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Abstract

A theoretical model of the optical breakdown phenomena during picosecond and fem-
tosecond laser pulse exposure with gold nanoparticles in water was developed. The model
provides new and valuable insight into the dependence of the optical breakdown on the
wavelength, morphology and environment in the vicinity of the nanoparticles. The de-
veloped model was successfully validated against experimental data, which also revealed
some insights to the criterion for optical breakdown. Three studies were performed using
the model.

In the first study, the effects of the dielectric environment on the optical extinction
spectra of individual bare and silica-coated gold nanorods were examined. The experi-
mental extinction spectra of an individual gold nanorod was compared to a calculation
from a numerical model that included environmental features present in the measure-

ments and the morphology of the corresponding nanorod measured by transmission elec-



tron microscopy. The combination of these experimental and theoretical tools permitted
a detailed interpretation of the optical properties of an individual gold nanorod.

In the second study, a strongly coupled finite element model of nanoparticle-mediated
optical breakdown phenomena was developed. This model was used to theoretically study
a 6 ps laser pulse interaction with uncoupled and plasmon coupled gold nanoparticles.
The study showed how the one-dimensional assembly of nanoparticles affects the opti-
cal breakdown threshold of its surroundings. The optical breakdown threshold had a
stronger dependence on the optical near-field enhancement than on the volume of the
nanostructure or its absorption cross-section.

Finally, a model was developed to study the wavelength dependence of the threshold
of gold nanorod-mediated optical breakdown during picosecond and femtosecond near
infrared optical pulses. This study showed that the wavelength dependence in the pi-
cosecond regime is governed solely by the changes of the nanorod’s optical properties. On
the other hand, the optical breakdown during femtosecond pulse exposures was found to
depend on the multiphoton ionization and its wavelength dependence when, E..,, the
ratio of the maximum electric field from the outside to the inside of the nanorod was
greater than 7.

The developed model and conducted research deepens the understanding of the nanoparticle-
mediated optical breakdown in water and updates the theoretical formulation of the

process with the latest findings, which leads to advancing this technology further.
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Chapter 1 | / \
Introduction *

In this chapter an overview of the nanoparticle-mediated optical breakdown mechanism
will be given, and it will be followed by a motivation and the specific aims that the author

pursued in this thesis.

1.1 Nanoparticle-mediated optical breakdown and its

applications

In {1963, Meyerand and Haught [I] reported the breakdown of gas at optical frequencies,
which has been actively studied since [2H5]. The laser induced breakdown (LIB) phe-
nomena is the process of free electron plasma generation during interaction of a dielectric
material with the strong field of a laser pulse. Strong field ionization of the optically
transparent material makes it an electrical conductor. When the density of free electrons
reaches the critical value of 10'® — 102! cm™3, plasma strongly absorb laser pulse energy
so that the temperature of the plasma increases drastically and leads to rapid expansion
and destruction of the material. Initially this phenomenon was viewed as an undesirable
process that causes severe problems during laser machining. Nevertheless, with an im-
proved understanding of the process and the physics behind it, optical breakdown has
become a valuable tool in such applications as laser-induced breakdown spectroscopy [6],
laser machining of transparent media such as glasses or polymers |7, 8], and manipulation
of biological samples [9].

Plasmonic nanoparticles, such as gold nanorods, can enhance the application of optical
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breakdown. One such application is optoporation. In optoporation a laser pulse interacts
with the cell membrane to form a pore caused by the optical breakdown of the medium
[10, I1]. The exogenous molecules and nucleic acids can enter the cell through the
osmotic pressure difference between the medium and the cytosol. The disadvantages of
optoporation (without nanoparticles) are the high cost of a laser system, the inability to
perform optoporation on multiple cells at a time, and the need for a precise alignment
of the laser beam to the cell membrane. These disadvantages can be eliminated by
the addition of plasmonic nanoparticles that are actively used in biomedical applications
such as plasmonic photo-thermal therapy [12HI5], cell detection and imaging [T6HIS|. The
nanoparticles can target specific cells and act as a localized nano absorbers of the laser
energy so that instead of alignment of the laser to a specific cell, a broad illumination can
be used and the optoporation will be induced only at the localization of the nanoparticles.

LIB in the vicinity of gold nanoparticles is an area of an active research. In addition
to optoporation, it is being studied for applications in many areas in medicine and biol-
ogy, such as nanoparticle enhanced LIB spectroscopy [19, 20], cell nanosurgery [21H23]
and drug release [24]. Such a broad range of applications stems from the gold nanoparti-
cles” unique optical properties in the visible and near-infrared (NIR) wavelengths, where
biological tissues are most transparent to incoming laser irradiation. Highly localized
mechanical [I6], thermal [I3] or optical effects [25] can be achieved due to the nanoscale
localization of the light that is cause by a gold nanoparticle. The interaction of light
with a gold nanoparticle induces a localized surface plasmon resonance (LSPR), where
the oscillation of quasi-free electrons along the gold nanoparticle’s surface produces a
near-field enhancement of the incident radiation. The spectral characteristics of LSPR
are highly dependent on the nanoparticle morphology (shape/size/composition), aggre-
gation, dielectric properties of the external environment [26].

An optical breakdown threshold is the laser irradiance needed to cause the LIB and
is often used to characterize optical breakdown. Experimentally, optical breakdown in
liquids is observed through luminescence or bubble formation. Theoretically, optical
breakdown is usually defined as heating by the plasma to the boiling temperature of the
medium or reaching a critical electron density in the medium, which is on the order of
Perit & 101 — 1021 ecm ™3 [27].

Due to the computational nature of this thesis, the optical breakdown threshold will

be refered to the laser irradiance needed in order to generate a critical electron density
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up t0 periy & 1020 — 102! em ™ [27]. The optical breakdown threshold is a function of the
electric field strength, laser pulse duration and wavelength. In nanoparticle-mediated
LIB the electric field in the vicinity of the nanoparticle is enhanced due to their LSPR
[22]. Nanoparticles can enhance optical breakdown using nanosecond (ns) [10, 28-30], pi-
cosecond (ps) [31H33] and femtosecond (fs) [34H36] laser pulses. Moreover, one can choose
from a large variety of plasmonic nanoparticles available today to achieve different elec-
tric field enhancements in the vicinity of the particle at various wavelengths, allowing
for modulation of the optical breakdown threshold. Therefore, a combination of exci-
tation wavelength and nanoparticles morphology will determine the optical breakdown
threshold.

Nanoparticle-mediated optical breakdown is a complex process due to the large vari-
ety of parameters involved, such as laser source characteristics (fluence/wavelength /pulse
duration) and nanoparticle morphology (size/shape/composition). Therefore, the opti-
mization and control of a nanoparticle-mediated optical breakdown threshold is chal-
lenging. Computational analysis can be used to model the optical breakdown process
and to obtain insight into the LIB process. Although the computational modelling of
nanoparticle-mediated LIB is difficult, there are many unanswered questions, such as how
the optical properties of the nanoparticle are influenced by its local environment, and how
the threshold of LIB depends on morphology of the nanoparticle and laser parameters,

that motivate the development of numerical models.

1.2 The mechanism of nanoparticle-mediated optical

breakdown

The mechanism of nanoparticle-mediated optical breakdown is multiscale in nature. The
multiscale nature of the LIB phenomena in space and time is governed by the interac-
tion of the laser light with the nanoparticle that occurs at the nanometer (1-100 nm),
while the generated phenomena (heating, bubble formation, optical breakdown) occurs
at micrometre scale. Furthermore, the time scale of pulse-nanopartcle interaction can be
as small as tens of femtoseconds, while bubble nucleation and growth (which is what is

detected experimentally) can take up to several nanoseconds.
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1.2.1 Optical behaviour of nanoparticles

Knowledge of optical response by a single nanoparticle is of high importance where the
interaction of a laser pulse with the single nanoparticle initiates an optical breakdown in a
cellular environment [32]. The understanding of optical properties of a single nanoparticle
is hindered by unusual quantum mechanical effects, such as LSPR. This makes the optical
behaviour of a nanoparticle quite different compared to the bulk optical properties of the
material. When the size of a nanoparticle is much smaller than the wavelength of incident
light, quantum effects arise due to the high surface-to-volume ratio of the density of atoms
in the nanoparticle.

It is hard to determine the LSPR and optical properties (resonance wavelength and
the LSPR line width) of an individual nanoparticle, experimentally or numerically. The
spectral characteristics of LSPR are extremely sensitive to a nanoparticle’s morphology
(shape/size/composition) [37-40], aggregation [41] and local environment [38]. The LSPR
is affected by the intrinsic size effects of the dielectric function of a nanoparticle [42] 43].

The complex dielectric function of a nanoparticle that affects the LSPR line width and
plasmon resonance position, depends on the bulk damping coefficient, I'yyik = I'epn 4+ Lee,
which is a combination of electron-phonon scattering and electron-electron scattering; the
damping coefficient due to electron-surface scattering, I'g,¢; and the radiation damping
coefficient, I'y,q [42H44]. Precise and detailed knowledge of the damping processes is neces-
sary for the effective optimization of the optical properties of plasmonic nanoparticles, for
their efficient use in field enhancement-based applications such as nanoparticle-mediated
LIB, nanostructure fabrication [45], cell nanosurgery [22], and a laser induced breakdown
spectroscopy [19] 20]. Determination of the damping mechanism and its quantification
in a colloidal solution is hampered by the broad shape and size distributions of nanopar-
ticles resulting in an in-homogeneous line broadening. The single-particle extinction
spectroscopy such as spatial modulation spectroscopy (SMS), can overcome this draw-
back [40, [43]. SMS measures the absolute extinction cross-section of the nanoparticle
and, in combination with transmission electron microscopy (TEM), can also correlate
the dimension of the nanoparticle being examined to its extinction cross-section. SMS is
preferable over scattering-based methods since the absorption cross-section of a nanopar-
ticle is much higher than the scattering cross-section and the size of a nanoparticle is
below 20 nm in diameter [46, 47).



CHAPTER 1. INTRODUCTION

SMS, TEM and numerical analysis are together a powerful combination for the quan-
titative determination of the optical properties of a single nanoparticle. Gold nanorods
are widely used in biological applications [48-50] due to tunability of the longitudinal
plasmon resonance in the visible and NIR wavelengths [49, [5I]. On the other hand, the
absorption cross-section of a gold nanorod (GNR) depends on its size. For a smaller
GNR, the absorption cross-section is higher than the scattering cross-section. The tun-
ability of a plasmon resonance and a large absorption cross-section makes GNRs highly

attractive for single particle absorption spectroscopy measurements and studies of line

widths of LSPR [52].

1.2.2 The process of nanoparticle-mediated optical breakdown

in water

Nanoparticle-mediated LIB is a non-linear laser energy absorption process that produces
a low-density plasma in the surrounding region of the nanoparticle. Plasmonic nanopar-
ticles, such as gold nanospheres and nanorods, enhance the electromagnetic field of light
and strongly absorb the light. LIB is usually induced when the laser irradiance surpasses
a certain threshold (which will henceforth be referred to as the optical breakdown thresh-
old, Iyy,). At this threshold, the free electron density in the medium exceeds a critical
value, which has been found to be in the range of 10'® — 10?! cm™3 [5, 27, 63-57]. The
interaction of a strong electromagnetic field with a gold nanoparticle in an aqueous media
(which models a biological environment) can initiate breakdown either through multi-
photon absorption and the tunneling effect (usually referred as a laser induced optical
breakdown (LIOB)) [57, 58|; through a thermal initiation pathway (also known as laser
induced thermal breakdown (LITB)) [59, [60]; or through the photo-thermal emission
(PTE) of hot electrons off the nanoparticle surface [61, 62]. After some seed electrons
have been generated via a combination of the processes mentioned above, the plasma
starts to gain sufficient kinetic energy from the laser pulse by inverse Bremsstrahlung
absorption (IBA) and grows through impact ionization, known as electron avalanche
[63]. LIB induces breakage of molecular and atomic bonds and will be accompanied by
luminescence, cavitation, bubble and shock wave formation [55, [64].

In an aqueous medium without nanoparticles, the initiation of multiphoton absorption

for LIOB will require between six and twelve photons with the same polarization to
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exceed the band-gap energy of water, which is ~ 6.5 eV [27]. LIOB occurs when the
optical breakdown threshold is in the range ~ 10" —10'® W /cm? is surpassed in the focal
region of the laser beam [27, 65]. For nanosecond pulses [59] or ultrashort pulse sequences
separated by times in the order of the free electron energy thermalization time [66], LITB
is a significant source of seed electrons, pseeq (Which is required to initiate the avalanche
ionization (AI) [59]), when temperature of the medium increases above approximately
5000 K. LITB starts with linear absorption and thermal ionization (TI) of the aqueous
medium and continues with non-linear AI. The introduction of gold nanoparticles into
an aqueous medium will lower the LIB threshold and provide an additional source of
seed electrons form a PTE of hot electrons off the nanoparticle surface [62) 67]. During
nanoparticle-mediated LIOB with pulses < 10 ps the nanoparticle’s lattice temperature
is kept below the melting point 1337 K (for gold nanoparticles with diameter above 10 nm
[68]) since the photon energy at this time-scale is transferred to the electrons in the gold
nanoparticle and diffusion is minimized [69} [70]. The gold nanoparticles therefore retain
their optical properties during LIB with pulses <10 ps. Compared to femtosecond lasers,
ultrashort picosecond lasers (with pulse duration between 1 to 10 ps) are beneficial due to
their cheaper operational cost, ease of maintenance and higher power specifications. Such
ultrashort pulses (few picoseconds) can be achieved using Nd:YAG and Nd:YVO4 crystals

in passively modulated mode-locked lasers, that are widely used in micromachining [71].

1.2.2.1 The wavelength dependence of band structure of water

Nanoparticle-mediated LIOB depends on the ionization energy, the level of impurities in
the medium, nanoparticle morphology and concentration, and the laser beam properties
(pulse duration, intensity and wavelength) [22]. While the electric field enhancement in
the vicinity of a nanoparticle is dependent on both morphology of the particle and the
wavelength of irradiation, the optical breakdown threshold, Iy, in pure water (as a model
for biological media [72]) is also wavelength dependent [73H75]. Linz et al. [74] investi-
gated the wavelength dependence of Ii;, for nanosecond (ns) and femtosecond (fs) LIOB
in pure water [73H76]. The study demonstrated, both experimentally and theoretically,
the need for a correction to the band gap structure of water and an introduction of an ad-
ditional ionization path. This was in conflict with prior models of water as an amorphous

semiconductor [77] with an energy gap between the valence and the conduction bands
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of 6.5 eV [53]. The need for corrections to the band structure of water became obvious
when it was found that the direct ionization of an electron from the valence band (VB) to
the conduction band (CB) occurs only with an excitation photon, Fe > 9.5 ¢V [78, [79],
and that the band gap of 6.5 €V is really the minimum energy (initiation energy, Fi,;)
for direct ionization of the valence electron into an intermediate solvated state [8(]. That
implies that in the visible and near-infrared wavelengths, the breakdown initiation occurs
only as a two-step process: first, by multiphoton absorption of valence band electrons
into a solvated state ([11 !B1) and then by upconversion into the CB via multiphoton
absorption or by stepwise excitation through intermediate p states |74, R1]. Linz et al.
[74] showed that these processes can be modelled by selecting Egnp, = 9.5 €V (which
will adequately account for both, vertical (11 eV) and autoionization (9.5 eV) processes
in water) and Ej; = —0.0012A(eV/nm) + 7.58(eV) (for ionization through intermediate
solvated state). It was also found that pgeeq needed to initiate Al had wavelength depen-
dence [74], as well. By fitting a theoretical calculation to experimental data Linz et al.
[74] obtained peeq = (1 cm—3)100-01116 (nm=HA+235,

It is expected that an intermediate initiation channel [74] should not affect I;;, during
nanoparticle-mediated LIOB with long pulses since the seed electron generation will be
dominated by the PTE of hot electrons off the nanoparticle surface [61] (the absorption
regime). However, as the pulse duration decreases, multiphoton absorption and tunnel
ionization start to dominate seed electron generation (the near-field regime). As such,
nanoparticle-mediated LIOB should become wavelength dependent due to the wavelength
dependence of pseq and a lower Ej,; wavelength dependence. To the best of my knowledge,
there has been no study of the wavelength dependence of nanoparticle-mediated LIOB

in water.

1.3 Motivation

1.3.1 Modelling laser induced optical breakdown (LIOB)

The study and understanding of a nanoparticle-mediated LIOB process is complicated
due to its non-linear nature. In such cases, a computational analysis becomes a cost
and time effective tool that can uncover new insights into the LIOB phenomena. For

example, Boulais et al. [22] developed a complex model of the nanoparticle-mediated



CHAPTER 1. INTRODUCTION

LIOB process for a femtosecond pulse exposure of a GNR. The theoretical analysis by
Boulais et al. [67] revealed the existence of two different physical regimes of a free electron
plasma generation in the vicinity of a GNR during ultrafast pulse exposure. For a fluence
lower than 3 mJ/cm?, the gold nanorod strongly absorbed the incident pulse energy and
the majority of the seed electrons were produced by PTE (the absorption regime), while
for fluences higher than 3 mJ/cm? the free electron plasma formation was dominated by
multiphoton absorption due to a high near-field enhancement surrounding the GNR (the
near-field regime).

Although several theoretical papers have been published in recent years [67, [82] 83|,
there are areas where the gaps in the understanding of a nanoparticle-mediated LIOB
still exists. For example, the lack of a detailed theoretical explanation of mechanism of
plasma formation in the vicinity of gold nanoparticles in a picosecond and nanosecond
regime hinders the understanding of experimental results of gold nanoparticle mediated
cell transfection [10, 29, B2, [84]. For such an application as transfection, a complete
theoretical picture of a plasma formation in a picosecond and nanosecond regime with the
use of gold nanoparticles is needed. This will help in the optimization process [84] and will
lead towards a lowering of the cost of a transfection operation, in comparison to utilization
of femtosecond lasers. The lack of knowledge and understanding of how morphology
and assembly of gold nanoparticles plays a role in optical breakdown threshold lowering,
complicates the design and optimization of smart agents for biological applications of gold
nanoparticles in LIOB-related technologies, where gold clusters can target only specific

species based on the chemical and physical conditions of the surroundings 85, [86].

1.3.2 The current state of electromagnetic (EM) modelling

Optical properties of gold nanoparticles can be characterized by empirical and theoret-
ical methods. The experimental approach consists of spectroscopic measurements of a
colloidal solution [87] or individual nanoparticles [46] 88], while the theoretical approach
involves the analytical solution of the Mie [89] or Rayleigh of light propagation through
the medium for spherical objects or numerical solution of the Maxwell’s equations for ar-
bitrary shaped objects. The optical response of the single nanoparticle is highly sensitive
to the particle’s morphology [40]. This high sensitivity is the result of the confinement

of free electrons and plasmon surface resonance effects. The later factors complicate



CHAPTER 1. INTRODUCTION

the comparison of the theoretical models to experimentally measured optical properties
of single and colloidal nanoparticles. Such comparisons are only possible by combining
individual particle spectroscopy with electron microscopy of the same particle, and theo-
retical modelling based on the known nanoparticle’s morphology from the experimental
data [90, OT]. To obtain a good quantitative comparison against experimental data,
size-dependent corrections to the bulk dielectric function [92] of the metal nanoparticle
are needed. These corrections determine the line widths of the surface plasmon reso-
nance and illustrate the competition between radiation damping (for large particles the
radiation damping cause an increase in the line width) and surface scattering (for small
particles the plasmon resonance is broadened by surface scattering). The size-dependent
corrections to bulk dielectric function usually appear as fitting parameters in a numerical
model [8§].

Computational electromagnetic methods (CEM) are numerical techniques that are
widely used to model optical behaviour of plasmonic nanoparticles [93]. The Maxwell’s
equations are usually solved by CEM to model the light propagation, scattering and
attenuation, through the medium or an object. The finite element method (FEM) is a
numerical technique that finds an approximate solution to a partial differential equation
(PDE) by decomposing space into small regions (elements) and equations into a system
of simpler equations. This method is widely used in electromagnetic (EM) to describe
the behaviour of the electromagnetic wave incident on an object [94-96]. FEM has shown
excellent agreement against spectroscopic studies on a single gold nanoparticle [40, [8§]
by incorporating experimental conditions and nanoparticle’s morphology into the model
[40]. An excellent agreement between theory and experiment provides a justification of
the size-dependent corrections to the bulk dielectric function of gold [46, 92] and supports
further numerical analysis of the optical properties and plasmon coupling effects in the

gold nanoparticle assemblies.

1.3.3 The current state of LIOB modelling

To model low-density plasma generation in the vicinity of a gold nanoparticle by a laser
pulse, one should account for several physical phenomena that occur during the pulse,
such as: (1) electromagnetic field interaction with gold nanoparticles and their envi-

ronment, (2) absorption of the pulse energy and heating by the nanoparticle and their
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environment, and (3) free electron plasma generation and its effect on the optical prop-
erties of the environment.

Several theoretical models have been published in recent years to address the theo-
retical description of a nanoparticle-mediated LIOB. To highlight some, Bisker and Yelin
[82] published a theoretical analysis of a short pulse interaction with silver and gold
spherical nanoparticles. Although in their model the authors have varied pulse duration,
size and composition of the particle, their theoretical description is lacking two-way cou-
pling between phenomena involved in a free electron plasma generation; only applicable
to spherical nanoparticles; missing description of PTE and TI as a source of the seed
electron generation; and simplify treatment of water as an amorphous semiconductor
with a band gap, Eg.p = 6.5 €V, rather than using the wavelength dependent Eg,,(\)
[59, [74]. The model by Boulais et al. [62] is more complete and includes a two-way
coupling between physical phenomena involved, can be used for the arbitrary shaped
nanoparticles and was used for femtosecond pulse-particle interaction. The weak points
of the model come in its in applicability for long pulses (>1 ps) or ultrashort pulse se-
quences [59, 66], where thermal ionization of the water becomes important and in the
use of a simplified treatment of the water’s band structure. Also Boulais et al.| excluded
size corrections to the dielectric function of a gold nanoparticle [26] which limits results
to nanoparticles with a diameter bigger than 20 nm, while for smaller nanoparticles,
the optical properties will vary a lot from the bulk [44]. Also this model was used to
model LIOB of a single gold nanoparticle while nanoparticle ensembles become highly
popular in active targeting applications, so that the understanding of how an assembly
of nanoparticles will affect an optical breakdown threshold is needed. Nevertheless, the
theoretical analysis made by Boulais et al. [22], helped to predict the existence of two
regimes of a nanoparticle-mediated LIOB in water - absorption and near-field regimes,
where depending on the intensity of a laser pulse, one can generate free electron plasma
via either PTE (absorption regime, low power of the laser) or multiphoton ionization
(MPI) (near-field regime, high power of the pulse) [67]. Another model that needs to
be highlighted is published by Hatef and Meunier [83]. [Hatef and Meunier, modelled an
interaction of an off-resonance femtosecond pulse with a monomer and dimers of a gold
nanosphere. This study demonstrated how the inter-particle distance affects the laser
energy deposition to the generated free electron plasma with nanoparticle dimers. The

authors omitted PTE and TT in their plasma generation code, and once again used a sim-
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plified picture of water’s band structure and in addition, no corrections to bulk dielectric
function of gold were used.

As it will be shown in Chapter[4] for a complete picture of a free electron production in
the vicinity of a nanoparticle, photo-thermal emission must be considered as a significant
source of seed electrons, even for ultrafast fs pulses. Another attempt at providing
guidance for a rational design of plasmonic nanoparticles for an enhanced cavitation and
a cell perforation was published recently by Lachaine et al. [97]. In this work, Lachaine
et al. developed a methodology that provided a general strategy for a systematic design
of nanoparticles for applications that utilize a LIOB effect. The theoretical framework of
the authors is rather simplistic, which leads to inclusion of many fitting assumptions in
order to match experimental data, that were not properly justified. In some cases, fitting
parameters were not enough to match experimental data. In their model, the authors
used Mie theory to calculate optical properties of the gold nanospheres and nanoshells
(dielectric core silica and gold shell), and a simplistic rate equation to calculate plasma
formation generated by MPI and Al

A comparison table of what were included as the components into the computational
models (showed as green) and excluded (red) components, can be seen in Table All

published models have several major weaknesses:

1. Quersimplification of the band structure of water. As a result, all models need to be
updated in accordance with latest findings of Egap(A) and pseea(A) of water given
by Linz et al. [59], Liang et al. [60], Linz et al. [74].

2. Another weak point of all published nanoparticle-mediated optical breakdown mod-
els is an omission of the thermal ionization, that is important for long pulses (>1 ps)
and ultrashort pulse sequences [59) [66], especially when the optical breakdown
threshold is set by the boiling temperature of the water rather than by a critical

free electron density.

3. Most of the models (except for Boulais et al. [62],[67]) neglect photo-thermal emission

which is an important source of seed electron production for any pulse duration.

4. Most of the models (except for Bisker and Yelin [82]) use the bulk dielectric function
of gold, which is valid only for large particles (with diameter >150 nm).

11
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Table 1.1: Currently published models of a nanoparticle-mediated optical breakdown. Green is referred to
"Yes", while red is referred to "INo". Orange is referred to an applicability of the model to investigate optical
breakdown at this pulse duration. Under "Physics coupling" column a set of variables corresponds to a coupling
complexity, where 0,5 is the absorption cross-section obtained via Mie calculations; F and ), are the electric
field distribution and resistive heat losses, that are obtained from the EM calculation; T,,7T} and T, are the
electron, lattice and water temperatures, respectively; and p, is the free electron plasma density.

aﬂwwﬂmos Nano Oﬂﬂvw__m_mm Size-corrections Hydro- Plasma

Year Authors fs | ps | ns | Assembly | T-way 3-way Fall EM Y wr) | "™ | dynamics [ MPT [ AT [TT ] PTE | Frp() & puea()

2012 lin [82] — S A
2012/13 (id E, T, T\, Tw, Qm, pe

2014 98] E, pe

2015 Hatef and Meunier [83] E, Te, Ty, Qun; pe

2016 Hatef et al. [99] E, T., T1, Qu, pe

2016 Lachaine et al. [97]

2016 | Davletshin and Kumaradas [100 101 E, T, T}, Ty, Qun, pe
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5. Only in one publication, by Hatef and Meunier [83], the authors looked at the plas-
mon coupling effect during LIOB. This was done for the same shape of nanoparticle

with no analysis of how changes to the nanoparticle’s morphology will affect LIOB.

6. Last, but not least, there was no rigorous analysis of the nanoparticle-mediated op-
tical breakdown process with inclusion of all possible phenomena during picosecond

and nanosecond pulse exposure or multiple pulse sequences for all pulse durations.

1.3.4 Challenges in a computational analysis

The main challenges of the computational analysis and optimization of the nanoparticle-

mediated LIOB phenomena come from:
1. The complexity of the optical characterization of a nanoparticle
2. The variety of laser exposure parameters

3. A strongly coupled physics of LIOB.

1.3.4.1 Optical characterization of a nanoparticle

Although a good degree of control in gold nanoparticles synthesis has been achieved, the
high sensitivity of the optical response of such nanoparticles to their morphology makes
it difficult to interpret the optical response measured on ensembles of nanoparticles and
to compare the results to theoretical models. Such comparisons can only be done by in-
vestigating individual nanoparticles of known morphology and developing complete the-
oretical models that take detailed morphology and experimental conditions into account.
This has been done by combining individual nanoparticle spectroscopy with TEM or
scanning electron microscopy (SEM) [90, O1] and theoretical models. Such experimental
and theoretical combinations can also be used to obtain some information on the mor-
phology and intrinsic characteristics of individual nanoparticles and their environment
[46, 88, [©92], TO2H104].

For small nanospheres (<20 nm diameter), the surface plasmon resonance (SPR)
wavelength, Ag, is determined predominantly by the particle’s environment, while the
SPR extinction cross-section, oext(Ar), depends on both the particle size and the envi-

ronment’s refractive index [105, 106]. Therefore, single particle spectroscopy alone can
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be used to obtain information on the particle’s environment, morphology, and intrinsic
characteristics, in situ [I03]. A quasi-static approximation based on Mie theory has been
predominantly used in this case [46, [103], 107], assuming a homogeneous surrounding with
an effective index of refraction to represent the effect of the substrate (if present) and
other heterogeneities in the particle’s environment [90), [108].

For more complex morphologies, such as nanorods, the dependence of the relation-
ship between the optical spectral features and the characteristics of a particle and its
environment cannot be disentangled, making it difficult to fully characterize the particle
geometry from optical measurements alone. Nanorods exhibit a dominant SPR known as
the longitudinal SPR for light polarized along the major axis of the nanoparticle. This
shows up as a strong and well-defined band in their extinction and scattering spectra
[42, B8], centered at a wavelength that is sensitive to small modifications in their local
environment [51, 109]. As compared to spheres, the characteristics of the resonance de-
pend also on the shape and aspect ratio of the particle. If the particle’s dielectric function
and the environment’s refractive index are known, then optical spectroscopy, combined
with inverse modeling, can be used to infer the morphology of the nanoparticle (aspect-
ratio and volume) [88] [I08]. Conversely, if the shape and size of the particle are known
(using correlated imaging of the particle’s morphology), then modeling can provide the
refractive index of the environment or the metal’s dielectric function, as discussed below.
The most common theoretical models have been based on Mie-Gans theory (assuming
spheroidal geometry for the particle), but also on numerical methods such as the discrete-
dipole approximation (DDA), the boundary element method (BEM), the finite difference
time domain (FDTD), and the FEM (FEM; for arbitrary shaped objects). The FEM al-
lows for easy inclusion of arbitrary heterogeneities such as substrates and particle surface
coatings while avoiding dense matrices and will be used here.

Although most investigations have been performed by dispersing the nanoparticles
onto a transparent substrate, optical modeling has frequently assumed a homogeneous
environment and used an effective refractive index, ng,,, as a parameter to describe it 88,
TT0]. The optical response of chemically synthesized nanospheres deposited on a substrate
has been observed to largely vary from particle to particle even within the same sample
[102] 108]. Single particle measurements on elongated nanoparticles have also shown
these fluctuations [40]. The presence of embedding a polymer matrix has been shown to

reduce the sensitivity of the optical properties of gold nanospheres and nanoprisms to
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the surrounding medium’s refractive index |88, [11I]. These findings raise the important
question of the impact of the local environment (i.e., the substrate, surfactant molecules

or residual solvent) on the measured optical properties of complex shaped nanoparticles.

1.3.4.2 Laser source

The pulse duration of the laser, whether it is ns or ps or fs, defines the appropriate physics
behind laser pulse-nanostructure interaction |28, 112]. The correct set of equations is
needed in order to accurately describe all processes in different timescales. The physical
properties of the medium and nanoparticle are also wavelength dependent and must be

accounted for in the modelling [59, [74].

1.3.4.3 Strongly coupled multiphysics phenomena

The EM wave interaction of a laser pulse with an electron structure of a medium and
nanoparticle, initiates a strongly coupled multiphysics phenomena of the LIOB. This
interaction leads to a temperature increase of the nanoparticles’ electrons and lattice
[28, 113|, heat diffusion from the nanostructure to the surrounding medium, PTE of
thermionic electrons off the nanostructure surface [61], ionization of the medium that
includes the terms of a MPI [I14], tunnel ionization, impact ionization [63], TT [59] 66],
changes in the refractive indexes due to high density of free electron plasma, the free
electron plasma collision losses with neutral molecules, and an electron recombination of
ionized molecules [59], melting of the nanostructure, bubble formation and growth etc.
All of the above mentioned phenomena presents a system of a strongly coupled events with
inter-dependency. Such a system of events rapidly becomes a computationally expensive
task to solve.

The gaps in the theoretical description of the nanoparticle-mediated optical break-
down process during fs, ps and ns pulse exposure motivated the development of a
numerical model that addresses the current gaps in the theoretical description of the
nanoparticle-mediated LIOB process, and provide some new insights into the phenom-
ena. The conducted study of nanoparticle-mediated optical breakdown phenomena was
done to help with the development of LIOB-related fields, to advance the understand-
ing of nanoparticle-laser interactions, and to improve design of current experiments by

accounting for all related optical and thermal effects.
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1.4 Thesis objective and specific aims

The objective of the thesis is to develop a fully coupled model of nanoparticle-mediated
optical breakdown in water, that includes the size-dependent dielectric function of gold,
the morphology of the particle, heat transfer in gold nanoparticle and water, a plasma
model that includes MPI, AI, PTE and TT and the wavelength dependence of the band
gap.

The specific aims of the research and this thesis were to:

1. Develop a finite element model of a LIOB in water caused by gold nanoparticles

interaction with laser pulse
2. Test the model against experimental results

3. Use the model to study the role of environment on optical properties of a single

gold nanoparticle

4. Use the LIOB model to study the role of morphology and plasmon coupling on

nanoparticle-mediated optical breakdown in water

5. Use the LIOB model to study the role of wavelength dependent properties of a

nanoparticle and water on optical breakdown threshold

1.5 Thesis organization

Chapter [2] explains the theory of a laser-nanoparticle interaction, including optical prop-
erties of the gold nanoparticle, heat transfer in the nanoparticle and surroundings, and
free electron plasma generation.

Chapter |3| provides an overview of the model and the analysis used is the thesis.

Chapter [ presents the results of a theoretical analysis of:

e a single silica coated and uncoated gold nanorod interaction with the light includ-
ing an experimental quantitative validation that was published in the ACS Nano
journal (2012) by Davletshin et al. [26];
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e a nanoparticle-mediated LIOB process for picosecond pulses. The model was used
to understand the role of morphology on the lowering of the optical breakdown
threshold through the study of a 6 ps pulse interaction at in- and off-resonance
wavelengths with a gold nanorod monomer, and a gold nanosphere monomer, dimer
and trimer. The findings were published in the Beilstein Journal of Nanotechnology
(2016) by Davletshin and Kumaradas [100].

e a study of the wavelength dependence of the band gap structure of the water
during nanoparticle-mediated LIOB. In this study the wavelength dependence of
a gold nanorod-mediated LIOB threshold during infrared exposures to ultrashort
picosecond and femtosecond pulses was analyzed. The findings were submitted to
the Annalen der Physik journal (2016) by Davletshin and Kumaradas [T01].

e and the results of a nanoparticle-mediated optical breakdown model validation
against published experimental data by Lachaine et al. [07]. The findings of the
validation were prepared for publication in Optics Ezpress (2016).

Chapter [5] highlights the significance and conclusions of the work that has been con-
ducted.
Chapter [6] provides a discussion of the optical breakdown definition through plasma

electron density and temperature and provides recommendations for future work.
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Theory

The understanding of the gold nanoparticle optical response to the incident laser pulse
and optical breakdown requires the understanding of the physics of surface plasmon
resonance and free electron plasma generation in the vicinity of colloidal gold particles.
The theory and basic concepts of these disciplines will be introduced in this chapter.
It will include classical electrodynamics for the description of the optical properties of
nanoparticle, a two temperature model for the description of nanoparticle heating due
to interaction with the laser pulse, and a strong field ionization of the water for the

description of free electron plasma formation.

2.1 The electromagnetic model

The phenomena of LSPR can be described via computational electrodynamics, where
one can solve macroscopic Maxwell’s equations. It can be shown that in a nonmagnetic
medium and in the absence of external charges the solution for the electric field, E, can
be obtained from

O*E

1
V(EEV€~) +VXVXE:M05O‘§W7 (21)

where g, €9 and £ are magnetic permeability of free space, electrical permittivity of free
space and complex relative electrical permittivity, respectively. Assuming that the elec-

tric field is time harmonic E(r,t) = E (r) e, where w is the wave’s angular frequency,
and that the spatial variation of the ¢ is negligible, equation then takes form of the
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Helmholtz wave equation:
V xV xE—k3E =0, (2.2)

where kg = wy/Eglto is a wave number in vacuum. Solution of equation with appro-
priate boundary conditions provides the spatial distribution of the electromagnetic field

in the presence of a plasmonic nanoparticle and can predict phenomena such as LSPR.

2.1.1 Size corrections to bulk dielectric function

Two most popular/standard shapes of the gold nanoparticles that are used in biology and
medicine research and therefore studied in this thesis, are nanospheres and nanorods. The
electric field enhancement efficiency and the plasmon resonance position of these particles,
as well as any other plasmon nanoparticles, will be determined by the shape and size of
the nanoparticle. An electric field enhancement of up to 55 - 70 times [22] can be reached
during a gold nanorod interaction with laser pulse at the plasmon resonance wavelength.
Nanospheres can have field enhancement factor of around 5-7 (see Figure .

Gold Nanorod Gold Nanosphere

-

A =860 nm A =532nm

Figure 2.1: Plots of the relative electric field enhancement, E, for 10 x 43 nm gold
nanorod and 30 nm in diameter gold nanosphere, exposed at 860 nm and 532 nm
wavelength, respectively. Relative electric field enhancement, E = |E|/|E, .|, where

|E[ = VE - E* is the amplitude of the total electric field and |Ei,| is the amplitude
of the incident field. E is shown on a colour log-scale.
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Since the size of a nanoparticle plays an important role in their optical properties, it
is crucial to correctly account for nanoparticle’s morphology and the dielectric function
of the nanoparticle during computational modelling. For noble metals, the dielectric
function of a nanoparticle can be described by the free electron model with the contri-
bution of interband transitions, that can not be neglected in the visible frequency range
(A = 400 — 700 nm). Using the Drude-Lorenz-Sommerfeld model [44] and a contribu-
tion of interband transitions, the complex dielectric function can be written as a sum of
susceptibilities ¥™® and yP,

w

2
L+ ", (2.3)

ébmk(&)) - 1 +>~<D +>~<IB — 1 — m

where P is the free electron (Drude) susceptibility and ¥'® is the interband transition
susceptibility, I' is a phenomenological damping constant and wy, is the plasma frequencyﬂ
of the free electron gas. The damping constant in the case of nanoparticles, is a sum
of contributions due to electron interactions with phonons, electrons, lattice defects and
impurities, which is denoted as I'yux = vr/lw; electron collisions and scattering from
the nanoparticle’s surface which is denoted as syt = Avp/Leg; and a radiation damping
which is proportional to nanoparticle’s volume and given by I'y.q = finVy,/m, with n =
(5.541,5) x 1077 fs~!'nm ™3 (averaged based on several experimental data of Novo et al.
[92] and Sonnichsen et al. [46]). [ is the bulk mean free path of the electron between
collisions, vp = 1.41 nm/fs is the Fermi velocity [44], A is a dimensionless constant
(called the broadening parameter) on the order of unity, and Leg = 4V;,/Syp is the
reduced effective mean free path length, where V., and S,, are the volume an surface
area of the arbitrary shaped nanoparticle, respectively.

By accounting for all intrinsic effects and interband transitions the complex dielectric

function of a gold nanoparticle for a size of less than 150 nm in radius is

w? w?

E(w, Leg) = Epuc(w) + P _ p , 2.4
(0 Letr) = o) + 3 o W2 +iw (Fbulk + _hn:r/"p> -

where &,y (w) accounts for the interband transitions and usually taken from experimental

“For gold wy, = /£ = 1.38 - 1016 1/s [A44]

€0Me
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data of Johnson and Christy [115].

For gold nanoparticles with diameters greater than 40 nm, the dielectric function
approximate the bulk dielectric function, which can be obtained from the experimental
data of Johnson and Christy [I15].

2.2 The two-temperature model (TTM) of a gold nanopar-
ticle heating

The laser excitation of conduction electrons in the nanoparticle via plasmon resonance
is followed by plasmon resonance dephasing. Plasmon resonance dephasing occurs either
through the intrinsic damping processes inside of the nanoparticle or electron surface
scattering and photon absorption. Deposited energy excites electrons that spread out to
different levels in the conduction band and rapidly equilibrate via an electron-electron
scattering on a time scale of few 100 fs. Because of such short times, during a fem-
tosecond pulse exposure the temperature of electrons can rapidly reach several thousand
Kelvin. These hot electrons transfer their energy to the lattice of the nanoparticle through
electron-phonon coupling within 7._,, ~ 10 ps [28]. Finally, the energy dissipation to
the environment occurs as a phonon-phonon scattering in the time-scale of ~ 100 ps.
For ultrafast picosecond and femtosecond laser-nanoparticle interaction, where pulse
length is less or similar to the electron-phonon equilibrium time, 7._,, the heat transfer
and coupling between electronic, 7, and lattice, T, temperatures can be described by a
hyperbolic two-temperature model (TTM), which is based on quantum and statistical

mechanics [116]:

0T,
CQW +V- qe = _G(Te - ﬂ) + tha (25)
94, _

Te ot + q, = keV1e, (26)

T
Crar +V 4y =G(T. ~Ty), (2.7)
no + = —m Vi (28)
Qau|w - q0<ﬂ - Tw)7 (29)

22



CHAPTER 2. THEORY

where T, and 1] are the electron and lattice temperatures, C, and C) are the electronic
and lattice heat capacities, g, and g, are the electronic and lattice heat flux vectors, G
is the electron-phonon coupling factor, 7, and 7; are the electron and ion collision times,
ke and k) are the electron and lattice thermal conductivity, T, is the temperature of the
surrounding medium, and ¢o is the thermal conductance at gold-water interface (given
by Plech et al. [68]), respectively.

In equations the speed of heat propagation in space is considerate to be finite,
while the temperature difference between the electrons and the lattice is linked by the
electron-phonon coupling factor G.

When an electric field is interacting with a gold nanoparticle, resistive losses occurs.

These losses, @, [117], can be calculated by electromagnetic theory via:
1 ) .
Qan = (0~ juwe)B B, (2.10)

where R is the real component, and o is the electric conductivity, respectively. Resistive
losses during laser pulse interaction are used in the two-temperature model (TTM) (see
equation as a link to electromagnetic model (eq . Furthermore, heat diffusion
from the gold lattice to the surrounding medium is accounted through interface conduc-
tance, Qauw [L18]. Interface conductance is related to a temperature drop at an interface
of a nanoparticle where a heat flux crossing the interface. This is used as a coupling pa-
rameter between a heat transfer in the nanoparticle (TTM) and the surrounding medium.
The effect of nanoparticle’s size to the heat diffusion mechanism was not accounted for
in our simulations [28]. The effect can be neglected pulse durations studied, but must be
accounted for with longer pulses [118]. It should be also noted that the heat transfer at
gold-water interface will be highly dependent on the molecular coating of the nanoparti-
cle [119, 120]. The effect of various molecular coatings on heat transfer at the surface is
difficult to characterize and was therefore not accounted for in this study. 7, was used
as a coupling parameter between the TTM and Plasma model.

Further details on the TTM and input parameters can be found in the publications
by Chen et al. [I21] and Ekici et al. [118] and also given in the Table [3.3|
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2.3 Heat transfer (HT) in water

The temperature increase in the water, Ty, due to the laser-particle interaction and
plasma heating by the laser pulse is modelled by solving the heat transfer equation. There
were four types of heat sources: 1) interface conductance at the nanoparticle surface,
given by equation ; 2) Joule heating by the plasma interaction with the laser pulse
in the vicinity of the nanoparticle, Q,n; 3) electron collision losses with neutral molecules
dly defined in the Table M; 4) heating through electron

dt ) coll’

recombination of ionized molecules, (‘%‘V)rec (see Table [3.4] for details). Heat transfer in

during impact ionization, (

the water is modelled as,

oTy,

dT, dr.
— = T —= —= . 2.11
Pt at V<va W) * th * ( dt )coll " ( dt )rec ( )

Heating of the nanoparticle’s lattice and the consequent heat diffusion to the sur-
rounding water will lead to a temperature increase in the water possibly resulting in
cavitation or bubble formation [I122]. The details on electron collision losses with neu-
tral molecules during impact ionization and heating through electron recombination of

ionized molecules are given in Table [3.4]

2.4 Plasma generation in water

While cavitation and bubble formation around a gold nanoparticle can be achieved via
photon absorption by the medium and the particle, ultrashort pulses provide an addi-
tional mechanism for bubble formation in the vicinity of the nanoparticle. This mecha-
nism is LIOB which is defined as the nonlinear photon absorption by the media, which
is sometimes also defined as the generation of free electron plasma. The processes of
free electron plasma formation and LIOB in water without nanoparticles depicted in Fig-
ure 2.2} This process is based on multiphoton ionization (MPI) and avalanche ionization
(AI). Sacchi, in 1991} purposed the treatment of water as an amorphous semiconductor
with excitation energy of 6.5 eV (energy required to excite electrons from 1b; orbital to
the excitation band). This approach was adapted by others, where water was treated
with a band gap energy of 6.5 eV.

The electrons occupying valence band can be excited to overcome the band gap by
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Figure 2.2: A schematic of the laser induced optical breakdown processes in water.
During an ultrashort laser pulse interaction with water molecules, ground state elec-
trons (in the VB) can overcome the bandgap, A, by multiphoton ionization (MPI).
Quasi-free electrons, excited electrons with sufficient kinetic energy to escape lo-
cal potential energy barriers, continue to gain kinetic energy via absorption of the
photons. This process is called inverse Bremsstrahlung absorption (IBA). Several
IBA events by quasi-free electrons allows to gain a sufficient kinetic energy (Ee;t) so
that quasi-free electron can ionize another electron in the ground state by molecular
collision. This process is called impact ionization. Recurring sequences of IBA and
impact ionization leads to an ionization cascade (IC), which also known as avalanche
ionization (AI).

either MPI or tunneling [114] 123], or by impact ionization [77, 124]. It is assumed
that quasi-free electron can be produced by the excitation from the valence band (VB)
if the sum of the simultaneously absorbed photons (MPI) or the kinetic energy of an
impacting free electron exceeds band gap energy, Eg,, (Where Eg,, = 6.5 €V is assumed).
An effective ionization potential, A, can be assumed during LIOB with ultrashort pulses

to account for the oscillation energy of the electron due to the electric field of laser pulse
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(see Figure . This ionization potential is given by

~ e2 E2

A= Egp + (2.12)

am/'w?’
where e is the electron charge, E is the amplitude of the electric laser field, w is the
angular frequency of the light, and m/ is the exciton reduced mass (1/m’' = 1/m.+1/m,,
where m, is the effective mass of the quasi-free electron in the conduction band, and m,
is the effective mass of the hole in the valence band).

Once a quasi-free electron is produced by MPI, it can further absorb energy of a
photon through an inverse Bremsstrahlung absorption (IBA) process. When the quasi-
free electron gains sufficient kinetic energy through an IBA, given by F ., = 1.5*&, it can
ionize another electron in the ground state by molecular collision (impact ionization). The
recurring sequences of inverse Bremsstrahlung absorption and impact ionization starts
an avalanche ionization (Al), also known as ionization cascade (IC). Avalanche ionization

can lead to critical free electron density that initiates bubble formation.

2.4.1 The full plasma rate equation

To model the changes of the free electron density and to determine the irradiance thresh-
old for optical breakdown, the generic form of the rate equation for free electron density,

pe, was used [27]:

dpe dpe dpe dptherm dpe dpe
= : 2.1
dt ( dt )photo i ( dt )casc i < dt i dt diff i dt rec ( 3>

The ( %) photo

and tunnel ionization [114] 125 126]. The (%)Casc term adds the contribution of Al

(sometimes called ionization cascade) via requiring sequences of IBA and impact ioniza-

tion [127H129]. The (4%) term adds the thermal ionization rate, that models the free

electron thermal emission in the water [59]. The (%) g and (dcze)rec terms represent

free electron plasma diffusion and recombination, respectively. The details for diffusion,
(%) aie and electron-hole recombination rates, (d;;)m of equation 1) are given in

the Table [3.4l The former is based on the characteristic diffusion length, A, which is set

to the effective radius of the gold nanoparticle [82], while the latter is set to an empirical

term models photoionization of electrons via multiphoton absorption
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value obtained by Docchio [130].
For a complete picture of the free electron generation in the vicinity of a gold nanopar-
ticle in water a boundary condition on the gold’s surface is needed to introduce a photo-

thermal emitted current density as a source of free electrons.

2.4.2 Photoionization

The photoionization of electrons is governed by the mechanisms of MPI and tunneling
where the probability of each is determined by the electric field strength, E, and the
frequency of the electromagnetic field, w. In order to distinguish between the two regimes,

Keldysh [114] introduced a parameter, 7, which is given by

o w _ m/ Egap W coeonm/Egap’ (2.14)
W e|E| e 2101 (1)

where 1/wy, is the tunnelling time through the atomic potential barrier, ¢q and g, are
the electromagnetic constants for vacuum, n is the refractive index of medium, |E| is
the magnitude of the electric field, and I;, is the total irradiance of the laser pulse. It
should be noted, that due to presence of the nanoparticle and LSPR that enhance the
electric field in the particle’s vicinity, the Keldysh parameter should be calculated based
on the spatially varying electric field, rather then total irradiance. Furthermore, if the free
electron density in the vicinity of a gold nanoparticle exceeds 10'® cm ™3, the surroundings
becomes a conductive medium, and it starts to absorb the incoming laser radiation and
shields the nanoparticle. This affects the LSPR, the electric field enhancement and ~. For
low frequencies and large field strengths, v << 1 and therefore tunneling is responsible
for the ionization. In the optical frequency range and at moderate electric field strengths,
~v >> 1, and the probability of MPI is much higher than tunneling.

Using the Keldysh parameter the effective ionization potential (equation for
creating an electron-hole pair in a condensed matter exhibiting a band structure and
corrected for the oscillation energy of the electron due to the electromagnetic field, can

be written as

~ 1 2
A-Byy (14— )= 2p Y7 ( L) (2.15)
™ Y /1+,Y2
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where £() denote the elliptic integrals of the second kind.
At room temperature the electron density in the ground state (VB) is ppouna = 6.68 x 10*? cm ™
[58]. During photoionization, ppoung is reduced by p.. On the other hand, free electrons
can come from PTE off gold nanoparticle surface, p.,, which are accounted in the total
free electron density p.. Taking these into consideration, the total photoionization rate

will be scaled by the dimensionless depletion factor <pb‘“““;;—(p°d*’““)>.

dpe )
dt / photo’

3/2 ~
(%) _ 2_(.U m/W\/l‘l”yQ Q /y é v (pbound_<pe_pau))
dt photo 9 FL")/ ’ hw Pbound
A 1
exp{—w<—a—l—1>x /g (ﬁ)},

The photoionization rate, ( is then given by [59]:

(o)< ()

where
= éxmex —T — - — ;

Q0 = Q,C( : ) 2 p{ lK(m) 5(m> /5<v1+72)}
1/2

) . 1 |
X ® [7? 2z +1) =2 +l)/2/c<m>£<m)

(2.16)

< x > represents the integer part of the number x, () and &£() denote the elliptic
integrals of the first and second kind, and ®() denotes the Dawson probability integral;
given by

D(2) = /OZ exp (y° — 2%)dy. (2.17)

2.4.3 Avalanche ionization (AI)

After a free electron produced in the field of a laser light, it can gain kinetic energy
through IBA. Once the kinetic energy of the free electron exceeds the critical energy,
Eo i = (%A), where p depends on the band structure and assumed to be equal to 1

[59], it can generate another free electron through an impact ionization. The resulting
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rate of avalanche ionization rate per electron is then given by [58]:

1 e’r Mew?T

(1) — , 2.18
w2 + 1 [conegme(3/2)A tor(1) M ( )

Tcasc =

where 7 is the mean time between collisions and M is the mass of water molecule (see
Table [3.4).

AT only starts after a certain free electron density, psceq, has been reached, either by
photoionization or PTE. In addition, there is a finite time between electron/molecule
collisions during IBA. Therefore, Al starts at a retarded time, t,., to account for the
mean free time between collisions and the time it takes for the photons to be absorbed in
order to gain sufficient kinetic energy. pseeq is a fitting parameter that is chosen based on

50% probability of having at least one seed electron in the focal volume of the laser [59].

dpe
dt

The avalanche ionization rate, (%) __ can be written as [59):

Qcasclto casc
; e — T (e = Pberm) 0T e 2 pucea
( pe) - (2.19)
dt casc
0 for Pe < Pseed

where g5 1 the gain in ionization cascade, (.5 is the collision loss term of ionization

cascade and piperm 18 the free electron density generated through thermal ionization (TT).

2.4.4 Thermal ionization (TI) and Photo-thermal emission (PTE)

To complete the picture of a free electron plasma formation during a single picosecond or
nanosecond pulse or femtosecond pulse sequences and in the presence of a gold nanoparti-
cle, two additional processes need to be addressed: thermal ionization (TI) [59,66], pinerm,
and photo-thermal emission (PTE) of electrons off nanoparticle surface, p,,, respectively
[62].

TT starts to provide a significant source of free electrons when the temperature of
water in the focal volume of the laser is sufficiently high (> 5000 K [59] [66]) or when
large free electron densities (p, > 10*! cm™2) are already reached through MPI and Al
Linz et al. [59] derived a thermal ionization rate equation m, (d"tc‘l‘%), which is based

on the process of thermal emission of free electrons during the thermalization of an energy
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carried by primary free electrons via collisions and recombination.

Since the thermalization time of free electrons is long (on the order of several picosec-
onds), during femtosecond pulses in water the thermal emission will only occur after the
laser pulse. While during nanosecond pulses, which are 2 orders of magnitude longer
than the thermalization time, a rapid heating of the laser focal volume during laser pulse
will provide a significant number of electrons to support Al through TT [59] 66]. TT also
partially depletes the density of bound electrons in the valence band and reduces the rate
of multiphoton and impact ionization [59]. This picture is changing during nanoparticle-
mediated optical breakdown in water, where free electrons that are generated by MPI,
ATl and PTE can rapidly reach high densities (p. > 102! cm™3) during fs pulses. The
recombination and collisions of these primary free electrons through energy thermaliza-
tion will rapidly increase the water’s temperature so that TI will play a significant role
in the free electron generation. Therefore, TT should also be accounted for femtosec-
ond and picosecond pulses during nanoparticle-mediated optical breakdown. Under the
conditions studied in this thesis, the temperature of the water during the single pulse
illumination was lower than 5000 K, TI was still included in equation ([2.13), in order to
have a complete model of the free electron plasma generation for further use.

Thermal ionization rate, (apta%), of free electron into conduction band is given
by [59]:

Opiern\ _ T (3, 13 [7 (mT, : Fa \ )
- - |35 =~ €xX [ — ound — Fe) -
ot 0t \Egp  Tw)2V2\Epm ) “P\ 2my1, ) Voomd =P
(2.20)
PTE of hot electrons on the boundary of the gold, also starts to play a role when

the temperature of the nanoparticle’s electrons rises to a level where the electrons can
cross the metal /medium energy barrier of Wy, = 3.72 eV and contribute to free electron
density plasma formation [131].

Photo-thermally emitted current density, J,,, across metal/medium bound-
ary can be described by the generalized Fowler-DuBridge theory of multiphoton photo-

emission at high temperatures [611, [132]:

3hw — Way)
KJbTe

2k, T.)2
Jou = A()Te2 exp(— Wan ) + Cau (ko) F((

kT (3N — Wy )2 J(1 = R)’I, ()| n, (2.21)
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where A is the Richardson coefficient (120 A/cm?/K?) [131], F is the Fowler function
[61, 132], Cay is the three-photon ionization cross-section (1 x 1077 A - cm?*/MW?) [133]
and R is the reflection coefficient of the gold. The photo-thermal electron current density

is set as a boundary flux/source condition across gold/water interface.

2.4.5 Nanoparticle-mediated optical breakdown

The presence of gold nanoparticles in water will lower the optical breakdown threshold in
comparison to the pure water alone. Boulais et al. [67] theoretically determined that there
are two primary regimes of a nanoparticle-mediated optical breakdown: the absorption
regime and the near-field regime. Both of the regimes are depicted in Figure 2.3, When
a gold nanoparticle interacts with a laser pulse it generates a plasmon resonance. This
results in electric field enhancement in the vicinity of the particle. Depending on the laser
fluence, the type of gold nanoparticle and the surrounding medium it can either linearly
absorb photons (the absorption regime) or it can exhibit both linear absorption by the
particle and non-linear absorption by the medium (the near-field regime). The absorption

regime occurs at a lower fluence than the near-field regime. The absorption regime will

Linear absorption .
by GNP Heating and PTE

I. Absorption regime

Cavitation and bubble
formation

Plasmon Resonance,

Non-linear absorption MPI and Plasma
by the medium generation

II. Near-field regime

Figure 2.3: Schematic of two regimes of nanoparticle-mediated optical breakdown.
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lead to heating of the nanoparticle, producing PTE of electrons off the nanoparticle
surface that are the seed electrons for AI. While in the near-field regime the rate of MPI
in the medium will generate a high density plasma in the vicinity of the particle, so
that nanoparticle becomes shielded from the incoming laser radiation. Shielding of the
nanoparticle will reduce the nanoparticle heating and the PTE rate. In both regimes,
if the seed electron density is high enough to trigger avalanche ionization, the optical

breakdown will occur, leading to cavitation and bubble formation.

2.4.6 The wavelength dependence of optical breakdown in water

Although 6.5 eV is often used as a band gap energy of water in computational modelling of
optical breakdown [62] (67, 82, 83 O7-H99], the actual band gap structure of water is more
complex. Recent spectroscopic experimental findings has suggested that the approach
proposed by Sacchi [53] of separating the VB and the CB by an energy gap of 6.5 eV
is too simplistic. The ionization and geminate recombination pathways in water are
schematically shown in Figure 2.4l In reality, the effective direct ionization into the CB
happens at excitation energies higher than 9.5 eV [78, [79]. A number of 6.5 eV that was
used as the ionization energy is actually the minimum energy needed for promotion of

VB electrons into the solvated state (the A1' B, absorption band, which reaches down to
aq’
recombination with its hydronium counterion within 200 ps [134] is then upconverted

6 eV), so called "initiation energy", Ei,;. A solvated electron, e, , that escapes geminate
into the CB due to smaller energy gap (3 eV) and a large absorption cross-section of €aq
and their excited p states.

Linz et al. [59] studied the wavelength dependence of the optical breakdown threshold
in water for ns and fs pulses. They hypothesized that when the optical breakdown
initiation in water depended on MPI then the wavelength dependence of the optical
breakdown threshold should exhibit a sharp rise in the wavelength region where one
more photon is required to ionize electron to CB [74]. This is illustrated in Figure [2.5]
where the MPI rate exhibits step decreases in the regions where multiphoton order jumps
from 4 photons per ionization to 5 photons per ionization, at around 750 nm and from
5 photons per ionization to 6 photons per ionization at around 940 nm. On the other
hand, the Al rate is also has a wavelength dependence and increases with the wavelength
(Figure . The monotonic increase of the Al rate with the wavelength makes it possible
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Figure 2.4: Ionization and geminate recombination pathways in liquid water. For
large excitation energies, Fey., ionization can proceed via vertical ionization (Eeye >
11 eV) or autoionization (9.5 eV < Ee < 11 V), while for Fe,. < 9.5 eV, ionization
is possible only as a two-step process involving solvated electron creation followed
by upconversion of e, into the CB. The latter process competes with geminate
recombination. Reprinted with permission from [74].

to initiate optical breakdown at a longer wavelengths with a lower pgeeq-

The hypothesis was confirmed experimentally for nanosecond pulses in water, as
shown in Figure [74]. The optical breakdown irradiance threshold, I;,()\), exhibit
stepwise behaviour at the transition zone of MPI process order  to (k + 2).

Linz et al. [74] compared the experimental results against predictions from a simplified
optical breakdown model (Figure . The use of a constant peeeq, as was described in
Section and equation , for Al initiation and the optical breakdown threshold
did not agree well with experimental data (see Figure ) On the other hand, due to
the role of MPI in breakdown initiation and pg.eq production, the stepwise behaviour of
optical breakdown threshold predicted.

A better agreement against the experimental results was reached when pgeeq Wwas mod-

elled as a wavelength dependent parameter (Figure ) The agreement was improved
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Figure 2.5: Wavelength dependence of Al rate (dashed line) and MPI rate (solid
line) calculated for E,,, = 9.5 ¢V and Ei,; = 6.6 eV, respectively. The MPI rate
is plotted in log scale, while Al rate is in linear scale. All calculations assume an
irradiance of 3.5 x 10" W/cm®, which is the average optical breakdown threshold
value in the investigated wavelength range. Reprinted with permission from [74].

when both pgeeq(A) and Eiyi(A) were modelled having a wavelength dependence (Fig-
ure ) In order to properly model the water ionization, one should use ., = 9.5 eV
(which will adequately account for both, vertical (11 eV) and autoionization (9.5 €V) pro-
cesses in water) and add a separate “initiation channel” with Ej; = —(0.0012 eV /nm)\ + 7.58 eV
(for ionization through the intermediate solvated state), and use pgeeq = (1 cm™3)10~(0-01116/nm)A+23.5
[74]. The wavelength dependence of both pgeq and FEi,, is associated with a rate of
avalanche ionization that increases with wavelength [74].

The existence of a separate excitation channel for optical breakdown initiation, through
the creation of solvated electrons, and a wavelength dependence of the seed electron den-

sity is often ignored in models of nanoparticle-mediated optical breakdown in water (see

Table [L1)).
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Figure 2.6: Wavelength dependence of the threshold, I, (A), for plasma-mediated
bubble formation by SLM OPO pulses focused at NA=0.8 and NA=0.9 and averaged
values. The order of the multiphoton process required to cross the band gap in
different regions of the Iy, (\) spectrum is denoted by x. Transition zones are marked
in grey. Reprinted with permission from [74].
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Figure 2.7: Comparison of predictions for I;,(A) based on simplified optical break-
down model, with the experimentally determined spectrum (average values from both
NAs). Calculations were performed for 2 ns pulse duration. (a) Fits for E;,; = 6.6 eV
assuming either a constant pgeq = 3.3 x 101 cm™ (blue line) or a wavelength depen-
dent seed electron density that varies according to pseeq(cm™3) = 1042 ™@™+B (green
line). (b) Fit assuming a wavelength dependent pseq and a linear decrease of Fiy
from 6.7 €V at the position of the first peak to 6.43 €V at the second peak (red line;
for fit parameters see text). Reprinted with permission from [74].
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Silica shell

Chapter 3

Substrate

Methods

The developed theoretical model of nanoparticle-mediated LIOB was used to study the
wavelength, environment and nanoparticle morphology dependence of the optical break-
down threshold, I;,. This was done using the theory described in Chapter 2 Three
investigations were performed using the model. First, the investigation of the sensi-
tivity of bare versus silica-coated gold nanorods (GNR versus S-GNR) to their local
environment was done to predict the effects that the range of hypothetical environmen-
tal conditions will have on the SPR of bare and silica-coated GNRs. In another study,
the theoretical investigation of the role of gold nanoparticle morphology on the optical
breakdown threshold was done. In the third study, the model was used to investigate the
wavelength dependence of a nanoparticle-mediated optical breakdown in water during
infrared femtosecond and picosecond pulse exposure of a gold nanorod. And finally, the

model of nanoparticle-mediated optical breakdown was validated against published data.

3.1 A finite element method based model

The gold nanoparticle-mediated optical breakdown model was simulated using the finite
element (FE) method, using the commercial software COMSOL Multiphysics. COMSOL
Multiphysics is able to solve coupled partial differential equations and ordinary differential
equations for arbitrary geometries in both time and frequency domains. The FE model
included individual gold nanoparticles and coupled several physical problems together

and simultaneously solved the partial differential equations for electromagnetic (EM)
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wave propagation (Section [2.1), a two-temperature model (TTM) of heat transfer in gold
(Section[2.2), a model of heat transfer (HT) in water (Section[2.3)), and plasma generation
in water (Section . The coupling of the nanoparticle-mediated optical breakdown
process and the coupling variables are depicted in Figure . Several (properties of the

medium and the gold nanoparticles) being temperature and wavelength dependent.

Pulse

™ |

\Ngae )

Figure 3.1: A schematic of the LIOB model coupling.

The full 3D geometry was reduced to one-quarter in the EM model by using perfect
electric conductor (PEC) and perfect magnetic conductor (PMC) boundaries. All other
physics domains, for example: TTM, heat transfer (HT), plasma model, were truncated
to one-quarter using symmetry planes.

The EM wave propagation domain was reduced to eliminate reflections from an artifi-
cial boundaries, with a combination of a perfectly matched layer (PML) and an absorbing
boundary condition (ABC). All domains were meshed using tetrahedral elements with
quadrilateral vector basis function. The maximum mesh element size was kept below
A/10, where X is the wavelength of light in the computational medium, with at least
ten times smaller elements in the plasma and TTM domains. An iterative geometric
multigrid solver was used to solve for electric field. The direct PARDISO solver with
the nested dissection multithreaded algorithm [I17] was used for all other models. The
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coupled model was solved in a combined frequency and time domain, using a backward
differentiating with a maximum order of 2 [I17].

The study of the influence of the environment on the optical behaviour of gold
nanorods was done by individually measuring the extinction cross-section spectra, ey (),
of three bare and three silica-coated GNRs using spatial modulation spectroscopy (SMS)
[88, 103], T04]. Compared to other single nanoparticle spectroscopy techniques SMS has
the key advantage of providing the absolute spectrum instead of the relative one that
other methods provide, which permits a comparison of experimental and theoretical re-
sults. Furthermore, as it is sensitive to both absorption and scattering, smaller particles
can be investigated compared to commonly used scattering based techniques; scattering
becoming negligible compared to absorption at small sizes. As s result the size detection
limit for gold nanospheres is about 5 nm for SMS compared to 20 nm for scatter based
spectroscopy (usually dark-field spectroscopy). In order to quantitatively compare the
spectra of simulations against SMS measurements, the particles were placed on a TEM
grid and the dimensions of each nanorod were obtained using TEM. Since SMS was per-
formed with the particles on the TEM grid the model assume that the GNR was on a

silica substrate in air.

3.2 The role of the environment on the optical proper-

ties of gold nanorods

Simulations were than performed by solving the Maxwell’s equations with the proper
boundary conditions using FEM that included the TEM measured nanoparticle size and
shape and a size-corrected dielectric function for gold. Using this a detailed theoretical
quantitative analysis was performed on the role of environment on several spectral fea-
tures. In order to do this, bare and silica-coated GNRs were first chemically synthesized

as colloidal solutions in an aqueous solvent and spin coated onto a TEM grid.

3.2.1 GNR Synthesis

GNRs were synthesized by a seed-mediated growth method in the presence of the cetyltri-

methylammonium bromide CTAB surfactant [I35]. These nanorods are referred to here
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as bare GNRs. Silica-coated gold nanorods (S-GNR) were prepared by functionaliza-
tion of cetyltrimethylammonium bromide (CTAB)-capped gold nanorods with a thiol-
modified poly(ethylene glycol) prior to TEOS condensation [136]. The mean rod aspect
ratio, a = [/w, was around 3.5, with a mean width, w, of about 10nm and a silica
shell thickness, s, ranging from approximately 8 to 16 nm for the coated rods. After
proper dilution, a drop of the solution was spin coated onto a 50 ym x 50 pm window
TEM grid covered by a 40 nm thick silica film. The latter provides the required substrate
for depositing isolated nanoparticles together while permitting both optical and electron
transmission measurements. Surface deposited individual GNRs separated by more than

1 pm were obtained, permitting easy optical separation (Figure )

3.2.2 Optical Characterization

Spatial modulation spectroscopy (SMS) [88, [108] was used to measure the extinction
cross-section of individual GNRs (Figure[3.3)). It is based on the modulation of a particle’s
spatial position at frequency f, in the focal spot of a tightly focused laser beam. The
presence of a nanoparticle induces a modulation of the transmitted light power, with an
amplitude proportional to its extinction cross-section ge(A). The value of the extinction
cross section oex(A) of a single nanoparticle can thus be measured for sizes down to 5nm
in the case of gold spheres [88]. The oe(A\) spectrum was measured by tuning the
wavelength of the light source. For the investigated rods, their longitudinal SPR, that
is, for light polarized along their long axis, was observed at 800 nm. Spectra were thus
measured using a Ti:sapphire laser tunable in the 680 to 1080 nm spectral range. The
laser beam was focused close to the diffraction limit using a 100x microscope objective
with a numerical aperture of 0.75, yielding a focal spot size of about 0.7\ (full-width at
half-maximum of the light intensity profile). The incident mean power was about 10 pW.
The sample position was modulated at f = 1.5kHz. The transmitted light power was
collected after the sample by a second microscope objective identical to the focusing
one, and detected by a photodiode. Demodulation of the transmitted light amplitude
was performed at 2f (by a lock-in amplifier) as it permits more precise localization of
the particle [88]. The spatial dependence of the signal is approximately proportional to
the second derivative in the modulation direction of the beam intensity profile at the

focal spot and directly proportional to the beam profile in the direction perpendicular
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Figure 3.2: (a) TEM grid showing the 50 um x 50 pm windows (a silica substrate
layer was on top of the windows). The scale bar is 100 um. (b) Optical SMS image at
800 nm wavelength of one of the grid windows showing different objects. (¢) Optical
SMS magnified view (1.5 ym x 1.5 um view) of a gold nanorod. The colour-bar in
panel ¢ corresponds to the fractional light transmission change due to extinction by
the imaged particle (for both panels b and ¢). (d) TEM images of the six investigated
uncoated and silica-coated gold nanorods. Reprinted with permission from [26].
Copyright 2016 American Chemical Society.

to the modulation direction [I08]. When scanning for the location of a particle, a single
nanoparticle shows-up as a main peak surrounded by two satellites of opposite sign
along the modulation direction (in Figure all the extrema are positive since the

absolute value of the transmission change is shown). Measurements of linearly polarized
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spectra were conducted by rotating the light polarization using a quarter-wave plate and

a polarizer.

Tunable
Ti:Sapphire laser
680 — 1080 nm
X
PC .
"
Voltmeter |—‘
PD
Lock-in J

Figure 3.3: The SMS setup showing the laser source injected into the transmission
microscope, which consists of a piezo-electric element modulating the sample position
at frequency f, the x — y scanner, the focusing and collecting microscope objective,
the Si photodiode (PD), the digital voltmeter, and the lock-in amplifier demodulating
the signal. Reprinted with permission from [26]. Copyright 2016 American Chemical
Society.

The optical study was performed prior the TEM measurements to avoid any influence
of substrate or nanoparticle modification by the electron beam. The optical measure-
ments were carried out by detecting the nanoparticle with an SMS optical image with
unpolarized light at 800 nm (which is near the longitudinal SPR wavelength of the syn-
thesized nanorods). After locating light responding objects, the sensitivity of the signal
amplitude to light polarization was checked to confirm its possible assignment as a single
nanorod (for a single GNR there is a very large contrast in the extinction for two orthog-
onal directions of light polarization around the SPR) [103], [137|. Its spectrum around the
longitudinal SPR was then measured for light polarization yielding the maximum along
the long axis of the nanoparticle (i.e., the direction maximizing the signal amplitude).
The spatial coordinates of its location were thus determined for the follow-up TEM char-

acterization of its geometry and dimensions. TEM images of the six rods are shown in

Figure [3.2(d.
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The extinction spectra of three silica-coated (S-GNR;, S-GNRj, and S-GNRg3) and
three uncoated GNRs (GNR,, GNR5 and GNRg), spin-coated onto a TEM grid cov-
ered by a 40nm thick silica support substrate (Figure [3.2h), were measured using SMS
(Figure ,c). The individual nanorods were detected by demodulating the power of
the transmitted light at twice the modulation frequency of the nanoparticle position. A
single particle then shows up as a main peak surrounded by two satellites in the direc-
tion of the spatial modulation (Figure ) For the investigated GNR sizes, absorption
dominates over scattering so that the extinction cross sections are almost identical to
the absorption ones. TEM images of the same six nanorods were recorded (Figure [3.2d).
The dimensions estimated from the TEM images are given in Table [3.1] The uncertainty

in the TEM dimension measurements was approximately £0.5nm.

Table 3.1: Dimensions of the silica-coated and bare GNRs used in the models®.

’ Rod ‘ le / 1o (nm) ‘ We /| W, (nm) ‘ ae | a, ‘ Stip (M) ‘ Smid (nm) ‘
S-GNR; | 33.0 / 334 8.8 /88 3.8 /38 9.5 15.7
S-GNR, | 33.9 / 34.0 9.3 /9.0 3.6 /38 11.3 15.8
S-GNRg3 | 324 / 31.8 8.8 /82 3.7 /39 8.2 9.5

GNR, | 380/ 5/ | 33/
GNR, | 405/ 108/ | 38/
GNR, | 39.0/ 120/ | 33/

® l., we and a, are the length, width, and aspect ratio of the nanorods deduced
from TEM imaging, respectively. l,, w, and a, are the refined dimensions deduced
from fitting the theoretical model to the optical extinction spectra. sy, and Spiq are
the silica shell thickness on the tip and on the side of the GNR, respectively (see
Figure [3.4D]). It was not possible to deduce refined optical dimensions for the bare
GNRs.

3.2.3 Finite element model

A finite element model was built using a commercially available finite element software,
COMSOL Multiphysics 4.2 (COMSOL Inc., Burlington, MA), taking into account the
dimensions of GNRs from TEM measurements and a realistic geometry of the SMS setup
that included the TEM grid silica substrate (Figure [3.4)). The incident electric field, E,,
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propagated in the downward direction (relative to with a polarization in the left /right
direction (along the longitudinal axis of the nanorod).

Although the experiment consisted of an unbounded domain, the computational
model had to be artificially truncated using appropriate boundary conditions in all direc-
tions (see Figure . Ideally boundary conditions such as an ABC and/or a PML would
be used to minimize the effect of the artificial boundaries. Initial testing using combined
ABC/PML boundaries to truncate computational domain produced good results in the
simulations of the electromagnetic wave propagation in a homogeneous environment, but
led to artifacts in simulations where the substrate was adjacent to the boundary. PEC
boundaries, n x E = 0, and PMC boundaries, n x H = 0, which simulate periodic struc-
tures when the boundaries are perpendicular to the incident electric and magnetic fields,
respectively, were used in place of absorbing boundaries. The PEC/PMC boundaries
were placed sufficiently far from the GNR such that the distance between the periodic
GNR structures were large enough to prevent coupling between them. The PEC and
PMC boundary conditions were used at the boundaries perpendicular and parallel to the
incident electric field polarization, respectively. The top and the bottom boundaries of
the model had an ABC imposed on them using a Sommerfeld radiation condition [13§].
The ABC was used so that the boundary appears transparent to the incident radiation
and absorbs the scattered field. All internal boundaries had tangential E-field continuity
(ensured by the use of vector basis functions [95]). The dimensions of the computational
domain were chosen so that any further increase in the domain size did not alter the so-
lution. This ensured that all the artificial external boundaries did not introduce artifacts
into the model.

The refractive index of the nanorod’s silica shell and the TEM silica substrate were
set to a constant value of n = 1.46 [139]. As usually done for metal nanoparticles, the
dielectric function of the gold part, Egngr, was obtained from the bulk one, ég [I15], and
corrected for intrinsic size effects. For the sizes investigated here, the intrinsic properties
related to GNR size were included by modifying the electron scattering rate yp of the
conduction electrons in the Drude term of the gold dielectric function to take into account

additional electron scattering off the nanoparticle’s surface [44]. For confined electrons
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it can be written as

2 2

. 5 w w

EaNr =+ —5— - £ IR (3.1)
W WIDe W2 4w (7]30 + L”:;)

where ~p, is the bulk like electron scattering rate in the particle and vr the electron Fermi
velocity. A is a dimensionless parameter representing details of the electron interactions
with the confining surface, and L. is an effective mean free path of the surface confined
electrons. Leg corresponds to the particle diameter for spherical nanoparticles [44], 140,
141], while for nonspherical objects its appropriate dimension dependence remains an
ongoing area of investigation. A simple billiard type model produced the relationship,
Leg = %, where V is the volume and S is the surface area of the object [142]. Note
that Le.g varies weakly for the investigated particles. A different dependence on their
dimensions only leads to different A values when reproducing the measured spectra.

The surface confinement broadening parameter was assumed to have a constant value
of A = 0.5. This reproduced the longitudinal SPR full-width at half-maximum (fwhm) of
the three silica-coated GNRs to within 1% and the fwhm of the simulated bare rods were
5% to 10% lower than the measured fwhm. Since this value was used for nanorods of
very similar sizes, the dependency of the fwhm on the mean free path of the conduction
electrons, Leg (equation was not tested. In addition, the imaginary part of the bulk
gold dielectric function [I15] has been suspected of being inaccurate in the spectral range
used in the experiments [104], complicating the quantitative estimation of A from mea-
sured spectra. Though the assumed A value is consistent with a previous investigation
[143], a more reliable determination requires investigation of the fwhm as a function of
the nanorod dimensions [I43] in a controlled environment, which would reduce chemical
damping effects due to surface bound molecules, as was recently done for nanospheres
[140].

Meshing was performed with tetrahedral elements used with quadrilateral vector ba-
sis functions [95]. The resulting mesh had approximately 370000 to 540000 elements,
resulting in approximately 2 — 4 million degrees of freedom. After computation of the
electromagnetic field, the absorption cross-section o, of a nanorod was obtained by in-

tegrating the absorbed power density over the volume V' of its gold part divided by the
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incident light intensity:

2
abs(W) = ————% E-E" —iwE-D"}dV, 2
Tabs(W) noro Bl /V%{a(w) iw }dV, (3.2)

where E and D are the electric and displacement field at the frequency w, respectively,
and 0 = w {égnr} is the conductivity of the gold nanorod. The R{} and 3{} operators
produce the real and imaginary components of the complex integrand, respectively. The
scattering cross-section oy, was calculated from the outgoing electromagnetic energy flux

over a surface S surrounding the gold nanorod:

2
sca = = 0 R Esca H; dS, 3.3
enls) = s BB x FL) 33)

where Eg., and Hg., are the scattered electric and magnetic fields at the frequency w,
respectively.

The extinction cross-section o.. was then obtained as the sum of absorption and scat-
tering: Gext = Oabs + Tsca- For the small-size bare or silica-coated nanorods investigated
here, absorption dominates over scattering (simulations showed that s (AR)/Tabs(Ar) <
0.01) so that oey = 0aps was assumed. The effect of light reflected by the TEM grid
substrate during the SMS measurements of 0. was removed by a normalizing against
a transmission measurement through a section of the substrate where no GNRs were
present. Since the computational model calculated o,,s which was assumed to be equal
t0 Oext, incident light reflected by the silica substrate had no effect on the theoretical oey
calculation.

On the basis of these TEM images, a detailed geometric model was created to rep-
resent the gold-silica boundary and outer silica surface of the GNR by using cylinders
capped with hemispheres, as shown in Figure [3.4. To allow for nonuniform silica coating
thickness around each GNR, the lengths of the cylindrical section of the gold part and of
the cylindrical section of the silica coating were not assumed to be identical. The FEM
model was used to simulate the extinction spectra of these GNRs under the experimen-
tal conditions. Figure provides an example of the surface mesh discretization of the
GNR, and substrate, and the amplitude of the total electric field profile around the GNR
(of the incident plane wave and of the field scattered by the GNR).

Table [3.2| contains parameters and values that were used in the EM model in this
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(a) Computational geometry. (b) Details of GNR geometry.

Figure 3.4: Schematics of the model geometry (not shown to scale). (a) 2D cross-
section representation of the 3D geometry and boundary conditions of the compu-
tational model. The dimensions were truncated at the top and bottom using an
ABC, at the left and right with a PEC surface, and at the front and back with a
PMC surface. The incident wave was polarized in the left-right direction, travelling
downward. Therefore an additional absorbing layer, known as a PML was placed at
the bottom of the domain. The medium inside the domain was air, and the GNR
support layer on the TEM grid was modelled as a 40 nm thick silica substrate. In
the computational model ¢ = 2400 nm, b = 400nm, ¢ = 1400 nm, and d = 40 nm.
The domain in the front-to-back direction had a size equal to ¢; (b) Morphology of
a GNR used in the model, which assumed cylindrical shape with hemispherical end-
tips for both the gold part and the outer silica surface. The various parameters used
to define its size are also shown. Reprinted with permission from [26]. Copyright
2016 American Chemical Society.
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Table 3.2: Parameters that were used in the electromagnetic model.

Symbol Value/Expression Description
A Laser wavelength
co 299792458 m /s Speed of light in vacuum
w 2o /A Angular frequency
€0 8.854 187 817... x10712 F/m Vacuum permittivity
£ Size-dependant dielectric constant [26]
E Electric field strength
Ey Incident electric field
()2
f(rw) %62(;35‘183)2 Gaussian shape pulse function
Tw W60 fs or 6 ps Laser pulse at full width at half maximum
Lot 0.5¢coneo| B3| Incident irradiance of laser light
e 1.602176565(35) x 1071 C Electron charge
Pe Density of free electron plasma
Me 9.10938291(40) x 1073 kg Electron mass
Epulk see Johnson and Christy [115] Bulk dielectric function
o 47 x 1077 N / A? Magnetic permeability in vacuum
Wp . Epoe—ﬁi Plasma frequency of free electron gas
Do 1.094 x 10 1/s Bulk relaxation frequency [115]
UR 1.41 nm fs~! Fermi velocity [44]
Leg 4AVau/San Reduced effective mean free path length [142]
Vau Volume of the particle
Sau Surface area of the particle
n (5.5+£1.5) x 1077 fs~! nm~3 Radiation damping proportionality constant [92]
A 0.5 Broadening parameter [20]
Oabs ﬁ fVau R(Qrn)dVay Absorption cross-section of the gold nanoparticle [117]
n Refractive index of water [144]
D Dielectric displacement
o Electric conductivity
Qi see eq. ’m‘ Resistive losses during laser pulse interaction [117]
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3.3 The role of gold nanoparticle morphology and cou-
pling in optical breakdown during picosecond pulse

exposures

In order to analyze the role of nanoparticles” morphology on LIOB a fully coupled theo-
retical model of optical breakdown was developed. A comparison of on- and off-resonance
6 ps laser pulse interactions with uncoupled and tightly-coupled gold nanospheres and
nanorod monomers of different sizes was done, with a focus on the thermal and optical
processes. As illustrated in Figure the FE model combined an electromagnetic field
interaction with gold nanoparticle that includes the surface confinement corrections to
the bulk optical properties of gold [26]; with a hyperbolic two-temperature model (TTM)
for the thermodynamic evolution of gold nanoparticle electron and lattice temperatures
[113]; with the rate equation of free electron plasma generation in an aqueous environ-
ment based on the Keldysh theory of multiphoton ionization (MPI), the tunnel effect, the
avalanche ionization (AI) and thermal ionization (TI) of water [59]; and a photo-thermal
emission (PTE) of hot electrons off a gold nanoparticle surface [61].

This section provides the details of LIOB modelling and the parameters that were
used to implement the theory of plasma generation given in Section [2.4]

3.3.1 The electromagnetic model for LIOB

The electromagnetic field was calculated using the homogeneous Helmholtz wave equation
in all domains (see Figure . The incident electric field was linearly polarized along the
longest axis of the nanostructure (y-axis) with the propagation parallel to the positive z-
axis. Perfect magnetic and perfect electric conductor boundaries as well as an absorbing
boundary condition using PMLs were used to reduce and truncate the geometry [117].
The bulk properties of the medium in the EM domain, were set with refractive index
of 1.4 [145] to mimic the optical properties of tissue, which varies from 1.34 to 1.55
[145-147]. The refractive index of the immediate vicinity of the nanoparticles can also
significantly alter its optical behaviour, and polymers or intracellular molecules can bind
to the nanoparticles, altering the refractive index surrounding the particles. Since this

produces uncertainty in the refractive index of the immediate vicinity of the nanoparticles,
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Figure 3.5: Schematic of the model geometry for a nanosphere trimer. The model
contains three concentric domains. The most outer domain (grey) represents a com-
bination of PML domain and an absorbing boundary condition to truncate the elec-
tromagnetic domain and reduce reflections from artificial boundaries. The red and
green domains represent an aqueous environment with a refractive index of 1.4 and
physical properties of water. The green domain is used to calculate the plasma for-
mation, and the green and red domains are used to calculate the heat transfer in
the medium. The yellow domain shows the gold nanostructure geometry. The inci-
dent electric field is linearly polarized along nanosphere trimer length (y-axis) and
propagates parallel to positive zaxis.

the effect of changes in the optical properties of the immediate environment in the vicinity

of the nanoparticles was tested by adding a 2 nm shell with a refractive index of 1.6.
The dielectric function of medium in the close proximity of the nanostructure were

modelled using the Drude formalism in order to account for the shielding of the nanos-

tructure from the incident irradiation:

pec’
gom! (W2 + jw/T)’

(3.4)

Ew — €
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o0 18 the relative permittivity of the medium (assuming a biologically relevant refractive
index of 1.4), m’ is the electron’s reduced mass and 7 is the mean free time between
electron/molecule collisions. The optical properties of gold with size corrections to the
bulk dielectric function were used [26] since the size corrections to the bulk dielectric
function of gold can significantly alter the near-field enhancement and absorption cross-

section of nanoparticles with diameter smaller than 20 nm.

3.3.2 A two-temperature model (TTM) of nanoparticle heating

A hyperbolic two temperature model for the evolution of the electronic and lattice tem-
peratures of gold nanoparticles and the finite heat diffusion at the gold-medium interface
during a laser pulse was solved using the parameters given by Chen, J. K. and Beraun,
J. E. [113]. The TTM was coupled to the EM model through the resistive losses, Q.,

during the laser pulse interaction with the gold nanostructure [117].

3.3.3 Heat transfer (HT) in the medium

The temperature produced by heat sources due to plasma formation [59], laser pulse
interaction and thermal diffusion was solved in all domains outside of the nanoparticles
except the PMLs (Figure . The HT model was coupled to the TTM using the heat

diffusion from the gold lattice to the surrounding medium through interface conductance,
Qaujw [11]].

3.3.4 Plasma dynamics

The dynamics of plasma formation was calculated in a finite spherical domain surrounding
the nanoparticles (Figure [3.5). The plasma rate equation [59], based on the full Keldysh
theory for MPI [114], the tunnelling effect, Al, TT [59, [66], diffusion and recombination
losses and PTE [61] of hot electrons from the gold surface, was solved to determine the
dynamics of the free electron plasma density in the vicinity of the nanoparticle. The
parameters for plasma theory are those described by [Linz et al.| and [Bulgakova et al.| The
plasma dynamics model was coupled to the EM model through the electric field, and
the changes in the dielectric function of the environment due to the free electron plasma

formation. The temperature rise of the conduction electrons in the gold from the TTM
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Table 3.3: Parameters that were used in TTM and HT model.

Symbol Value/Expression Description
C., 70.0 - T, J/m?/K Electronic heat capacity of gold [118] [148]
G see ref. [118] Lattice heat capacity of gold
T eq. [2.5] Electronic temperature of gold
T eq. 2.7 Lattice temperature of gold
q. see eq. [2.6 Electronic heat flux vector (TTM model)
q see eq. [2.8 Lattice heat flux vector (TTM model)
G 2 x 10 W/m?3/K Electron-phonon coupling factor [118]
Teo (1.2 x 10"« T2+ 1.23 x 10" x73) ! Electron collision time [121]
a 0.8 ps Ion collision time [113]
Ke see ref. [113] Electron thermal conductivity
K] see ref. [62] Lattice thermal conductivity
o 105.0 x 106 W/m?/K Thermal conductance at gold-medium interface [68]
Qaujw eq. [2.9] Interface conductance at the gold/medium interface [118]
Ty eq. [2.11 Temperature of medium
Cw 4184 J/kg/K Heat capacity of medium
Pw 1000 kg/m? Density of medium
Ky 0.61 W/m/K Thermal conductivity of medium
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were used to couple TTM to the PTE of hot electrons. The HT model was coupled to
PTE of plasma dynamics model through the temperature rise in the medium.

These models were implemented and coupled together using the commercially avail-
able finite element package, COMSOL Multiphysics version 4.4. Assemblies of particles
were spaced 4 nm apart in order to account for separation by surfactant or coupling
molecules on the particles surface while still keeping a strong plasmonic coupling effect
[83]. The 3D geometry was reduced to one quarter of the full geometry (see Figure
by utilizing symmetry planes and absorbing boundary conditions. PEC and PMC con-
ductor boundaries are used to truncate domain to one quarter of full 3D in EM model.
The TTM, plasma and heat transfer domains were meshed using tetrahedral elements
with quadrilateral vector basis function (see Figure . Swept meshing was used for
the PML domain (see Figure [3.5). The maximum mesh element size was kept below
1/10th of the incident wavelength in medium with at least ten times finer elements in
the plasma and TTM domains (Figure . An iterative geometric multigrid solver was
used to solve for the electric field. The direct PARDISO solver with a Nested dissection
multithreaded algorithm was used for all other models. The coupled model was solved
using the frequency-transient stepping with a second order backward differentiation after

applying a global scaling, with a tolerance of 0.001.

3.4 The wavelength dependence of gold nanorod-mediated

optical breakdown with infrared ultrashort pulses

Several physical phenomena need to be fully coupled in order to fully characterize a low
density plasma formation in the vicinity of gold nanorod in water. To do that the model
that was developed for investigating the role of nanoparticle morphology on the optical
breakdown (Section|3.3)) was used and updated to account for the band structure of water
in accordance to the latest findings by Linz et al. [74], as described in Section 2.4.6, A
schematic of the physical phenomena involved in free electron plasma generation in the
vicinity of a gold nanorod and its coupling variables are depicted in Figure [3.1]

A 3D computational model was built using the commercially available finite element
package COMSOL Multiphysics, version 5.1. The finite element model included EM
wave propagation, a hyperbolic TTM of finite speed heat diffusion inside a gold nanorod,
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Table 3.4: Parameters that were used in plasma model.

Symbol Value/Expression Description
Pbound 6.68 x 10?2 ¢/cm? Bound electron density of medium[58]
Lot E f(rw) Irradiance of laser pulse
A see eq. [2.15 Effective ionization potential
v see eq. [2.14 Keldysh parameter [59] [114]
M 3 x 107" kg Mass of medium molecule (water)
T 1.6 fs Mean free time between electron/molecule collisions [59]
tret T AH + %v Cascade retardation time [59]
h 1.98644568x1072° J-m Reduced Planck constant
Egap 6.5 eV Band gap energy of medium [53] [149]
lease emqw i w%mmmwwmm% AH — w MNHV Gain in cascade ionization [59]
Bease e EMEMMH AH — Nﬁﬂv Collision loss tern of cascade ionization [59]
Agnmmv diff % - (Pe — Ptherm) Diffusion rate [82]
A set as a radius of gold nanoparticle Characteristic diffusion length [82]
Mrec 2 x 107 %cm? /s Empirical recombination rate [130]
Ammmmvao —Thec * (Pe — Ptherm)” Recombination of free electron plasma
Aﬁvoo: #w? EgapBeasc(Pe — Ptherm) Heating through collision losses during impact ionization [59]
A$v80 ﬁw? FEgapTrec(Pe — Ptherm)? Heating through recombination [59]
Ptherm see eq. [2.21 Density of thermally ionized electrons in the medium [59] [66]
Pau see eq. [2.20 Density of electrons emitted off the gold surface [61]
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Figure 3.6: Schematic of the model geometry for gold nanorod. The model contains
three concentric domains. The most outer domain (orange) represents a combination
of PML domain and an absorbing boundary condition to truncate the electromag-
netic domain and reduce reflections from artificial boundaries. The green and black
domains represent a water domain. The green domain was used to model the plasma
formation, and the green and black domains were used to calculate the HT in the
medium. The yellow domain shows the gold nanorod geometry (shown as a full
3D geometry for illustration only). Incident electric field is linearly polarized along
nanorod length (y-axis) and propagates parallel to positive zaxis. The tetrahedral
elements with quadrilateral vector basis function were used to mesh all domains.

HT in water and a rate equation for plasma formation (Figure [.1)). An artificial outer
boundary was used to create a finite sized region of EM wave propagation in order to
reduce reflections from the artificial boundary. In addition, the 3D domain was reduced
to one-quarter of its volume by using PEC and PMC boundaries for the EM model, and
symmetry planes for the rest of the physics models. The schematic of the finite element
geometry is shown as a cross-section of the one-quarter geometry in Figure 3.6, The
EM model was solved everywhere; the T'TM was solved in the gold nanorod; the plasma
model was solved in the green coloured domain; and the HT model was solved in green
and black coloured domains of Figure All domains were meshed using tetrahedral
elements with quadrilateral vector basis function. The coupled model was solved using

the frequency for the EM model and time domain for the other models.
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3.5 Validation of the full model

The model of nanoparticle-mediated optical breakdown was validated in three stages. An
EM model of the laser pulse interaction with the nanoparticle. TTM of nanoparticle’s
electronic and lattice temperatures increase due to absorption of the laser irradiation. A
plasma generation model for optical breakdown.

First, the EM part of the model was tested against an analytical Mie solution of
Maxwell’s equations for a gold nanosphere in a homogeneous environment. The compari-
son of Mie solution against FE solution helped to validate the COMSOL implementation
and meshing parameters of the model. Then the EM model was used to compute the op-
tical spectra of two silica core gold nanoshells, NS660 and NS800, that had been studied
recently by Lachaine et al. [97] for use in LIOB and cell perforation. The peak positions
of the computed spectra from a single nanoshell were compared with those measured on
nanoshell solution by Lachaine et al. [97].

Next, the EM and the two-temperature models were used to calculate the temperature
of the gold nanoshell to determine the laser fluence for damage of NS800 nanoshells.
Lachaine et al. [97] using TEM, were able to identify the laser fluence threshold that
caused cracking and melting of the gold nanoshell.

Finally, the full model with the wavelength dependent properties of water was used
to calculate the optical breakdown threshold for both nanoshells, which compared with
the threshold of a bubble formation measured by Lachaine et al. [97].

Lachaine et al. [97] used a combination of experimental data and numerical analysis in
order to optimize plasmonic nanoparticles for cavitation and cell perforation. To do this,
the authors compared experimental and numerical optical breakdown fluence thresholds
and thresholds of nanoparticle damage for two gold nanoshells, one with a 78 nm diameter
silica core and a 28 nm thick gold shell (NS660) and another with a 112 nm diameter
silica core and a 15 nm thick gold shell (NS800).

Scattering [150] and shadowgraphy [I51] techniques were used to image bubble forma-
tion and to assess size of the formed bubbles. The bubbles were generated by irradiating
a single gold nanoparticle with 70 fs pulses with a 10 Hz repetition rate at 800 nm. They
were able to detect and observe multiple consecutive bubbles for the NS660 nanoshell,
while only a single bubble was generated by the NS800 nanoshell. Nanoshell damage

was imaged using TEM and a visible-NIR spectrometer was used to detect the plasmon
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resonance shift caused by the damage [97].

For validation the model was modified to include the silica core of the nanoshell.
Both gold nanoshells were modelled in a homogeneous water environment with a re-
fractive index of 1.33. The bulk dielectric function of gold was size corrected based
on the theory presented in Section 2.1.1) with A = 1.4 [152], Tpuxe = 73 eV [52],
Tiag = 6.6 x 1077 eV/nm > [52]. For the EM calculation of the spectra (Figure ,
the silica core of the nanoshell was modelled with a bulk refractive index of 1.45, while
for the plasma calculation, the refractive index of silica was corrected in accordance
with Drude’s formalism (see equation . Free electron plasma generation in silica was
modelled with the parameters listed in Table [3.5

During a gold nanorod or nanosphere laser pulse interaction, the free electron plasma
generation occurs outside the particle (water), while for a gold nanoshell (silica-core and
gold shell) free electron plasma can be generated in silica [153], [154] and in water. The
optical breakdown in silica (where p, reaches around 1 x 10*cm™ to 3 x 10*%cm ™2 [155])
can be initiated by MPI and tunneling or through seed electrons emitted from the gold
surface (PTE). The process of free electron plasma generation in silica was accounted for
in our validation model in order to have a better picture of the overall optical breakdown.
This added complexity and non-linearity to the optical breakdown of the modelling pro-
cess, which resulted in some simulations not running to completion and stopping before

solving for the full pulse duration.

Table 3.5: Parameters that were used in the plasma model for silica-core domain.

Symbol Value/Expression Description
Qo 125 x 105 W/m? /K Thermal conductance at gold-silica interface
Qaulsios eq. Interface conductance at the gold/silica interface
Tio, eq. Temperature of silica
Csioy 703 J/kg/K Heat capacity of silica
Psios 2203 kg/m? Density of silica
Ksiog 1.38 W/m/K Thermal conductivity of silica
Wau 3.9 eV Work function [I56]
Pbound 2.2 x 10?2 ¢/cm? Bound electron density of silica [I53]
m/ 0.86m, Effective electron mass [157]
M 9.9765 x 10726 kg Mass of silica molecule
T 1fs Mean free time between electron/molecule collisions [153]
Egap 9 eV Band gap energy of silica [I53HI55]
A set as a radius of silica core Characteristic diffusion length
Trec 150 fs Characteristic time of electron recombination [I5§]
n 1.45 Refractive index of silica
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The developed model was validated and used for three studies: (1) the role of the en-
vironment on the optical properties of gold nanorods, (2) the role of gold nanoparticle
morphology and plasmon coupling on the optical breakdown threshold, and (3) the wave-

length dependence of gold nanorod-mediated optical breakdown during picosecond and

femtosecond pulses.

4.1 Validation of the model

The model validation is divided into three parts: A validation of the EM model alone,
a validation of a combined, EM-TTM model and a validation of the full model. In the
validation of the full model, the experimental bubble formation fluence threshold from the
nanoshells was compared against the prediction by the full model. A better agreement
with the NS800 particle than the NS660 particle was found. This resulted in further

analysis, which is discussed in Chapter [0

4.1.1 Validation of the EM model

A finite element model of a 40 nm diameter gold sphere with bulk dielectric properties
from Johnson and Christy [115] was modelled in a homogeneous dielectric environment
with refractive index n = 1.33. A comparison against a Mie solution with the same
parameters, is shown in Figure 1.1l As can be seen, the extinction cross-section, e,

from the COMSOL Multiphysics EM model closely matches the Mie solution.
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In addition to the validation of the EM model against a Mie solution, Section[4.2]shows
an excellent quantitative agreement between the modelled and experimentally measured

extinction cross-section a the single silica-coated gold nanorod on a dielectric substrate.

4000 ' ' ' ' ]

L $3  Mie solution ]

3000 =@= Comsol solution ‘

NE 5 :
E: 2000 1 y
€ | |
1000 f g

I I | I I | I | I I | I I

O L 1
500 520 540 560 580 600

Wavelength (nm)

Figure 4.1: Comparison of extinction cross-section, oeyt, from the finite element (COM-
SOL) model and Mie solution for a gold sphere with radius of 20 nm and bulk dielectric
function of gold [115].

Finally, the EM model was validated using reported by Lachaine et al. [97] extinction
spectroscopy measurements of two nanoshells (NS660 and NS800 that are described in
Section . Figure , shows the model results for the two nanoshells. These were
calculated based on the theory presented in Section [2.1, The model predicted a peak
wavelength for the extinction cross-section for NS660 around 660 nm and for NS800 the
peak is located around 760 nm. In case of the NS660 the modelled peak position is in
the agreement with the peak position reported for spectra of a colloidal solution NS660
particles by Lachaine et al. [97]. On the other hand, the peak position predicted by
the model for NS800 was at 760 nm in comparison to 780 nm that was reported for a
colloidal solution of particles by Lachaine et al. [98]. The disagreement can come from
the dispersion of nanoparticles size and/or the presence of surfactant molecules [26] that

affects the plasmon peak position.
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Figure 4.2: a. Extinction cross-section of NS660 (39 nm silica core and 28 nm
gold shell thickness) and NS800 (56 nm silica core and 15 nm gold shell thickness)
nanoshells in homogeneous water environment. b. and c. shows near field enhance-

ment by gold nanoshells exposed at 800 nm wavelength.

4.1.2 Validation of the combined EM and TTM model

Lachaine et al. [97] found that up to 70% of NS800 particles sustained damage due to
cracking and melting of their gold shell when irradiated at 3 mJ/cm? fluence (Figure )
Around 98% of the particles were found either melted or cracked when NS800 were

irradiated at 8 mJ/cm? fluence. In order to check whether the lattice temperature of

the NS800 nanoshell reaches the melting point of gold during a 70 fs pulse exposure, we
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ran a combination of the EM and two-temperature models at fluences in the range of
0.5 — 8 mJ/cm?. Figure shows the maximum lattice temperature , 7 yax, that the
gold shell reaches after a 70 fs pulse exposure. The EM-TTM model predicted a threshold
fluence of 3 mJ/cm?, above which the gold shell starts to melt and the nanoshell looses
its integrity. This threshold fluence is in good agreement with the experimental findings

of the particle’s damage.

a. b.

NS800 I . ZSOO_I T L I 1T I 1T T I_
i v o, \ 2000 |- QO -
80 ) C ]
g < 1so0f ]
g 60 gh Fe===== @ ----------------- b
< S B ]
s 1000 ]
20 - b
500 @ .
0 _I 11 I 11 1 I 11 1 I 11 1 I 11 I-
0138 01338 0138 0 2 4 6 8 10

Fluence (mJ/cm?) Fluence (mJ/cnr)

Figure 4.3: a. Experimental data of intact, cracked, and melted of NS800 particles
occurrence after laser pulse exposure. Dark blue bars correspond to 0 mJ/cm?, light
blue to 1 mJ/cm?, yellow to 3 mJ/cm?, and orange to 8 mJ/cm?. Reprinted with
permission from [97]. Copyright 2016 American Chemical Society. b. Maximum
lattice temperature, 7jmax, predicted by the EM-TTM model. Red dashed line
indicates 1337 K, a melting point of bulk gold.

Although, the combined EM and TTM model correlates well with observed damage
of the nanoshell, it should be noted that for the high fluence rates used, a high density
of free electron plasma is generated in the vicinity of the nanoparticle. This will have
two effects on the temperature in the vicinity of the nanoparticle. First, the high density
plasma will absorb the incoming laser radiation, and shielding the gold nanoshell and
lowering the nanoparticle’s heating. Second, the absorption of the incoming radiation by

the high density plasma will heat the water through electron collision and recombination.
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As will be shown in Chapter [0}, our model can calculate and predict the temperature of
the water that is reached during the optical breakdown process before gold shell of the

particle reaches the temperature of the melting point of gold.

4.1.3 Validation of the full model

Figure shows a comparison of the free electron density predicted by the full model
against experimentally measured bubble size [97]. The temporal electron density gener-
ation in water at the location of the maximum electron density along with the relative
temporal shape of the 70 fs laser pulse intensity for different fluences are shown in Fig-
ure {.4h. Figure [4.4b show the bubble diameters and the maximum electron density at
various fluences. From Figure one can see that bubbles started to be detectable in
the experiments at a fluence of around 7 mJ/cm?. At this fluence the model predicts a
free electron density of around 1.8 x 10%° cm™3 (through interpolation of the results). Linz
et al. [75] observed a threshold of p,s = 1.8 x 10%° cm™3 as a free electron density needed
for a bubble formation during optical breakdown experiments in pure water. Thus, our
LIOB model described in Chapter [2| was able to predict the experimental results very
well.

Due to a good agreement in free electron densities (pps = 1.8 x 102° cm™3), that were
calculated and matched experimental bubble detection in case of a pure water experi-
ments by the Linz et al. [75] and gold nanoshell-mediated bubble generation by Lachaine
et al. [97], the same threshold for the bubble formation was used when calculating optical
breakdown threshold for NS660 particle.

Lachaine et al. [97]| detected bubble formation by NS660 particles using a 70 fs pulse
(at 800 nm wavelength) with fluences above approximately 35 mJ/cm? (see Figure [4.5).
In this case the model of the NS660 nanoshell predicted bubble formation starting around
15 mJ/cm?, using a theoretical bubble formation threshold of p,e = 1.8 x 102° cm ™3 [75]
(Figure[4.5p). This discrepancy is discussed and further analysis is provided in Chapter|[6]
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Figure 4.4: A comparison of simulation against experimental data published by
Lachaine et al. [97] for NS800 gold nanoshell. a. Coloured circles show the temporal
electron density predicted by the model in water (at the location of the maximum
density). The black dashed line represents the bubble formation threshold for a
femtosecond pulse in water, which was set at ppr = 1.8 x 10*°cm ™ [75]. The red line
represents the temporal profile of the 70 fs laser pulse. b. The blue squares show
the experimentally measured bubble diameters at various fluences and the coloured
circles show the maximum electron density calculated by the model during 70 fs pulse
duration for various fluences. The black arrows indicates models where calculation
did not reach the end of the 70 fs pulse. Due to the increased complexity of the
model and the size of the nanoshell, the simulation with a 20 mJ/cm? fluence did
not complete within 70 fs pulse duration.
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Figure 4.5: A comparison of simulation against experimental data published by
Lachaine et al. [97] for NS660 gold nanoshell. a. Coloured circles show the temporal
electron density predicted by the model in water (at the location of the maximum
density). The black dashed line represents the bubble formation threshold for a
femtosecond pulse in water, which was set at p, = 1.8 x 102%cm™ [75]. The red line
represents the temporal profile of the 70 fs laser pulse. b. The blue squares show
the experimentally measured bubble diameters at various fluences and the coloured
circles show the maximum electron density calculated by the model during 70 fs pulse
duration for various fluences. The black arrows indicates models where calculation
did not reach the end of the 70 fs pulse.
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4.2 The role of the environmental on the optical prop-

erties of gold nanorods

As described in Section [3.2] the optical response of three individual silica coated gold
nanorods (S-GNRy, S-GNRy, and S-GNRj3) on a TEM grid was measured and modelled
(Figure . The modelled optical response of the GNRs was very close to the measured
optical extinction spectrum (Figure [.7a]). Initially the dimensions of the GNRs in the
model were estimated from TEM, but due to the strong dependence of Ag to the GNR
aspect ratio, a refined fitting to the measured curve was performed by slightly resizing
the rod length/width (by less than 0.5nm) and consequently its aspect ratio (Table [3.1)).
This refinement fell within the precision of the TEM and optical measurements. The good
reproduction of the SPR spectral position and shape for these silica coated nanoparticles
validated the use of the dielectric function for gold reported by Johnson and Christy
[115] for €p in equation [3.1 An approximately 4nm red or blue shift of Ag is obtained
if the gold dielectric functions reported by Blanchard et al. [I59] or Palik [160] are used
compared to using the Johnson and Christy [115] dielectric data, respectively [88] [110].

The model was unable to reproduce the measured spectra for the bare GNRs (GNRy,
GNRj;, and GNRg) using dimensions that were within the TEM measurement uncertainty.
The spectra of the bare gold nanorods were then computed using the smallest and largest
aspect ratios within the uncertainty limits from the TEM measured dimensions. These
spectra strongly deviated from the experimental ones, especially with respect to the peak
wavelength Ag, as shown in Figure [1.7b] Even when using the largest aspect ratio within
the uncertainty limits of the TEM measurements, the computed Ag was blue-shifted
by 55 — 80 nm. Assuming that this discrepancy is due to under-estimation of the rod
aspect ratio in the TEM measurements, fitting of the experimental spectra using the
rod dimensions as parameters required an increase of the aspect ratio between 25% and
50% (depending on the GNR), which is incompatible with the precision of the TEM
measurements.

For nonspherical particles, such as nanorods, both the object shape and the environ-
ment determine \g, and a proper reproduction of the measured spectra requires more
realistic modeling of the actual environment. Although previous studies have shown that

GNRs have octagonal cross-section [161] [162], in the numerical model the GNRs were
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Silica-coated GNR Bare GNR

Figure 4.6: Plots of the relative electric field, E = |E|/|Einc|, where |E| = VE - E
is the amplitude of the total electric field and E;,. is the amplitude of the incident
field. Superimposed on this is the surface discretization of the gold, silica coating,
and substrate regions. E is shown on a colour log-scale. Therefore red represents
a field amplification of 100x, cyan represents an amplification of 10x and dark
blue represents a field amplitude equal to the incident field. The GNR shown was
approximately 33nm long. Reprinted with permission from [26]. Copyright 2016
American Chemical Society.

assumed to have circular cross sections for simplicity. The level of agreement between
the model and the measurement for silica-coated GNRs indicates that this approxima-
tion plays a minor role in the modeling. Additionally, surfactant molecules or solvent
left during spin-coating of the colloidal solution or a water layer due to humidity may
have influenced the measured optical spectra. To provide an insight into the impact of
variations in the environment on the extinction spectra of bare and silica-coated GNRs,
calculations were performed for different environments for a GNR with gold dimensions
corresponding to those of S-GNR; (Table . The results are shown in Figure As
expected, the computed Ag of the bare GNR shows a large dependence on its surround-
ing, red-shifting by about 130 nm when changing from a homogeneous air environment
(nsur = 1.00) to a homogeneous water environment (ng,, = 1.33). The same nanorod de-
posited on a silica substrate in air shows an intermediate A\g, demonstrating that in this
inhomogeneous configuration (containing both silica and air) the effective refractive index

of a homogeneous surrounding medium is lower than that for water. Conversely, Ar of
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Figure 4.7: Simulated (solid/dashed/dotted lines) and measured (dots) absolute
extinction cross-sections of silica-coated GNR; and @ bare GNRs, all on a silica

substrate in air. The simulated spectra shown in the silica-coated GNRs are from

a best-fit for the GNR and silica dimensions, as described in the Section [3.2] The
fitted dimensions (Table are within the TEM measurement uncertainty in all

three cases. For the bare GNRs, since the GNR aspect ratio affects the extinction

peak position, the smallest and largest aspect ratios that fit within the uncertainty
of the dimensions from the TEM images (£0.5nm) were used to produce the two
simulated extinction spectra. Reprinted with permission from [26]. Copyright 2016
American Chemical Society.
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the silica-coated GNR exhibits a much smaller environment dependence, only red-shifting
by about 20 nm from a homogeneous air to a homogeneous water environment. This re-
duced sensitivity simply reflects the fact that the plasmonic response of a nanoparticle
is sensitive to its environment on the spatial range over which field enhancement takes
place, typically of the order of the rod diameter for the investigated rods (Figure and
and of the order of the particle radius for a sphere [88]. Finally, placing a 20 nm
water layer around the bare GNR while on the substrate, in air, results in Ag red-shifting
by approximately 100nm (compared to a red-shift of 10nm for the silica-coated rod),
yielding a value close to what was measured.

As the SMS technique provides a quantitative measurement of light extinction, further
information can be obtained by analyzing the amplitude of the measured extinction
spectra, e (Ar). There are large variations, of up to 800 nm? (22% of the mean), in
Oext(AR) In the SMS measurements between the three bare rods shown in Figure m
This may be partly accounted for by differences in the GNR volumes, but may also
be due to environment fluctuations. Figure provides some insight into the effect of
the environment on et (Ar). The presence of water around the bare GNR (both as an
infinite homogeneous medium and as a 20 nm layer on a substrate) increases gexi(Ar) by
about 600 nm?, partly accounting for the observed variations.

A parametric analysis was performed to systematically study the effect of possible
contamination on the optical response of bare and coated GNRs. This was done by
simulating S-GNR; with and without its silica shell. In the first study the GNR was
surrounded by a drop of water of varying thickness and deposited on a silica substrate
layer (see Figure [3.4]). Figure shows that for silica-coated rods the water droplet
on top of the GNR and around its ends produced a weak Ag red-shift of up to 13 nm,
while for bare rods the water layer produced a strong Ag red-shift up to 100 nm as the
drop thickness increases, reaching a plateau after 20 nm in thickness (about 90% of the
shift is observed for a thickness of 10 nm, which is of the order of the rod diameter). The
effect of the droplet on the spectrum’s fwhm was also more pronounced for the bare GNR
compared to the silica-coated one. This is a consequence of the fact that the decrease in
fwhm (for all parametric analyses shown in Figure , given in eV units, is correlated to
the shift in Ag. The decrease in fwhm corresponds to a decrease of the imaginary part of
the gold dielectric function as Agris shifted away from interband transitions [46, [88), [104].

Although the results in Figure are for a hypothetical GNR, its aspect ratio (based
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Figure 4.8: Simulated extinction cross-sections of a silica-coated v (blue lines) and
a bare GNR (green lines) surrounded by air with no substrate (e), surrounded by
water with no substrate (m), deposited on a silica substrate in air (e), and surrounded
by a 20 nm layer of water deposited on a substrate in air (v; see Figure . The
gold dimensions are those of S-GNR; (Table . Reprinted with permission from
[26]. Copyright 2016 American Chemical Society.

on dimensions of the gold part of S-GNR,) is the same as that of GNRj (see Table .
The SMS measurements for GNR; (Figure produced Agr = 785 nm, which was red-
shifted from the simulated spectra by between 60 and 115 nm (Figure [4.7b). Figure [£.9a]
shows that a water layer thickness of s,, & 3nm on the bare S-GNR; results in a red-shift
of A\g of ~ 60nm, and s,, > 20 nm results in a red-shift of Ag of ~ 105 nm. This suggests
that a thin layer of water contamination was present during the measurement with a
minimum thickness of the order of 3nm using the water layer geometry shown above

(Figure [3.4). This value has however to be considered as a very rough estimate since
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Figure 4.9: A study of how the surroundings of a silica-coated GNR (left graphs) and
a bare GNR (right graphs) affect Ar (®) and fwhm (v). Reprinted with permission
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the wavelength of the longitudinal SPR of a nanorod is mostly sensitive to the refractive
index of its environment around its tips in the rod axis direction, that is, along the
substrate plane. Although a nanometer size water layer is expected, the actual thickness
experienced by the rod at its tips can thus be larger as the water layer is expected to
extend on the substrate plane with a meniscus not accounted for by the model used
here (Figure 3.4). A more realistic geometry for the water layer would include different
thickness above the rod and along its main axis direction together with a more realistic
water meniscus shape. Furthermore, the ligand molecules bound at the nanoparticle
surface may also increase the actual dielectric constant experienced by the rod, an effect
not included here.

In contrast to the model used here, the presence of the substrate has been frequently
accounted for in many single nanoparticle optical studies assuming that the individual
nanoparticles are embedded into an effective homogeneous environment with its refrac-
tive index, ngy,,, used as a fitting parameter [88, [108]. Only a few theoretical studies have
attempted to include the substrate explicitly in the analysis of single-particle scattering
experiments [163], 164]. In the homogeneous environment approximation, ng,, thus in-
corporates the influence of the substrate and other surrounding materials (air, water, or
residual solvent and ligand molecules), with a value that is between the substrate’s index
and the index of the surroundings. Although it constitutes a crude approximation, mask-
ing the complexity of the particle environment in the actual single particle geometry, the
effective homogeneous environment approximation has been successfully applied to the
investigation of single nanospheres (in contrast to GNRs, the dielectric environment and
size effects of nanospheres impact independent parameters for the most part, permitting
independent and reliable determination of ng, and of the particle size from the SMS
optical spectra [88] [110]).

In a second parametric study the sensitivity of the spectrum was examined to changes
in ng,. As expected, again, the silica-coated rods were much less sensitive to ng, than
the bare rods (Figure . Ar changed by approximately 20 nm for the silica-coated
rod compared to a change of approximately 120 nm for the bare rod (similar effects are
observed for the fwhm) between air and water. Using this approach (which accounts for
the effect of the substrate by using an effective homogeneous environment) one has to
use Ng, ~ 1.36 to reproduce the Ag ~ 785 nm measured for GNRs. Although this is

in-between the refractive index of air and the silica substrate (ng,, = 1.46), it does not
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mean that a homogeneous surrounding with ng,, = 1.36 accounts for only the effect of
the substrate. As shown in Figure for GNR; a model that explicitly included the
substrate in air was not able to reproduce the A\g ~ 785 nm SMS measurement for GNRj5.
This indicates that environmental contamination (such as a thin water layer or residual
surfactants) must have affected the SMS measurement.

To further analyze the role of the substrate, the influence of the substrate refractive
index on the SPR characteristics of a silica-coated and a bare GNR was investigated.
As expected, the silica-coated GNR was less influenced by the substrate than the bare
GNR (Figure . Ar of the silica-coated GNR red-shifted by approximately 5nm
when changing from no substrate (ng,, = 1.00) to a high index substrate (ng, = 1.60),
whereas it red-shifted by approximately 50 nm for the bare GNR, from no substrate to a
high index substrate.

These quantitative investigations of single particle spectroscopy on bare or coated
nanoparticles stress the importance of controlling the local nanoparticle environment.
The lower sensitivity of silica-coated GNRs directly reflects the fact that nanoparticles
experience only their close environment on a distance of the order of the spatial extent
of the local field around the particle at Agr (Figure . This field is of the order of
the radius for a sphere [44] [165], or of the width of a GNR (the studied GNRs had
widths between approximately 8 and 11 nm) [I66]. The three GNRs in this study were
coated with silica shells of thickness approximately between 8 and 16 nm resulting in the

environment having little impact on the GNR’s local field.

4.3 The role of gold nanoparticle morphology and cou-
pling in optical breakdown during picosecond pulse

exposures

The interaction of a 6 ps laser pulse with the gold nanostructures in an aqueous envi-
ronment listed in Table was modelled. The spatial distribution of the electric field
enhancement, the free electron density in medium and the lattice temperature of gold
for the nanostructures are shown in Figure For uncoupled nanoparticles (Fig-
ure [£.10k,d) the maximum electric field enhancement, F . = max|E|/Ep, is located
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Figure 4.10: (a)-(d) plots of the relative electric field enhancement, logio(|E|/Ep), of
25 nm nanospheres and nanorod, where |E| is the amplitude of the calculated electric
field and FEj is the amplitude of the incident electric field, polarized along long axis
of the nanostructure with propagation from the bottom of the page towards the top.
(e)-(h) the log-scale of free electron density plasma, logio(p.) (cm™2), 4 ps delayed
after the temporal peak of incident laser pulse intensity and the lattice temperature,
Ti (K), of the nanoparticle sampled at the end of the pulse duration. All plots are
produced for nanoparticles exposed at resonance wavelength (see Figure .

at the poles of the nanoparticle while for dimers and trimers (Figure [£.10p,c) the maxi-
mum field enhancement is in the region in-between the nanoparticles. The spectra of the
maximum field enhancement of these nanostructures are shown in Figure

The Figure [4.12h summarize of the maximum near-field enhancement for all the
nanostructures at the resonance wavelength and at A = 532 nm (the second harmonic
wavelength of popular solid-state Nd:YAG lasers). The resonance peak position of the
nanosphere monomers is located around A = 550 nm (Figure [£.11h) and is close to

532 nm. Fe max at resonance for monomers increases with increasing radius, and has a

74



CHAPTER 4. RESULTS

2.7% increase from 5 nm to 25 nm nanospheres. The change from a nanosphere monomer
to a dimer and trimer induce a red shift in the plasmon resonance peak and leads to an in-
crease in Fe max. Hovewer, this increase drops from 8.5% for 5 nm diameter nanospheres
to 0.9% for 25 nm diameter nanospheres. The highest changes in the maximum field
enhancement at resonance were found between the 25 nm nanosphere monomer and its
assemblies. The maximum field enhancement of the 25 nm trimer (s25t@Q640) was 9 times
higher than of the 25 nm monomer at resonance wavelength and 11.5 times higher than
of the 25 nm monomer (s25m@>532) at 532 nm wavelength. A plasmon resonance shift,
Ashite = 80 nm, can be seen when the assembly builds up from a 25 nm monomer (s25m)
to a 25 nm trimer (s25t). For dimer and trimer nanospheres, Fe may increases with the
size of a nanosphere and has a small dependence on the number of the nanoparticles.
For nanorods, Fe. max decreases as the radius of the nanorod increases. The aspect ratio
of the nanorods does not affect E, ,ax, except for the 5 nm nanorod.

In the case of the nanosphere monomer, there is an almost a uniform distribution of
temperature across the nanosphere volume (Figure ), while for nanosphere assem-
blies and the gold nanorod, the temperature profile reveals hot and cold zones across the
particle’s volume (Figure [£.10f-h).

Figure shows the maximum gold lattice temperature, T’ max, at the time 4 ps
after the temporal peak of the laser pulse. For all nanostructures, the maximum lattice
temperature was below the 1337 K, the bulk melting point of gold (Figure [£.12p). This
melting point of gold is valid for nanoparticles with radius of more than 5 nm [68]. The
lowest heating was produced using a gold nanosphere trimer, s25t@>532, exposed at the
off-resonance wavelength of 532 nm.

Figure [£.10p-h shows that the location of the maximum free electron plasma den-
sity surrounding the nanostructures is adjacent to the location of the gold lattice hot
temperature spots, which also corresponds to the location of the maximum electric field
enhancement inside of the particles (Figure —d and —h). This means that dur-
ing a 6 ps pulse interaction gold nanoparticles strongly absorb light (this is called the

absorption regime) and photo-thermal emission dominates the seed electron production.

Figures -d shows the volume (V;,;,) and the absorption cross-section (o,ps) of the
nanoparticles and their assemblies. The absorption cross-section for uncoupled nanopar-

ticles and assemblies increases with the size of the nanoparticle, and also increases when
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on-resonance excitation is used. Figure shows Fyy,, the laser fluence needed to reach
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Figure 4.11: Maximum near-field enhancement, E; .y, located at the hot zones of
the assemblies or poles of the monomers (see Figures [4.10p-d). The dimensions of
the particles are given in Table [4.1]
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Figure 4.12: Nanoparticles of different morphology used in the model and corre-
sponding parameters obtained to reach optical breakdown. The first letter of the
nanoparticle’s label (e.g. shm@532)," s" or "r", stands for nanosphere and nanorod,
respectively. The numbers 5, 15 and 25, corresponds to radius of the nanoparticle
in nanometers. "m", "d", "t" stands for monomer, dimer and trimer, respectively.
The last number of the nanoparticle’s label corresponds to the wavelength, A (nm),
used in the simulations. Bold labels corresponds to nanostructure in-resonance. Bar
plot (a), Eemax, provides the data of the maximum electric field enhancement that
is located in the nanoparticle’s hot zone (see Figures [4.10p-d). (b) shows the max-
imum lattice temperature, T’ .x, reached at the end of the laser pulse duration,
measured in the hot zone of the particle (Figures [{.10k-h) (the red line marks melt-
ing temperature of gold at 1337 K [68]). (c¢) compares nanoparticles volumes, V.
(d) corresponds to absorption cross-section, o,ps, of the nanoparticles and their as-
semblies. (e) compares the laser fluence, Fi,, needed to reach critical density of
the free electrons for bubble formation, p., = 10*° cm™3 [27, 55], in the vicinity of
nanoparticle. (f) provides the ratio of optical breakdown threshold intensity for a
pure water for 3 ps pulses at 580 nm, I u,0 = 8.5 x 10" (W/cm?) [167] and an
aqueous environment containing gold nanoparticles, I, (this study).
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a critical density of the free electrons, p, = 10?*® cm™ [55] in the vicinity of each nanos-
tructure. This corresponds to the free electron density for bubble formation, which was
experimentally observed by Vogel et al. [27]. Although most studies have used a value

of per = 10*' cm™ as a critical plasma density required for the optical breakdown [27],

3

in this study pe, = 10?° cm™ was used in accordance to recent findings by [74} [75], that

revealed a lower threshold than previously assumed. By comparison of Figures @.12c,
4.12d and , one can observe some correlation between Vi, oaps and Fiy,, where a
higher fluence threshold is needed for smaller absorption cross-section and volume of the
nanoparticle. Figure [L.12f, provides the ratio of the optical breakdown threshold inten-
sity for a pure water (for 3 ps pulses at 580 nm Iy, 5,0 = 8.5 X 10" W/cm? [167]) to the

Table 4.1: Gold nanoparticle types and dimensions used in the model. In particle’s
type the letters "s", "r", "m", "d" and "t" stands for sphere, rod, monomer, dimer
and trimer, respectively. The number in the particle’s type defines a radius of the
nanosphere and nanorod in nanometers. The gold nanorods were modelled having an
overall size of the corresponding nanosphere assembly with matching aspect ratios.
For nanosphere assemblies the inter-particle distance, edge to edge, was kept at a
constant value of 4 nm. Nanoparticles volume, V,,, for gold nanosphere assemblies

is given as a sum of individual nanoparticle volumes.

Nanostructure | Aspect ratio | Overall size (nm) | V,, x 10° nm?®
Nanospheres
sHm 1:1 10 x 10 0.52
s15m 1:1 30 x 30 14.14
s2bm 1:1 50 x 50 65.45
sod 2.4:1 24 x 10 1.05
s15d 2.13:1 64 x 30 28.27
$25d 2.08:1 104 x 50 130.90
sbt 3.8:1 38 x 10 1.57
s15t 3.26:1 98 x 30 42.41
s25t 3.16:1 158 x 50 196.35
Nanorods

rod 2.4:1 24 x 10 1.62
r15d 2.13:1 64 x 30 38.17
r25Hd 2.08:1 104 x 50 171.48
15t 3.8:1 38 x 10 2.72
r1s5t 3.26:1 98 x 30 62.20
25t 3.16:1 158 x 50 277.51
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(a) 5nm nanospheres (b) 15nm nanospheres
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Figure 4.13: Calculated free electron densities for different nanoparticle morphology
and wavelengths exposed to 6 ps laser pulse at different fluencies, F'. The legend
provides information on nanoparticle type, where "s"-sphere and "r"-rod; incident
wavelength (e.g. "@532" - correspond to 532 nm) of the laser pulse and aspect ratio of
the nanosphere assembly and nanorod, where "m"-monomer (o symbol), "d"-dimer
(x symbol), "t"-trimer (A symbol); the numbers 5 (red), 15 (green), 25 (blue) and
5 (light red), 15 (light green), 25 (light blue) corresponds to the nanosphere and
nanorod radius in nanometers, respectively.

threshold intensity of water with gold nanoparticles, Iy, (this study). This figure shows

that the use of gold nanoparticles and their assemblies can decrease the fluence threshold

by up to 4 orders of magnitude.

Figure shows the impact of the gold nanostructure morphology (nanosphere
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monomer, dimer, trimer and nanorods of different sizes) and laser pulse characteristics
(wavelength and fluence) on the plasma density at the location of the highest electric field
enhancement. A lower fluence is needed to reach the optical breakdown threshold, for
nanosphere dimers and trimers than for monomers, for all three nanoparticle radii. The
lowest fluence is needed when the nanosphere dimer and trimer are irradiated at their
resonance wavelengths. From Figure it is evident that gold nanorods of the same
radius but with different aspect ratios (mimicking a dimer and a trimer), required similar
laser fluences (see Figure [4.12f) that are required to achieve the critical plasma density.
For example, r5d@660 (nanorod "dimer") needed Fyy, = 1.07 mJ/cm? to reach the critical
free electron density, while r5t@780 (nanorod "trimer") needed Fy, = 1.02 mJ/cm? to

reach the same density.
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Figure 4.14: The optical breakdown threshold, F};, that is required to reach critical
electron density, p., = 102° (cm™3), is plotted against corresponding (a) nanoparticle
volume, V;,;,, (b) absorption cross sections, oaps, and (¢) maximum near-field enhance-
ment, Fe max. Symbols and colour scheme corresponds to one used in Figure at
pe = 10%° (cm™3).
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Figure plots the effect of Vi, 0abs; Eemax, on thresholds Fi,. The nanopar-
ticles of different morphology but with comparable volumes need different fluencies to
reach optical breakdown threshold, which can be seen by comparing r15t@Q800 against
$25m@532; s15t@5H85, r15d@660 and s15t@5H32 against each other; and r5d@660 sht@Q560
and sHt@5H32 against each other. On the other hand, an on-resonance exposed s25t@640
and r25d@720 with comparable absorption cross-sections had Fy, = 0.37 mJ/cm?® and
Fin = 1.4 mJ/cm3, respectively. A similar situation can be seen comparing s25d@595
against r15d@660, and s15t@>585, s25d@532 and s25t@5H32 against each other, where the
nanoparticles with different morphology but comparable absorption cross-section have
different optical breakdown thresholds. A power regression fit of the optical break-
down threshold versus the volume of the nanoparticle yielded, Fy, = 2.5969V,%*° with
R? = 0.32, and a power regression fit of the optical breakdown threshold versus the ab-
sorption cross-section yield, Fy, = 0.83630;]0%311 with R? = 0.46. Figure MC shows the
relation between the maximum field enhancement for different morphologies, wavelengths
of laser irradiation and optical breakdown threshold. A power regression fit of the opti-
cal breakdown versus the maximum field enhancement yielded, F};, = 44.96 (Ee,max)_l‘267
with R? = 0.92.

Figure shows the change in the optical response of the 25 nm gold nanosphere
trimer (s25t) when adding a hypothetical 2 nm thick homogeneous layer with refractive
index of 1.6 around it. There is a 20 nm shift in the resonance wavelength for maximum
near-field enhancement, E. .y, and absorption cross-section, o,ps, and there is a 28%
increase in Ee max, and a 9% increase in o, at the resonant wavelength due to the addition
of the 2 nm thick layer around the nanospheres. Such changes in the optical response by
the nanostructure will affect multiphoton absorption by the environment in the vicinity
of gold nanoparticle and photo-thermal emission by the gold nanoparticle. Ideally these
effects should be modelled, if they can be properly characterized. Unfortunately, the
characterization of the immediate vicinity of nanostructures is very difficult.

In the calculations the size corrections to bulk dielectric function of gold [26] were
used. To understand whether correction of bulk dielectric function of gold can effect
the predicted optical breakdown thresholds, the maximum near-field enhancement and
absorption cross-section were calculated for gold nanosphere trimers with different di-
ameters and nanorods with same aspect ratios. Table [£.2] shows the relative change in

|E|max and o.ps applying the corrections to the dielectric function of gold. As expected,
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Figure 4.15: Maximum near-field enhancement, F j,x, and absorption cross-section,
Oabs, Of a 25 nm gold nanosphere trimer with and without inclusion of 2 nm thick
shell with refractive index of 1.6.
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Table 4.2: Overestimation of the maximum near-field enhancement, (|E|maxbux —
|E|max) /| E|max pulk, and absorption cross-section, (Gapspulk — Tabs)/Tabsbulk, Dy the
gold nanosphere trimer and nanorod at longitudinal plasmon resonance wavelength

with the use of bulk dielectric function of gold versus size corrected dielectric function
of gold.

NanOStI‘uCture |E|max,bulk_|E‘maX Oabs,bulk —Tabs

[E|masx,bulk Tabs,bulk
s5t@560 0.17 0.165
s15t@585 0.09 0.066
$25t@640 0.04 0.003
rbt@Q780 0.40 0.397
r15t@800 0.09 0.044
r25t@930 0.02 0.002

for a large nanostructures (s25t@640 and r25t@930) the optical properties did not change
much due to inclusion of size corrected dielectric function of gold. On the other hand,
for the smalest nanosphere (s5t@560) and nanorod (r5t@Q780) |E|y.x and oans changed
by a factor of 0.17 and 0.40, respectively. In such a cases, not usage of the size corrected

dielectric function of gold will lead to underestimation of optical breakdown threshold.

4.4 The wavelength dependence of gold nanorod-mediated

optical breakdown with infrared ultrashort pulses

For the wavelength dependence of the nanoparticle-mediated optical breakdown study,
the interaction of a longitudinally polarized femtosecond (60 fs) and a picosecond (6 ps)
laser pulse with a GNR having either an aspect ratio of 3.5 (GNRgs; 10 x 35 nm) or
5.5 (GNRs5; 10 x 55 nm) was used. These aspect ratios were chosen so that the GNRs
had a plasmon peak positions of 750 nm and 975 nm, respectively, which are close to
the transition in the order of the MPI process, k, (where an additional photon is needed
to overcome the initiation energy, FEi,;) for pure water of 738 nm (for transition zone
between x =4 and k = 5) and 965 nm (between k = 5 and k = 6) |73, [74].

The simulated absorption cross-section, o,s, and a maximum electric field enhance-
ment, Ee m.x = max|E|/Ey, where max|E| is the maximum electric field in the vicinity of

the nanoparticle and Ej is the magnitude of the incident electric field for both GNRs are
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shown in Figure . As expected, the peak positions of o,ps and Ee max are the same
for each nanorod. In the absorption regime of LIOB the o, is an important parameter
that affects the PTE rate, while in near-field regime of LIOB, E. . is an important
parameter that affects the MPI rate.
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Figure 4.16: Absorption cross-section, o,s (a) and a maximum electric field enhance-
ment, Femax (b) of a longitudinally polarized light of a 35 nm (GNRs5) (green) and
a 55 nm (GNRj5) long gold nanorod (red).

For a given particle, due to the similar spectral shapes of 0,5 and Eg pax, the rela-
tionship between Ii;, and 0., is expected to be the same as the relationship between Iy,
and Fe max Since ogps is directly proportional to magnitude of electric field. Either one
could be increased to lower the optical breakdown threshold. Figure [4.17h shows the Iy
dependency on o, for the 60 fs and 6 ps pulses. It is evident that for a given pulse
duration [, depends on o, independent of the GNR aspect ratio. I, also depends

on Fe max but this dependency is different for the two aspect ratios and pulse durations
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(Figure [1.17p,c).
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Figure 4.17: I, LIOB intensity threshold for a 60 fs and 6 ps laser pulses ver-
sus (a) absorption cross-section, o.ps, of the 35 and 55 nm GNR and a maxi-
mum electric field enhancement, Epa.x, for a (b) 6 ps and (c¢) 60 fs pulse dura-
tion. Data power trend lines fit: (a) Iy, = 2.87 x 10135,,2% (dashed line), and
Iy = 5.1 x 101029 (dotted line); (b) Iy, = 9.05 X 10'2E, oy > (dashed line)
and Iy, = 36.2 X 109 E oy " (dotted line); () Iy, = 6.03 x 101 E, o> (dashed
line) and Iy, = 33.2 x 10" E, o 4™ (dotted line).

Figure and shows the wavelength dependence of optical breakdown thresh-

olds, Ifhp * and IS, for a 6 ps and 60 fs pulse, respectively. The optical breakdown
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threshold for the picosecond and femtosecond pulses intersect at an 825 nm wavelength
for both GNRs. This is the same point as the o, intersection (Figure ), in contrast
to the intersection of Ei max, which is at 860 nm (Figure ) This is consistent with
Figure where Iy, is well correlated with o, for a given pulse duration. As expected,
for LIOB with a picosecond pulse exposure (where the absorption regime dominates) the
wavelength dependence of Ifﬁ) ® correlates with the wavelength dependence of o, and
Eemax (Figure versus Figure . Iﬁf ® is minimum at 750 nm for GNR35; where
Oabs and E oy are maximum, and for GNR;;5 a Iﬁf ® is minimum around 950 nm while
Tabs and Ey nay are maximum at 975 nm. For femtosecond pulses, the shape of the 15
resembles the shape of an [ﬁf’ ® for GNRs; (Figure , with no evidence of a wavelength
dependence due to the band gap structure of water, and its associated ionization tran-
sition zones [74]. However, IS® for the GNRj35 decreases between 950 nm and 975 nm,
which is not correlated to changes in gaps Or Fe max in this range (Figure . The peak
is located near the transition zone of the MPI process, between k = 5 and Kk = 6. At
this transition zone, the lower MPI process order, x = 5, which just exceeds FEj,;, mixes
with a higher order but a lower probability MPI process, k = 6, which becomes relatively
important with increasing wavelength [74].

The absence of a maxima for I§® for GNRs5 near the MPI order transition zone
between k = 4 and x = 5, which is around 740 nm, was analyzed by comparing the
spacial distribution of the electric field enhancement, F. = |E|/Ejy, for both GNRs at a
wavelength near the two MPI transition zones (750 nm for the transition between xk = 4
and £ = 5 and 975 nm for the transition between x = 5 and x = 6). Figure[1.19%-d shows
this comparison. The spatial distribution of E, is distinctly different for GNR55@Q750nm
compared to the three other nanorods. For GNR55@750nm the highest F, in the medium
is located along the sides of the GNR, while for the others the maximum F. in the
medium is located at the ends of the GNR. If the MPI rate during seed electron density
generation is higher than the PTE rate, then the temporal shape of free electron density,
Pe, at this point will resemble the temporal shape of the laser pulse intensity (green line,
Figure ) This usually occurs at locations in the medium where E, is much higher
than E, in the GNR. On the other hand, if the PTE rate is higher than the MPI rate,
then the free electron density will increase rapidly during the pulse duration followed by
a gradual decrease of free electrons after the end of the pulse (red line, Figure [1.20k).
This is especially true during picosecond pulses at all wavelengths studied (Figures
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Figure 4.18: LIOB threshold I for a 6 ps and IS for a 60 fs pulse interaction
with a GNR versus the wavelength of incidence plotted for a pui = 1 x 102! ecm=3.
Grey shaded area marks the MPI process transition zones. s denotes the order of
the MPI process required to cross the band gap of water [66].

and [4.20a). Since E, at the sides of GNR55@750nm in water is approximately equal to
E. inside the GNR (Figure [£.19pb), it was expected that PTE off the GNR surface would
dominate over MPI in the water. The dominance of PTE in seed electron generation

during the femtosecond pulse interaction with GNRjs5 between 710 to 750 nm will cancel
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the wavelength dependence of Ii;, caused by transitions in the MPI process order.
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Figure 4.19: (a)-(d) Electric near field enhancement, E, = |E|/Ej, plotted for GNR3;
and GNRs5 at 750 and 975 nm wavelengths, before formation of the free electron
plasma that at peie can shield the particle from incoming radiation. (e)-(h) Gold
nanorod’s electron temperature, T,, = log,o(Ts [K]), is plotted in the log scale at
the time of peak irradiance of the 60 fs laser pulse (grey scale colour bar). The log
scale of a free electron plasma density, pyoq = logyo(pe [cm™3]), in the vicinity of the
GNR at the time when p, = pe; is reached.

The existence of high E, near the surface of a GNR does not necessary mean that free
electron generation is dominated by MPI. For example, the similar F, distributions for
GNRs in Figure ,d produce vastly different p, distribution (Figure ,h). Also,
similar p, distributions (Figure[1.19.f) were produced for GNRs with vastly different E,
distributions( Figure [£.19%,b).

Figure [4.21] shows p, for a 60 fs pulse at different wavelengths for GNRg35 and GNR55.
This helps us understand how the MPI and PTE processes contribute to the free electron
plasma generation in the GNR’s vicinity. The figure shows the temporal profile of p. at
sampling points indicated in Figure [4.20b. MPI dominates free electron generation over
PTE at the ends of the GNR if the MPI generated p. (green curve in Figure reaches
Perit before the PTE generated p, reaches pe (red line). PTE dominates the production
of seed electrons at the sides of the GNR, when PTE generated p. reaches pei; (red line),
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Figure 4.20: (a), (b) plots the free electron density, p., generated in the vicinity of
GNR35 exposed at 940 nm during 6 ps and 60 fs pulses, respectively. The sampling
points of electron density lines are related dominant mechanisms (green line to MPI
and red line to PTE) of free electron generation. The dashed line shows the temporal
shapes of the 6 ps and 60 fs laser pulses for (a) and (b), respectively.

before the MPI generated p, (green line) reaches peit. At the ends of the GNR (where
MPI dominates), the shape of the free electron density line (the green curve) follows
the temporal distribution of the laser pulse irradiance. By examining the green curve
in Figure [4.20b, one can see that after the peak of the laser pulse irradiance, the free
electron production at the ends of the GNR due to the MPI decreases and free electron
generation is overtaken by free electron production at the sides of the GNR (where PTE
dominates). This can be seen by the gradual increase of the free electron density after
the dip in the green MPI lines in Figures [£.2Th-h and [£.21]-p. The free electron density
line that results from PTE rises rapidly as the electron temperature of the GNR increases
and p, reaches its maximum by the end of the laser pulse (Figure |4.21)).

By analyzing Figure [4.21} it is evident that for both GNRs the free electron plasma

production is dominated by PTE at all examined wavelengths with the exception of

89



CHAPTER 4. RESULTS

GNR35 exposed at 940 and 975 nm wavelengths (Figure ,h), where the MPI process
contributes strongly to the free electron plasma generation, and p. = pet is reached
at the ends before it is reached at the sides of the GNR (where PTE dominates). The
dominant role of PTE for a femtosecond pulse is surprising since it is generally assumed
that the near-field enhancement by a nanoparticle will provide more free electrons through
MPT rather than through PTE during ultra-fast femtosecond exposures [82]. Femax in
the vicinity of the GNR is not sufficient by itself for determining whether nanoparticle-
mediated LIOB in water occurs through the near-field enhancement (MPI dominated) or
absorption (PTE dominated) regimes. For example, F, ax for GNRs5 is 3.6 and 4.5 times
higher than for GNRgs at 940 and 975 nm, respectively (Figure [4.16p), yet the overall
free electron plasma for GNRs5 is dominated by PTE (Figure |4.21p,p). This behaviour is
due to the fact that a high field enhancement outside of the nanoparticle is accompanied
by a high electric field enhancement inside of the GNR, leading to high absorption and
PTE rates.

The ratio of the maximum electric field outside the GNR to the maximum electric
field inside the GNR, Eliatio = |E|max.outside/ | | max inside; Was investigated as a parameter to
characterize the role MPI (near-field LIOB regime) and PTE (absorption LIOB regime)
in free electron plasma generation. As is evident in Figure for GNR35 at 940 nm,
Pe = pPerit is reached in the near-field regime (peak of the green line in Figure [1.21k),
which is partially due to high near-field enhancement (high MPI rate), and partially
due to the off-resonance excitation of GNRg; (low absorption and PTE rate). Hence, a
high F,.ii, corresponds to lower absorption rates which causes a lowering and delaying
of the PTE contribution to the plasma density generation (red line in Figures [£.21h-h).
The near-field regime becomes evident during the free electron generation at E.i;, &~ 7
(Figure [4.21g). On the other hand, for GNRs; the relative contribution of PTE to the
free electron generation remains strong at the MPI transition zone near 975 nm (red line
in Figures 4.21p-p). This comes from the fact that the plasmon resonance peak position
for GNRs;5 is located at this wavelength, which results in an increase of o, (Figure
and F, inside the GNR. The increase in the o,,s; and E,, inevitably leads to an increase
in resistive heating and consequently PTE. Therefore E,.;, = 7 indicates a threshold
for switching from absorption to the near-field regime for free electron generation during
femtosecond pulse exposures. An E.,;, > 7 also indicates the point where changes in the

MPI process order can affect Iy,.
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Figure 4.21: Free electron plasma density, p., generation related to contribution to
the free electron plasma generation through the MPI - green line (sampled at the tip
of the GNR, see Figure and PTE - red line (sampled at the surface of the GNR
in the middle point of GNR, see Figure processes in the vicinity of GNRg35; and
GNR;5 during a 60 fs laser pulse interaction, respectively. FEl.i, shows the ratio of
maximum electric field outside to inside of the GNR.
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Chapter 5

Summary, Discussion and Conclusions

The focus of this thesis was the development of a finite element model of a nanoparticle-
mediated optical breakdown phenomena in water. COMSOL Multiphysics was used to
build a strongly coupled complex multiphysics phenomena of optical breakdown due to
strong field ionization of water in the presence of gold nanoparticles. The latest findings
on the water’s band structure were incorporated into the model in order to update the
current state of the computational formulation of nanoparticle-mediated optical break-
down. A summary and conclusions for the validation of the model and the three studies

are provided below.

5.1 Validation of LIOB model

A thorough model of nanoparticle-mediated optical breakdown was developed. The
model was used to predict the optical behaviour of a gold nanoshell and a strong field
ionization of water during 70 fs pulse exposure in order to validate it against the experi-
mental data published by Lachaine et al. [97].

The validation results that were presented in the Section [£.1.3] demonstrated a good
agreement with experimentally observed data published by Lachaine et al. [97]. For one
gold nanoshell, NS800, the predicted bubble formation threshold was around 7 mJ/cm?
and in agreement with the experiment, while for another gold nanoshell, NS660, the
predicted bubble formation threshold was at 15 mJ/cm? which is almost a half of what was

observed experimentally (35 mJ/cm?). This disagreement would be caused by limitations
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in bubble detectability. The electron density threshold for bubble formation for pure
water noted in Figures and [4.5], were based on the formation of bubbles that were at
least 150 nm in radius [75]. Lachaine et al. [97] were only able to detect bubbles that
were at least 250 nm in radius. This uncertainty is further highlighted by experiments
with live cells, where the optoporation was observed at 20 mJ/cm? fluence (in contrast to
35 mJ/cm? fluence threshold for bubble formation) for NS660 nanoshell (see Figure [5.1]).
On the other hand, optoporation was observed with NS800 particles at fluence above
20 mJ/cm? (in contrast to 6 mJ/cm? fluence threshold for bubble formation). The
variation in experimentally observed thresholds of bubble formation versus optoporation
efficacy can be understood by noting that optoporation of live cell can be caused by a
single large bubble (as in the case of NS800, where only single bubbles with a diameter
of &~ 2 ym at 20 mJ/cm? were observed when exposed to a sequence of laser pulses) or
a sequence of smaller bubbles (as in the case of NS660, where exposure to a sequences
of laser pulses generated a sequence of bubbles, with diameters of less than 0.5 ym at
fluences below 40 mJ/cm?).

An explanation for the variation in the experimentally observed thresholds for bubble
formation is that the definition of a bubble formation threshold that is based on the max-
imum free electron plasma density for pure water is inadequate for the bubble formation
threshold for gold nanoparticle-mediated optical breakdown in water. Optical breakdown
in water can be associated with two phenomena: transition of the water from a liquid to
a gas phase (caused by energy deposition) and luminescence by the plasma. The tran-
sition to the gas phase (cavitation and bubble formation) during optical breakdown is
easily detectable. The temperature of water can be related to the threshold of bubble
formation and does not depends on the laser pulse duration. On the other hand, the
temperature of the plasma can be related to the threshold of luminescence, but it depend
on the laser pulse duration. The brightness of the luminescence strongly depends on
the plasma temperature. The use of temperature as an alternative for bubble formation
during nanoparticle-mediated optical breakdown is discussed in Section where a new

criterion for optical breakdown that includes the temperature of water is provided.
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Figure 5.1: A comparison of the maximum free electron density calculated in the
vicinity of gold nanoshells (circles) with the perforation fraction (%) blue and green
squares for a. NS660 b. NS800, respectively. The black arrows indicates models
where calculation did not reach the end of the 70 fs pulse. Blue and green dashed line
represents experimental bubble detection threshold for NS660 and NS800, respec-
tively. Black dashed line represents a bubble formation threshold for a femtosecond
pulse in water [75] and set as a pye = 1.8 x 10%°cm™>. Red dashed line represents
redefined maximum free electron density in the vicinity of a nanoshell needed to
reach a bubble formation threshold based on Figure (see text for details).
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5.2 Role of environment on optical properties of a

single nanoparticle

The optical extinction spectra of single bare and silica-coated gold nanorods were quanti-
tatively measured around their longitudinal SPR using spatial modulation spectroscopy
and the results compared to those of a numerical model of optical absorption, taking
into account a realistic experimental geometry and the actual nanoparticle morphology
and size measured by transmission electron microscopy (extinction is dominated by ab-
sorption for the investigated nanorod sizes). The combination of these experimental
and theoretical methods constitutes a powerful tool for the detailed interpretation of the
optical properties of single nanoparticles. Excellent agreement between the computed
and experimental data, that is, surface plasmon resonance wavelength and extinction
cross section amplitude, have been obtained for the silica-coated rods, assuming they
are deposited on a silica layer in air with the use the TEM measured rod dimensions
as input. Conversely, a similar analysis with bare rods produced a large deviation of
the computed longitudinal SPR wavelengths as compared to the experimental ones due
to their greater sensitivity to their actual environment. Although a better reproduction
of the measurements can be obtained using a mean homogeneous environment approx-
imation, which has been successfully applied to the investigation of single nanospheres,
this has been found to mask the actual complexity of the particle environment in single
particle measurements. Improved agreement with the optical measurements can also be
obtained using a more realistic model assuming that the single nanoparticles deposited
on the substrate are embedded within a thin water drop, the latter mimicking the impact
of residual solvent, surfactant molecules, or humidity.

These results stress the difficulty in properly describing the measured optical response
of a metal nanoparticle deposited onto a substrate, a geometry that is often used in single
nanoparticle studies. This problem can be partly solved by embedding the particle into
a dielectric layer (e.g., polymer film [88]) or dielectric shell to insulate it from uncon-
trolled environmental conditions. The effects of contamination by a water layer could
be avoided by performing single particle spectroscopic measurements in a vacuum cham-
ber. The influence of the local environment on the measured optical properties of single

nanoparticles and of the particle to particle variation is similar to that encountered in
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the investigation of the damping of the acoustic vibration of nanoparticles [168]. This
stresses the importance of controlling the local particle environment in single nanopar-
ticle studies, which is efficiently done with silica-coated particles, particularly when the

particles have complex shapes.

5.3 Morphology dependence of LIOB

The optical breakdown threshold for a picosecond pulse interaction with gold nanoparti-
cles of different morphologies was shown to be highly dependent on near-field enhance-
ment in the nanoparticle vicinity and to a lesser degree on the nanoparticle type, volume
and absorption cross-section. In the case of uncoupled nanoparticles, the optical break-
down threshold is highly dependent on both the absorption cross-section and the near-
field enhancement by the nanoparticle due to the similarity in their spectral shapes. The
results obtained show that the use of nano-assemblies can lower the threshold by 4 or-
ders of magnitude in comparison to pure water [167]. These findings can further advance
the use of gold nanoparticles and their assemblies for applications, such as gold medi-
ated transfection and optoporation [10, [1T], 32] B6], nanoparticle enhanced laser induced
breakdown spectroscopy [19} 20], cell nanosurgery [22], drug release [24, [169], fabrication
of functional gold-antibody nanoconjugates [I70] and imaging [23].

5.4 Wavelength dependence of LIOB

This study, demonstrated that the wavelength dependence for the nanoparticle-mediated
optical breakdown threshold for picosecond pulses is dictated by the optical properties of
the gold nanoparticle. This is called the absorption regime, where free electron generation
is dominated by PTE and absorption cross-section of the nanoparticle will control the
optical breakdown lowering. During femtosecond pulses the wavelength dependence for
the nanoparticle-mediated optical breakdown threshold is dictated by transitions in the
MPI order and the ratio of the maximum electric field outside to the maximum electric
field inside the nanoparticle. When this ratio reaches 7 the free electron plasma generation
transitions from the absorption dominated regime to the near-field dominated regime.

This ratio can be easily calculated from the electromagnetic theory, and will help to
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better interpret LIOB experimental findings and in designing nanoparticles for LIOB

applications.

5.5 Key contributions

Several key contributions were made to the field of laser-nanoparticle interaction and

optical breakdown:

1. The optical behaviour of a single gold nanoparticle on a substrate was analyzed.
The evidence of a high sensitivity of the optical properties of a single uncoated
nanoparticle was presented. Behaviour of a coated nanoparticle on a substrate
proved to be immune to the changes in the local dielectric environment of a particle
for the studied silica shell thickness.

2. In this thesis a complete model of the gold nanoparticle-mediated optical breakdown
process in water was developed. The overall completeness of the model can be
viewed in Table 5.1} As it can be seen from the table, the only area where the
current model needs improving is an inclusion of the hydrodynamic effects, which
are important during nanosecond pulses, where the expansion starts during the

laser pulse and influences the laser-plasma coupling [59].

3. The model was used to analyze the role of gold nanoparticle morphology in optical
breakdown phenomena and found that the optical breakdown threshold is highly

dependent on the near-field enhancement during picosecond pulses.

4. The optical breakdown model predicts the existence of optical breakdown absorp-
tion and near-field regimes, that are based on the ratio of the maximum electric
field outside to the maximum electric field inside the nanoparticle. The prediction
of these regimes, is an important knowledge for the design of appropriate nanos-

tructures for lowering the optical breakdown threshold.
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Chapter 6

Future work

The criteria for bubble formation in nanoparticle-mediated optical breakdown was ex-
plored to understand the disagreement between optical breakdown threshold predicted
by the model for NS660 nanoshell and the measured threshold (see Figure . This
was done by comparing the computed maximum free electron plasma density and tem-
perature in the vicinity of the gold nanoshell against the bubble formation threshold and

optoporation efficiency reported by Lachaine et al. [97].

6.1 A new criterion for optical breakdown

The laser irradiance threshold needed for optical breakdown and bubble formation, has
been historically determined in models as the irradiance that produces a critical free

3 and

electron density, puir. It’s value has been assumed to be between peq = 10'® cm™
Perit = 10?1 cm ™. Additionally, it is possible to calculate the temperature rise due to
free electron thermalization and use it as a second criterion for optical breakdown and
bubble formation.

From the literature review one can find a wide range of free electron plasma densities,
108 — 10*' ecm™3 [5, 27, 53H57], that were identified as a parameter that corresponds
to the bubble formation and the optical breakdown events. The difference in the three
orders of magnitude in the free electron plasma density coming from the differences in
the plasma density calculation and comparison against experimental data. In the Sec-

tion pre = 1.8 x 102 cm™® [75] was used as a plasma density that is associated
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with the optical breakdown for validation of the model. In the case of NS800, this free
electron density (pn¢) worked well and the calculated optical breakdown threshold coin-
cide very well with the experimental fluence threshold of a bubble formation. On the
other hand, when the same free electron density was applied to determination of the op-
tical breakdown threshold in the case of NS660 nanoparticle, LIOB model predicted that
the optical breakdown event should appear already around 12-15 mJ/cm? in comparison
to the fluence of 35 mJ/cm?, where experimentally the bubble formation was detected.
Although this disagreement in the calculated and experimentally obtained bubble for-
mation thresholds may be due to the limitations of the experimental setup (which is
partially indirectly confirmed by the successful optoporation experiments at 20 mJ/cm?
[97], Figure . The free electron density fluence threshold for bubble formation was
compared against temperature threshold of bubble formation. This was done by plotting
the maximum temperature, T,,.., of water reached due to free electron thermalization in
the vicinity of the gold nanoshell versus the maximum free electron density, pe max, at the
last time step of the optical breakdown modelling in the vicinity of NS660 and NS800
gold nanoshells for different fluences (see Figure[6.1]). It should be noted that not all FE
solutions reached the end of the 70 fs pulse and some stopped before that.

In the Figure black and red dashed lines represents bubble formation thresholds
due to temperature, T,y = 440.7 K, and free electron density of the bubble formation,
(ppe = 1.8 x 10%° cm™3), respectively that were recently defined by Linz et al. [75] for
a pure water without gold nanoparticles. As it can be seen from the Figure the
intersection of both bubble formation threshold lines for pure water lays outside of the
exponential best fit line that combines all data points for both nanoshells and is given
by Tmax = 300exp(7 x 10722 pe max) (blue line, Figure with R? value of 0.943. In
order to meet both conditions specified by the temperature of the bubble formation
threshold and the lines of best fit, one will need to redefine the bubble formation threshold
due to free electron plasma formation to p. = 6 x 10 cm™ (see grey dashed line in
Figure . Thus, the bubble formation condition can be redefined as a water heated to
the temperature of 440.7 K and/or a water where free electron plasma generate to the
densities above 6 x 10?° cm™3 (which is an average of two nanoshell cases). Furthermore,
the fluences of above 11 mJ/cm? and 20 mJ/cm? for NS800 and NS660 are obtained when
the modified plasma density threshold (p. = 6 x 10 cm™) is used to obtain irradiance

optical breakdown threshold from the computational model, respectively. These fluences
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Figure 6.1: Calculated maximum temperature, T),.., in the vicinity of the gold
nanoshell (NS660 and NS800) at the end of the 70 fs pulse or when the numerical
model stopped versus maximum free electron plasma density, pemax, for a given
laser fluence. Black dashed line presents the bubble formation threshold due to free
electron density generated, pn; (HoO), (1.8 x 10*° cm™3), while red dashed line is
a threshold of bubble formation due to the temperature, Ty, (440.7 K) reached in
the pure water [75]. The blue line shows an exponential line of best fit, T =
300exp(7 x 10722 p¢ max) with R? = 0.943 for all data points. The grey dashed line
represents a new free electron density threshold for bubble formation generated in
the vicinity of a nanoparticle, pne (NP).

are in a good agreement against the optoporation results of Lachaine et al. [97|, were a

significant optoporation efficiency of live cells was achieved at similar fluences.
Therefore, modelled maximum plasma temperature and the maximum free electron

density in the vicinity of gold nanoshells during single 70 fs pulse exposure and the com-

parison against bubble formation thresholds in temperature (440.7 K) and free electron
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density (1.8 x 10?° cm™2) and experimental data, provided us with the corrected free
electron density threshold of a femtosecond nanoparticle-mediated optical breakdown,
pe = 6 x 102° cm~3. The optical breakdown threshold that is based on newly defined pys
is in very good agreement for both NS660 and NS800 particles against experiments of
bubble detection and cell perforation (see Figure .

6.2 Sequence of pulses LIOB modelling

In this research, free electron plasma generation due to a single laser pulse interaction
with a nanoparticle was studied. This computational work in the future needs to be
extended to plasma generation by sequences of laser pulses. In addition the inclusion
of hydrodynamics and the accounting for the phase transitions will enable this model
to predict the mechanical effects of a bubble formation to the medium. This will bring
a very valuable knowledge to the field of optical breakdown. This task can be accom-
plished without modifications to the core of the developed model but by the addition of
hydrodynamics to the model.

6.3 Combination of morphology and wavelength
dependence study of LIOB

The work on the wavelength dependence of nanoparticle-mediated optical breakdown
should be extended to the other types of nanoparticles, with different size /shape/composition

in order to define a range of parameters where the findings stays valid.

6.4 Nanoparticle-mediated optical breakdown during

nanosecond pulse exposure

Another extension to this work will be an analysis of a plasma generation during nanosec-
ond laser pulse exposure of the nanoparticle. The use of nanosecond pulses becomes
popular in the applications utilizing LIOB [10] 29, B0] but theoretical understanding of

nanoparticle-mediated LIOB is still missing for ns pulses.
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6.5 Thermal explosion and melting of nanoparticle

The main objective of this thesis was to develop a theoretical model of gold-nanoparticle
mediated optical breakdown phenomena for use in biomedical applications. The gold-
nanoparticle mediated optical breakdown phenomena in liquids during ultrashort pulse
exposures can cause nanoparticle reshaping [I71], 172], melting [I73], evaporation [I74]
and thermal explosion [I75]. Several theoretical approaches can be adopted in order to
extend the current model to account for these effects . Delfour and Itina [I76] provided
a numerical model of femtosecond laser-induced fragmentation of gold nanoparticles in
water. Strasser et al. [I77] modelled pulsed laser-induced heating and evaporation of
gold nanoparticles. Zavestovskaya et al. [I78] theoretically analyzed nanoparticle heating
and fragmentation in water and the development of the instability of charged liquid
metal drops. Werner et al. [I79] accounted for laser-induced nanoparticle’s reshaping and
Coulomb explosion during femtosecond pulse exposure in his model. Giammanco et al.
[180] include photofragmentation of gold nanoparticles in his model and discussed the
roles of melting, evaporation, thermionic emission and photo-assisted ionization during
picosecond laser exposures. Komolov et al. [I81] studied the damage of a metal spherical
nanoparticle by femtosecond laser pulses by modelling electron photoemission and the
formation of positively charged nanoparticle followed by ion emission with removal of the

excessive positive charge, which modifies particle structure.

6.6 Temperature dependent optical properties of gold

In my study the temperature dependence of optical properties of gold was neglected. This
simplification is valid for fs pulses, where the gold’s lattice heating occurs after the pulse
for pulses shorter than thermalization time of 10 ps. During ps pulses, depending on the
morphology and the wavelength used, the temperature of the nanoparticle can reach high
values (see Figure . At high temperatures the optical properties of the nanoparticle,
such as absorption and scattering, change. This can be seen in the example of a GNR
at several uniform temperatures, where the temperature dependent dielectric function of
gold [182] was used (see Figure[4.19)). The near-field enhancement at the 860 nm plasmon
resonance wavelength of the GNR is decreases from its maximum (E/FEi,. = 27.8) at
300 K to its minimum (E/FEy,. = 2.95) at 1200 K. Since near-field enhancement is an
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important parameter for optimization of gold-nanoparticle mediated optical breakdown,
the temperature dependence of the optical properties of gold should be accounted for
during the modelling of ps and ns nanoparticle-mediated optical breakdown. This will

be done in future studies.

6.7 Thermionic emission and charging of the nanopar-

ticle

The PTE of electrons off the surface of a nanoparticle positively charges the nanoparticle
and creates charged double layer near the surface of nanoparticle. This phenomenon may
lower the PTE rate and should be studied for in the future [611, 1811 [183].
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Figure 6.2: Dependence of near-field enhancement, E/E;,., in the vicinity of gold
nanorod with uniform temperature of GNR (7,,) at plasmon resonance wavelength,
A = 860 nm.
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SEM scanning electron microscopy. 13

SMS spatial modulation spectroscopy. xvii, 4, 5, 39-43, 46, 69, 70, 72, 73

SPR surface plasmon resonance. 13, 14, 37, 42, 45, 66, 72, 73, 96

TEM transmission electron microscopy. v, xvii, 4, 5, 13, 39-44, 46, 47, 56, 66, 68, 96

136



Acronyms

TI thermal ionization. 6, 10-12, 15, 16, 29, 30, 49, 51, 99

TTM two-temperature model. xv, 12, 22, 23, 38, 49, 51-53, 55, 56, 59, 62, 99

VB valence band. 7, 25, 28, 32

137






	Declaration
	Abstract
	Acknowledgements
	Dedication
	List of Tables
	List of Figures
	Introduction
	Nanoparticle-mediated optical breakdown and its applications
	The mechanism of nanoparticle-mediated optical breakdown
	Optical behaviour of nanoparticles
	The process of nanoparticle-mediated optical breakdown in water
	The wavelength dependence of band structure of water


	Motivation
	Modelling laser induced optical breakdown (LIOB)
	The current state of electromagnetic (EM) modelling
	The current state of LIOB modelling
	Challenges in a computational analysis
	Optical characterization of a nanoparticle
	Laser source
	Strongly coupled multiphysics phenomena


	Thesis objective and specific aims
	Thesis organization

	Theory
	The electromagnetic model
	Size corrections to bulk dielectric function

	The two-temperature model (TTM) of a gold nanoparticle heating
	Heat transfer (HT) in water
	Plasma generation in water
	The full plasma rate equation
	Photoionization
	Avalanche ionization
	Thermal ionization and photo-thermal emission
	Nanoparticle-mediated optical breakdown
	The wavelength dependence of optical breakdown in water


	Methods
	A finite element method based model
	The role of the environment on the optical properties of gold nanorods
	GNR Synthesis
	Optical Characterization
	Finite element model

	The role of gold nanoparticle morphology and coupling in optical breakdown during picosecond pulse exposures
	The electromagnetic model for LIOB
	A two-temperature model (TTM) of nanoparticle heating
	HT in the medium
	Plasma dynamics

	The wavelength dependence of gold nanorod-mediated optical breakdown with infrared ultrashort pulses
	Validation of the full model

	Results
	Validation of the model
	Validation of the EM model
	Validation of the combined EM and TTM model
	Validation of the full model

	The role of the environmental on the optical properties of gold nanorods
	The role of gold nanoparticle morphology and coupling in optical breakdown during picosecond pulse exposures
	The wavelength dependence of gold nanorod-mediated optical breakdown with infrared ultrashort pulses

	Summary, Discussion and Conclusions
	Validation of LIOB model
	Role of environment on optical properties of a  single nanoparticle
	Morphology dependence of LIOB
	Wavelength dependence of LIOB
	Key contributions

	Future work
	A new criterion for optical breakdown
	Sequence of pulses LIOB modelling
	Combination of morphology and wavelength  dependence study of LIOB
	Nanoparticle-mediated optical breakdown during nanosecond pulse exposure
	Thermal explosion and melting of nanoparticle
	Temperature dependent optical properties of gold
	Thermionic emission and charging of the nanoparticle

	References
	Acronyms

