time
YAu

l     : Phonon scattering time
Pe : Electronic thermal conductivity
Pl : Lattice thermal conductivity

Plasma dynamics

(6)

u        : Plasma kinetic energy
ne      : Plasma density
Jn           : Electron current density
Jq           : Thermal current density
Qei      : Electron-ion energetic coupling
Qrad    : Energetic loss by radiation
Sphoto  : Photoionization rate
Scoll    : Collision ionization rate
Srec    : Collision ionization rate
������������ :��Ionization potential

�ne
�t

+��Jn = Sphoto + Scoll � Srec(7)

Water dynamics
��
�t

+�� �v( ) = 0(8)

(9)

(10)

W� : Water density
v  : Water velocity
Tm : Water temperature
S : Water entropy
P : Water thermal conductivity
M : Viscosity coefficient
Xs : Surface tension
Ps : Bubble curvature
Is : Dirac delta with a support on the
   bubble interface
n : Unit vector normal to 
    the bubble surface

Ce
�Te
�t

+��qe �G Te �Tl( )+ SEM

�u
�t

+��Jq = SEM �Qei �Qrad

� ��Scoll � Srec u / ne( )

�Tm
�S
�t

+ v ��S�
��

�

	 = �� ��Tm( )

+ 1
2
� �vi
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Figure 1: General picture of the nanocavitation model
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Table 2: Plasma dynamics

Parameter Symbol Value Ref.
Collision cross-section �a = 2⇥10�19 m2 22

Free electron mass me =9.109⇥10�31 kg –
Collision ionization cross-section �0 =8.97⇥10�22 m2 23

Electron velocity ve Calculated from g(�) 12

Electron chemical potential µ Caclulated from g(�) 12

Ionization potential � =6.5 eV 24

Effective extraction potential �̃ Expression from Keldysh theory 24

Plasmon frequency �p =
�

nee2

me�0
25

Valence electron density n0 =6.68⇥1022 cm�3 24

Initial neutral molecule density na0 =3.34⇥1022 cm�3 –
Neutral molecule density na =(na0 �0.5ne) –
Plasma recombination time �w

e =2⇥10�9 cm3s�1 24

Normalized kinetic energy � = u/�̃ 27

Collision ionization frequency �ci
= na0(1�ne/n0)�0ve[(7.5� �

1)
p

��e�1/� (3.5� 2 �3� +1)er f c(1/
p

� )]
27

Photoionization rate Sphoto Expression from Keldysh theory 24,28

Recombination rate Srec = �w
e n2

e
24

Electromagnetic rate of work SEM = 1
2Re [J⇤ ·E] = 1

2Re [�⇤] |E|2 21

Collision ionization rate Scoll = �cine
27

Plasma collision frequency
with ionized species �ei = min

✓
�pp

6
, Ze4ne�

3�2
0 m1/2

e (2�Te)
3/2(1+e�µ/kbTe)F1/2

◆
26,29

Fermi integral of order j Fj = 1
�( j+1)

� �
0

t jdt
1+et�µ/kbTe

26

Coulomb Logarithm � = 1
2 ln

✓
1+

⇣
bmax
bmin

⌘2
◆

26

Maximal impact factor bmax =

✓
n2

e
�0kb

p
T 2

e +T 2
F

+
n2

e
�0kbTm

◆�1/2
26

Minimal impact factor bmin = max
⇣

Ze2

4��0mev2
e
, h

2meve

⌘
26

Plasma collision frequency
with neutral species �en = na�ave

27

Electron-ion energetic coupling Qei = 3me
mi

ne(�ei +�en)kb(Te �Tm) 30

Energetic loss by plasma radiation Qrad = 1
4��0

4e2(kbTe)
2

p
3h̄mc3 ne(�ei +�en)

30

Electron current Jn = (�1/e)(L11(�µ/e)+L12(��Te))
31

Heat current Jq = (�1/e)(L21(�µ/e)+L22(��Te))
31

Onsager coefficients Li j Expression from semiclassical
theory of conduction

31
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Evidence of oscillatory bubble behaviour

Figure 2 shows the experimental variation of the transmitted power from a He:Ne CW probe fol-

lowing a 45 fs, 800 nm irradiation of a sample containing 1.2⇥109 particles/mL of 100 nm diam-

eter gold nanopsheres at 450 mJ/cm2. The presence of oscillation is usually linked to successive

growth and collapse phases of vapour bubbles,32–37 clearly indicating that the signal is due to

vapour bubbles.
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Figure 2: Experimental variation of the transmitted power from a He:Ne CW probe following a
45 fs, 800 nm irradiation of a sample containing 1.2⇥109 particles/mL of 100 nm diameter gold
nanopsheres at 450 mJ/cm2. Oscillatory behaviour is indicated on the figure.
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ANNEXE B

Plasma-Mediated Nanocavitation and Photothermal E↵ects in Ultrafast Laser

Irradiation of Gold Nanorods in Water : Supporting Information

Cette annexe présente le Supplementary Information de l’article retranscrit au chapitre

5 1. Il apporte des précisions sur les oscillations mécaniques observées expérimentalement et

explique la méthode permettant d’obtenir le diamètre maximal de la bulle à partir des études

spectroscopiques présentées dans le manuscrit principal.
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Structural Oscillations

The structural oscillation of nanostructures following a laser irradiation can be modelled with the

following equation1

��(t) = A0e� t
T1 e

� t2

T⇤2
2 sin

✓
2�t
T0

+�
◆

+A1e�t/�cool (1)

where �� is the absorption time variation, T1 is the homogeneous damping due to friction,

T ⇤
2 is the inhomogeneous damping due to the dephasing effect coming from the size distribution

within the sample, T0 is the oscillation period and �cool is the heat transfer from the nanostructure

to its environment.

T1 is fixed at 261ps, as in the paper from Pelton et al.1 We used TEM imaging to determine the

size distribution within the nanorod sample. Results are presented in figure 1. An average length

of L0 = 46.9nm has been found, with a standard deviation �L = 3.4nm.
⇤To whom correspondence should be addressed
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The oscillation period T0 can be calculated from the thin rod theory.2

T0 =
2L0p
E/�

= 63.6ps (2)

The inhomogeneous damping can be calculated from this value and the standard deviation

T ⇤
2 =

T 2
0
p

E/�
2
p

2��L
= 198ps (3)

A0, A1, � and �cool are used as fit parameters. Regression gives : A0 = 0.06, A1 = 0.55, � = 1.8

and �cool = 174ps.The result is in good agreement with the experimental observation, as shown in

figure 4b of the paper.

Figure 1: Length distribution in the gold nanorods colloidal suspension from TEM imaging. TEM
imaging of the gold nanorod suspension is shown in inset.

Melting temperature of a gold nanorod

For a nanostructure, the melting temperature is dependant on the dimension of the particle. We

define the geometric parameter � 3

182



� =
�s

4�
�3V

4�
�2/3 (4)

where �s is the particle’s surface, and V is its volume. The corrected melting temperature can

than be written

Tf = T 0
f

✓
1�6� d0

De f f

◆
(5)

where T 0
f is the bulk melting temperature(1338K for gold4), d0 is the atomic radius (144pm for

gold5) and De f f is the effective diameter of the particle, defined as

De f f = 2
✓

3V
4�

◆1/3
(6)

For a 10nm⇥41nm gold nanorod, De f f = 17.8nm, � = 1.29 and Tf = 1254K.

Calculation of the average bubble diameter from light scattering

experiment

In the section entitled Experimental detection and characterization of the vapor bubbles in the

main manuscript, the analysis of the light-scattering signal shown in figure 9b must take into con-

sideration the random orientation of the AuNRs relative to the laser polarization. In particular, we

are interested in finding the diameter of the bubbles produced by AuNRs aligned with the polar-

ization.

We first performed simulation of the energy deposited in the particle-water system, using the model

presented in the section Theoretical Methods in the main manuscript and detailed in,6 as a func-

tion of the angle between the laser polarization and the AuNR’s longitudinal axis. The result is

presented in figure 2 and shows that the deposited energy Ed scales as
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Ed = Emax
d cos(� ) (7)

where � is the angle between the polarization vector of the electric field and the AuNR’s lon-

gitudinal axis. According to Siems et al.,7 the diameter of the vapor bubble scales with energy

as:

dbubble = AE0.45
d (8)

In a spherical coordinate system, at a given fluence and for a given polarization orientation

(� ,�) incident on a AuNR with its longitudinal axis along the x axis, the bubble diameter can be

expressed as:

dbubble = dmax
bubble [|sin(�)cos(�)|]0.45 (10) (9)

with dmax
bubble, the diameter of the bubbles generated with a polarization parallel to the AuNR’s

longitudinal axis. Hence, the experimentally deduced absorption coefficient �exp can be written

as:

�exp =
N

�
�(dbubble(� ,�))sin(�)d�d��

sin(�)d�d�
(� wpump)

2

w2
probe

(10)

so that

T = e��exp(� L) (11)

where T is the transmissivity of the probe beam, N is the nanorod concentration, L is the Rayleigh

length and �(dbubble(� ,�)) is the extinction cross-section associated to a vapor bubble of diameter

dbubble around a AuNR. � is a corrective factor accounting for the reduction of the effective focal

volume due to the non-linear effects in water, and has been evaluated as � =
p

5/5 by Vogel et al.8

for a 800nm laser. Note that the pump and probe waists (wpump and wprobe) are equal and measure

(6 ± 1)µm. Knowing the function �(dbubble(� ,�)) from Mie theory and from the expression for

dbubble(� ,�) given in equation 9, we may inverse equation 10 to get the bubble diameter dmax
bubble

associated to the AuNRs that are aligned with the polarization. For a fluence of 200mJ/cm2,

results show a diameter dmax
bubble ⇠ 430nm. Note that the Mie theory can be used for bubbles larger
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than ⇠ 100nm as the presence of the nanostructure then influences very weakly the total extinction

cross-section that is dominated by the vapor bubble.9

Figure 2: Simulation of the energy deposited in the water-AuNR system as a function of the angle
between the laser polarization vector and the AuNR’s great axis for a 45 f s, 800nm, 200mJ/cm2

pulse.
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