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Abstract

The opto-thermo-mechanical dynamics of different nano-systems is studied adopting
both an experimental and theoretical approach. In particular, thermal and mechanical
energy exchanges between nano-objects and their environments are analyzed in order
to understand the underlying physics and provide predictive tools. Different ultrafast
phenomena are addressed, such as the electron-electron interaction (fs timescale), electron-
lattice thermalization (ps timescale), mechanical vibrations (ps-ns timescale) and thermal
dynamics (ns timescale). The first investigated system consists in gold nanodisks on a
sapphire substrate, studied individually by following their transient optical variation via
ultrafast pump-probe spectroscopy. Their internal electron-electron and electron-lattice
thermalization dynamics are addressed, as well as the thermal cooling by heat dissipation
in the substrate. Then, we analyze the mechanical oscillations of semiconducting InAs
nanowires, through ultrafast pump-probe time resolved measurements. Tailored numerical
simulations are carried out to extract the nanowires elastic properties and to unveil the
mechanisms responsible for the activation of the oscillations, demonstrating that they
originate from the sudden substrate expansion. Subsequently, a purely theoretical study
is performed, modelling the photoacoustic effect in water-immersed gold nanocylinders
and nanofilms. Here the main focus is on the acoustic waves launching mechanisms and
their competition. We demonstrate that the acoustic waves are not only launched by the
expansion of water, the well known “thermophone effect”, but also by the expansion of
the nano-object itself—we called this additional contribution the “mechanophone effect”.
For this scope, both the thermal dynamics and the mechanical response are systematically
addressed in a gedanken approach, i.e. freely varying the relevant physical parameters
to understand their role in the thermophone vs mechanophone competition. Finally, we
investigate the photoacoustic effect of water-immersed carbon nanotubes, combining
microscopic atomistic simulations, analytical models and finite element methods. In this
case, in addition to the thermophone vs mechanophone competition, we show how the
activation of the mechanophone effect can trigger few nanometers wavelengths sound
waves in water. Each system is described in the broader framework of the nanoparticle-
environment relationship, with special attention on the direction in which energy exchanges

take place.



Résumé

La dynamique opto-thermique-mécanique de différents nano-systemes est étudiée
par une approche a la fois expérimentale et théorique. En particulier, les échanges d’énergie
thermique et mécanique entre les nano-objets et leur environnement sont analysés afin de
décrire, comprendre et prédire la physique qui sous-tend leur comportement. Différents
phénomenes ultrarapides sont considérés, tels que I’interaction électron-électron (échelle
de temps fs), la thermalisation électron-réseau (échelle de temps ps), les vibrations mé-
caniques (échelle de temps ps-ns) et la dynamique thermique (échelle de temps ns). Le
premier systeme €tudié consiste en des nanodisques d’or sur un substrat de saphir, étudiés
individuellement en suivant leur variation optique transitoire grace a la spectroscopie
pompe-sonde ultrarapide. Leur dynamique de thermalisation interne électron-électron
et électron-réseau est abordée, ainsi que le refroidissement thermique par dissipation de
chaleur vers le substrat. Ensuite, nous analysons les oscillations mécaniques des nanofils
semi-conducteurs de InAs, via des mesures résolues en temps de type pompe-sonde ultra-
rapide. Des simulations numériques sont effectuées pour extraire les propriétés élastiques
de nanofils et pour dévoiler les mécanismes responsables de 1’activation des oscillations,
démontrant qu’elles proviennent de I’expansion soudaine du substrat. Ensuite, une étude
purement théorique est réalisée, modélisant 1’effet photoacoustique par un nanocylindre et
un nanofilm d’or immergés dans 1’eau. Ici, I’accent est mis sur les mécanismes possibles
de lancement des ondes sonores et leur compétition. Nous démontrons que les ondes
acoustiques ne sont pas seulement lancées par I’expansion de 1’eau, le bien connu “effet
thermophone”, mais aussi par I’expansion de la nanoparticule elle-méme —nous avons ap-
pelé cette contribution supplémentaire “effet mécanophone”. Dans ce cadre, la dynamique
thermique et la résultante réponse mécanique sont systématiquement abordées dans une
approche gedanken, c’est-a-dire en faisant varier librement les parametres physiques pour
comprendre leur réle dans la compétition thermophone vs mécanophone. Enfin, nous avons
modélisé des nanotubes de carbone dans I’eau, en combinant des simulations atomistiques
microscopiques, le calcul analytique des constantes élastiques et une modélisation continue
par la méthode des éléments finis, afin de simuler 1’effet photoacoustique généré par un
tel systeme complexe et anisotrope. Dans ce cas, en plus de la compétition thermophone
vs mécanophone, nous montrons comment 1’activation de I’effet mécanophone peut dé-
clencher des ondes sonores de quelques nanometres de longueur d’onde dans I’eau. Chaque
systeme est décrit dans le cadre plus large de la relation nanoparticule-environnement, avec

une attention particuliere sur la direction dans laquelle les échanges énergétiques ont lieu.
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General Introduction

Approximately 60 years separate us from Richard Feynman’s famous speech “Plenty
of Room at the Bottom”, held at the 1959 American Physical Society meeting at Caltech
[6], where Feynman predicted that in the future we would have built machines at the atomic
level. Around fifteen year later, Norio Taniguchi coined the word “nanotechnology”. In
1986 Eric Drexler published his book “Engines of Creation: The Coming Era of Nanotech-
nology”, merging Feynman’s concepts and Taniguchi’s word [7]. Today we still live in
that era, where nanotechnology and nanoscience continue to push forward the research
frontline in fields ranging from medicine [8, 9, 10, 11], environment [12, 13], climate
change [14, 15], quantum devices [16] to nanoelectronics [17, 18].

Understanding nanoscale energy exchanges is fundamental in all the above mentioned
sectors and others. In nanoelectronics, for instance, it is essential to manage the crucial
problem of heat dissipation in nanocomponents [19]. In medicine and biology, controlling
the thermo-acoustical properties of nanoparticle-based photothermal imaging/therapies
can maximize their efficiency [20, 21].

Perhaps the most ancient example of application of the peculiar properties exhibited by
matter at the nanoscale regards optical phenomena. Nanoparticles, indeed, are employed
since centuries for decorating objects such as ceramics [22] or glasses [23], as in the famous
case of the Roman Lycurgus cup [24], where a mix of metal nanoparticles is responsible
for the object shining with different colours depending on how it is illuminated. Centuries
later, Gustav Mie provided the first solution of Maxwell’s equations describing optical scat-
tering and absorption by spherical particles of arbitrary size [25], paving the way towards
modern optical spectroscopy at the nanoscale [26, 27, 28, 29]. In a nutshell, the optical
metallic nanoparticles properties are due to the confinement of the surface plasmons, i.e.
the coherent oscillations of electrons at the surface of a metal. When the nanoparticle size
is comparable to or smaller than the impinging light wavelength, the system translational
invariance is lost, resulting in the so called localized surface plasmons (LSPs) [30]. In
particular, the size, shape, and material of the nanoparticle, as well as the refractive index
of its surroundings determine the LSP resonance (LSPR) [27, 31], i.e. the frequency at
which the collective electronic oscillations are resonant with the incoming light. At such a
frequency, the nanoparticle exhibits sharp spectral absorption and scattering peaks. For
noble metal nanoparticles of adequate size, the resonance occurs at visible wavelengths
[30], thus generating the brilliant colors in the metal colloidal solutions [32] mentioned
above.

Nanoparticles unique features go far beyond optical properties alone. Regarding heat
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Figure 1. Timescale of the phenomena addressed in the thesis, with indications of the
relevant chapters.

transfer phenomena in matter, two main differences occur when scaling from the macro-
to the nano-scale. First, the thermal resistance at interfaces [33, 34] plays a much greater
role in regulating the cooling rate of nanostructures [35, 36, 37, 38]. Second, Fourier’s law
of heat conduction is based on diffusive motion of heat carriers, thus it is not applicable
to describe heat propagation over distances smaller than the heat carriers mean free paths
(ballistic regime) [39, 40] and in structures wherein the causality relation between the
temperature gradient and heat flux becomes manifest (hydrodynamic regime) [41, 42].
Concomitantly, also the mechanical properties of matter at the nanoscale stand as a key
scientific issue. From a fundamental point of view, nanomechanics challenges the limits
to which a continuum description of matter is reasonable. Nevertheless, despite what
one might expect, continuum mechanics have so far demonstrated an impressive ability
to predict experimental outcomes at the nanoscale [43, 44, 45]. For this very reason,
the understanding of the mechanical properties and elastic constants of nano-objects is
fundamental for any type of nano-application [46].

In this thesis, opto-thermo-mechanical phenomena, involving different nano-objects,
are studied by following the energy exchanges between the nano-objects and the environ-
ment they are in contact with. These energy exchanges, at such a small scale, occur on
times ranging from hundreds of femtoseconds (fs) to tens of nanoseconds (ns), depending
on the particular nature of the process involved. Different typical phenomena, such as
electron-electron interaction (hundreds of fs), electron-lattice thermalization (hundreds
of fs to few picoseconds (ps)), nanoscale acoustic vibrations (tens of ps to few ns) and
nanoscale thermal dynamics (hundreds of ps to tens of ns) are reported in Figure 1 (bottom
part) with their characteristic timescales. Moreover, systems at the nanoscale, given their
small dimensions, are intrinsically fragile, their manipulation is a difficult task and mea-
suring their properties may induce a change in the system itself. Because of the ultrafast
nature of the energy transfer at the nanoscale and the requirement for low perturbing,

possibly non-contact probes, all-optical ultrafast techniques are an ideal tool to investigate
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General introduction

nano-objects transients phenomena [2, 47, 48, 49]. Exploiting the time-resolved and non-
contact capabilities of pump and probe measurements, we can access the time evolution of
phenomena at the nanoscale without excessively perturbing the system.

In this thesis work, two different ultrafast pump-probe techniques were employed. One,
based on a mechanical delay line that controls the time delay between pump and probe
pulses, was deployed in the context of a thermal dynamics study (Chapter 1). The other,
exploiting two different lasers, which repetition rates are slightly detuned (asynchronous
optical sampling - ASOPS), was deployed to investigate mechanical oscillations at the
nanoscale (Chapter 2). Together with the experimental techniques, modeling is of crucial
importance in this work, and is used to describe, understand and predict the physics behind
the opto-thermo-mechanics of the specific systems under investigation. Specifically, finite
element method (FEM) simulations are performed for all systems investigated in this
thesis, aiming at rationalizing the experimental evidences (Chapters 1 and 2), or, combined
with analytical methods, as a theoretical tool to predict new photoacoustic phenomena
(Chapters 3 and 4).

Concerning the different nanoscale energy exchange phenomena, all the above
mentioned ones are addressed throughout the chapters of the thesis, and summarized in
Figure 1 together with their characteristic timescales. The electron-electron interaction,
the electron-lattice thermalization and the nanoparticle cooling dynamics are the main
topics of the time-resolved spectroscopy investigation of individual gold nanodisks (NDs)
nanopatterned on a sapphire substrate, described in Chapter 1. In this case, the main focus
is given to the optical and thermal phenomena, probing individual NDs and measuring
their quantitative transient optical variations upon excitation via a pump pulse. We will
see how the absolute temperature of individual NDs can be extracted experimentally from
transient optical measurements, also allowing us to retrieve their individual thermal bound-
ary resistance (TBR). In addition, the fast electron-electron interaction and electron-lattice
thermalization are addressed, showing that, by selecting different probe wavelengths, we
can access the electronic or the lattice thermal dynamics separately. In Chapter 2, instead,
the focus is on mechanical vibrations of indium arsenide (InAs) nanowires (NWs). Also
in this case we measure the transient optical response of the system, specifically on the
signature of the mechanical oscillations in the time-resolved relative reflectivity changes.
These time resolved measurements, together with a structural and morphological analysis
of the samples via scanning/tunneling electron microscopes (SEM/TEM) and tailored
numerical simulations, allow us to extract the InAs NWs elastic constants and unveil
the origin of the mechanical oscillations. Chapter 3 is dedicated to a purely theoretical
study on the photoacoustic launching mechanisms by a gold nanocylinder (NC) and a gold
nanofilm immersed in water. Here the attention is placed on the thermal dynamics and the
consequent mechanical response of the system, both through numerical simulations in the

time domain and analytical calculations in the frequency domain. We demonstrate that,
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at variance to what is typically found in the literature, where only the expansion of the
liquid contributes to the photoacoustic launching mechanism —the so called “thermophone
effect”—, also the expansion of the nanoparticle can play an important role, which we
called “mechanophone effect”. In particular, the role of the TBR and of the excitation
light pulse duration are systematically addressed in a gedanken approach, i.e. by freely
varying these parameters to understand their role in the thermophone vs mechanophone
competition. Finally, in Chapter 4, the knowledge acquired in the previous chapters is
exploited to model two realistic and quite involved systems: a single-wall carbon nan-
otube (SWCNT) and a multi-walls carbon nanotube (MWCNT) immersed in water. The
scope, here, is to simulate the photoacoustic effect generated by such systems. This is a
multi-scale study, which merges atomistic simulations via molecular dynamics, carried
out to extract thermal and morphological properties at the microscopic level, an analytical
model, to extract the elastic constants of the SWCNT, and FEM simulations, describing
the impulsive opto-thermo-mechanical dynamics of the system. Also in this case, the ther-
mophone vs mechanophone competition is retrieved, this time including in the discussion
also the size of the nanoparticle (SW vs MW). In addition, we show how the activation of
the mechanophone effect can trigger few nanometers wavelengths sound waves in water,
matching the CNT acoustic frequencies.

All the addressed systems are described in the broader framework of the nanoparticle-
environment relationship in therms of their energy exchanges, with particular attention
to the direction in which the energy is transferred. In the case of gold nanodisks on a
sapphire substrate, only the nanodisks are responsible for the optical absorption and for
their temperature rise. In this way, the heat is transferred from the nanoparticle to the
substrate, which role is only to absorb the heat dissipated by the nanodisk and evacuate it.
The opposite is true for the semiconducting nanowires. Here it is the substrate that absorbs
most of the optical energy and it is its sudden expansion that activates the nanowires oscil-
lations. The mechanical energy transfer, then, occurs predominately from the environment
to the nano-object. In the case of the photoacoustic effect triggered by water-immersed
nano-objects, it is the nano-object that absorbs the light pulse and heats up, but both the
nano-object and the environment contribute to the total acoustic wave propagating in water,

and a competition between the two in established.
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1. Ultrafast opto-thermal dynamics of individual gold

nanodisks

This chapter contains two studies carried out in parallel on the same sample —gold
nanodisks on a sapphire substrate—, that resulted in two separate publications which I
co-authored: Ultrafast Thermo-Optical Dynamics of a Single Metal Nano-Object, The
Journal of Physical Chemistry C 124, 15625 (2020) and Electron and Lattice Heating
Contributions to the Transient Optical Response of a Single Plasmonic Nano-Object, The
Journal of Physical Chemistry C 125, 23275 (2021).

My contribution to this study was to carry out, together with Romain Rouxel (also a
PhD student at the time), all the experimental activity, involving both the measurement of
the spectra of the individual gold nanodisks and the time-resolved measurements on the ns
and ps timescales. Numerical simulations, rationalising the experimental measurements,
were carried out in our FemtoNanoOptics team.

This work allowed me to learn the use of the experimental set-up, both for SMS
spectroscopy and pump-probe measurements. Furthermore, it allowed me to acquaint my

self with the topic of ultrafast energy transients at the nanoscale.

1.1 Introduction

Ultrafast non-contact time-resolved experiments on absorbing nanostructures in con-
tact with a non-absorbing substrate or matrix are particularly interesting to study nanoscale
heat transfer. In these cases, the size of the heated spot on the sample coincides with the
absorbing nanostructure (from tens of nanometers down to a few nanometers), rather than
that of the pump beam, whose dimensions are larger and limited by diffraction (hundreds
of nanometers). With this technique it is possible, for instance, to measure the thermal
resistance at the nanoparticle/environment interfaces and eventually investigate its depen-
dence on the composition of the nanoparticle, the environment and their interface. These
kind of studies, however, are generally performed on ensembles of nanoparticles. This
means that the measured signal is averaged over an unavoidable dispersion of shapes, sizes,
orientations, defects and even thermal properties of each probed nanoparticle. Moreover,
only by knowing the exact number of nanoparticles in the ensemble, one could analyse
quantitatively the amplitude of time-resolved signals, not mentioning the possible differ-
ence in the efficiency with which heating is generated and affects different nanoparticles
(due to their different position and the nonuniform pump and probe beams).

In order to overcome this limitation, new techniques were invented to access single-particle

12



Chapter 1. Ultrafast opto-thermal dynamics of individual gold nanodisks

measurements, enabling a more precise (and often quantitative) comparison with theoreti-
cal models. Such techniques are used to study the linear optical response [27, 50], internal
thermalization [51] and acoustic vibrations [52, 53, 54, 44] of metal nano-objects.

In this chapter, we will see the results of time-resolved spectroscopy on individual
Au nanodisks (NDs) nanopatterned on a sapphire substrate. We will study two different
timescales dynamics to unveil two different associated physics: the cooling dynamics of
the ND, associated to few ns timescale, and the fast electron excitation followed by the
electron-lattice thermalization, which occurs on a much faster timescale of few ps.
First, we will introduce the principle of the spatial modulation spectroscopy (SMS) [55],
a microscopy/spectroscopy technique invented in our laboratory, able to detect single
nano-objects, measure their quantitative extinction spectra and characterize their mor-
phologies. Then we will briefly discuss the pump and probe optical set-up involved in
the time-resolved measurements and finally we will discuss the two different physics

mentioned above with their relative analysis and results.

1.2 Spatial Modulation Spectroscopy technique

Spatial Modulation Spectroscopy (SMS) is a far-field optical spectroscopy technique
able to probe individual nanoparticles [27, 55]. In our experiments, SMS enables us
to locate the single gold NDs and measure their extinction cross-section for different
wavelengths and polarizations of the incident light.

To understand its working principle, we consider a nanoparticle on a substrate and a
laser beam directly impinging over it, as shown in Figure 2. Part of the incident beam
power F (W) is absorbed by the nanoparticle, another part is scattered and another one
is transmitted. If we place a photodetector along the direction of propagation of the light
beam, we can measure the transmitted power F;. The difference between the incident

power and the transmitted one, A P reads:
AP:PO_Pt%Pe:(:tzo_extl<x07y0)> (11)

where P.,; is the power absorbed and scattered by the nanoparticle, I(zg,yo) is the
light intensity (W/m?) of the incident beam at the (x, o) position of the nanoparticle
(approximated as punctiform) and o,,; (m?) is extinction cross section of the nanoparticle,
1.e. the effective area that describes the absorption and scattering of light impinging on
the nanoparticle. In general, however, F, fluctuations are often large enough to cover the
effect due to the presence of the nanoparticle. To increase the signal to noise ratio, it is
necessary to make AP oscillates in time at a specific frequency. Then, by eliminating all
components at different frequencies, we can detect A P at the selected frequency and thus

enhance the signal to noise ratio. This can be achieved by modulating the light wavelength
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1.2. Spatial Modulation Spectroscopy technique
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Figure 2. SMS scheme. Left side/bottom: the single nanoparticle is illuminated by a
pulse of power F;, while experiencing a periodic displacement along the y direction with
frequency f ad amplitude dy. The transmitted power PP (t) is measured by a photodiode
and its f and 2 f oscillating components are extracted with the use of a lock-in amplifier.
The the average signal £, without the particle is measured by a voltmeter. Right/top: The
intensity profile along y of the light beam (here represented as an Airy profile) is modulated
by the displacement of the nanoparticle. Image taken from [1].

[56], polarization [57], or the position of the nanoparticle in respect to the beam [58, 59].
The latter case is the one used in this work: small periodic displacement along y-direction
of the nanoparticle are assured by piezoelectric actuators on which the sample is mounted.

If 9, is the amplitude and f the frequency at which the oscillation is performed, we have:
AP(t) = oegd (0, yo + 9y sin(27 f1)). (1.2)

A lock-in amplifier is used to extract Fourier components of the signal at frequencies n f
(where n=1, 2, 3, ...). The components in phase with the modulation function sin(27 ft)

are given by:

AP, (xo,y0) = UexthﬁZn xo,y(t)) sin(2rnft)dt  (n is odd) (1.3)
AP, f(x0,y0) = Uezth/zn xo,y(t)) cos(2mnft)dt (n iseven), '

where the period 7" is 1/ f. If we take d,, small in comparison to the beam spot, we can
expand AP(t) finding:

AP(t) = APy + AP|ssin(2m ft) + AP|yg cos(4m ft) + o(6), (1.4)
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Chapter 1. Ultrafast opto-thermal dynamics of individual gold nanodisks

where
oy 0*1
APO(xm y0> = Oext (I(x(), y()) + Zyﬁ_y?"ro’y()) (1.5)
ol
AP|¢(xo,yo) = Jextéya—y!xo,yo (1.6)
06907552 82]
Ap‘zf(xo,yo) = - 4 ya_zﬁ’xo,yo- (17)

In this way, we can deduce o, directly by measuring AP/, ; using the lock-in amplifier
and knowing I (x, y). Regarding I (z, y), its profile is close to an Airy distribution, resulting
from the diffraction of a quasi plane wave passing through the entrance pupil of the
objective placed before the sample [60].

In order to obtain results independent from the incident laser power F,, it is necessary
to normalize AP|, s by P, measuring it after removing the nanoparticle from the beam
path. Moreover, we need to take into account the frequency dependent response of the
photodiode to obtain quantitative measurements. This is done comparing the signal of
the photodiode for a stationary laser illumination with the signal modulated at a selected
different frequency (the one used for SMS detection) using a mechanical chopper and then
demodulated by the lock-in amplifier (see [1] for more details).

To visualize the procedure of extracting o.,; from SMS measurements, Figure 3
shows the comparison between simulated signals AP|; 2/ (panels a and c¢) generated
using Equations 1.3 and first and second derivatives of (x,y) as a function of the position
(x,y) of a small individual nanoparticle (panels b and d). In this case, I(z,y) is an Airy
light intensity profile centred in (xg = 0, yo = 0) and with full width half maximum (fwhm)
of 380 nm, while ¢,, = 300 nm (all values are realistic and close to the experimental ones).
As can be seen, the signal AP|;/F, and 0I /0y present two lobes of opposite sign with
a vanishing signal at the central position of the nanoparticle. AP|y;/Py and 9°1/0y?,
instead, exhibit a positive central peak and two negative lobes at its vertical sides. For this
reason, signals at 2f are generally more useful in the detection of the nanoparticle, the

maximum signal corresponding exactly to its position.

1.2.1 Experimental set up

To obtain AP|; 5 images, as in Figure 3, it is necessary to change the nanoparticle
position (xg, o) in respect to the beam one. This is experimentally achieved with a piezo-
electric stage that can move in the (,y) plane and scan an area of 100 x 100 um? with a
resolution of 0.3 nm in both directions. The spatial modulation of the sample, instead, is
obtained through another piezoelectric actuator that can oscillates along the y axis with

tunable frequency f and amplitude J, (for our measurements f = 1500 Hz and d,, ~ 300
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1.2. Spatial Modulation Spectroscopy technique
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Figure 3. SMS theoretical images of AP demodulated at f (panel a) or 2f (panel c) as a
function of the particle position (o, yo). First (panel b) and second (panel d) y—derivatives
of the beam intensity profile /(z, y). Image taken from [1].

nm). The laser beam is enlarged using a telescope, thus obtaining a quasi plane wave. Then
it passes through a 100X apochromatic infinity-corrected objective with numerical aperture
N.A. = 0.95 and finally reaches the sample. In this way, the intensity profile /(z, y) in the
focal plane is the Airy distribution, where the fwhm is close to the diffraction limit. After
impinging on the sample, the transmitted beam passes through a second 100X objective
with N.A. = 0.75, and then finally reaches the photodiode. The signal is demodulated
by a lock-in amplifier at the desired frequency (typically 2f). In this way it is possible to
display AP|y¢/ P, in order to centre the nanoparticle, fit the signal (see [1] for details) and
extract o.;.

Extinction spectra o.,:(\) are obtained by repeating this procedure for different wave-
lengths A. In our set-up, it is possible to tune A from the near ultraviolet to the near infrared
range (375-1040 nm), thanks to different laser sources. The 690-1000 nm range is covered
by a commercial mode-locked oscillator with an amplifying medium of sapphire (Al;O3)
crystal doped with trivalent titanium ions Ti** (Ti:Sapphire). The population inversion
inside the titanium ions is generated by a continuous wave Nd:Y VO, laser, which provides
a 1064 nm wavelength that is subsequently frequency-doubled by a non linear lithium

triborate crystal (LBO), obtaining a 532 nm wavelength, close to the absorption peak in
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Chapter 1. Ultrafast opto-thermal dynamics of individual gold nanodisks

the Ti:Sapphire rod. The generation of short pulses (= 150 fs) with a repetition rate of 80
MHz and an average power of 2 W (then strongly attenuated before impinging the sample)
are provided by the longitudinal modes of the cavity. In order to obtain the UV-blue range
of the spectrum (375-520 nm), the Ti:Sapphire output is frequency doubled by the second
harmonic generation (SHG) of a barium beta borate crystal (BBO) with 100 pm thickness.
Finally, the missing intermediate range (500-750 nm) is assured by an automated optical
parametric oscillator (OPO). In practice, OPO makes use of parametric amplifications
and a birefringent crystal to convert, through non linear optics, the entry pump beam (w,,
Ep) (in our case the frequency doubled pulse from the Ti:Sapphire oscillator) into two
beams: the signal (ws, Es) and the idler (w;, /;-). The conservation of energy and momentum
ensures that w, = ws + w; and Ep = ES + EZ We can select the frequency w; of the signal
beam by rotating the birefringent crystal and then amplifying it in the resonant cavity,
thus generating coherent ultrashort light pulses with duration comparable to those of the
pump pulses. Figure 4 shows a schematic summary of the different light sources. We
state already that the same optical sources are used also for the ultrafast pump and probe

measurements, described later.

f2f

Figure 4. Light sources scheme for SMS experiments. Movable mirrors in the optical path
are used to switch between the different sources. Image taken from [1].

1.2.2 Gold Nanodisk SMS spectra

In this section, we will discuss the results of linear spectroscopy measurements
performed on single gold NDs. Before going into measurements, however, it is useful to
briefly describe the investigated samples. Figure 5 shows the layout of these samples, with
individual gold NDs placed along ordered lines and rows. We made use of two samples,
S1 and S2, which differ in the height A of the nanodisks, being i = 18 nm for S1 and
h = 40 nm for S2 (heights were measured by Atomic Force Microscopy (AFM)). In each

sample, NDs are ordered by their diameter (from ~ 60 to 180 nm), in order to study the
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1.2. Spatial Modulation Spectroscopy technique
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Figure 5. Scheme of gold NDs samples. A minimum distance of 6 um separates NDs
from any other structure (markers or other NDs). Each horizontal line present 48 NDs with
same diameters, ranging from 60 to 180 nm moving upward. Samples differ for the height
of the NDs, being 18 nm in one case and 40 nm for the other (measured by AFM). Image
taken from [1].

morphology dependence of thermal and mechanical NDs dynamics. The two samples
were produced by electron beam lithography (EBL), Au thermal evaporation and lift-off
techniques [61], in a collaboration with F. Rossella (Scuola Normale Superiore, Pisa). For
each diameter, ranging from 60 to 180 nm, there are 48 identical NDs separated by at
least 6 um from any other metallic structure, so to prevent optical, thermal or mechanical
coupling. The substrate is composed by a 0.48 mm thick single sapphire (a-Al,O3) crystal
cut along the (0001) plane.

During the fabrication process, however, NDs can be subjected to imperfections that might
change their contact with the substrate or their structure. For this reason, in parallel with
the o.,+(\) measurements, it is useful to assure the ND morphology and make sure it
has the nominal cylindrical shape. In the opposite case, indeed, a comparison with the
simulated system would be inconsistent and the analysis could be biased.

SMS measurements with different light polarization are a powerful instrument to
achieve this goal. Let’s say, for instance, that the nanoparticle, instead of being a perfectly
circular ND, has an elongated shape with two main orthogonal axis. To each of the axis,
we can associate a different localized surface plasmon resonance (LSPR) [62]. This give
rise to two different extinction cross sections, namely o) and o, corresponding to the long
and short axis respectively. By tuning with a wire-grid polarizer the direction of a linearly

polarized light beam, we can excite one resonance or the other. For a generic polarization
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Figure 6. Morphology effects for a circular ND (panels a and b) and an elongated ND with
two principal orthogonal axis (panels ¢ and d). Polarization dependent extinction cross
section 0., at A = 700 nm for the circular ND (panel a) and the elongated ND (panel
¢). Extinction spectra o.,;(\) with linear polarization along the two main axis (blue and
red lines) for the circular ND (panel b) and the elongated ND (panel d). Adapted with
permission from [61]. Copyright 2019 American Chemical Society.

of angle 6, the extinction cross section reads:
Text(0,N) = 0|(N) c08* (0 — Ornaz) + 01 (N) SIN*(0 — Ornaz), (1.8)

where 0,,,,.. is the angle corresponding to the particle long axis. For elongated nanoparticles,
the two LSPRs are spectraly separated and thus strongly dependent on the chosen angle.
In this way, when performing SMS o.,,(f, \) measurements, we can also assure that gold
NDs really possess their nominal circular symmetry, with no significant deviations due to
fabrication imperfections.

Figure 6 reports o..;(0, \) for a gold ND of nominal circular symmetry with equals
perpendicular axis D)y = D, (panels a and b) and an elongated gold ND with different
main axis Dy # D, (panels c and d). For the elongated gold ND, the extinction spectra
with impinging light polarization along the two main axis are separated (panel d, red and
blue curves), i.e. a spectral shift is present due two the different LSPRs corresponding to
the two axis. For the circular gold ND, instead, the two spectra are perfectly superimposed,
since in this case o(A) = o () (panel b, red and blue curves). This is even clearer from

polar graphs, where we fix A = 700 nm, and then measure o, as a function of ¢. For
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Figure 7. Extinction spectra of gold nanodisks ND1 (panel a) and ND2 (panel b). Dots
represent experimental measurements, while continuous lines are the results of FEM
simulations with the best parameters to fit the experimental spectra: A = 21 nm and
D = 101 nm for ND1, while h = 22 nm and D = 153 nm for ND1. Image taken from [1].

the elongated gold ND (panel ¢), o.,;(#) shows a clear § dependence, as expected from
Equation 1.8. For the circular ND, instead, o.,; is #-independent (panel a), confirming its
rotational symmetry.

Once measured the extinction spectra of gold NDs, Finite Element Method (FEM)
simulations are performed to reproduce experimental results and thus extract the NDs
characteristics. For instance, the spectra of the elongated gold ND in Figure 6 is numerically
reproduced assuming an elliptical shape with axis D, and D, differing by 14%. This
demonstrates the high sensitivity of the SMS technique to small deviations from the
nominal nanoparticles morphology, allowing us to select only quasi-circular gold NDs for
the time-resolved thermal dynamics measurements that will be discussed further on. The
non circular symmetry of elongated or deformed NDs, indeed, can introduce a degeneracy
of vibrational modes with similar frequencies, thus complicating the fit of the time-resolved
signals.

In this work we will focus on two gold NDs (referred to as ND1 and ND2), whose
spectra are reported in Figure 7. Both their spectra are independent from light polarization,
1.e. they have quasi circular shape. The LSPRs for the ND1 and ND2 are found at
approximately 710 and 870 nm, respectively. Their spectra were taken before and after the
time-resolved measurements, to ensure that the pump-probe technique didn’t induce any
significant change.

FEM simulations were performed in order to fit (continuous lines in Figure 7) the
experimental data (dots) and extract key NDs properties, such as diameter D, height h and
the scattering rate of electrons ~y (s~1) in the Drude model (which is connected to photon
absorption by electrons in the conduction band). In the case of a perfect cylinder, the
aspect ratio D /h determines the resonance wavelength position, while the volume mostly

determines the area spanned by the spectra in the energy domain. The LSPR linewidth,
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Figure 8. Extinction (red lines) cross section o.,; spectra fitted from experimental data
with FEM simulations for ND1 (panel a) and ND2 (panel b). Scattering (blue lines) and
absorption (green lines) cross sections retrieved from the FEM simulations for ND1 (panel
a) and ND2 (panel b). Image taken from [1].

instead, is correlated to -y, but its modeling is out of the scope of this study (it involves
different electronic scattering mechanisms, including the ones with the ND surfaces), so it
is let as a free parameter.
Experimental spectra were best reproduced by FEM simulations assuming D = 101 nm,
h = 21 nm, hy = hyy + 100 meV (where 7 is the electron scattering rate for bulk Au,
hyo =~ 50 meV) for ND1, while D = 153 nm, h = 22 nm, hy = Ay, + 45 meV for ND2.
The values for D and h are in reasonable agreement (=~ 10 — 20% larger) with mean values
found with atomic force and scanning electron microscope measurements for disks with
same nominal dimensions (see [1] for more details). The ratio D /h, mostly determined
by the position of the resonance, is less than 10% off than what measured with the other
techniques mentioned above. The greatest magnitude of ~ in respect to v, of Au bulk,
instead, is an already known effect for NDs of similar sizes [61, 63].
Another useful ability of FEM simulations is to extract separate contributions to ..,
i.e. the absorption (0,;s) and the scattering (0,.,;) cross sections. Figure 8 shows the
different cross sections, where both ,,s(\) (green line) and o, () (blue line) contribute
significantly to the extinction spectra (red line). The importance of this distinction is related
to the time-resolved measurements analysis, where we investigate the cooling dynamics
of the gold NDs, after excitation by a light pulse. To calculate the temperature of the
excited NDs, indeed, we need to make use of the absorption cross section, rather than the
extinction one.

Finally, from FEM simulations, we can predict the variation of NDs extinction spectra
to changes in the Au dielectric function € and in particular in respect of its real, ¢;, and
imaginary, €o, parts. This is done by varying slightly ¢; and €,, and then re-computing
the spectra for each single ND. Figure 9 reports the derivatives do.,;/J¢; (black lines)
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Figure 9. Calculated extinction cross section o.,; derivatives in respect to dielectric
function real ¢; (black lines) and imaginary ¢, (red lines) components for ND1 (panel
a) and ND2(panel b). These curves are calculated from the spectra in Figure 7. Vertical
dashed lines corresponds to the LSPR central position. Image taken from [1].

and 0o, /Oey (red lines) for ND1 and ND2, respectively. These derivatives will be
of fundamental importance when analyzing the optical response of NDs after the light

excitation in time-resolved measurements.

1.3 Cooling dynamics

In this section we investigate the dynamics of individual gold NDs after a short laser
pulse excitation. This is realized by exploiting the transient optical properties of gold NDs
in pump-probe spectroscopy measurements. The key steps of this process are summarized
in Figure 10 for a generic metallic nanoparticle in contact with a substrate. The initial state
of the nanoparticle and the substrate is thermalized and at the equilibrium, with a common
initial temperature 7. Then the pump pulse is shined on the nanoparticle, the latter absorbs
part of the energy light pulse through its absorption cross section o, and ends in an
excited state. In a few hundreds of fs, the electrons reach a common electronic temperature
T.(t) through electron-electron scattering processes, with T;;(¢) higher than the lattice
temperature 7, (¢). Electronic and lattice temperature thermalize in few ps, leaving the
nanoparticle with an unique equilibrium temperature 7¢,(¢). The electron-electron and
electron-lattice thermalisation will be discussed in detail in the next section of this chapter.
Here what is important to retain is that, after absorbing the pump pulse, the nanoparticle
(in our case a gold ND) has a temperature 7.,(t) > Tj after a few ps.

The thermal rise in the nanoparticle causes a rapid thermal expansion, thus triggering
mechanical oscillations, due to the excitation of its eigenmodes (typically of tens of ps
periods for the investigated ND sizes). We will see, in the case of gold NDs, how to fit these
oscillations, damped in a few hundreds ps. It is crucial to subtract the mechanical vibrations

from the time-resolved signal, in order to appreciate solely the thermal dynamics.
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Figure 10. Ultrafast phenomena of a plasmonic nanoparticle triggered by a short (fs) light
pulse. Indices ‘e’ and ‘L’ indicate the electron gas and the ionic lattice. On the right it is
present the temperature scale color from cold (white) to hot (red). Image taken from [1].

The nanoparticle temperature cools down by dissipating heat into the substrate through the
interface. Both the temperatures within the nanoparticle, T¢,(¢), and the substrate, Ty, (%),

are governed by the Fourier equation and the continuity equation:

(7: _kﬁTeq/sub

aT’e sub = (19)

where ¢'is the heat flux, while £, p and ¢, are the thermal conductivity (W/m K), the density
(kg/m?) and the heat capacity (J/kg K) in the respective domains (in our case ND/substrate).
At the interface between the nanoparticle and the substrate, however, the temperature is
not continuous and the heat flux is regulated by the thermal boundary resistance (TBR)
(m?K/W) [33]:

7= o (Tualt) = Toun(0)i (110
where 1 is the versor perpendicular at the nanoparticle/substrate interface, and % is the
value of the TBR. Other sources of possible heat dissipation from the gold ND are neglected,
as for instance the heat dissipation in air'.

It is worth to remark that the temperature within the gold ND, Teq(t), 18 almost uniform at
each time ¢. To prove this, we need to compare the efficiency of thermal diffusion inside
the ND to that of heat dissipation at the interface. This comparison is given by the ratio
between the maximal temperature variation within the ND, T¢,(z = h) — T.,(z = 0) (i.e.
the variation between the top (z = h) and bottom (z = 0) ND basis) and the temperature
jump at the ND/substrate interface, T.,(z = 0) — T,;. Let’s write the conservation of heat
flux at the interface:

1= S (Tea(= = 0) = Tow) = | — hyna VT = )] g 22— TeaE20)

(1.11)

The Au/air TBR being much higher than the Au/sapphire one.
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which allows us to calculate the degree of uniformity the temperature within the ND as:

To(z=h —Teq(z:O): h ‘ (1.12)
Teq z = O) - Tsub kgnd%

h/(kgna) is exactly the Biot number Bi for the gold ND, whose purpose is indeed to
determine if the temperature inside a body (with thermal conductivity k£ and characteristic
length h) is uniform or not, during a heat exchange process through a surface with a TBR
of value %. Taking a typical value for the TBR, Z ~ 2 x 10~® m?K/W [64, 65, 66],
kgna = 317 W/(mK) and i = 40 nm, we obtain Bi ~ 6 X 1072 < 1. A Bi < 1 implies
that the temperature variation within the ND is negligible and we can consider the ND
temperature as uniform at each time.

Finally, after several hundreds of ps or few ns, the entire heat accumulated in the ND is

dissipated in the substrate and the ND returns to its initial equilibrium temperature.

1.3.1 Optical properties vs temperature evolution

The optical properties of the ND depend directly from the temperature. For this
reason, the transient temperature inside the ND generates a time dependent variation of
dielectric function real and imaginary components Ae; o(A, t). At the same time, since the
heat dissipated from the ND is absorbed by the substrate, also a variation of the substrate
dielectric function Aeg,, (A, t) is present. In time-resolved spectroscopy, we measure the
variation of the ND extinction cross section Ao, (A, t), which depends on Ae; 5 su5(A, t)
[67]. By doing a first order expansion, we can link the variation of the cross section to the

variation of the dielectric constants:

8Jext 8O-eact

862

aCrea:t

861

Avert(A 1) = (M) A€y (N, 1) + (M) Aey(\, 1) + (M) Aegup(N, 1), (1.13)

aesub

or, explicating the temperature dependence of the dielectric functions:

AO’ezt()\, t) = Agnd<)\)ATeq + Asub()\>ATsub<t)u (114)
where
o aO-e:z:t d€1 ao_ert d€2
ApaN) = ) )+ 52 ) 7 () (115)
Ao (3) = Leat () dsut (1.16)

B aesub deub

We point out that a dependence on both the optical properties of the ND (¢; (A, ?)) and
of substrate (ez,;,(\, 1)) can lead to a not trivial temporal evolution of Ac.,;. This is

due to the fact that the temporal evolutions of the ND and of the substrate don’t follow
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Chapter 1. Ultrafast opto-thermal dynamics of individual gold nanodisks

Figure 11. Scheme of pump-probe spectroscopy on single nanoparticle. Image taken from

[1].

the same dynamics, with the first relaxing towards its initial value, while the second is
still rising its temperature due to the incoming heat flux. Moreover, variations of the
dielectric constants Ae¢; 4, have different A dependence. A complex temporal dynamics
at different wavelength, then, may be expected for Ac.,;. As we will see, however, in our
investigations the sapphire substrate term won’t contribute, and Ao.,; will depend only on

the optical properties of the gold ND.

1.3.2 Cooling dynamics of individual nanodisks

We have seen in Section 1.2 how the SMS technique allows us to align the selected
gold ND in the center of the beams focal spot, assure its circular shape, extract its dimen-
sions and linear properties o.,;(\). After this procedure, the next step is to perform the
time-resolved pump-probe measurements to unveil its cooling dynamics, i.e. measure
AGepi (N t).

Figure 11 explains the principle of this pump-probe technique on a single nanoparticle. A
pump pulse strikes the gold ND, exacting it and thus inducing a time dependent dynamics
of its extinction cross section. The probe pulse, delayed in time by a motorized linear
translation delay line of 15 cm with 3 round trips (corresponding to a maximal delay
of 3 ns), impinges the ND and is transmitted through the substrate. By measuring the
transmission of the probe pulse (T,,) with a photodiode as a function of the delay between
pump and probe pulses, we are able to follow the time evolution of Ac.,;(t) induced by
the pump:

AT, AT eut(Apr)

= 1.17
T e (1.17)
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Figure 12. Laser sources schematics for the pump-probe experiments. The pump (blue
beam) is the is frequency doubled output of the Ti:Sapphire oscillator (being then in the
375-520 nm range) and passes through the mechanical chopper of frequency f. The probe
can be the direct output of the Ti:Sapphire (red beam, 750-1040 nm) or generated by the
OPO (green beam, 500-750 nm). The delay between the pump and the probe beams is
controlled by a delay line (dark green arrow). Image taken from [1].

where S, is the area of the probe beam (see [1] for more details). Note that these pump and
probe experiments performed at single particle level provide a quantitative measurement of
A0, allowing for precise comparison with analytical or numerical models. The pump and
probe pulses, in our configuration, are monochromatic beams with different wavelengths
App and A, Figure 12 reports the scheme for the generation of the two beams. The output
beam from the Ti:Sapphire oscillator is split in two different beams. One is frequency
doubled by a second harmonic generator to produce the pump beam (\,, = 375 — 510 nm).
The probe beam is either the one from the Ti:Sapphire oscillator (\,, = 750 — 1040 nm) or
the one from the OPO (A = 500 — 730 nm). In order to detect weak variations Ao, we
use a mechanical chopper with frequency 30 kHz in the pump beam path: in such a way we
can enhance the signal to noise ratio by making use of a lock-in amplifier to demodulate
the signal arriving at the photodiode and extracting only signals at that frequency (lock-in
time constant is 100 ms in our measurements). Finally, to collect only the transmitted
probe pulse, we use a edgepass filter, exploiting the different wavelength of the two beams
and therefore cutting the pump. Pump-probe signals were acquired with 4 ps time step,
while 12.5 ns are set between consecutive pump pulses (corresponding to a 80 MHz rep-

etition rate), thus allowing the ND to returns to its equilibrium state before exciting it again.

Cooling signal

Figure 13 (panel a) shows the cooling dynamics (black line) of a gold ND after

excitation by the pump pulse. ND dimensions are & = 18 nm and D = 100 nm (measured
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Figure 13. Complete AT'r/Tr temporal evolution (panel a, black curve) and relative fit
(red curve) with fit function from Equation 1.18 for a ND with 4 = 18 nm and D = 100 nm.
Inset (panel a): experimental (black curve) and fit (red curve) oscillating mechanical part of
the signal obtained by subtracting from the signal the two exponential terms corresponding
to the thermal cooling. Panel b: same signal as in panel a but with the oscillatory part
subtracted, thus isolating the ND cooling dynamics (black curve) and its biexponential
fit (red curve). Inset (panel b): normalized thermal signal in semi-log scale. Image taken
from [1].

by AFM). We can clearly see the different steps of the time evolution: the high electronic
peak immediately after the pump absorption (at t=0, i.e. no delay between pump and
probe), followed by the decay on a ns timescale linked to the ND cooling, while on a
shorter timescale damped oscillations are the fingerprint of the vibrational modes presence.
We can separate the different contributions by fitting the signal (red line in Figure 13) with
a biexponential decay with characteristic times 7; and 75 (we set 71 > 73), describing the
ND thermal cooling, and damped sinusoidal oscillation functions, corresponding to the
different vibrational modes of amplitude B, period 7},, phase ¢,,, characteristic damping
time 7.°¢:

n

N
osc 2 t
Fra(t) = A 4 Ape ™™ 1Y Bet/m sin(Ti + 6n), (1.18)

n=1 n

where N varies between 0 and 3 depending on the particular analyzed signal. In the inset
of panel a (Figure 13), it is reported the oscillating part (black line) and its fit (red line),
obtained by subtracting the double exponential decay (corresponding to the thermal part)
from the total signal and its relative fit. In this case N = 2 and the oscillation periods are
found as 49 and 52 ps. Nevertheless, here we are mostly interested in the thermal dynamics
of the system, i.e. the mechanical vibrations are an undesirable feature of the time-resolved
signal, which we want to get rid off. For this purpose, we subtract from the signal the fit of
the damped sinusoidal oscillations, remaining with solely the thermal cooling. Figure 13
(panel b) shows this thermal signal (black line) and its fit (red line) of the thermal cooling,

while in the inset it is shown the thermal signal in normalized log-scale.
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1.3. Cooling dynamics

Signal Dependence on the Probe Wavelength

Our optical set-up, as described at the beginning of this section, doesn’t allow
us to change fully independently the pump and probe wavelength A,, and \,,. When
Apr 18 the direct output of the Ti:Sapphire oscillator (750-1040 nm), changing A, leads
to change also \,,, being equal to \,./2. When instead )\, is generated by the OPO
(Apr < 750 nm), we can keep fixed \,, = 410 nm. In order to bring out the effect of
the pump—whose only purpose is to heat the ND—, we divide o.,; by the estimated
initial temperature rise AT,, (AT,, ~ 10 K for a typical pump fluence ® of 0.7 J/m?).
In this way, the quantity Ac..:(\,t)/AT,, only contains the dependency on \,,.. The
time-resolved signals Ao, (A, t)/AT,, are shown in Figure 14 for the gold ND1 (panels
a and c) and ND2 (panels b and d). We can clearly see the effect of A, in panels a and b:
Aoe.t(A, t)/AT,, changes significantly not only in the absolute amplitude, but also in the
sign, having both positive (e.g., A\, = 790 nm (panel a) and 970 (panel b)) and negative
(e.g., Apr = 718 nm (panel a) and 855 nm (panel b)) peaks.

In panels ¢ and d, instead, Ao.,;(\, t) has been normalized and plotted in semi-log scale.

From these plots, two features emerge: (i) the temporal dynamics is almost perfectly the
same from all A, and (ii) the temporal dynamics is a mono-exponential decay.
In Equation 1.13 we said that Ao..+(\, ) depends on three different terms: Ae; 5 of the
gold ND and Aeg,;, of the substrate. Nevertheless, the ), -independent time evolution
of Ao..(A, t) and its mono-exponential behaviour are a strong proof that the substrate
term Aeg,, has a negligible influence on the signals. A dependence on Ae,,;, indeed,
would lead to a more complex temporal dynamics of Ao.,;(A, t), with terms A, () and
AT,,(t) of Equation 1.14 playing a role in the signal dependence evolution, given their
different behaviour in respect of Ag,,4(\) and AT, (t) both regarding X and ¢. This is at
variance to what happens in other studies [67, 68], and can be rationalized in terms of
the weak temperature dependence of the dielectric function of sapphire, resulting in a
small A,,;(N), with deg,p,/dT =~ 107> K~ in the measured spectral range [69], in respect
to dey o /dT =~ 1073 of gold [70]. Moreover, heat dissipation in the substrate is favored
by sapphire high thermal conductivity (25 W/mK), meaning that the temperature rise in
substrate close to the ND is minimal.

Having demonstrated that the substrate doesn’t play a role in determining the time
evolution of Ao, from equation 1.14 we obtain the direct proportionality between Ao,

and the gold ND temperature dynamics:
At (A1) = Agna(N) AT, (1). (1.19)

We want to examine the wavelength dependent amplitude term Ag,q. This term can be
extracted dividing the measured Ao, at time ¢t = 0 (i.e. the peak of the time dependent

signal) by the estimated temperature increase AT(t = 0) = AT.,. Reformulating in
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Figure 14. Experimental time-resolved signals Ac.,;/AT., measured on ND1 (panel a)
and ND2 (panel b) with different probe wavelength A, (colors in the legend). The pump
wavelength A, is 410 nm for signals with A\, < 750 nm, while \,, = \,,./2 for A, > 750
nm. Normalized thermal components of the same signals in semi-log scale (panels ¢ and
d). Image taken from [1].

a more operative way, we take the amplitudes A; + A, of the bi-exponential decay fit
function of Equation 1.18 and multiply by S,, (see Equation 1.17). In this way we obtain:
Aaext(t = O) _Spr(Al + Ag)

Agna = AT T AT, (1.20)

Figure 15 shows the experimental A, ;(\) (black points) for the two investigated gold
NDs (panels a and b). Error bars take into account the error on the dimension of the probe
spot, as well as the pump power (influencing AT,,) and the error on A; 5 (for more details
consult [1]).

This experimental result can be compared to the A, calculated with our model. In
computing A4, two terms have to be considered: 0o.,;/0€; 2, which are evaluated by
the FEM simulations spectra (see Figure 9) and de; »/dT". Different values are found in
the literature for the latter [71, 72, 73, 74, 75, 76]; thus we decided to use two different
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Figure 15. A,  coefficients at different wavelength obtained from the amplitude of the
thermal components in experimental measures (black dots). A,  theoretical calculation
based on Equation 1.15 using do.,;/0¢; » obtained by FEM simulations (Figure 9) and
dey 5/dT taken from references [70] (blue curves) and [71] (red curves). The dashed green
vertical lines indicate the LSPR central position for the relative ND. Image taken from [1].

references: one experimental [70] (blue lines in Figure 15), the other theoretical [71] (red
lines). In this way, for each gold ND we obtain two different theoretically calculated Ag,,4.
Nevertheless, both are in good agreement with our quantitative experimental results. As
can be seen, A,,q has a large amplitude of negative sign close to the LSPR (vertical dashed
green lines), and smaller positive values on the LSPR sides, in agreement with amplitudes

at time ¢ = 0 in Figure 14.

1.3.3 Cooling dynamics: ND morphology and TBR

The cooling dynamics of 60 NDs with different heights and diameters were mea-
sured exploiting the direct proportionality between the time-resolved signals and the NDs
temperature. For all the measurements, the pump had \,, = 410 nm with low fluence (<
1 J/m?) in order to obtain a temperature rise of ~ 10 K, small enough to avoid any ND
modification during the measurement. The probe wavelength )., instead, was fixed at
510 nm, far from the LSPR of any ND in the chosen size range. Keeping ), fixed for the
entire experiment allows to measure several NDs with only small realignment of the pump
and probe beams during the acquisition, reducing the intrinsic dispersion of data during
the measurements with frequent realignments.
Acquired signals were fit with the function in Equations 1.18, then the mechanical oscilla-
tions were subtracted, remaining only with the thermal dynamics.

Figure 16 contains the normalized thermal signals of NDs with different heights (h = 18
and 40 nm) and diameters (D ranging from 65 to 205 nm). The dynamics is strongly
dependent on / and only weakly on D. All measurements shows a mono-exponential
decay for times > 500 ps, with a characteristic time decay 7, of ~ (0.7 and 1.7 ns for

h = 18 and 40 nm, respectively. This kind of exponential behaviour strongly suggests a
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Figure 16. Normalized experimental thermal components of time-resolved signals for NDs
with different height (18 and 40 nm) and diameters (ranging from 65 to 205 nm). Imaged
taken from [1].

cooling dynamics limited by the interface heat transport [35, 36]. If the temperature within
the ND is uniform at each given time (condition satisfied since, as we have seen, the Biot
number is < 1) and the substrate temperature is almost isothermal (justified by the high
sapphire thermal conductivity) then the heat transfer is described only by Equation 1.10,
where T, (t) = To:

PgndC ndv dTe 1
) = Pt S = (T (t) = T), (121)

with V' and S being the ND volume and surface in contact with the substrate. The
solution of this differential equation is a mono-exponential decay of 7, with characteristic
time 7 = pgnicgnahZ. The proportionality between 7 and £, is in good agreement with
the measurements: 7;(40nm)/7(18nm) = 2.4 =~ 40/18. An estimation of & from
R = T [(pgniCanah), gives a value of 1.6 x 10~% m?K/W, in agreement with range for the
gold/sapphire TBR (1 — 5 x 10~® m?K/W) found in the literature for thin gold films [34,
64, 65, 66].

In addition to this simple analysis, we also performed FEM simulations, including
Fourier’s law with finite thermal conductivity in the sapphire substrate and the temperature
gradient in the gold ND (non uniform temperature). Figure 17 shows results from these
simulations for two NDs with A~ = 40 nm and D = 80 nm (orange curves) and D = 160
nm (purple curves). The resulting dynamics, as expected, are slightly slower than the ideal
case described by Equation 1.21 (blue dashed line), since the finite thermal conduction in
the substrate slightly increase the local temperature in sapphire, close to the ND/substrate
interface, thus reducing the heat flux from the ND. Moreover, the dynamics slightly deviates
from a mono-exponential behaviour, but the non-exponential character is observable only

at for times exceeding the experimental ones.
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Figure 17. Normalized temperature dynamics calculated with FEM simulations for NDs
with height A~ = 40 nm and diameters D = 80 nm (plain orange curve) and D = 160 nm
(plain purple curve) for a TBR value of Z = 1.4 x 10~® m*K/W. Same but with infinite
substrate thermal conductivity (blue dashed line - note that in this case the two dynamics
are equal). Cooling dynamics in the case of vanishing TBR % — 0 (dotted lines). Image

taken from [1].

The simulations confirm that the dynamics is mostly governed by the TBR at the interface.

Numerically vanishing the TBR (# — 0), indeed, drastically speeds up the heat dissipation,
with a strong deviation from the measured dynamics (dotted lines in Figure 17).
The value of the TBR was then fitted using the FEM model that includes finite thermal
conductivity in sapphire and non-uniform temperature in the ND. In this way, we can
compare the characteristic time 7 of the simulated dynamics at different TBR values Z,
with 71 measured from experimental data.

Figure 18 shows the extracted characteristic times as a function of the diameter for
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Figure 18. Experimental (black triangles) and simulated (colored lines) time constants 7;
of the cooling dynamics for NDs with different diameters and different height (in panel a
h = 18 nm and in panel b & = 40 nm). The different colors represents simulations with
different TBR values (see legend). Image adapted from [1].

experimental data (black triangles) and FEM simulations (colored lines). This comparison

between single particle experiments and modeling allows for a quantitative extraction of
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the interface thermal property, which presets weak fluctuations from one nano-object to
the other. In the & = 18 nm case (panel a), the different 7 are well reproduced taking
A =1.3+0.3 x 1078 m*K/W. For the h = 40 nm NDs (panel b), experimental data are
well fit by simulations for a slightly higher Z = 1.6 & 0.3 x 10~8 m2K/W for the different
investigated diameters. The difference in the TBR values for the two different samples
could be due to different fabrication sessions that may have introduced small differences

in the gold/sapphire interfaces.

1.4 Transient electrons and lattice dynamics

In Section 1.3 we described the cooling dynamics of gold NDs in contact with a
sapphire substrate, after a short (fs) light pulse excitation. There, the focus was on phe-
nomena occurring after few ps, when electrons and lattice have already reached a common
temperature 7.,(¢), and we described the time evolution of the extinction cross section
Oert always in terms of the common electron-lattice temperature 7,,(¢). This description
explains thermal phenomena occurring in nanoparticles on a ns timescale. In the first ~ 10
ps after the arrival of the pump pulse, however, the common temperature 7.,() is not yet
established, electron-electron and electron-lattice thermalization still occurringz.

In this section we extend the description of the thermal phenomena to the ps
timescale. In parallel with the ns timescale pump-probe measurements, indeed, we also
performed measurements with a shorter time windows of 10 ps. We will see that, at
such short timescale, Ao, (t) strongly depends on the probe wavelength \,,, reflecting a
complex dynamics during the electron-electron and electron-lattice thermalization. Finally,
we will briefly introduce a theoretical model describing the influence on the Au dielectric
function of the electron and the lattice heating, with which we are able to rationalize the
phenomena occurring. We will see how these distinct dynamics can be selectively probed

through the use of different \,,.

1.4.1 Experimental data

Experimental data were acquired on the same two gold NDs (ND1 and ND2) on
which we performed the ns timescale measurements at different A, (see Figure 14). In
this way, we already possess the SMS o.,;(\) spectra for the two NDs (see Figures 7 and
9), which will be fundamental for modeling the Ao, (A, ) dynamics at the ps timescale.
The optical set-up employed is the same as for the ns timescale measurements, the only
different being the 10 ps time window and the time step, now reduced to 30 fs. Pump

fluences were always kept low (< 1 J/m?) to avoid any significant change in the NDs during

ZNote that experimental data in Section 1.3.2 were taken with 4 ps time steps thus hiding faster processes.
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Figure 19. Ao, /AT, time evolution in the ps timescale at different probe wavelength
Apr (different colors, see legend) measured on ND1 (panel a) and ND2 (panel b). Image
taken from [1].

the measurements.

Particular attention to the pump power was necessary, since the electron-lattice energy
exchange depends on the amount of energy absorbed by electrons from the light pulse. In
other words, the characteristic time of the electron-lattice thermalization dynamics depends
non trivially on the electron temperature 7., due to the dependence of the electronic
heat capacity on 7, (see [1] for more details). For this reason, all measurements should
be performed keeping AT., constant. Fixed AT, is easily obtainable for probe pulses
generated by the OPO, when ), remains fixed at 410 nm for all measurements. On the
contrary, pump generated by the Ti:Sapphire laser, \,, = \,./2, which leads to intrinsic
dispersion of the energy delivered by the pump and thus of AT,,. AT,, average values
and standard deviations are 10 + 3 K for ND1 and 6 + 2 K for ND2. Still, as for the
ns timescale analysis, we plot Ao, /AT,,, but we need to keep in mind that the AT,
normalization could be only partially adequate to get rid of the 7., dependence at the ps
timescales.

Figure 19 shows the Ac.,:/AT,, time evolution at the ps timescale for different \,,,. (see
colors in the legends) in ND1 (panel a) and ND2 (panel b). As for signals in the ns
timescale (see Figure 14), also in the ps timescale case signal amplitudes and peaks signs
(positive/negative) change significantly at different \,,. However, at variance with the ns
timescale case, here Ao.,:/AT,, displays very different temporal dynamics at different
Apr- This is even more evident in Figure 20, where the Ao, time evolution is normalized
by its peak value. Almost all signals display a fast rise around ¢ = 0 ps (zero delay between
pump and probe pulses), followed by a decay dynamics with ps characteristic time. The
normalized values of Ao, att = 8 ps, however, change significantly at different \,,:
there are negative values (e.g., A, = 735 nm for ND1), values close to zero (A, = 700 nm
for ND2) or close to one (\,, = 855 nm for ND2). Moreover, ND2 presents, at A, = 890,
no peak close to t = 0 ps, but a slow rise starting at ¢ ~ 0 and ending at £ ~ 5 ps, followed

by a constant value.
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Figure 20. Normalized Ao,,,; time evolution in the ps timescale at different probe wave-
length )\, (different colors, see legend) measured on ND1 (panel a) and ND2 (panel b).
Image taken from [1].

1.4.2 Modelling the transient optical response of gold NDs

In the following, we introduce in steps the theoretical model which allows to describe
the experimental measurements. The following description shows the main ingredients to
explain the phenomena involved. A more detailed description of the model can be found
in [1, 3].

e The distribution function of gold quasi-free electrons in the conduction band,
f(E), follows a time evolution after the injection of energy in the system by the pump
pulse. This f(F,t) evolution is computed with a bulk-like approach by numerically
solving Boltzmann equation [71, 77]. This approach includes three phases: the initial
pulse excitation which leads to an athermal electron distribution, the thermalization of the
electron gas by electron-electron scattering (hundreds of fs) and the electron-lattice energy
transfer by electron-phonon scattering (few ps).

e The electronic energy excess density, Au.(t), and corresponding temperature
increase, AT, (t), are deduced from Af(E.,t) = f(E,t) — fo(E), where f is the initial
electronic Fermi-Dirac distribution at room temperature. In particular, the ND absorbs an
energy density us, which depends on the ND absorption cross section o5 and the power
of the pump pulse (fluence ® ~ 0.6 J/m? in our experiments). An excitation temperature
T..c, 1.e. the temperature electrons would achieve at the end of thermalization in absence
of electron-phonon coupling, can be defined through the relation ;s = fTOe” c(T,)dT,,
with ¢, = a7, being the volumetric electronic heat capacity (a ~ 65 J/K?m?). From
this integral, we obtain T.,. = (T2 + 2uaws/a)"?. In a similar way, we can define

an equivalent temperature 7,(¢) (i.e. associated with a Fermi-Dirac distribution with
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same excess energy) from the time dependent excess energy density Awu,(t), resulting in
T,(t) = (T3 + 2Auaps(t) /a)' /2.

e The lattice excess energy density, Auy(t), and corresponding lattice temperature
increase, AT} (t), are computed at each time step exploiting energy conservation for the
electron-lattice system, i.e. assuming that the energy lost by the electrons is entirely
transferred to the lattice. Finally, AT, is the equilibrium temperature rise of the ND after
its full internal electron-lattice thermalization.

e In a complete model, knowing Af(E,t) and ATy (t), we are able to determine
the transient change of the ND dielectric function Ae(¢) at each time step. The dielectric
function € of Au bulk (with real ¢; and imaginary e, components) in the visible/near-
infrared range can be written as the sum of two frequency dependent components, related
to the interband and intraband (Drude-like) absorption mechanisms [27, 78, 79]:

w2

ib D ib P

€w)=€e"w)+e (w)—1=c¢ (w)—m, (1.22)
where wy, is the plasma frequency (fuw, ~ 9 eV for bulk gold) and + is the optical scattering
rate of the conduction electrons (hy ~ 50 meV for bulk gold). We use Johnson and
Christy € ;¢ tables [80] as a reference for values of the bulk gold dielectric function. With
that, we can deduce the interband component as €’ = ¢;c + w(:}—iw), which we then
theoretically reproduce knowing the gold band structure [71, 81] (see [3] for more details).
This procedure, initially performed for a Fermi-Dirac electron distribution at room tem-
perature, is reiterated for different electronic and lattice temperatures for non-thermal, i.e.
non-Fermi-Dirac, electronic distributions, thus allowing to predict the temporal evolution
of € in time-resolved experiments.

e The dielectric function € in the NDs is a function of both the electronic distri-
bution f(FE) and the lattice temperature 7. Given that typically AT, < 10 K in our
measurements, we can linearize the € dependence on 77, = Ty + AT}, as

Oe

€(f7 TL) ~ E(fa TD) + a_ij<f7 TO) ATﬁL (123)

Numerical investigations shows that 6‘:}2 (f,To) does not strongly depend on the electronic

distribution [71], and thus we can approximate it as a constant a%( fo, o). With this
approximation, the modifications on e can be fully separated in an electronic and a lattice
contributions, resulting from the modification of the electronic distribution, Ae.(t) and

from the increase in the lattice temperature ATy, (t):

Ae(t) = Ae.(t) + Ae(t) (1.24)
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where
Aeolt) = (1), To) — e(for Ty) = AcP(t) + AP(2) (1.25)
Ber(t) = (o, To) AT ), (1.26)

where we expressed explicitly the interband and Drude components of the electronic
dielectric part. Note that Aey,(t) is proportional to AT, (¢), while the dependence of Ae. (1)
on the electronic temperature is more complex.

The two components in the electronic contribution Ae.(t) were calculated separately.
Ae(t), associated with the variation in the probability of interband transitions between the
conduction and the valence band caused by the evolution of the electron distribution f (£, ),
was calculated by reproducing the calculation explained above with f(F, ¢) obtained at
multiple times ¢ by solving Boltzmann equation. Moreover, the modification of f(F,t)
generates a Ae (t) change of the Drude component, dominated by the modification of the
electron-electron scattering rate v._. which contributes to the total scattering rate in the
Drude component of €. The variation of 7._. has been predicted to be quadratic with the
electron temperature 7, [71, 82] (see [3] for more details on the equation for A, _.).
The temperature rise in the lattice is responsible for modification of the probability of
interband electronic transitions (by lattice dilatation), the scattering rate of electrons
(change in the electron-phonon scattering rate) and the plasma frequency w, (change in
the electron density). However, since in our measurements we are in a small A7}, regime,
the optical consequences of lattice heating can be summarized by a single de/dT}, term,
calculated in the literature from a theoretical model accounting for all the effects mentioned
above [71].

e Combining Ae(t) with the computed optical derivatives 00.,;/Je; and 00y, /e,
we are able to predict the cross section variations Ao, (A, ) of gold NDs, which we
can compare to the experimental data. We already described the SMS spectra of the two
NDs (Figure 7 in Section 1.2.2). Then, we said that with tailored FEM simulations we can
extract the NDs size as well as their absorption and scattering cross-sections contributions
to the total extinction cross section o, (Figure 8) and its derivatives do.,;/0e; o (Figure
9). In this way, and by making explicit use of the two components in the variation of
the dielectric function Ae; 5(\,r, t), we can deduce the variation of the extinction cross

section:

ao_emt

862

o ao—emt

Aaext(/\pr7t) - 0—61

(Apr) Aer( Ay, t) + (Apr) A€a(Apr, t), (1.27)

(at these short timescales the environment heating is negligible). From this equation and

using the simplified model, it follows that we can decompose Ao, (A, t) in the sum of
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two components, associated to the electronic and lattice heating:

Ao-ea:t(/\prv t) - Agewt,e()\pra t) + AO‘@xt,L(Apm t) (128)

1.4.3 Experimental data and theoretical model
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Figure 21. Comparison between experimental data (blue dots) and the theoretical calcula-
tion (green lines) at different )\, (different panels) performed on ND1. The theoretical
calculation is given by the sum of electron contribution, Ao, . (red dotted lines), and
the lattice contribution, Ao, 1, (black dashed lines). Reprinted with permission from [3].
Copyright 2021 American Chemical Society.

Measured signals were quantitatively compared with calculations carried out by
the model described above. The agreement between experimental and simulated signals
was found to be optimized by a characteristic time of the electron-lattice energy transfer
Te—r, ~ 800 fs, a value slightly smaller than the one measured on large diameter colloidal
gold nanoparticles [83]. Figure 21 and Figure 22 shows the comparison between the
experimental data (blue dots) and the theoretical calculation (green line) at different A, for
ND1 and ND2, respectively. Overall simulations are in good agreement with experimental

data in terms of amplitude and dynamics for almost all A,,, with just some discrepancy
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in the amplitude for certain A\, (520 nm for ND1 and 915 nm for ND2). The possibility
to distinguish the components associated to the electron, Ao, . (red dotted lines), and
the lattice, Ao, 1, (black dashed lines), allows us to clarify the origins of the measured
transient signals and explain their temporal profiles. Signals decreasing to almost zero
at the end of the ND internal thermalization, such as \,. = 640 nm for ND1 (panel b in
Figure 21) and )\, = 725 and 915 nm for ND2 (panels a and f in Figure 22), correspond
to cases in which the lattice heat doesn’t contribute significantly to Ao.,;. Such signals
thus reflect the heating and cooling dynamics of the electrons in the NDs.

On the other hand, the signal at \,,, = 890 nm for ND2 (panel d in Figure 22) presents
a slow increase (in absolute value) of the signal with no fast peak close to ¢ = 0. This
corresponds to the case in which electron heating have a negligible impact on the transient

extinction signal.
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Figure 22. Comparison between experimental data (blue dots) and the theoretical calcula-
tion (green lines) at different A, (different panels) performed on ND2. The theoretical
calculation is given by the sum of electron contribution, Ao, . (red dotted lines), and
the lattice contribution, Ao, 1, (black dashed lines). Reprinted with permission from [3].
Copyright 2021 American Chemical Society.
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Figure 23. Experimental (blue dots) and theoretical (green lines) transient extinction
spectra at specific delays for ND1 (left) and ND2 (right). Pump-probe delays are fixed at
0.7 ps (panels a and d), 2.5 ps (panels b and e) and 8 ps (panels c and f). The simulated
transient extinction spectra are the results of the electron (red dots) and the lattice (black
dashed lines) contributions. Vertical dashed lines indicate the central position of the SPR.
Reprinted with permission from [3]. Copyright 2021 American Chemical Society.

A third particular case is that of signals presenting a constant Ao.,; background value after
the end of the ND excitation and electron thermalization (after ~ 2 ps) and a peak prior to
the full ND internal thermalization, such as A, = 730 nm for ND1 (panel d in Figure 21)
and )\, = 855 nm for ND2 (panel c in Figure 22). In such cases, the temporal variations
of Aoy and Ao,y 1, induced by electron-phonon energy exchanges, compensate each
other so that their sum Ao,,; remains constant.

All other signals present a less specific dynamics, resulting from both electron and lattice
time dependent contributions have to be taken into account to describe the observed
dynamics.

An alternative way to observe the electron and lattice contributions to o.,; depen-
dence on the pump-probe delay time and on \,,, is to plot the transient extinction spectra
at fixed pump-probe delays. Figure 23 shows Ao, /AT,,(A,) for ND1 (left) and ND2
(right), at fixed delays time of 0.7 ps (panels a and d), 2.5 ps (panels b and e) and 8 ps
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Chapter 1. Ultrafast opto-thermal dynamics of individual gold nanodisks

(panels c and f). The color code is the same as for Figures 21 and 22. The agreement
between measurements and simulations is overall good, both in terms of amplitudes and
shapes, and gets better with increasing time delays. At short delay (0.7 ps) the transient
spectra is dominated by the electron contribution Ao, ., since the electron-lattice heat
transfer has a longer characteristic time. After the electronic thermalization (2.5 ps),
the transient spectra is the results of both the electronic and lattice contributions, being
the electron temperature still higher than the lattice one, which however started to rise.
When the internal thermalization is complete (8 ps), instead, the lattice contribution is
the dominant one for all A,.. In this case, then, the dominant term is Ao, r, Which
from Equations 1.25, 1.26 and 1.27 is o< AT}. Since the thermalization is complete,
ATy, = AT,,, we are therefore plotting what we called A,,; in Section 1.3.2 for the ns
timescale measurements. Indeed panels c and f of Figure 23 present the same shape as

Agnq in Figure 15, showing the intersection from the ps and the ns timescales.

1.5 Conclusions

In this chapter, we have seen the results of time-resolved spectroscopy on individual
gold NDs nanopatterned on a sapphire substrate. We described how the spatial modulation
spectroscopy technique allows to quantitatively retrieve the optical properties of individual
nanoparticles and, in combination with numerical simulations, also the shape and the
size of the individual nanoparticles. Then, we have seen the time-resolved pump-probe
measurements at two different timescales: the ns timescale, associated to the thermal
cooling of the gold NDs, and the ps timescale, associated to the faster dynamics of the
electron-electron interactions and electron-lattice thermalization within the NDs.

The cooling dynamics of individual nanodisks was quantitatively investigated to
obtain the absolute amplitudes of the transient extinction cross section changes induced
by the nanodisks heating. The amplitude of the cooling dynamics strongly depends
on the probe wavelength, in agreement with results from numerical simulations. The
kinetics of the process, however, is independent on the probe wavelength, implying the
negligible contribution of the substrate on the nanoparticle optical changes. Then, we
discussed measurements performed on nanodisks with different diameters, comparing
them to tailored simulations. The cooling dynamics is mostly limited by the TBR at
gold/sapphire interface, whose value we derived for individual NDs.

Subsequently, the electron excitation and the electron-lattice thermalization were
experimentally measured with a shorter time window and time step. In this case, the
time-resolved optical response depends on the selected probe wavelength, influencing both
the amplitude and the kinetics of the process. A theoretical model was introduced, capable
to rationalize the experimental results in terms of electronic and lattice contributions to

the modifications of the interband and intraband components of the Au dielectric function.
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1.5. Conclusions

The good agreement between experiments and numerical simulations, based on our model,
confirm the wavelength dependence of time-resolved signals on electron-lattice heating.
At certain specific probe wavelengths, the electronic (lattice) contribution is negligible,
offering the possibility to selectively probe the lattice (electronic) heating dynamics.

This work shows that the transient optical response induced by optical excitation,
internal thermalization and cooling dynamics of metal nanoparticles can be measured
at the individual level and rationalized in terms of a theoretical model implemented in
numerical simulations. These measurements may be extended to other compositions
and geometries of different nano-objects and their supporting materials, paving the way
to direct investigations of different nanoscale thermal transport regimes for individual
nanoparticles.

In the next chapter, we will see another example of time-resolved transient optical
measurements on nanoparticles in contact with a substrate. However, a few significant
differences distinguish the two studies, both from an experimental point of view and
concerning the investigated system. Experimentally, we will work with reflected rather
than transmitted light, and the probed sample will be an ensemble of nanoparticles rather
than a single one. Regarding the system, the nanoparticles involved are Indium Arsenide
nanowires, i.e. a semiconductor material, as opposed to the plasmonic NDs. Also the
main physical focus will be shifted, from the thermal dynamics to the mechanical one,
the vibrational response of the nanowires being the main object of interest. In particular,
we will see how to extract a mechanical parameter of the system, i.e. the Young modulus
of the Indium Arsenide nanowires. Then, the genesis of the nanowires vibrations will be
unveiled, showing that the mechanical oscillations are for the most part originated by the

sudden expansion of the substrate.
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2. Ultrafast mechanical oscillations of InAs nanowires

This work is the result of a collaboration with colleagues at Universita Cattolica
and Universita di Brescia (Brescia, Italy), where the optical set-up and pump-probe
measurements were performed, and at NEST Lab Scuola Normale Superiore and Istituto
Nanoscienze-CNR (Pisa, Italy), where sample synthesis and characterisation was per-
formed.

The results are published in the article Ultrafast Photoacoustic Nanometrology of InAs
Nanowires Mechanical Properties, The Journal of Physical Chemistry C 126, 6361 (2022),
of which I’m co-author and to which redaction I contributed.

This part of the thesis work allowed me to get acquainted with the modelling of
ultrafast mechanical transients in nanoscale systems triggered by a short laser pulse.
Furthermore, although I was not involved in first person in the experimental part, it did
allow me to become aware of the synthesis, characterisation and experimental subtleties
involved, a key aspect to properly rationalise the underlying physics and implement a
realistic modelling. This work was then accessory, in the frame of the thesis, to undertake

the theoretical work illustrated in the following chapters.

2.1 Introduction

The focus of this chapter is on the opto-thermo-mechanical dynamics of semicon-
ductors nanowires (NWs) made of Indium Arsenide (InAs) with a Wurtzite (WZ) structure,
synthesized by gold-catalyzed chemical beam epitaxy on a InAs substrate. Primary impor-
tance will be given to the mechanical properties of such NWs and the activation mechanism
of their longitudinal mechanical modes. This choice is part of a broader perspective: NWs
have been, indeed, at the forefront of nanoscience research for more than two decades
thanks to their applications [84, 85, 86, 87, 88, 89, 90] and novel optoelectronic config-
urations [91, 92]. In this context, mechanical properties play a central role [93, 94] in
view of any device development. Great effort was devoted to this issue [95, 96] exploiting
methodologies ranging from bending and resonance measurements to nanoindentation,
mainly exploiting AFM, in-situ electron microscopies and optical microscopies [97]. Re-
cently, ultrafast spectroscopy arose as a valid addition yielding access to the NWs high
frequency mechanical response in a contactless mode [98, 99, 100, 101, 102, 103, 104,
105]. Nevertheless, a clear understanding of NWs mechanics is still missing [97]. Ma-

nipulation of NWs is a difficult task and, in this process, errors can be introduced biasing
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

the measured mechanical data. Sample morphology variations, introduced in the growth
process, also contribute to wide dispersion in the measured data, requiring, in order to make
further progress, the assessment of the NWs morphological features through a systematic
statistical characterization. The assessment of InAs NWs mechanical properties faces the
same criticalities mentioned above, as shown by the widely varying reported values of their
Young modulus and its dependence with NW dimensions [106, 107, 108]. Nevertheless,
the use of InAs NW structures is growing in a variety of applications, as in optoelectronics
[87, 109, 110] and nanoelectronics [111, 112].

In this chapter, we will describe the experimental set-up used for the acquisition
of the relaxation dynamics after a sudden excitation, the structural and morphological
analysis of the NWs via electronic microscopy measurements and the modelling of the
NWs mechanics and its excitation mechanism. This multitechnique approach allows to
understand the thermo-mechanical time evolution of the system, with particular attention to
the different mechanical phenomena involved, ultimately extracting the InAs NWs Young
modulus.

From a technical point of view, there are two main differences with respect to the
experiment performed on gold NDs and described in Chapter 1. First, in the present
case we investigate ensembles of nano-objects rather than a single one. For this reason,
analyzing the morphological differences between NWs of the same sample is fundamental
to comprehend how the statistical dispersion of the NW morphological parameters affects
the acquired data. Secondly, the pump-probe optical set up, exploited for the present
investigation, is based on a different working principle from the one described in Section
1.3. Instead of using a mechanical delay line to control the time interval between pump
and probe pulses, here we exploit the asynchronous optical sampling (ASOPS) technique,
where the pump and probe pulses are provided by two different femtosecond laser sources
which repetition rate is slightly detuned by a small frequency A f 5. ASOPS thus
allows performing pump and probe measurements avoiding any mechanical movement (no
motorized delay line). This fact, together wit a laser repetition rate of 100 MHz, allows
to achieve delay times of 10 ns. Third, regarding the investigated sample, we move from
gold NDs to InAs NWs, i.e. from metallic to semiconducting nano-systems. This fact
adds a new mechanism responsible for the expansion of the nano-object upon short laser
excitation, i.e. the deformation potential, due to the creation of transient electron-hole
pairs. Moreover, InAs NWs are characterized by a highly anisotropic lattice structure,
which we will have to take into account to access the mechanical constants of the system.
Retrieval of the NW Young modulus in the NWs axial direction, in particular, is the first
scope of this study. Secondly, the mechanism triggering the mechanical oscillations will
be unveiled. Contrary to the case of metallic NDs so far investigated, NWs oscillations are
not launched by their direct expansion. Oscillations arise indeed from a sudden expansion

of the supporting InAs substrate. This mechanism constitutes an interesting phenomenon,
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2.2. InAs Nanowires Structure

being at variance with respect to the excitation mechanisms so far identified in ultrafast ex-
periments on nanowires [99] and on a plethora of nanosystems. This launching mechanism
bears generality beyond the specific case, potentially encompassing a variety of systems

serving as nano-optomechanical resonators.

2.2 InAs Nanowires Structure

2.2.1 Growth procedure

Samples growth and characterization were carried out by colleagues at NEST
LABS@NEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore, Pisa, Italy.
Here we will give a short overview of the NW synthesis method and then we will focus on
their structure and morphology.

Five assemblies of vertical WZ InAs NWs forests, each characterized by a different length
(in the nominal range of 250-1250 nm), were synthesized by Au-assisted Vapour-Liquid-
Solid (VLS) growth [113] in a Chemical Beam Epitaxy (CBE) system on InAs (111)
substrates.

Before mounting the sample in the CBE chamber, a thin gold film of effective thickness ~
0.1 - 0.5 nm was deposited at room temperature on the substrate in a thermal evaporator
equipped with quartz crystal thickness monitor for evaporation rate and film thickness
feedback. The substrates were then introduced in the UHV chamber of a Riber C-21 CBE
system. A thermal treatment prior to growth was carried out, keeping the substrate at the
annealing temperature (460 £ 10 °C) for 20 minutes under As flux, in order to trigger the
gold film dewetting and the formation of metallic seed nanoparticles. To obtain different
nanoparticles density and diameter distributions, the Au film thickness and the annealing
temperature were varied [114]. In this way, the 0.5 nm thick film (effective thickness)
yields NPs with a larger mean diameter than that of NPs obtained with a nominal Au
thickness of 0.1 nm. After annealing, the temperature was lowered to 370 4 10 °C and the
InAs NW growth was carried out for different time durations, in order to obtain NWs of
different lengths. This yields InAs NWs with Au semi-spheres on top of their tip whose
diameters match that of the supporting NWs. In four samples the NWs average diameter is
around 45 nm, whereas in one case the diameter was reduced to 20 nm for benchmarking
purposes.

As we shall see further on, the assessment of the NWs morphological and structural
features is crucial for the retrieval of the InAs NWs mechanical properties. For this reason,
a systematic statistical analysis of electron microscopy data was performed. SEM images
of the NWs were acquired with a Zeiss Merlin Zeiss field-emission SEM. Diameter (D)

and length (L) distributions of the NWs were measured using the procedure and image
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

analysis software package described in [114]. TEM analysis was performed using a JEOL
TEM-2200FS microscope, equipped with an in-column (2 filter, operated at 200 kV. For
TEM observation, the NWs were transferred to carbon-coated Cu grids by gentle rubbing.
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Figure 24. Morphological and structural characterization of the InAs nanowires samples.
45°-tilted (panel a) and top view (panel b) SEM images of InAs NWs grown on InAs (111)
substrate. HRTEM images (panel ¢) and corresponding FT pattern (panel e) of the NW
body taken along [2, -1, -1, 0] zone axis. TEM image (panel d). Nanowires diameter (panel
f) and length (panel g) distribution (normalized against the total number of inspected NWs)
for sample S2 obtained from SEM images analysis. The length does not include the Au tip.
The average diameter and length are D = 43 nm and L = 475 nm, respectively. Reprinted
with permission from [4]. Copyright 2022 American Chemical Society.

Figure 24 reports the morphological and structural characterization of a representative
sample (S2). The NWs geometrical parameters were assessed from SEM images that are
shown at 45°-tilted view (panel a) and from top view (panel b), in the figure. Despite the
presence of the gold nanoparticle on top of the NW, clearly observable in panel a, the
SEM top view suggests a hexagonal cross-section for the NWs, typical of the WZ InAs
structure. Both images reveal the presence of some degree of dispersion in the geometrical
parameters (diameter and length).

High resolution HRTEM, acquired on individual NWs, showed the high crystallographic
quality of the NWs (panel c), with almost no sign of stacking faults. The NWs crystal
structure is pure WZ, as arises from the analysis of the Fourier transform (FT) (panel e)
taken on the data reported in panel c - square area delimited by red dashed line. Structural
data are in agreement with existing literature, reporting a pure WZ structure for diameters
below 50 nm [115]. The same holds true on all five sample batches.

As already stated, a detailed knowledge of the NWs morphological features is fundamental
to correctly access their mechanical properties. To this end, a systematic analysis of SEM
data [114] was carried out to statistically characterize the NWs size distribution for each
sample. Panels f and g report the distribution of NWs diameter, D, and length, L, obtained
from the analysis of a set of 2000 NWs from the same sample (S2) (the reported length L

value does not include the Au tip). For S2, the average values are D = 43 nm and L = 475
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2.3. Ultrafast time-resolved measurements

nm. The same analysis was carried out on all five samples. Results are summarized in
Table 1.

Sample L (nm) oy (nm) D (nm) op (nm)

S1 265 40 43 10
S2 475 100 43 10
S3 625 150 20 5

S4 1138 100 45 15
S5 1240 70 48 15

Table 1. Sample number, average length (L) and diameter (D), with the corresponding
standard deviations (o, and op). L does not include the Au tip. The statistics has been
performed sampling 2000 NWs on each sample.

2.3 Ultrafast time-resolved measurements

2.3.1 ASOPS technique

Pump-probe measurements were performed to access the NWs mechanical oscil-
lations for different NWs lengths and diameters. Despite the experimental similarity to
the pump-probe technique described in 1.3, the set-up here involved differs from the one
used for the investigation of gold NDs. The Asynchronous Optical Sampling (ASOPS)
technique was here implemented via a MENLO C-Fiber 780 High Power ASOPS system.
Such a system consists of two lasers delivering synchronized trains of pulses with pulse

duration of ~ 100 fs. One train of pulses serves as pump and the other as probe. The core

Figure 25. Sketch of the pump-probe (reflection) experiment performed on InAs NWs on
InAs substrate. Reprinted with permission from [4]. Copyright 2022 American Chemical
Society.

of the ASOPS technique resides in the pump and probe beam having slightly different repe-
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

tition rates, f,, and f,,, respectively, with A fiosers = fop — fpr a0d A flasers << for ~ fop-
To illustrate the ASOPS technique, let’s assume that the pump and probe are spatially and
temporally overlapped at time ¢,. Their next strike, here addressed as first strike, will occur
respectively at ¢, =ty + 1/ f,, and to + 1/ f,, = t; + At. The accumulated delay time be-
tween the two pulses at the first strike (i = 1) is then At = |1/ f,, — 1/ for| = A fiasers/ fgp.
The time delay between the two pulses at the second strike (i = 2) will be 2At. In this
way the time delay will continue to increase, gaining a factor At at each strike, until
the n-th strike, with n such that nAt = 1/f,,, i.e. when the pump and the probe are
again temporally overlapped. This occurs after a time span of 1/A f,4.s and the sam-
pled time windows delay is 1/f,,. In the actual experiment, if we set f,, = 100 MHz
and A fi4sers = 1 kHz, we obtain a time resolved window measurement of 10 ns, with
time-delay steps of At = 100 fs, in a laboratory time span of 1 ms. In order to improve the
signal-to-noise ratio, the time-resolved scan is typically repeated 10° times, yielding to an
overall acquisition time within the few minutes range.
Overall, the ASOPS technique has several advantages with respect to the standard tech-
nique based on moving delay-line and lock-in detection. First, the signal-to-noise ratio
achievable with the ASOPS exceeds the one in standard pump-probe techniques based on
a mechanical delay line. In the ASOPS system, the pump-probe time delay is managed
electronically, avoiding any moving mechanical parts [116]. This fact, together with a
typical laser repetition rate f,, ~ 100 MHz makes it possible to detect relative reflectivity
variation of ~ 10~7. Secondly, the ASOPS technique is particularly suited for acquiring
signals extending up to long delay-times. For the present case, the delay-time extended uo
to 10 ns, which in a mechanical delay line set-up would correspond to a hardly manageable
delay line length of ~ 3 m. Finally, the ASOPS and the mechanical delay line techniques
differ in the way data are acquired. In the mechanical delay line set-up, to decrease the
signal-to-noise ratio, the signal is recorded many times via lock-in detection (e.g., NV
times), at a fixed time delay ¢;, before moving to the following time delay ¢;,, and so on.
In this way, between the data at time ¢ = 0 and the ones at the maximum delay ¢ = ¢,,,.,
several minutes could have passed. Contrarily, in the ASOPS set-up, signals at different ¢;
are acquired consecutively. Then, after the acquisition of a complete trace, i.e. covering
all delay times from ¢ = 0 to t,,,, = 10 ns, which takes a few minutes, another complete
time-resolved trace is acquired. In other words, in the mechanical delay time, the signal is
acquired N times for each ¢; before passing to ¢;,1; in the ASOPS technique, instead, the
signal is recorded only once for each ¢; from ¢ = 0 to ¢,,,,, and then this cycle is repeated
N times. In this way, through ASOPS technique one can compare the entire time-evolution
of the system taken in different moments, thus understanding if there is a change in time
of the acquired data.

Another difference from the experiment on gold NDs of Chapter 1 is that, in the
case of the InAs NWs, we measure the light reflected by the sample, as sketched in Figure
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25, rather than acquiring the transmitted signal. This is because, in this case, the substrate
is not transparent at our working wavelengths; actually, as we will see further on, in this
system is the substrate the main responsible for light absorption. The reflectivity variation
is recorded sending the probe and its reference beam to a Fixed Gain Balanced Differential
Si Photodiode with 350 MHz bandwidth. The differential photodiode analog output signal
is digitized via a 16 bit, 105 MS/s acquisition board. Despite the high repetition rate, the
low fluence renders the pump cumulative effect negligible [117].

2.3.2 Time-resolved measurements

In the excitation step, the pump pulse is provided by a laser with wavelength \,=1560
nm, 100 fs pulse duration, 30 um beam diameter at full width half maximum (fwhm),
impinging on the sample at normal incidence, operating at a repetition rate of 100 MHz
and delivering an average power of ~100 mW. The single pump pulse fluence is fixed
at ~ 1 J/m?. The 0.8 eV pump photon energy excites electrons both within the Au tips
and the exposed InAs portion of the sample, the InAs energy gap being ~ 0.4 eV. This
triggers a cascade of events, as already described in Section 1.3, plus the one peculiar to
semiconductors that will be addressed further on, ultimately resulting in the excitation of
the system mechanical modes. The genesis of the latter will be discussed in Section 2.5,
for the time being it suffices to recognize they are excited. As time evolves, the system
relaxes back to equilibrium via different pathways (thermal and mechanical channels) and,
given the semiconductor nature of InAs Nws, also through electron-hole recombination. In
this way, as for the gold NDs, this leads to a time and space varying dielectric constant,
resulting in a time-varying sample optical reflectivity. This dynamics, and in particular
the time-periodic modulations, can be revealed following the time evolution of the relative
reflectivity variation, AR/Ry(t), where AR(t) is the optical reflectivity variation with
respect to its equilibrium value Ry. AR/R(t) is measured via the laser probe pulse,
characterized by a A = 780 nm, 100 fs pulse duration, 15 ;m beam diameter at fwhm and
impinging at quasi-normal incidence (incidence angle ~ 8°).

The trace AR/ R, versus delay time, acquired on sample S2, is reported in Figure
26 (panel a, black curve). Note that here we reported a time window of 4.5 ns, rather than
the full pump-probe delay time span of 10 ns. The fast peak, due to electron excitation, is
followed by slower dynamics, encoding the previously-mentioned relaxation pathways.
The oscillations, due to the mechanical vibrations, are superposed on the relaxation back-
ground. For the sake of extracting the oscillating signals, the non-oscillating background is
fitted with a sum of three exponential functions, this fit being reported as a yellow line. The
fit is only intended to extract the oscillating signal, we do not dwell here on its physical
meaning. The non-oscillating background (panel a, yellow curve) is then subtracted from

the total signal (black line) to obtain the residue, clearly revealing oscillations on the ns
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Figure 26. Time-resolved measurements. AR /R, vs delay time between pump and probe
pulses (black curve) and three-exponentials fit (yellow curve) (panel a). Inset: expanded
view emphasizing the temporal window where mechanical oscillations are visible. Residues
(gray trace) vs delay time and two-damped oscillators fit (red trace) (panel b). The residues
are obtained as the difference between the black and yellow curves of the inset in panel
a. Data are reported for sample number 2: D = 43 nm and L = 475 nm. The horizontal
axis was limited to the region where mechanical oscillations are visible. Reprinted with
permission from [4]. Copyright 2022 American Chemical Society.

timescale, as reported in Figure 26 (panel b).

The residue (gray line) is well fitted by the sum of two damped oscillators (red line). The
longer oscillation period exceeds the extension of the temporal window and does not
display the same features in all samples. Speculating on it would thus be rather hazardous.
Furthermore, although the long period oscillation grants an optimal fit quality, its relative

weight is exiguous with respect to that of the shorter period oscillator:

2 _t=tg
Ft) = fo+ > Assin (wi(t —to) + ¢i)e” 7 2.1)
i=1

where f is the background of the signal and ¢, is a temporal offset. A;, w;, ¢;, 7, are the
amplitude, the angular frequency, the phase and the lifetime of the oscillators, respectively.
For the fitting parameters we obtained the values reported in Table 2. The oscillator
labelled with the pedex ‘2’ is the one corresponding to the extensional modes. As can
be appreciated, the other oscillator has a smaller amplitude and the oscillation periods
is comparable with the extension of the signal time window (w; ~ 2.31 x 10° (rad/s)
corresponds to a period of ~ 2.7 ns). For this reason we do not speculate on it. We
concentrate, instead, on the well developed shorter oscillation period, 75, which from now
on we will referred as 7 (without the pedex) for simplicity. For S2, reported in Figure 26

(panel b), 7 = 582 ps.
The rationalization of the system mechanical modes requires investigating its

oscillation periods against the relevant system dimension [118, 119, 116, 120, 121]. In
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2.4. Assessing NWs mechanical properties

Fitting parameter =~ Value  Standard deviation

fo x 107 5.5 0.6
to (ps) 427 3
Ay x 107 1.17 0.04
w1 (Grad/s) 2.31 0.02

¢ (rad) 2.60 0.02
71 (ns) 1.51 0.06
Ay x 107 2.21 0.03
woy (Grad/s) 10.79 0.02
¢ (rad) 5.94 0.03
To (nS) 1.19 0.02

Table 2. Parameters obtained by fitting the residue curve reported in Figure 26 (panel b).

this sense, Figure 27 (black circles) displays the oscillation period 7 (left axis) and the
corresponding oscillation frequency v = 7! (right axis) versus the NWs average length L.
The periods were obtained fitting the measurements acquired on each sample according
to the above-mentioned procedure. The period (vertical) error bars arise from the fitting
procedure and fall within the markers size (black circles) and hence are not displayed. The
horizontal black error bars correspond to the NWs length distribution’s standard deviation
for each sample.

The period scales linearly with the NWs average length, regardless of the NWs diameter,
for instance sample 3 (L =625 nm) follows the same trend despite a halved diameter of
D=20 nm. The oscillations are thus attributed to the NW extensional modes, characterized

by a displacement predominantly along the NW axial direction.

2.4 Assessing NWs mechanical properties

2.4.1 Modeling the InAs NWs

In this section we present the model that allowed rationalizing the oscillations ob-
served experimentally and introduced in the previews section. The model is inherently
multiphysics and relies on input data from the morphological characterization described
in Section 2.2. Numerical simulations were implemented and solved via finite element
method (FEM) in the frame of a continuum mechanics model.

InAs NWs are modeled individually, the scope of the simulations being the under-
standing of the behaviour of each NW and its interaction with the substrate, negligible
interaction between NWs being assumed. The NW geometry is modeled as a cylinder
anchored to a semi-sphere far exceeding the NW diameter that represents the InAs sub-

strate (calculations were also performed for a hexagonal InAs geometry, yielding the same
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Figure 27. Experimental vs theoretical oscillation periods. Black circles: measured
extensional mode periods (left axis) and corresponding frequencies (right axis) vs NW
average lengths (horizontal axis). Full red triangles: theoretical oscillation periods of the
fundamental extensional mode. Pink rectangles: uncertainty box. The rectangles horizontal
widths (and the horizontal black error bars) represent the NWs length distribution standard
deviation for each sample, as obtained from SEM measurements and summarized in Table
1. The corresponding computed extensional modes periods make up each rectangle vertical
side. Inset: sketch of the geometry adopted for the finite elements mechanical simulations.
Adapted with permission from [4]. Copyright 2022 American Chemical Society.

results but with a higher computational cost, see Section 2.4.2). A Au semi-sphere rests on
the top of the NW, with a diameter matching the NW one. The geometry is depicted in
the inset of Figure 27, the z coordinate being parallel to the cylinder axis. The cylinder
diameter and length are chosen as the average NW diameter, D, and length, L, for each
sample. The computed oscillation periods of Figure 27, result from a full mechanical
model, comprising the presence of the gold tip and the substrate. This is at variance with
simplified approaches of common use in the literature [122, 123, 124, 125, 126].

The equations governing the mechanics are [127]:

02
o=C-e+ 0., 2.3)

where o and € are the stress (Pa) and strain (adimensional) tensors respectively, p is the
material density (kg/m®), C is the elastic matrix (Pa) and # the displacement field (m). The
external stress term, o.,; (Pa), is added to account for the external excitation source. Equa-
tions 2.2 and 2.3 show the crucial role of knowing the elastic constants of the system. It will
now be shown which elastic constants can be assigned to the different domains composing

the system so as to successfully simulate the observed oscillation vs NW lengths dispersion.
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InAs substrate

The substrate is made of bulk InAs (111)B, that is grown along the [111] direction.
Note that (111)B refers to the atoms exposed on the surface, As atoms in this case, as
opposed to (111)A which exposes In atoms. For density, we take the bulk InAs value
prnas =3670 kg/m?3 [128]. The orientation of the crystal structure in our case requires,
for the present case, particular care. Bulk InAs has a Zincoblend (ZB) structure with
a cubic unit cell. The elastic matrix of a ZB crystal is standardly reported for a spatial
reference frame with axes parallel to the crystallographic directions [128], i.e. [100], [010],
[001]. The three independent elastic constants for bulk ZB InAs are summarized in Table

3. In the case of InAs (111)B, however, the z axis of the spatial reference frame lays

elastic constant ZB InAs Polycrystal Au

C11 (GPa) 83.29 207.00
Cy4 (GPa) 39.59 28.50
Clg (GPa) 45.26 Cll — 2044

Table 3. elastic matrix elements of ZB InAs and polycrystal (isotropic) gold (taken from
[128]). For ZB InAs, the elastic matrix elements are reported for the standard case of the
coordinate system axes parallel to the crystallographic axes, i.e. [100], [010], [001].

along the diagonal of the cubic crystal, i.e [111] direction, rather than along a standard
crystallographic axis. In other words, the InAs (111)B structure has a rotated axis reference
frame with respect to the ZB InAs crystallography axis. Thus, we need to rotate the
“standard” elastic matrix to comply with our reference system.

Before entering the specific InAs case, we describe in general how the elastic
matrix changes when we rotate the reference frame from the coordinates (z;, xs, x3) to
(x], xh, x4). Note that we use the coordinates (xy, x2, x3) instead of (z,y, z), for the sake

of simplicity in notation. The rotation matrix can be written as:

R = my Mo Mg 5 (24)

with R having the property R™' = R”.
The displacement field « rotates together with the frame, becoming @' = Ru. The
strain tensor €’ is obtained by deriving @’ with respect to z’. If we want to write €’ as a

function of €, we have to express the derivatives du’; /), as functions of Ju,/dx, (Where
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j,k,q,s = 1,2,3). This reads:

;0w IR Dy e, Oy O, Ou
J — ( )j - Zqua_:[‘Z - ZZqua—xqa—xz - ZZquRksa_l‘q.

é‘ . e e
I* O, o', —
(2.5)

q:l q:l s=1

By writing relation 2.5 for all j, k£ and combining the terms entering in the expressions for

the strain in Voigt notation, we obtain the following transformation for the strain:

W e
(W W )s, (2.6)

I JR— —
€ =We= oW B W

where

CEC

bl Lyl
W(2): meoMmsz Mymmsz Mims | ,

nans ning ning

nimy  N2Mmz MN3zMms3
3
W( ) = llnl l2n2 l3n3 y
l1m1 l2m2 l3m3

NoMs + N3Mo  MN1M3 + N3My  N1Ma + Ny
nyls + nsly nils + naoly

W(4) = n2l3 -+ n3l2
m1l3 + m3l1 m1l2 + mQh

m2l3 + m3l2

From energetic considerations, the work done by the system, W, in the starting refer-

ence frame (1, s, 23), reads:
Wione = (5€)TU7 (2.7)
has to be equal to the work also in the rotated reference frame (7, 5, x%)
Wione = (06") 0. (2.8)
By definition, we know that
(2.9)

(6e") o’ = (Wée)Ta’ = (6e)T (W a").
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So, given the arbitrariness of the infinitesimal strain de, using Equations 2.7, 2.8 and 2.9,
one finds that the stress in the rotated frame satisfies the relation o’ = W' o.

Again, just applying definition of €', we get:
o' =Ce =C(We), (2.10)
but we shown that o/ = W' o, so
C'(We) =W o =W 'Ce. (2.11)

Equation 2.11 holds for any strain, so finally we have C'W = W~ C, implying:

C=W7Tcw!, (2.12)
where it can be demonstrated that:
w2
-T
W = (W(3) wa | (2.13)

With this knowledge at hand, we can now compute the rotation of a cubic crystal
elastic matrix from z3 parallel to [001] (i.e. the standard system from which constants
in Table 3 have been elaborated) to x3 parallel to [111] (i.e. our (111)B substrate). The
starting reference system has the three axes parallel to the sides of the cubic unit cell
of the ZB InAs crystal. The transformation we want to apply can be decomposed in
two subsequent rotations: a frame rotation of an angle a,,, = 45° around the x; axis,
with a new reference system with axis (%, Z2, ¥3); and a second rotation of an angle
Bror = — arctan(1/+/2) around Z,. The final coordinate frame axis (z, 2}, %) after the
two rotations has, as desired, the x’; axis along the cube diagonal.

The matrix R of the two combined rotations reads:

cos(Brot) 0 sin(Brot) 1 0 0
R = 0 1 0 0 cos(aper) —sin(age) |, (2.14)
—sin(Brot) 0 cos(Brot) 0 sin(ape)  cos(or)

from which we can calculate:

2/3 1/6 1/6 1/3  —2/3 -2/3
0 1/2 1/2 ~1 0 0
1/3 1/3 1/3 2/3 2/3  2/3

0 1/vV6  —1/v6 0 ~1/V/6 1/V6 (15)

2/V/18 —1/V/18 —1/y/18 —2//18 1//18 1/4/18
0 —1/V12 1/V12 0 ~1/v3 1/V/3
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The elastic matrix of a generic cubic crystal in the standard form (i.e. with the reference

frame axes parallel to the sides of the cubic unit cell) reads [128]:

Cn

Crz

Cha
0
0
0

Cis Cio 0 0 0

011 012 0 0 0

Cp C 0 0 0
12 11 (2.16)
0 0 Cyu O 0

0 0 0 Cu O
0 0 0 0 Cu

After applying the rotation C' = W~7CW ™! (Equation 2.11), the elastic matrix becomes

Ch
Cly
Cly
0
—Css
0

Clp, Ci3 0 =C35 0
¢y Cz 0 G 0
cl, Ciy 0 0 0
0 0 C, 0 C
¢, 0 0 C, 0
0 0 Ck 0 C

: (2.17)

where we can express the CJ’- » components in terms of the elastic constants C';, C2 and

044 .

!

\

(
/ J—
Cll -

/ —
Cl2 -

1
25— T T o

1 1
5011 + 5012 + Cyy
1 5 1
e —Cp — =C
gl + gLz 30u
1 2 2
/ P p— — [

1 2 4
Cys = =C =C -C .
33 3 11-1-3 12+3 44 (2.18)

, 1
Cuy = 3 (C11 — Cha + Cu4)

Ciy — Cry —2C
\/E( 11 12 44)

1 1 2
cl.=-0Cp —=C —Cyy.
6 = 5“1 T 12+3 44

We remark that the elastic matrix constant corresponding to the cube diagonal is C};. In

this way, by inserting the elastic constants of Table 3 in the rotated matrix 2.17, we finally
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2.4. Assessing NWs mechanical properties

obtain the InAs elastic matrix for the case of the actual sample’s substrate:

103.9 386 31.7 0 9.7
38.6 1039 31.7 O 9.7 0
C' (GPa) = 31.7 31.7 110.7 O 0 0 ' (2.19)
0 0 0 258 0 9.7
9.7 9.7 0 0 258 0

0 0 0 9.7 0 327

InAs NWs

Here we face one of the crucial issues for modeling our system: the choice of the
mechanical properties to be assigned to the InAs NWs. As we have seen in Section 2.2,
the NWs studied in this work have a WZ structure. For this reason the choice of their
elastic properties is not trivial. WZ InAs, indeed, does not exist in nature as a bulk crystal.
Nevertheless, the ZB InAs crystal in the spatial reference system with an axis parallel to
the cube diagonal (as for case of the InAs (111)B substrate), is quite similar to the unit cell
of WZ InAs [129]. To visualize this similarity, Figure 28 reports InAs WZ (panel a) and
ZB (panel b) structures. In panel a, the WZ structure is shown from the top (left panel),
exhibiting the (001) plane (perpendicular to the NW vertical z-axis) and with a certain tilt
(right panel), the latter is intended to better visualize also the vertical atomic arrangement.
Atoms are labeled with letters (In atoms, in violet) or with numbers (As atoms, in green)
for an easier identification in the two perspectives. As can be seen, for each hexagon of As
atoms, made of six atoms at the corners (atoms numbered from 1 to 6) and one at the center
(atom number 7), there are three In atoms (atoms labeled A,B,C) accommodated inside the
hexagon in horizontal projection, while they are immediately underneath the hexagon in
the z direction. This is also schematized in the sketch (panel c¢), with all atoms having now
the same size and being distinguished only by their color. On the other hand, in panel b)
the ZB structure is shown, with the (111) plane highlighted in orange (In and As atoms
have the same colors as in panel a). As can be seen, in such a plane, the As atoms form the
same hexagonal structure as in the WZ (001) plane. Moreover, also in this case we find
three In atoms accommodated inside the As hexagon from a planar projection perspective,
while being slightly distanced along the direction perpendicular to the (111) plane. Again
this is schematized in the sketch (panel c), where all atoms have now the same size and are
distinguished only by their color. Therefore we chose to attribute the rotated bulk ZB InAs
elastic matrix not only to the (111)B substrate, but also to the InAs NWs.

We can calculate the density of WZ InAs from the unit cell dimension and number of atoms.
The unit cell of WZ InAs contains indeed two atoms of In and two atoms of As [130]. The
mass of the unit cell amounts then to 2 x (114.8 g/mol + 74.9 g/mol) /N4 =~ 6.3 x 10~
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Figure 28. InAs NW lattice WZ structure (panel a) and InAs substrate ZB structure (panel
b). The (111) plane is highlighted in the InAs substrate structure. Atoms are labeled with
letters (In atoms, in violet) or with numbers (As atoms, in green). For each hexagons
made of six As atoms at the corners (atoms numbered from 1 to 6) and one at the center
(atom number 7), there are three In atoms (atoms labeled A,B,C) accommodated inside the
hexagon in horizontal projection, while they are immediately underneath the hexagon in
the z direction. A sketch of one As hexagon with the three In atoms underneath (panel c),
valid both for the (001) WZ plane and the (111) ZB plane. Images created with [131].

kg, where N, is the Avogadro’s number. The unit cell height is ¢ ~ 7 A, and its base
is one third of an hexagon, whose side is a ~ 4.3 A. Thus, the unit cell volume is
2.598 x a’c/3 ~ 1.1 x 1072 m3. From it, we can obtain the WZ InAs density, as the ratio
between mass and volume of the unit cell: 5670 kg/m?, a value very close to the InAs bulk
one.

Gold semi-sphere tip

The metal nanoparticle on the tip of each NWs is approximated with a Au semi-
sphere with diameter equal to the corresponding NW diameter. We assign to it polycrys-
talline gold elastic constants (reported in Table 3, right column) and density 19.3 x 103
kg/m? [128].
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2.4. Assessing NWs mechanical properties

2.4.2 InAs NWs mechanical properties

The simulation cell is taken radial symmetric both for the sample geometry and
for laser excitation. The laser pulse, taken as infinitely extended in the radial dimension,
strikes the sample propagating along the z-axis (i.e. the NW longitudinal axis). A 2D-
axisymmetric (z-axis being the axis of symmetry) frequency-sweep analysis was performed.
This means that the entire NW was forced to oscillate via a time-harmonic, spatially

homogeneous, isotropic external stress o.,; (see Equations 2.2 and 2.3) of frequency v:
Ot = Algexp(i2mvt), (2.20)

with I; the 3 x3 identity matrix and A (Pa) an arbitrary constant amplitude. The problem
is then solved in the frequency domain. The frequency-analysis is computationally time-
efficient and very useful to spot out the excitation modes, nevertheless it does not shed
light on the physics of the actual excitation mechanism encountered in experiments. The
time resolved simulations, describing the dynamics of the system following the pump

excitation, will be addressed in the last part of this chapter. The mechanical energy stored
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Figure 29. Displacement field of the fundamental extensional eigenmode (color scale and
deformed geometry) and zoom on the NW (dashed box). The black contour represents the
undeformed geometry of the NW. The color scale shows the modulus of the eigenmode
displacement normalized against its maximum. Adapted with permission from [4]. Copy-
right 2022 American Chemical Society.

within the entire NW was computed as a function of the frequency v. The latter curve
has a resonant line-shape and correspond to a NW mode. Fitting the line-shape with a
Lorentzian function yields the frequency of the resonance maximum [132, 133].

Selecting the first resonance and inspecting its corresponding displacement profile, we
recognize the NW fundamental axial extensional mode, as reported in Figure 29. This
procedure is iterated for NWs with diameter and length corresponding to the mean value
sizes for each sample, yielding the frequency of the fundamental extensional mode and
the corresponding oscillation period for each NW, displayed in Figure 27 (red triangles).
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

In the same figure, we also report the effect of the NW sizes distributions (see Section
2.2) on the theoretically calculated periods. This is realized attributing to every NW mode
a corresponding uncertainty box (pink semi-transparent rectangles in Figure 27). For
each sample, the horizontal box side extends over the length range [L — o, L + 0], the
values being taken from Table 1. The vertical side reports the fundamental extensional
mode periods calculated for NWs with lengths in the previous range and diameters in the
[D — op, D + op)] interval.

The agreement between the experimental and computed oscillation periods is very good,
the experimental results always being included in the theoretically uncertainty boxes. We
stress that the agreement is obtained only on the basis of the physical model, that is no
physical variable in the simulations is set as a free parameter to fit the experimental data.
We thus conclude that the WZ InAs NW elastic matrix is well approximated by the bulk
ZB InAs matrix rotated so as to have the z-axis of the spatial reference frame parallel to
the crystal diagonal [111].

The elastic matrix is key to access the InAs NW mechanical properties. In the case of the
axial extensional mode, for instance, the oscillations depend on the axial Young modulus,

i.e along the [111] direction. To calculate its value, we start by its definition:

/

a -
By = =
€3
Exerting an external stress along the x4 direction (i.e. o’ = [0,0,0%,0,0,0]” in Voigt
notation) yields:
oy oy oz 1

Epny=— = (2.21)
€3

(Sal)g B Ss307% B 5_33’

where § = C'! is the compliance matrix with components S;; (¢,7 = 1,...,6). The
stiffness and the compliance matrices have the same shape. In particular, they both have
vanishing elements in the same positions. Inversion of matrix C (see Equation 2.17) yields
to

207 Ci + 20

—=_ =3C ,
TRAGTr 44 Ci11 4+ 2C12 4+ Cyy

where the expression on the right-hand side was obtained upon substitutions of Equations

2.18. Such a Young modulus along the axial direction results in a sound velocity [122]
V[111] = A /E[m}/plnAS = 4130 m/s along the same direction.

Complete vs simplified models

A legitimate question to be addressed is to what extent the full computational ma-
chinery is actually necessary to correctly access the mechanical problem. This aspect
is important, on the one side, to distinguish among the key elements responsible for the

mechanical response and the ones that play a minor role, on the other to provide in which
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2.4. Assessing NWs mechanical properties

circumstances simplified models may be safely used. To this end, we here inspect to what
extent reducing the model complexity affects the correct fundamental extensional mode

period. In Figure 30, we report the sketches of three simplified models, specifically (i) the
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Figure 30. Comparison between the complete model and the simplified ones. Relative
difference variation between the oscillation periods of the simplified models and the one
of the complete numerical model vs NW length. The blue rhombuses, black circles and
green stars correspond to (i) FEM model neglecting the gold tip, (i) FEM model with
fixed boundary condition (BC) at the NW-substrate interface and (iii) analytical formula
for a NW without gold tip under free-fixed BCs, respectively, as schematized in the inset.
Reprinted with permission from [4]. Copyright 2022 American Chemical Society.

FEM model neglecting the gold tip, (ii)) FEM model with fixed BC - i.e. zero-displacement
- at the NW-substrate interface and (iii) the commonly adopted analytical model for a
NW without gold tip under free-fixed BCs, yielding 4+/p7, 45/ Ef111)L for the fundamental
longitudinal oscillation period. In all cases we adopt the elastic matrix for the WZ InAs
NWs, as previously discussed.

The full mechanical model, which best reproduces experimental results, is taken as the
benchmark. Figure 30 reports the relative period variation (7 — )/ Tsimyp for the inves-
tigated NWs, where the period 7y, is calculated adopting the specific simplified model
among the three mentioned ones, and the period 7 results from the complete model. Ne-
glecting the Au tip only (blue rhombuses) results in a shorter simulated pillar thus yielding
a comparatively lower oscillation period. Qualitatively, the effect of the Au tip may be
recovered encapsulating it in a NW effective length, L, exceeding the NW nominal length
L. Interestingly, the same reasoning holds true also for the substitution of the substrate
with a fixed BC at the bottom end of the InAs NW (black circles and green asterisks in

Figure 30). When the substrate is present (as in the case of the complete model), the
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material portion lying just under the NW base is not rigid and, during the NW oscillation,
it deforms to some extent. The oscillation period is hence longer when the deformation is
allowed to take place also in the substrate. When removing the substrate, this effect may
be qualitatively accounted for introducing an effective L > L.

The commonly used analytical model (green asterisks) encompasses both simplifications,
thus significantly underestimating the correct oscillation periods. In all cases, the under-
estimate worsen for shorter NW lengths, the relative weight of the Au tip and/or of the
proximal substrate to L being higher. For instance, for the case of S1 (265 nm NW length)
the underestimate of the actual oscillation period amounts to 25%.

The NW diameter also plays a role in the models comparison, even though to a much lesser
extent. The relative period variations reported for the 625 nm NW case, which have been
calculated for S3 (the only sample with D ~ 20 nm, half of that of the other NWs), are
slightly longer than would result taking D ~ 40 nm (as for the other samples). This is the
reason for the relative maximum occurring for this specific NW length in Figure 30.
Recapping, adoption of the full model is necessary, the approximate models leading to a
systematic underestimate of the oscillation period, potentially biasing the correct assess-
ment of the NW mechanical properties.

One last point is worth to be discussed, i.e. the circular rather than hexagonal
geometry of the NWs. As already mentioned at the beginning of this chapter, in this work
we assumed a circular, as opposed to hexagonal (as suggested by the SEM images in
Figure 24), NW cross section. We did test the viability of the approximation computing the
extensional modes of the NWs with hexagonal cross-section. The periods, for the case of
the hexagonal NW, lay very close to the ones obtained with the cylindrical NW. Indeed, the
extensional modes feature motion mainly along the NW axial direction. As a consequence,
the NW shape in the radial direction does not significantly alter the longitudinal modes.
This result allows to greatly reduce the computational burden, an hexagonal cross-section
requiring a full 3D simulation (because of the loss of radial symmetry) at variance with the

case of a cylindrical NW.

2.5 Origin of mechanical vibrations

In this section we focus on the origin of the mechanical vibrations triggered by the pump
pulse. This is a crucial issue in view of applications in ultrafast opto-mechanics. The quest
arises since, as will be proved shortly, negligible electromagnetic energy is absorbed in the
NW where the longitudinal modes are confined. This is true both in the case where the
gold semi-sphere is placed above the NW and in the absence of the Au nanoparticle. These
results were obtained from tailored electromagnetic energy absorption calculation with
and without the gold tip. The energy is mostly absorbed in the uncovered portion of the

InAs substrate only. The pump photon energy, E, = hc/)\, ~ 0.8 eV, exceeds the InAs
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Figure 31. Absorbed power density in the sample (panel a) upon absorption of the pump
pulse: @y, is displayed in the cross-sectional plane perpendicular to the magnetic field,
H;,., of the incident radiation of wave vector k;,.. Holes density (panel b) and temperature
variation (panel c) color maps calculated along the NW symmetry axis vs z-coordinate
(vertical axis) and delay time (horizontal axis, log scale). z-component of the displacement
field (colour scale) calculated along the NW symmetry axis vs z-coordinate (vertical axis)
and delay time (horizontal axis, log scale) as triggered by only the deformation potential
(panel d) or only the thermal expansion (panel e). Insets panels d and e: z-component of
the displacement field at the top of the Au tip (left axis) vs delay time (horizontal axis,
linear scale). White dashed line in panels b and e: interface between the InAs NW and the
Au tip (2=475 nm). Note that the time axis in panels b-c differs from the one in panels
d and e. Simulations refer to sample S2: D = 43 nm and L = 475 nm. Reprinted with
permission from [4]. Copyright 2022 American Chemical Society.

energy gap, F,, ranging from ~ 0.35 eV for ZB InAs [134] to ~ 0.50 eV for WZ InAs
[135]. Electronic transitions from the valance to the conduction band are hence activated,
with electron-hole pairs generation. This leads to an external mechanical stress o, via
two concurrent mechanisms [136]: (1) deformation potential, which is proportional to
the electron-hole pair density and (ii) lattice thermal expansion, which arises from the
temperature increase due to the phonon-mediated intraband electrons (holes) relaxation to
the bottom (top) of the conduction (valence) band.

The natural question that then arises is the following: which of the different physical
mechanisms is the one responsible for exciting the NW extensional modes? Specifically,

are the modes launched (i) via the diffusion of either electron-hole pairs and heat in the
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NWs and the resulting external stress therein generated or (ii) via a substrate-mediated
“hammer effect”, in which the initial impulsive stress generated in the substrate triggers a
displacement field that propagates in a wave-like motion from the substrate to the NWs?

To answer this question, we first need to solve the time-dependent displacement field
triggered by the laser pulse. To this end we outline the strategy which will be detailed
further on. We address the electromagnetic excitation, calculating the spatio-temporal
profile of the absorbed power density [137, 138], Qp(r, t) (W/m?), delivered to the sample
by the pump pulse (step 1). Once we know Q) (r, t), we are able to retrieve both the spatio-
temporal electron-hole pair density, p(r, t) (1/m?), and temperature, T'(r, t), distributions
(steps 2a and 2b, respectively). These quantities are the fundamental ingredients to calculate
the stress source term o .. (r, t) entering Equation 2.3 via the deformation potential and/or
thermal expansion (steps 3a and 3b respectively). Ultimately, we are interested in the
displacement field, (r,t), associated to the stress tensor o, either by the deformation

potential or thermal expansion (steps 4a and 4b, respectively).

step 2a step 4a
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Figure 32. Outline of the theoretical frame adopted to access the time dependent dis-
placement field. Deformed potential (scenario (a)) and thermal expansion (scenario (b))
contributions. The color code for the frames allows following the role palyed by the
pertinent quantity in the calculation chain.

e Step 1. We calculate the electromagnetic field distribution within the system. In
this way, we gain access to the absorbed power density @, = Re(J - E)/2, where J and E
are the complex-valued current density and electric field, respectively (e stands for real
part).
Figure 31 (panel a) reports the spatial distribution of )}, in the system (gold tip, NW and
substrate), obtained at the peak intensity of the pulse and represented in a cross-sectional
plane containing the wave vector k;,,. and the electric field E;,. of the pump beam. As can
be appreciated in the figure, light is predominantly absorbed in the substrate (z <0 nm).
Note the difference with respect to the gold NDs on sapphire substrate system described in
Chapter 1, where the light was only absorbed by the plasmonic nanoparticle. The energy
dissipation in the NW is comparatively exiguous, limited to the Au tip (475 nm< z < 496
nm) and to the top half of the NW (240 nm< 2z < 460 nm).

In order to determine which is the dominant effect causing the vibrations in the NW,
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2.5. Origin of mechanical vibrations

we address the two above mentioned scenarios separately, the actual situation being the
superposition of the two.

We now focus on scenario (a): the NW mechanical response contribution which is
triggered only by the deformation potential due to electron-hole pairs formation.

e Step 2a. We first calculate the transient distribution of the electron-hole pairs.
We assume that every absorbed photon generates an electron-hole pair. The number of
electron-hole pairs per unit volume generated per unit time is then given by Q(r,t)/E,,
serving as the source term in the diffusion equation. The electron and hole densities remain
anchored throughout the dynamics, space charge neutrality being achieved within few
ps [139]; the hole density is thus representative of that of the electron-hole pairs. The

diffusion equation for the hole density, p(r, t), is then given by the equation

1 t
e Dpv2p+ T_p _ Qh(ra ) (2.23)

ot » E, ~’
where D,=10"% m?%/s and 7,=10 ns are respectively the diffusivity and recombination
time for holes in InAs [140]. The recombination term does not play significantly here, 7,
matching the time-scale of our experiment.
Regarding BCs, the substrate dimensions are ~= 0.1 mm, far exceeding the carriers diffusion
distance, which can be estimated by ~ \/m ~ 3 pum, occurring on the experiment
time-scale, %,,,,=10 ns. This means that the substrate lateral and bottom boundaries do
not affect the solution. On the InAs external surfaces (both of the NW and the substrate)
we assign a recombination velocity S, = 30 m/s [141]. Inside the gold semi-sphere and
at its boundary with the NW (2=475 nm) the hole density is fixed to zero, electron-hole
separation being quenched in metals. We assume that before the pump pulse strikes, no
electron-hole pairs are present, the initial condition thus being py = 0 throughout the
simulation domain.
Figure 31 (panel b) reports the computed hole density p along the NW symmetry axis (z
coordinate, vertical axis) as a function of the delay time (in log-scale), taken with respect
to the instant maximizing the pump pulse intensity. The vertical axis was extended to
negative 2 values in order to show the hole density also in the substrate portion proximal to
the NW. At short delay times (10713 s), p matches the )}, distribution (Figure 31, panel a),
with the exception of the Au tip (z >475 nm: z values above the white dashed-line), where
absorption is present but p is fixed to zero. The density p is higher in the NW proximal
substrate (-150 nm < z < 0 nm) with a maximum value of 5x 10?* 1/m?, while it drops
inside the InAs NW. As time evolves, the hole concentration in the proximal substrate
diffuses both inside the NW and into the deep portions of the substrate. When ¢ ~ 7 ns, p is
reduced by an order of magnitude or more along the entire range of shown z-coordinates.

e Step 3a. Assuming an isotropic stress, the electron-hole pairs generate an external
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

stress [136] given by
o-eart(ra t) = _de—hp(r7 t)Ida (224)

where I; is the 3 x 3 identity matrix and d._j, the deformation potential (eV):

9E, _OE. 0B,
o5 =Bap ~Bop =0c—an (2.25)

defh =B

where B is the bulk modulus (Pa), P the pressure (Pa), £, (£,) the minimum (maximum)
of the conduction (valence) band (eV) and E, = E. — E, the energy gap. For InAs,
a. = 5.22eV and a, = —0.48 eV [142], leading to d._;, = 5.68 eV.

Equation 2.25 assumes that each electron promoted to the conduction band contributes
equally to the deformation potential, independently from its final energy in the conduction
band. The same is assumed also for the holes in the valence band. This simplification
allows for a manageable computational time while yielding reasonably good estimations
[136].

e Step 4a. Now that we have calculated o .,; generated by the electron-hole pairs, we
are able to insert it in the generalized Hooke’s law in Equation 2.3. Since we want to access
the mechanical response due to solely the electron-hole pairs, we insert o .,; calculated in
the previous step 3a, as the sole external stress term perturbing the system initially at rest.
Free BCs are assigned on all the external boundaries and the elastic constants are the those
adopted for the frequency-sweep analysis (Section 2.4).

Figure 31 (panel d) reports the z-component of the displacement field along the NW
axis, u, as a function of z and of the delay time (log-scale). The system is appreciably
deformed, u, ~ 0.2-0.8 pm, after a delay time of ~ 100 ps. For all the reported quota,
u, increases rather smoothly. Most importantly, in the NW and Au tip only (i.e. for any
cut at a coordinate z >0 nm), well defined oscillations are clearly visible on the 1 to
10 ns time-scale, superposed on the developing displacement background. This is well
appreciated from the inset, where u., calculated at the top of the Au tip (2=496 nm), is
reported as a function of the delay time (in linear scale). The oscillation frequency, 1.8
GHz, matches the experimental value ascribed to the NW fundamental extensional mode,
see Figure 29.

We now address scenario (b): the NW mechanical response contribution which is triggered
only by the temperature rise in the system.

e Step 2b. Using the calculated absorbed power density from electromagnetic
absorption by the system (Step 1), we can derive the transient temperature distribution
throughout the system. The electrons (holes) photoexcited in the conduction (valence)
band relax to the bottom (top) of the conduction (valence) band via phonon-emission,
raising the non-equilibrium lattice temperature 7. As for the (a) scenario we assume that
every absorbed photon generates a electron-hole pair, and that fast (on a ps timescale) non-

radiative scattering is the only intraband relaxation process. Each absorbed photon then
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contributes with an energy F), — I, to lattice heating, band-filling effects being disregarded
in this estimate (a meaningful approximation provided the photo-excited carrier density is
low enough).

The fraction of the absorbed electromagnetic power density converted to heat then reads

Qn(r,t) <1 — %) . This is the source term which we can use in the diffusion equation for
T: oT E

Cp— — krV°T = tH1-=2 2.26

Plp ot Kt Qh(r7 ) ( Ep) ) ( )

where p (kg/m?), kp (W/(m-K)) and C, (J/(kg-K)) are the mass density, the thermal
conductivity and the heat capacity, respectively. Their values are reported in Table 4. The
substrate dimensions exceed the temperature diffusion distance, estimated as \/Drt,,q, ~
0.5 pm, covered on the experimental time-scale (%,,,,=10 ns). The substrate lateral and
bottom boundaries hence do not play a role in the present thermal problem. On the InAs
and Au surfaces we assign radiative BCs. The system initial temperature is set as the room
temperature (7p= 293 K).

Thermal InAs InAs Au
parameter substrate NW tip
kr(WmK)  27[143] 16[144] 318 [145]
C,(Jkg K)  250[146] 250 [146] 129 [145]

p(kg/m®) 5670 5670 19300
Dy (10~m?/s) 1.9 1.9 12.8
(10~ 1/K) 4.45 445 142 [147]

Table 4. Thermal parameters adopted for the simulation.

The temperature increase, AT=T" — Ty, is reported in Figure 31 (panel c), the axis being
the same as for panel d of the same figure. Under many aspects the same considerations
we made for p are also valid for AT, both quantities satisfying a diffusion equation. The
color map for AT (panel c) resembles, up to = 1 ns, the color map for p (panel b) up to ~
20 ps. This is intuitively rationalized exploiting the rule of thumb estimate for the diffusion
time over a generic distance x, with tp; = 2*/D;, where the pendex i={p, T'}, yielding to
tpr/t pp=Dr / D,, = 50, which indeed matches the timescale stretch arising between the
two color maps.

e Step 3b. Temperature variations are responsible for an external thermal stress
Oert(r,t) = —C-aAT(r,t), where  (1/K) is the thermal expansion tensor of the material.
Assuming, for simplicity, that all the materials in the system have an isotropic thermal
expansion, we can write o = aly, with o being the linear thermal expansion coefficient,
with values reported in Table 4 for the InAs and gold.

e Step 4b. In a similar way to what happens in the scenario (a), the new calculated
o .., this time generated only by the temperature increase, is inserted in the generalized

Hooke’s law (Equation 2.3) as the sole external stress term perturbing the system. In this
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Figure 33. Displacement profiles: deformation potential vs thermal expansion. Profile
deformation snapshots at different times (panel a), arrows and color scale refer to the
the z-component of the displacement field, u,, triggered by the deformation potential
(top row) and thermal expansion (bottom row). Double-pointed arrow: definition of
relative displacement, u ,¢=1.(496 nm)-u.(0 nm). Modulus of the relative displacement
FT for the case of displacement triggered by the deformation potential (panel b). The
black line indicates the deformation potential active both in the NW and substrate. The
blue and red lines, instead, indicate the deformation potential active only in the NW and
substrate, respectively. Panel c reports the same information as panel b, but for the case of

displacement triggered by thermal expansion. Simulations refer to sample S2: D = 43
nm and L = 475 nm. Reprinted with permission from [4]. Copyright 2022 American
Chemical Society.

way, we can solve Equations 2.2 and 2.3 to obtain the displacement field for the scenario
(b).

Figure 31 (panel e) reports u,, with the axis being the same as for panel d. Also in the
present scenario, oscillations are visible in the NW on the same timescale and superposed
on a slowly increasing background. The oscillation frequency is again 1.8 GHz, in
agreement with experimental value corresponding to the NW fundamental extensional
mode. The main differences between the two scenarios are a lower magnitude of the
displacement and of the peak-to-peak oscillation amplitude in the thermal expansion case
as compared to the deformation potential one.

With the knowledge acquired differentiating the deformation potential and the thermal
contributions in the mechanical response of the system after the pump excitation, we are
now in a position to address the origin of the NW mechanical vibrations, namely to answer
whether the NW longitudinal modes are launched (i) via a diffusion process or (ii) via a
“hammer effect” arising from the substrate.

In Figure 33 (panel a) we report snapshots of the mechanical deformation within the
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2.5. Origin of mechanical vibrations

NW and its proximal substrate at different time instants, chosen around the inception
of the mechanical dynamics for both scenarios: deformation potential (top row), and
thermal expansion (bottom row). The horizontal black lines indicate the undeformed
geometry, while the arrows indicate the displacement, their length being proportional to
the z-component of the displacement field modulus. The time frames sequence suggests
that deformation originates in the substrate, pushing the NW upwards and triggering the
mechanical vibrations inside the NW.

Since we are mostly interested in the NW mechanical vibrations, we get rid of the slower
substrate displacement by considering the relative displacement wu, ,.;, defined as the
difference between u, at the NW tip and base, (its visualisation can be found at the 400 ps
time-frame in top row in panel a of Figure 33).

To inspect accurately where the oscillation originates, we calculated u, ,; after selectively
switching off the deformation potential (scenario (a)), or thermal expansion (scenario (b)),
within the NW and the substrate, respectively. In this way, we can selectively see the
contributions for the substrate and from the NW of the different scenarios. In all cases, a
resonance appears at the NW longitudinal mode frequency of 1.8 GHz, as shown in panels
b of Figure 33. Here, we report the absolute value of the FT of u, ,; for the case of the
deformation potential active both in the substrate and NW (black curve), in the substrate
only (red curve), and in the NW only (blue curve). As can be seen, the black and red
curves are almost overlapped, i.e. the contribution of the blue curve to the black one being
minimal.

Selectively switching on and off the contributions from the different domains of the system,
allows unveiling the physics behind the mechanical response of the system. When only
the NW domain is active, the blue curve accounts for the main mechanism responsible
for the genesis of the NW longitudinal oscillation. In this case, only the e-h pairs in the
NW act as a source term for o.,; and their presence predominantly derives from diffusion
from the substrate, see discussion of panel b in Figure 31. Since the blue curve weakly
contributes to the black curve, we can exclude e-h diffusion as responsible for launching
the NW modes. On the other hand, the red curve, which is the main contribution to the NW
oscillation spectral weight, implies that the displacement and external stress within the NW
originate from the wave-like propagation of the displacement and external stress originally
generated in the substrate. This means that, when we take into account the deformation
potential only, the origin of the NW oscillations is ascribed to a “hammer effect”, deriving
from the substrate.

Similarly, panel ¢ of Figure 33 reports the absolute value of the FT of u, ,; calculated for
the case of thermal expansion active both in the substrate and the NW (black curve), in
the substrate only (red curve), and in the NW only (blue curve). The discussion parallels
that for panel b of the same figure, with thermal expansion and temperature replacing

deformation potential and e-h pair, respectively. We then conclude that, also for the
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Chapter 2. Ultrafast mechanical oscillations of InAs nanowires

case of thermal expansion, the origin of the NW oscillations arises from this “hammer
effect” acting in the substrate. In terms of displacement amplitude, the thermal expansion
contribution to the NW vibrations is half of that by the deformation potential, as can be
seen comparing panels b and c in Figure 33.

This mechanism, although always present for photon energies in the InAs absorption
spectrum, may not be the only important one for some specific wavelengths of the pump
beam. For instance, at 530 nm, i.e. surface plasmon resonance of the gold nanoparticle,
@y, within the NW becomes relevant and the direct NW excitation contributes significantly.
Moreover, the relative contribution of the deformation potential and thermal expansion
also depends on the photon energy. Specifically, for a photon energy tuned at exactly £/,
only the deformation potential plays a role, whereas for higher photon energies thermal
expansion contributes as well.

The origin of the oscillation via a substrate-mediated “hammer effect” bears great
generality, and can be potentially important in any other semiconductor NW system
[148, 149, 150, 151, 152]. Nevertheless, it is at variance with respect to direct excitation
mechanisms, as commonly encountered in time-resolved opto-acoustic experiments on
nanowires[153, 53] and on a plethora of nanosystems [154, 155, 156, 118, 157, 116, 158],

or to propagating modes launched via NW metal capping serving as transducer [99].

2.6 Conclusions

In this chapter, we reported on the mechanical nanometrology of vertically aligned
gold-catalyzed InAs NWs forests of varying lengths on a InAs substrate. The study was
performed via a multi-technique approach, encompassing electron microscopies, ultrafast
pump-probe measurements and finite element simulations.

We addressed the long standing issue of InAs NWs mechanical properties, and we were
able to provide e reliable, experimentally benchmarked, elastic matrix implying a Young
modulus of 97 GPa.

We then investigated the genesis of the NWs mechanical oscillations. Through FEM
simulations, we were able to show that the NW oscillations originate from an impulsive
“hammer-like” excitation triggered in the substrate and propagating in a wave-like motion
into the NW, rather than from an expansion of the NW itself. This is a radically different pro-
cess with respect to the ones reported so far and, in particular, at variance with the gold NDs
on a sapphire substrate system, described in Chapter 1. In that case, indeed, it was only the
ND to absorb the light pulse, rise its temperature and starts vibrating. The transparent sap-
phire substrate had only an indirect role in the dynamics, both from a thermal point of view,
by absorbing heat from the ND and evacuating it, and from a mechanical point of view, by
absorbing and attenuating the vibrations of the ND (this part, however, being of secondary

importance in our study). In the case of InAs NWs excited by a pump pulse with A\,=1560
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nm, the opposite happens. It is the InAs substrate the main responsible for the light absorp-

tion and also for the generation of the mechanical stress, which then propagates in the NW.

Additional excitation mechanisms can set-in when operating with different wavelengths.

Figure 34, for instance, shows the absorbed
power density in the case of \,=530 nm. At
variance with respect to \,=1560 nm (see Fig-
ure 31), in this case the absorption is significant
also in the gold semi-sphere and in the InAs
nanowire, the oscillation potentially originating
within the NW.

The present findings are of interest for
any device engineering based on InAs NWs,
considered the crucial role of the mechanical
properties. Moreover, the genesis of the me-
chanical oscillations can have an impact in ul-
trafast opto-mechanical applications. Finally,
it provides new insight on the working princi-
ple of pump-probe techniques as a mechanical
nanometrology tool.

In the next chapter, we will return to study
metallic nano-objects, this time in contact with a
liquid environment rather than a solid substrate.
As for this chapter, great importance will be
given to the different competing physics behind
the mechanical response of the system after an

0 th‘][}m[w,’m:"] 1
———

Figure 34. Absorbed power density in
the sample upon absorption of a pump
pulse with wavelength A\, = 530 nm: )},
is displayed in the cross-sectional plane
perpendicular to the magnetic field, H;,.,
of the incident radiation of wave vector
kinc-

optical excitation. In particular, the total mechanical response will be separated in the

contributions from the nanoparticle and from its surrounding liquid. Varying the system

thermal properties largely affect the relative nanoparticle and liquid contributions, thus

resulting in different acoustic waves launching mechanisms.
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3. Photoacoustic effect: gold nano-transducers in water

This chapter theoretically focuses on the photoacoustic effect of metal-nano-
transducers in contact with a liquid. In particular, the different mechanisms by which
the acoustic wave is launched are investigated. The chapter is structured in two sections,
whose results will make the object of two articles to be submitted shortly, one to Applied.
Phys. Lett., the other to Phys Rev. E.

The entire work stems from a collaboration with Dr. Stefano Giordano at the
Institute of Electronics, Microelectronics and Nanotechnology (IEMN) and Université de
Lille, France.

The first section focuses on water immersed gold nanocylinders. I contributed from
the idea conception, to the system modelling, all the way to the manuscript draft redaction.
This was the second article I redacted in first person.

The second section deepens the physical understanding of the phenomena addressed
in the first section. The investigated systems is now a gold nanofilm in contact with water.
The section consists of a purely analytical part, investigating the photoacoustic response
under a time periodic laser beam excitation, and in a numerical one, investigating the
photoacoustic response under short laser pulse excitation. My main contribution concerned
the second part, although I was fully involved in discussing the model and the physics

object of the analytic part too.

3.1 Introduction

The main focus of this chapter is dedicated to the ultrafast thermo-acoustic energy
exchange between single metal nanotransducers and a liquid environment. In respect to
the previous two chapters, the roles between the nanoparticle and its environment change.
In Chapter 1, only the gold nanoparticle absorbs the light pulse, rises its temperature
and activates its vibrational modes. The role of the transparent substrate is to allow for
the cooling of the nanodisk, mediated by the TBR, and evacuate it. In Chapter 2, the
opposite is true. It is the substrate that absorbs the pump pulse, expands and “hammers”
the InAs nanowires, activating their vibrational mode. In this chapter, we will see how the
acoustic response of the system will be launched both by the nanotransducer, addressed
as nanoparticle in the present context, and its environment, depending on the optical and
thermal parameters which may be varied in an experiment, namely the laser pulse length

and the TBR.
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Another difference, as compared to Chapters 1 and 2, consists in shifting the focus from
the nanoparticle to the environment, with respect to the media from which information on
the system is extracted. In the previous chapters, we have seen pump-probe experiments
performed on nanoparticles in contact with a solid substrate, probing the nanoparticle to
reveal the thermo-acoustical evolution of the optically excited system. Then, by comparing
the measured dynamics with tailored simulations, we were able to extract properties of
the system, as the gold/sapphire TBR of individual nanodisks or the Young modulus of
InAs nanowires. Here, to understand the opto-thermo-mechanical dynamics of the system
we will instead mostly rely on changes within the liquid environment that surrounds the
nanoparticle. This is realized by performing simulations on the outcome of different
photoacoustic launching mechanisms in liquids by individual metal nanoparticles. We
will be able to extract the key parameters that may serve as tuning knob to regulate the
nanoparticle/liquid environment photoacoustic interaction.

Before discussing these mechanisms and the role of the different parameters involved
in the phenomenon, we introduce the photoacoustic effect by means of a brief historical
review. For an exhaustive review we address the reader to the works of Manohar et al.
[159] and Bertolotti et al. [160]. This will help to contextualize the present results in a

broader perspective.

Figure 35. Original drawing of a photoacoustic device taken from [161]. A mirror (c) is
tilted at a chosen angle by fine tuning its rotation around its axis (d). Light is reflected by
the mirror and passes through a rotating slotted disk (b) which lets through a intermittent
light beam. Light arrives then at the receiver (left), consisting in a parabolic reflector, in
the focus of which there is the photoacoustic medium (a) generating sound waves, that can
be listened through the hearing-tube.

Discovered in 1880 by Alexander Graham Bell [161], the photoacoustic effect is a phe-

nomenon in which a material converts absorbed light in sound waves. An original sketch

75



3.2. Thermophone vs Mechanophone

of a Bell’s photoacoustic device is reported in Figure 35. In his work, Bell succeeded in
recognizing the importance of different parameters on the photoacoustic outcome such as
a modulated light source (using a rotating slotted wheel to switch on and off the visible
light), light nature (visible, infra-red or ultra-violet) and the material itself.

The discovery of the photoacoustic effect, at first triggered excitement in the scientific com-
munity, with other scientists joining the field. New experimental and theoretical steps were
taken, aimed at the understanding the photoacoustic generation mechanisms [162, 163]
and extending the investigation to absorbing gasses [164, 165]. That said, the interest on
the topic rapidly faded due to the difficulties involved in implementing applications. Soon
the phenomenon was perceived more as a curious effect rather than a serious technological
opportunity [159]. It was only after five decades that the photoacoustic effect reappeared
in a scientific report [166] and was then exploited for gas detection and analysis [167, 168,
169, 170]. Finally in the 1970s, studies on the photoacoustic effect in solids came back to
the scene [171, 172].

Today the photoacoustic effect makes the object of a renewed interest in the scientific
community thanks to its potential in imaging and therapeutic applications [173, 174, 175,
176, 177]. In this context, a particular effort is dedicated to the study of metal nanoparti-
cles, which have proven to be efficient photoacoustic generators, exploiting their high and
tunable optical absorption properties [178, 179], high contrast imaging features [180] and
biocompatibility [181, 182].

In describing the photoacoustic effect generated by metal nanoparticles immersed
in liquids, we can identify three main concatenated physical steps: (i) the nanoparticle
absorbs the light pulse and rises its temperature by converting the light energy in heat,
(i1) a heat flow is established between the nanoparticle and the surrounding liquid, thus
rising the liquid temperature and (iii) a mechanical response of the system is triggered,
generating a propagating sound wave in the liquid.

Here, we will see the results of simulations based on a continuous model that takes into
account different sound waves launching mechanisms. The absorber will be either gold
nanoparticles or nanofilms immersed in an aqueous medium. We will study systematically
the role of the TBR and of the light pulse duration in the photoacoustic outcome and in

particular in the competition between the different launching mechanisms.

3.2 Thermophone vs Mechanophone

As we said, the photoacoustic effect from metal nanoparticles immersed in water
can be divided in three steps involving the optics, the thermal dynamics and the mechanical
response finally resulting in sound waves generation. The emitted sound wave, however,
is the combined results of the different launching mechanisms, notably the thermophone

effect and the mechanophone effect. In the thermophone effect it is the thermal expansion
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of the liquid which triggers the emission of the acoustic wave. In this case, the role of
the nanoparticle is purely thermal: it works as a nanoheater and its role is to absorb the
light pulse energy and convert it in heat that then flows in the surrounding liquid. On
the contrary, in the mechanophone effect it is the thermal expansion of the nanoparticle
which launches the sound wave. The expansion of the nanoparticle, indeed, generates a
mechanical boost against the liquid, thus launching a sound wave in it. Despite the fact that
in a real physical scenario both these two launching mechanisms are in principle always
present, most of the investigations so far focused on the thermophone effect [183, 184, 185,
186], being the mechanophone one negligible. We can mention thermophones made out of
aluminum wires [187], gold wires [188], silver wires [189], graphene [190, 191, 192, 193,
194] and boron nitride foams [195, 196]. In particular, most of the studies were carried
out on metallic nanoparticles, either single [145, 147, 197, 198, 199, 200, 201, 202] or
agglomerates [199], using ns light pulses, ns lasers being the standard for photoacoustic
generation in bio-medical applications. The implications of the laser pulse duration on the
photoacoustic generation by a single gold nanosphere was only touched in the seminal
work of Prost et al. [147], the main focus though being on the long pulsed-regime [147,
202]. In all cases, with the exception of Prost ef al. [147], only the thermophone effect
was active.

Here we will access also the ps laser excitation, where, we shall see, the mechanophone
effect plays a fundamental role. We will analyze the parameters role in the thermophone vs
mechanophone competition. We will understand how the mechanophone contribution can
become the prevailing launching mechanism contributing to the total acoustic wave and
the advantages of such scenario. As we will see, the key parameters in the thermophone
vs mechanophone competition are the size of the nanoparticle, the TBR at the nanoparti-
cle/liquid interface and the light pulse duration. In this chapter we focus systematically on
the TBR and the light pulse duration, while in Chapter 4 we will see also the effect of the

nanoparticle size.

3.3 Role of the TBR

Throughout the entire work of this thesis, the TBR is a crucial parameter regulating
the thermal energy exchange at the nanoscale. This chapter makes no exception and, before
entering in the description of the simulations, it is worth introducing intuitively the role of
the TBR in the competition between the thermophone and the mechanophone effects.

In the thermophone effect, we said that is the thermal expansion of the liquid which
generates the sound wave. Thus, the more efficiently the liquid absorbs heat from the
nanoparticle, the higher its acoustic response. From this simple consideration, it naturally
follows that the lower is the TBR, the higher is the thermophone effect. On the contrary,

the mechanophone effect is given by the nanoparticle thermal expansion. To maximize the
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mechanophone contribution, the nanoparticle temperature should be the highest possible,
thus the heat dissipation towards the surrounding liquid should be limited as much as
possible. In other words, the higher the TBR, the greater will be the mechanophone
contribution.

A study of the photoacoustic dependence on different parameters, including the TBR, was
brought out by Cavigli et al. [203]. In Cavigli’s work, however, only the thermophone effect
is considered, without accounting for the mechanophone effect contribution. This leads
to an almost zero acoustic wave at high TBR values, when in reality the mechanophone
effect would generate a substantial sound wave.

In the following, we will see the results of a model implemented to understand the
thermophone vs mechanophone competition as a function of the TBR, while exciting the
system with light pulses of duration ranging from ns down to ps. The TBR will be allowed
to vary freely, in order to gain a theoretical understanding of its role in the photoacoustic
effect.

The solid/liquid TBR manipulation is a wide research field by its own, which makes
use of different techniques as pressure [204, 205], temperature [206, 207, 208, 209],
presence of surfactants [210], wettability [206, 211, 212, 213, 214, 215], nano-engineering
of the solid interface [216, 217] and thin layer deposition [218, 219]. Regarding this last
technique, C. Herrero et al. recently predicted a ultra-high TBR value for the gold/water
interface when depositing a few graphene layers on the gold surface [220], two order of
magnitude larger than the typical gold/water TBR. Taking for the gold/water TBR ~ 10~
m?K/W) [67, 221, 222, 223], we thus obtain the graphene-functionalized gold water TBR
to be ~ 10~% m?K/W. With such a value we will see how, in our system, the mechanophone

effect predominates over the thermophone one both for ns and ps light pulses duration.

3.4 Gold nanocylinder in water

The first system that we will study is a polycrystalline gold nanocylinder (NC)
immersed in water. Methodologically, we adopt a multi-physics approach combining
optics, thermal dynamics and mechanics in the frame of a continuum model solved via
Finite Element Methods (FEM). We will describe the opto-thermo-acoustic dynamics of
the system after an initial excitation by a laser pulse of variable duration: 7, = 1 ns, 100
ps, 10 ps.

The system is modeled with two co-axial cylinders of same height H, internal radius
R and external radius 12, see Figure 36. The internal cylinder, with R,,. = 10 nm,
represents the gold NC. The external one represents the surrounding water and its radius
R, is chosen long enough to avoid any heat accumulation or acoustic wave reflection at

the boundary of the system during the simulations timescale. The height / of the system
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Figure 36. Scheme of the gold NC immersed in water.

Material property Gold Water
Thermal conductivity (W/(m K)) 318 0.6
Heat capacity (J/(kg K)) 129 4.2x10°
Density (kg/m?) 19.3x10%  1x10?
First Lamé coefficient (GPa) 147 2.25
Second Lamé coefficient (GPa) 27.8 0

Linear thermal expansion coefficient (K™1) 1.43x107°  a,,(T), with ,,(293 K)=7 x 107°

Table 5. Materials properties of gold and water.

is taken large enough to suppress any border effect close to the gold NC top/bottom basis',
thus allowing us to apply a zero vertical displacement condition at the basis. In other
words, the problem is only r-dependent.

We assume the system can be described in the linear elastic regime, that there is no thermo-
acoustic feedback (the thermal dynamics induces the acoustic response, but the opposite
effect is negligible) and that viscoelasticity is negligible in both Au and water, i.e. no
intrinsic damping is present.

Regarding the materials properties of gold and water, such as the thermal conductivity %
(W/(mK)), the heat capacity c, (J/(kgK)), the density p (kg/m?), the first and second Lamé
coefficients A and p (Pa) and the linear thermal expansion coefficient « (1/K), they are
taken from the literature [145, 147, 68] and summarized in Table 5. In the temperature
range spanned by simulations, the only coefficient that has a non-negligible temperature
dependence is the water thermal expansion coefficient. To include this dependency, we
used in our model a third order polynomial function «,,(T) which fit the temperature

dependent water thermal expansion coefficient [147].

IPeriodic boundary conditions may be equally applied.
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3.4.1 Model equations

Here we will describe in more detail the equations governing the three physical steps
behind the photoacoustic effect triggered in an individual metal NC immersed in water by

a laser pulse.

Optics

At the initial time ¢ = 0 the system is at equilibrium. The gold NC is thermalised
with the surrounding water and the displacement field is zero (as well as all its temporal
derivatives). Then, a single light pulse of intensity /(¢) (W/m?) is delivered. Here, given
the small size of the NC, we assume spatial homogeneity of the light pulse over the gold

NC. The light pulse is taken with gaussian temporal dependence:

2
L

—exp(—4ln(2)M>, 3.1

where 77, is the pulse temporal full width half maximum (fwhm), ¢, is the pulse temporal
peak and ® is the light fluence (J/m?). In our simulations we will use three durations of 7,
(=10 ps, 100 ps, 1 ns), while ® will always be kept constant (~ 10 J/m?, a typical value
used in experiments). We do not consider here the fs regime, where the metal electrons
and lattice are out of the equilibrium upon laser absorption [3, 224, 58]. We therefore limit
our analysis to a situation where the gold NC is always internally thermalized at a common
temperature.

The light wavelength is chosen in the visible range, so we can assume the water absorption
to be negligible and only absorption by the NC plays a role. In the one-dimensional
geometry, the NC absorption cross section % (m?) is linearly dependent on the NC
height H and depends on the light polarization [225, 226]. In the present case, choosing
a light pulse wavelength A ~ 530 nm and polarization along the NC radius, we obtain
0% /| H = 6.8 nm?/nm, the calculation being performed for an infinite cylinder [227] and
using room temperature values for gold dielectric constants [80].

In this way, we are able to calculate the power density Q(t) (W/m?) absorbed by the NC

() = ;;ZI(Z _ 6.87(:};1;)1(15)

gnc gnc

(3.2)

Thermal dynamics

Once we know the power density absorbed by the system, we can move one step
forward in our description. Indeed, Q)(¢) will be introduced as the heat source in the

thermal diffusion equation governing the thermal dynamics of the system. To describe heat
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diffusion, both in the NC and in water, we use Fourier’s law and the continuity equation:

i=—kVT (3.3)

oT -
Pcpa = -V -7+ Q(1), 3.4)

where T is the temperature (K), 7'is the heat flux (W/m?) and the heat source term Q(t) is
non-zero only within the NC. The other materials properties (£, p, c,) for the respective
domains are reported in Table 5. Equations 3.3 and 3.4 are cast in cylindrical coordinates.

The only not null components are the radial ones:

oT
qr = —ka (3.5)

or 1 q,
Por gy = 70— 5 T Q(t). (3.6)

At t = 0 the system is thermalized with an uniform temperature 7'(t = 0) = Ty = 293
K. When the light pulse strikes, the NC absorbs part of its energy and converts into in
heat, rising in temperature. It thus starts to dissipate heat in the surrounding water, through
the interface at r = Rg,.. This process is regulated by the TBR [33, 215], and formally
accounted by the continuity of the heat flux and the TBR-type boundary condition at the

interface:
1

where & is the TBR, R/, and R_, . indicate the outer and inner sides of the surface
r = Rgn.. At the water external boundary (r = R,), instead, a thermal insulation
condition (¢, = 0) is set. The value of R, is chosen so as to that, in the simulations
timescale of interest, the heat flux does not reach the water boundary. At r» = 0, instead,

the heat flux must vanish due to the radial symmetry.

Acoustic response

By inserting the spatio-temporal temperature evolution 7(7,¢) in the equations
governing the mechanical dynamics, we can finally calculate the acoustic response of the
system and, in particular, the pressure wave launched in water. Both in the metal NC and

in water these equations can be cast in the form [127]:

0%u
o=C-(Vsi—aAT), (3.10)
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where 4 is the displacement field (m), o the stress tensor (Pa) and V g4 the symmetric
part of the displacement gradient tensor. Materials properties, such as the stiffness tensor
C (Pa) and the thermal expansion tensor v (K™1), have to be properly selected in the
respective domains (NC/water). Note that Equations 3.9 and 3.10 are exactly the same as
Equations 2.2 and 2.3 of Chapter 2, since & = 1 (9u;/0x; + Ou;/0x;) (where i, j = x,y, 2
and r; = x, 19 =y, x3 = z); and o,y = —C - AT (as in Step 3b of Section 2.5).

As we did for the thermal dynamics section, also here we can cast the equations in
cylindrical coordinates. In so doing, it is also useful to exploit the homogeneity and
isotropy of both the polycrystalline gold NC and water. With this hypothesis, C can be
expressed in terms of the Lamé parameters® \ and y (taking the form reported below),
and a = aly, with I; being the identity matrix. The Lamé parameters A, ;2 and the linear
thermal expansion coefficient o can be found in Table 5 for both water and gold. Thus, in
cylindrical coordinates (r, ¢, z) and Voigt notation, the terms appearing in Equations 3.9
and 3.9 read:

Orr
o/or +1/r —1/r 0 0 0/0z 19/0¢ 700
V.o— 0 19/0¢ 0 )0z 0 8/0r +2/r “O“ :
0 0 9/0z 10/0¢ 0/or+1/r 0 0
0
(3111)
d/or 0 0
1/r %8/8¢ 0
Uy
0 0 0/0
Vil = /o=, |- (3.12)
0 0/0z 1/ro/0¢
Uy
0/0z 0 a/0r
19/9¢ 0/or —1/r 0
A2 A A0 00 QAT
A A+20 A 000 QAT
o | > VoA 0 0 0f o feaT | .
0 0 0 00 0
0 0 0 1 0
0 0 00 u

The symmetry of the problem implies that: (a) u, = u, = 0, (b) the 9/0¢ and 0/0z

derivatives of any quantity are null. Exploiting these evidencies, after some straightforward

ZNote that these coefficients can be used both for solids and for liquids.
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calculation we obtain from Equations 3.9 and 3.10:

Pu,  Oo,, n 1 ( )
== —\Oprr — O
p ot? or r a4

oo = (A 2) 2 4 2 a(3) + 2u) AT
or r
o " (3.14)
05 = At + (A4 2p) =% = a(3X 4 2p) AT
ou,  u,
0.. = A 5+ 7) — a3\ + 2u) AT,
and finally, by deriving in time the last three equations, we end with:
dv, 0o, . 1< B )
ot = “or U
rr r r T
9o _ (A + 2M)av Al a(3X+ 2u)a—
ot or r ot
0044 ov v ar (3.15)
_— r 2 —T — 2 .
5~ A, T (A2 a3\ + 2p) 5
00, ov, v, or
= 2y 2) =—
o~ A ) a2

where v, = du,/Ot. Note that we could have avoided reporting o, in the set of equations
since we are only interested in the radial direction, and o, doesn’t play a role in deter-
mining neither o, or v,. Moreover we notice that, when p = 0, as for water, we have
Opp = Opp = Oz

The initial conditions are zero-displacement field in the entire system (u,.(t = 0) =
0), as well as its temporal derivative (v,.(t = 0) = 0) and the stress tensor (o (t = 0) = 0).
As for the boundary conditions at the NC/water interface (r = Rg,.), we set:

Ur(Rye) = vr( Ry, (3.16)

gen

o (Ry,,) = 0 (Ry), (3.17)

gcn

while a stress free boundary condition (o0 = 0) is taken at the boundary of the external

water domain (r = R,,).

Poynting vector and acoustic energy

The final outcome of the equations governing the acoustic response is the pressure
wave in water p = —o,, = —04,. Knowing p is both important per se and to calculate
the mechanical energy transported by the sound wave while propagating in water. For the
latter purpose, we introduce the acoustic Poynting vector P (W/m?) [127].

To understand what P means, let’s take a closed surface S. The total mechanical energy U
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passing through a Gaussian surface S per unit time is given by [127]

d—U:j{—(ﬁ.a).ﬁdszjfﬁ.ﬁds, (3.18)
dt g g

where 7 is the S surface versor (outgoing). The integral of P, then, gives the mechanical
power passing through the closed surface S. In order to calculate the mechanical energy
transported through a closed surface by a pressure wave generated by the photoacoustic
effect, we then need to integrate ]3, first over the chosen surface .S, containing the metal

NC, and, subsequently in time. This is:

~

U= /% — [(vraw + VpOpr + V,0:)T + (Up0pg + VpOpp + V:0:4) 0
S (3.19)

+ (0,0, + Vy04; + vzozz)é} -f dSdt.

However, since for the present case vy, = v, = 0 and 0,4 = 0,, = 0, the mechanical

energy produced by the photoacoustic effect, and travelling in water, reads:

/j{ — 0,0, T - 1 dSdt. (3.20)
s

We take S as a cylindrical surface in water, co-axial with and containing the NC. The
surface S has radius Rg, then n - 7 = 1 along its lateral surface, while n - 7 = 0 on the
top/bottom basis. With this choice, the mechanical energy transported in water by the

propagating sound wave crossing S’ simply reads:
U=2rRsH / — 0,0, dt, (3.21)

where, we recall, H is the height of the NC and Ry the radius of the surface cylindrical
surface S.

One could think that, because of the conservation of energy, the energy U transported by
the propagating acoustic wave should be the same for any choice of the surface S as long
as Rg > Rgyy.. In reality, close to the NC surface there is an accumulation of mechanical
energy due to the propagation of heat in water, which results in a maximum of U. In order
to have a well defined energy value to compare for the different launching mechanisms,

we must take Rg large enough to attain an asymptotic value for U.

3.4.2 Results

This section reports simulations results of the photoacoustic effect generated in a

gold NC-immersed-in-water system, for varying TBR and 7, (= 1 ns, 100 ps, 10 ps) values.
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Figure 37. Time evolution of the pressure in water (r = R, + 5 nm) in the 7, = 1 ns
case and with Z = 1 x 10~" m?K/W. Left-axis: thermophone contribution (light blue),
mechanophone contribution (violet) and total pressure (black). Curves are normalized to
the total pressure peak. Right-axis: light pulse intensity time evolution (red dashed curve).

The first step is to demonstrate that both the thermophone and the mechanophone con-
tributions have to be considered to correctly describe the launching of the acoustic wave
in water. To do so we selectively activate the sole thermophone or mechanophone effect
setting to zero the thermal expansion coefficient «v in the gold NC or external water domain,
respectively. Indeed, the total pressure wave is obtained taking into account both values of
the thermal expansion throughout the entire system. Figure 37 shows the results for the
nanoscale excitation regime, reporting the water pressure time evolution at r = R, + 5
nm. The pressure is normalized to the total pressure peak. We see that, for # = 1 x 1077
m?K/W, chosen between the realistic gold/water value and the graphene-functionalized
gold water interface value, and 7;, = 1 ns, the thermophone (light blue curve) and the
mechanophone (violet curve) contributions have comparable amplitudes. This means that
both contributions have to be taken into account in order to correctly predict the amplitude
of the total pressure (black curve).
We will see that, only for certain values of the TBR and 7, one effect or the other will be
negligible. As already mentioned, most literature cases of photoacoustic effect generated
by metal nanoparticles immersed in liquids [145, 199, 200] belong to particular situations
in which the mechanophone contribution is negligible, however this is not the general case.
We now move to investigating the thermophone vs mechanophone competition for
different values of the TBR and 7;,. We start considering two extreme cases. When
X — oo, the gold NC is thermally isolated from the surrounding water, thus only
the gold NC rises its temperature. The only sound wave launching mechanisms is the
mechanophone, triggered by the gold NC dilatation. On the contrary, when Z — 0, the

efficiency of heat dissipation from the gold NC to water is maximized. The thermophone
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contribution should thus be maximum, while the mechanophone minimum.

We want, however, to give a more quantitative description of the competition between the
two launching mechanisms while changing the TBR and 77, the only quantities which may
be experimentally varied. The TBR can be tuned engineering the Au/water interface, 7, in-
tervening on the laser source or laser pulse. For this scope, we introduce the dimensionless

ratio 7y, /7, where 77y, is given by
TTh = <@Rgnccpp/z- (3.22)

With such definition, 7, represent the characteristic time of the gold NC thermal decay
only when the TBR is the system’s prevailing thermal impedance, the Biot number B: <1
and for isothermal water?, similarly to what we have seen in see Section 1.3 of Chapter
1. In a complete description, the timescale of this thermal decay is not ruled only by
the TBR, but also by the gold NC and proximal water thermal impedances through their
thermal conductivities and thermal inertia, as will be detailed for the case of a simpler,
in terms of mathematics, case in Sections 3.5 and 3.6. Due to the intricate relaxation
dynamics, a formal definition of the characteristic time for the thermal dynamics doesn’t
exist. Nevertheless, in our case, the TBR is the only material parameter that can be tuned,
the thermal properties of the gold NC and water being fixed. For this reason, 77, has the
merit of providing a rule-of-thumb estimate of the heat dissipation phenomenon, while
also linking it, in a handy analytical form, to the TBR. With such definition, indeed, we can

re-write the two extreme scenario reported above (vanishing and infinite TBR) in terms of

TTh/TL as

i/, > 1 (& Z — 00) = maximize mechanophone and zero thermophone

i/ < 1 (& Z — 0) = minimize mechanophone and maximize thermophone.

The usefulness of 774, /77, is proven in Figure 38. Panels a and b show the temperature
time evolution in water (r = Ry, + 5 nm) and in the gold NC (r = 0 nm), respectively,
for a fixed value of 7;, = 1 ns, while varying the TBR across five decades, from 1075
to 1072 m*K/W, so as to cover the range of 7rn /7 from ~ 0.01 to ~ 100. For small
values of 77, /71, (= 0.01, orange curve), the heat exchange between the gold NC and
water is most efficient, bringing water temperature to its highest peak (7' ~ 300 K) and the
corresponding gold NC temperature peak to its lowest value (7" ~ 305 K). The opposite is
true for the largest 77y, /71, case (= 100, black curve), where the heat exchange efficiency is
minimized, water temperature shows its lowest peak (7' ~ 293.5 K) and the corresponding
gold NC temperature reaches its highest peak (7" ~ 378 K). Intermediate values of 77, /7,
(green, blue, magenta curves) confirm the described trend.

3This hypothesis does not strictly hold in several instances.
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Figure 38. Temperature time evolution in the 7, = 1 ns case for different 77, /7 in
water (r = Ry, + 5 nm) (panel a) and in the gold NC (r = 0 nm) (panel b). The light
pulse intensity time evolution is also plotted in the (right axis, panels a and b). Panel c:
normalized mechanical energy in water generated by the thermophone (light blue) and the
mechanophone (violet) contributions at different 775, /7, (bottom axis) or different TBRs
(top axis). A realistic value for the gold/water TBR is pointed by the red arrow, that of the
graphene-functionalized gold water interface by the green arrow.

The different thermal dynamics are reflected in the competition between the thermophone
and the mechanophone launching mechanisms. Panel ¢ of Figure 38 shows the mechanical
energy in water (calculated with the acoustic Poynting vector) generated by solely the
thermophone (light blue) and solely mechanophone (violet) effects, as a function of
7rn /71, (bottom axis) or the TBR (top axis). Energies are normalized to a fixed value,
corresponding to the maximal mechanical energy found in our simulations for this system,
i.e. the thermophone energy for the 7, = 10 ps and 774 /7, =~ 0.01 case (that will be
describe later). It is clearly visible that, while varying 77 /7, from low to high values
(in other words increasing the TBR), the thermophone contribution decreases and the
mechanophone one increases. We notice that, in this case, it is possible to almost suppress
the mechanophone contribution (77, /7, = 0.01 case) or the thermophone contribution
(trn/7Tr =~ 100 case). For a realistic value of the gold/water TBR value (Z ~ 1 x 107%
m2K/W), pointed by a red arrow in panel c), the thermophone contribution prevails on the
mechanophone one, which is almost two order of magnitude smaller. This scenario is the
most commonly studied in the literature [145, 147, 197, 198, 199, 200], ns laser pulses

being the standard for photoacoustic bio-medical applications. However, we point out that
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for a TBR value of Z ~ 1 x 10~ m?K/W, i.e. two order of magnitude higher than the
realistic gold/water interface, achievable adhering a graphene sheet on the gold surface
[220], the mechanophone prevails even for 7, = 1 ns. The latter case is pointed by the
green arrow in panel c.

We now investigate the effect of the pulse duration of the thermophone vs
mechanophone competition. Figure 39 follows the same scheme as Figure 38 but
for 7, = 100 ps: panels a and b show the temperature time evolution of, respectively,
water (1 = Ry, + 5 nm) and the gold NC (r = 0 nm), for different 7, /7;; panel c shows
the normalized mechanical energy generated by the thermophone (light blue) and the
mechanophone (violet) effects as a function of 774 /7, (bottom axis) or the TBR (top axis).
The range of TBR values has been down-shifted of one decade (now from 1076 to 10~1°
m?2K/W), in order to span the same 77 /77, range (0.01 — 100) as in the 7, = 1 ns case.
The general rule discussed before applies also in this case: when 775, /77, is small (= 0.01,
orange curve) the gold NC/water heat exchange is efficient, thus giving the highest temper-
ature peak in water (1" ~ 304 K, panel a) and the lowest one for the gold NC (7" ~ 323 K,
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Figure 39. Temperature time evolution in the 7, = 100 ps case for different 77, /7, in
water (1 = Ry, + 5 nm) (panel a) and in the gold NC (r = 0 nm) (panel b). The light
pulse intensity time evolution is also plotted in the (right axis, panels a and b). Panel c:
normalized mechanical energy in water generated by the thermophone (light blue) and the
mechanophone (violet) contributions at different 775, /7, (bottom axis) or different TBRs
(top axis). A realistic value for the gold/water TBR is pointed by the red arrow, that of the
graphene-functionalized gold water interface by the green arrow.
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panel b). The opposite happens for large values of 77 /7, (= 100, black curve), where
the heat exchange is inefficient and thus the water temperature peak is small (7" ~ 294 K,
panel a), while the corresponding gold NC’s one is high (1" =~ 378 K, panel b). However,
the histogram of the energy generated by the thermophone and the mechanophone effects
(panel c¢) shows two differences from the one in Figure 38. The first difference is that, for a
realistic value of the gold/water TBR value (pointed by the red arrow), the thermophone
and the mechanophone contributions are much closer than in the 7, = 1 ns case. This
means that, for the 7, = 100 ps case, neglecting the mechanophone effect would bring to
a substantial underestimate of the real sound wave generated. Clearly, for the high TBR
value (10~ m2K/W), corresponding to the graphene-functionalized Au/water interface
and pointed by the green arrow, the mechanophone effect is even more predominant than
in the ns light pulse case. The second difference is that the mechanophone contribution
is much less dependent on 77y, /77, than in Figure 38. In the 7, = 1 ns case, indeed, the
mechanophone energy contribution changes by more than one order of magnitude between
the 77y, /71, =~ 0.01 case and 774, /7, =~ 100 one. In Figure 39, instead, the mechanophone
effect energy contribution remains within the same order of magnitude for all the 775, /7.
Among the physical reasons behind this trend, is that reducing 7, for a fixed value of
7rer/7=10"2 implies reducing the TBR, eventually to a point where the gold NC and the
proximal water thermal impedances remain as the only factors ruling the thermal dynamic.
Using a shorter 77, brings to a higher temperature peak in the gold NC, since the energy
is delivered faster, even for a situation of negligible TBR (small 77, /7;), where thermal
cooling is only limited by the gold NC and proximal water thermal impedances. We can
understand this by comparing the gold NC temperatures for different 77, /7, (panels b
in Figure 38 and Figure 39). For this scope, it is useful to define 07}, as the difference
between the NC peak temperatures in the case of 77, /77, ~ 100 and 775, /7, ~ 0.01 (see
panels b). For 77, = 100 ps, we obtain 67}, ~ 55 K, a value substantially smaller than in
the 7, = 1 ns case, where 07, ~ 73 K. When shortening 77, the range 67, shrinks,
due to the increase of the low temperature peaks. The smaller is 07, the more similar
are the gold NC thermal expansions, resulting in similar mechanophone contributions
while varying 77, /7y

This trend results even clearer in the 7, = 10 ps case, shown in Figure 40. The
figure scheme is the same as for Figure 38 and Figure 39. As expected, in panel b the
different temperature peaks of the gold NC are even closer than in the 7, = 100 ps
case, confirming the trend we described above. In this case, for 77, /7, ~ 0.01 (orange
curve), the gold NC temperature peak is at 7" =~ 350 K, while for 77, /7, =~ 100 (black
curve) the peak is 7' ~ 378 K, resulting in 07, ~ 28 K. Given such a small 67, the
mechanophone contribution is almost constant and results in a flat energy contribution in
the histogram of panel c. A similar behaviour is not observable for the thermophone effect,

which always drastically decreases for high values of 74 /7, (= 100). For high values of
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Figure 40. Temperature time evolution in the 7, = 10 ps case for different 77, /7, in
water (r = Ry, + 5 nm) (panel a) and in the gold NC (r = 0 nm) (panel b). The light
pulse intensity time evolution is also plotted in the (right axis, panels a and b). Panel c:
normalized mechanical energy in water generated by the thermophone (light blue) and the
mechanophone (violet) contributions at different 775, /7, (bottom axis) or different TBRs
(top axis). A realistic value for the gold/water TBR is pointed by the red arrow.

the TBR, indeed, the heat flux from the NC to water is reduced, no matter how short 77, is.
Moreover, in the 7, = 10 ps case, we notice that a realistic gold/water TBR value (pointed
by the red arrow in panel c¢) results in a mechanophone energy contribution larger than the
thermophone one, as opposed to what is found for 7, = 1 ns.

A last feature is worth to be discussed. Note that, even in the 10 ps light pulse case, the
energy generated from the mechanophone effect for 77, /7, =~ 100 is lower than the one
generated from the thermophone for 77, /7, ~ 0.01. This is due to the thermal expansion
coefficient of water and gold. The water thermal expansion coefficient is ~ 5 times higher
than the gold one at room temperature. Water expansion is than more efficient than the
gold one and thus the maximum of the thermophone effect is higher than the maximum of
the mechanophone effect. To prove this, we performed a simulation in which the water
thermal expansion coefficient at room temperature is artificially inserted also in the NC
domain. The result (not reported) showed that in this way the maximum mechanophone
contribution (at 7y, /7, ~ 100) is higher than the maximum thermophone contribution

(7rn /71 = 0.01) by a factor ~ 5.
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3.4.3 Conclusions on the gold NC in water

In this section we reported different launching mechanisms of acoustic waves trig-
gered by the photoacoustic effect generated by a gold NC immersed in water. Our main
focus was to understand the role of the TBR and the light pulse duration in the different
launching mechanisms. For this scope, we built a continuous opto-thermo-acoustic model.
With our simulations we showed that the total acoustic wave is the result of the combination
of two different mechanisms: the thermophone effect, due to the thermal expansion of
water, and the mechanophone effect, due to the thermal expansion of the gold NC. First we
demonstrated that both of them can contribute significantly to the total emitted sound wave.
The competition between the thermophone and the mechanophone effects was analyzed
for different values of the TBR and different light pulses duration ranging from the ns to
the ps regime. This was realised by calculating the mechanical energy propagating in water
due to only the thermophone contribution or only the mechanophone. We saw that a low
TBR value maximizes the thermophone effect while minimising the mechanophone one.
On the contrary, a high TBR value maximizes the mechanophone effect while zeroing the
thermophone one. Moreover, we recognized that the light pulse duration plays an important
role in the dependence of the mechanophone effect on the TBR. For the ns pulse, indeed,
the mechanophone effect changes by orders of magnitude when varying the TBR value.
This is not true for 100 to 10 ps light pulses. In this case, the mechanophone contribution
remains almost constants for all explored TBR value. The thermophone effect, instead, is
TBR-dependent for all duration of the light pulse. We rationalized these phenomena in
terms of the temperature time evolution in the NC and water domains. We then discussed
a realistic gold/water TBR case, showing that the thermophone effect prevails for the ns
light pulse, and the mechanophone effect prevails for the ps light pulse. On the contrary,
we have seen that using the TBR for a graphene-functionalized Au/water interface, results
in the predominance of the mechanophone effect for the ns light pulse, and thus even more
so for the 100 to 10 ps ones.

These results bear generality beyond the particular geometry and material here
investigated. The system can be easily generalized to any other liquid-immersed metal
nanoparticle. The present results show the importance of the mechanophone effect, which
is often not taken into account. They also suggest the possibility of creating efficient
photoacoustic systems by using metals and liquids with high TBR. This is an unconven-
tional approach with respect to what is usually found in the literature. In most studies
of this type, it is suggested to lower the TBR as much as possible in order to increase
the photoacoustic signal, implicitly suggesting to increase the thermophone effect at the
expense of mechanophone one. This high-TBR perspective has the advantage of leading
to a photoacoustic effect with a predominant mechanophone contribution, thus keeping

the liquid at almost constant temperature, see panels a of Figures 39 and 40 for the case
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Trn /T = 100.

In the next section, we will present a study on this photoacoustic effect for the case
of a gold nanofilm in contact with water. This choice has the merit of simplifying the for-
malism, given the simpler geometry of the nanofilm, allowing us to conduct an analytical
study of the thermophone vs mechanophone competition in the frequency domain, that
is for the case of a time-harmonic spatially homogeneous light excitation. Then we will
perform FEM simulations on the same system, for the case of a pulsed laser excitation,
that is in the time domain. We will then make a direct comparison between results in the

frequency and time domains.

3.5 Gold nanofilm in water: a frequency sweep perspective

In this section, we report on the photoacoustic effect in the case of a 20 nm thick gold
nanofilm under time harmonic light excitation. One side of the film is in contact with water,
the other is either free or clamped. We adopt this simpler geometry and excitation scheme,
so as to perform an analytical investigation in the frequency domain of the thermophone vs
mechanophone competition. This approach allows to formally retrieve the interplay of the
parameters ruling photoacoustic generation in a clear, explicit form.

We will see that the thermophone dominates at low frequency, while at high frequency
the mechanophone regime is the predominant one. We will provide a simple formula for
the threshold frequency at which the mechanophone contribution becomes more effective
than the thermophone one. As for the previous section, the TBR will play a central role,
affecting the threshold frequency at which the mechanophone becomes predominant. In
particular, three paradigmatic TBR values will be taken into account: Z#=0, to inspect
perfect thermal contact; 3 x 10~® m2K/W, a realistic value for the gold/water TBR; and
3 x 1077 m2K/W, a higher TBR value, achievable, as we have seen, through different
nano-engineering approaches (see. Section 3.3). Finally, we will link the frequency domain
study to time-resolved numerical simulations on the same system. This is realized by
performing FEM simulations of the thermo-mechanical dynamics of the system upon light
pulse excitation of four different times duration: 7;, = 1 ps, 50 ps, 500 ps and 10 ns. The
different 7, allow spanning different ranges of the frequency domains, thus allowing for a
direct comparison between the results found in the frequency domain and in the temporal

one.

3.5.1 Thermoacoustic model

We start by writing out the balance equations in a fluid. We assume the nanofilm to

have lateral extension much larger than its thickness, i.e. the system is one-dimensional
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(a) (b) clamped surface
e free surface ____x=(0 LLLL S //////{{{{xzo

—— =l T B =L

v X X

Figure 41. Scheme of the gold nanofilm (z € [0, L]) with one side in contact with water
(x € [L,+00)). Boundary conditions for the other side can be: free (zero stress, panel a)
or clamped (zero displacement, panel b).

and is described by the x-coordinate perpendicular to the nanofilm surface. The z—axis
originates at the film surface and is oriented towards water, as sketched in Figure 41. Thus,

in one-dimensional geometry we have in the liquid medium [184, 228]:

lop _ 0T v
Boot Yot oz
ov op *v
P T T + (Ao + 2#0)@, (3.23)
or o0*T op
pon()E = kow + O([)TOE.

where the temperature variation 7' (K), the mechanical pressure p (Pa), and the velocity v
(m/s) are the pertinent variables to describe the spatio-temporal evolution of the system.
Moreover, p, is the density (kg/m?), B, the bulk modulus (Pa) , o the coefficient of
volumetric expansion (1/K), Ay and /i the first and second viscosity coefficients* (Pas),
cpo the specific heat at constant pressure (J/(kg K)), 7j the ambient temperature (K) and,
finally, & the thermal conductivity (W/(m K)) in the liquid. All these parameters will be
considered as constants,in order to allow for an analytical approach. Generalizations to
non-constant parameters are possible, but would complicate both the formal solution and
the straightforward physical comprehension. It is important to remark that the balance
equations given in Equation 3.23 represent the combination of the linearized classical
conservation laws of mass, momentum and energy with the linearized constitutive equations
of the material. This linearization finds an easy justification in our context, since thermo-
acoustic waves are usually represented by small variations of the relevant quantities around
given equilibrium values.

For the solid layer, i.e. the gold film, the balance equations can be written exactly in the

4We underline that no confusion should be made in between Ao, o and A1, pq, which are the viscosity
coefficients (Pas), and Ay, u5, which are the elastic Lamé coefficients (Pa), which pertain to the mechanics.
In water, the elastic coefficients are written in terms of the bulk modulus By.
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same mathematical form as [184, 229]

1 dp or  ov
P —— — o1 —
B, ot Yot ox
ov op 0*v
Pla = _£+()\1+2M1)W’ (3.24)
or 0*T 0
PLipi 5 = k‘1w + OélToa—]t) +Q(1),
where we have to introduce the following quantities
B
B = ——, (3.25)
_4vr
31}%
42
= a,(1--"2L), 3.26
o = o (1-53) 0
402 Cps — Cys
Cp1 = Cps (1 - gg—p Cos ) ) (3.27)
P1 = Ps (328)
ki = ks, (3.29)
with
vp o= B (3.30)
Ps
v = M, (3.31)
Ps
2
By, = )\S+§us. (3.32)

Here, for the solid, p, is the density (kg/m?), B, the bulk modulus (Pa), v, the coefficient of
volumetric expansion (1/K), A\, and p; the first and second viscosity coefficients (Pas), A
and 15 the elastic Lamé coefficients (Pa), ¢, and ¢, the specific heats at constant pressure
and volume respectively (J/(kg K)) and, finally, k, the thermal conductivity (W/(m K)). In
addition, Q(t) represents the power density (W/m?), absorbed by the solid material from
the excitation source. In the present section ()(t) is assumed spatially homogeneous. This
fact will be important further on and duly reminded.

We make the following assumptions: (i) the viscous behavior of both the fluid and
the solid is neglected, (ii) the effect of motion or deformation on the thermal problem is
neglected within both the fluid and the solid regions (no feedback effect), (iii) in the solid

layer it is assumed that c,; = ¢, and therefore, from Equations 3.27, ¢,; = ¢,s. Hence,
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the equations for the fluid can be simplified to

Lop 0T v
Boot Yot 02
ov 0
O (3.33)
oT 0*T
pOCpOE = kow-
while those of the solid become
Lop 0T v
B ot ‘ot 0x
ov dp
2= - 3.34
pl at 8%7 ( )
orT 0*°T

Pl%l@ = k’l@*‘@(t)-

These equations are the starting point of our analytical model and correspond to the
Cartesian one-dimensional version of Equations 3.3, 3.4 and 3.15, which were calculated
for a three dimensional system with cylindrical coordinates.

It is important to say a few words about the assumption of neglecting fluid viscosities.
We emphasize that, as the frequency of the acoustic wave increases, the attenuation
phenomena in the fluid become more prominent [230], therefore at certain frequencies w
(rad/s) of interest in this work, dissipative effects may not be negligible. Let us assume for
instance that the acoustic penetration length scales as w2 [184]. All results concerning
the relevant acoustic in the fluid region are thus correct only in a layer near the solid-fluid
interface. Further away from this layer, the acoustic motion decreases exponentially with
the penetration length, the latter depending on the viscosity coefficients. Nevertheless,
the analysis of the acoustic wave, and in particular of the mechanophone launching
mechanism, in the high frequency regime, where the attenuation is quite large, is not only
important from the theoretical point of view but also relevant for a better understanding
of nanoparticle-fluid interactions at ultrahigh acoustic vibration frequencies [231]. In
particular, it is crucial to investigate the dependence of the energy dissipation on the
fluid properties in order to develop high-quality-factor mechanical resonators operating in
fluids [232, 233, 234, 52, 235]. Moreover, simple liquids interacting with high-frequency
resonators have recently exhibited a sort of solid-like viscoelastic behavior [236, 237, 238,
239, 240]. The high-frequency generation by means of the mechanophone mechanism can

be therefore useful to accurately study these systems and phenomena.
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3.5.2 Thermal behaviour

We take the solid layer in the region = € [0, L] and a fluid medium (e.g., water) for
x € [L,+00), see Figure 41. The equations discussed so far are described in the time
domain. Here, we will switch to the frequency domain, where we can solve analytically the
equations describing our system. To do so, we assume that the power density is delivered
to the solid layer with a sinusoidal time-varying behavior, having a fixed angular frequency
w: Q(t) = Q,e™". For ease of notation, from now on we will address Q,, as simply Q.
Therefore, we can substitute all physical quantities with the corresponding complex valued

phasors by applying the Fourier transform (FT). In this way, we get

0*T

iwplcplT = ]{71@ +Q, T e [O,L], (3.35)
0*T

iwpocpl 052" x € [L,+00). (3.36)

Here, we used the standard substitution 9/0t — iw, based on the assumed time behavior
eiwt.

The thermal behavior of the system is uncoupled from the mechanical one, which means
that we can first solve Equations 3.35 and 3.36, by taking into account the following
boundary conditions [241, 242, 243, 244]:

q(L) = %(T(L_) — T(L+)) (3.37)
b IL(L) =~k O (L) = a(L), (3.38)

the first equation describes the heat flux at the solid/liquid interface L, which is ruled by
the presence of the TBR, Z. The second equation describes the continuity of the heat flux,
defined as g(z) = —k1 2L in the solid and ¢(z) = —ko%L in the fluid. At the other surface,

i.e. the solid/vacuum interface at x = 0, we assume an adiabatic condition:

oT
~k15-(0) = ¢(0) = 0. (3.39)

The general solution of Equation 3.35 for « € [0, L] can be written as

Q

T(z) = Ae"* 4 Be " 4 <
iwprCp

(3.40)

where A and B are unknown coefficients and 1J; is given by
2
gy = V2 [y (3.41)
2 ky
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We also assumed that the absorbed power density () is homogeneously distributed for
x € [0, L.

On the other hand, in the liquid, the general solution of Equation 3.36 for x € [L, +00) is
given by

T(z) = Ce’® 4 De V0", (3.42)

where C' and D are unknown coefficients and 1}, can be written as

5
gy = Y2 [P0y (3.43)
2\ "k

Since the temperature must remain finite for large values of x, this implies C' = 0. The
imaginary part of ¥y corresponds to the propagation constant of the thermal wave, while
its real part defines the thermal length given by L, = 1/Re {0y} = #’“gyo [184], which

identifies the penetration length of the thermal wave into the liquid domain. The application

of the boundary conditions stated in Equations 3.37, 3.38 and 3.39 leads to

Q koUo
A = B=- 3.44
2’iu)p16p1 <l{?(ﬂ90 COSh(’l?lL) + (]. + %koﬁo)kﬂ?l s1nh(191L) )7 ( )
: JoL
D | Q ( k19 sinh (¥, L)e . ) (3.45)
W P1Cp1 ko’lgo COSh(ﬂlL) -+ (1 + %koﬁo)klﬁl Slnh(??lL>

We can now write the solutions for the temperature in both the solid and liquid domains.

For = € [0, L], i.e. in the solid domain, we have

Q koo cosh(thz)
T(x) = 1— 4
(l') iwp16p1 ( k’()’Lgo COSh(’lglL) + (1 + %k(ﬂ%)k’l’&l 81nh(191L) >’ (3 6)
while for x € [L, 4+00), we obtain
- —ﬂo(I—L)
T(,I') _ Q < ]{51191 Sll’lh(ﬁlL)e ' > (347)
W P1Cp1 /{?0’190 COSh(’l?lL) + (1 + %koﬁo)/ﬁﬁl Slnh(ﬁlL)

To reconstruct the spatio-temporal behavior of a function f(z,t), we must use the phasor
f(x) and apply the relation f(z,t) = Re { f(z)e™*}. In our case, this procedure can be
applied to both the temperature 7" and the heat flux q.
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3.5.3 Acoustic behavior

In both solid and fluid regions, the equations for pressure and velocity (Equations

3.33 and 3.34) can be rewritten as follows for the sinusoidal time behavior

iw ov
X b= iwag, T — 22 3.48
Bo,1p W1 or’ ( )
0
iwpo v = — 22, (3.49)
ox

where again we use the indexes zero and one for the liquid and the solid domains, respec-

tively. This system of equations can be easily rearranged in the more useful form

w?po1 9p 2
: — = T 3.50
Box P+ a2 WPoitorls (3.50)
1 0
v P (3.51)
iwpo1 O

This means that, once the first equation is solved for the pressure p, the velocity field v can
be directly obtained from the second one. Of course, in order to solve the first equation
we must consider the temperature profile pertinent to the each domain, as obtained in the
previous section. First, we search for the general solution of Equation 3.50, valid for any

profile 7'(z). To do so, we start by the homogeneous counterpart of Equation 3.50:

W2P0,1 82ph

Bos Pn + 92 0, (3.52)
from which we directly obtain the solution py, as
pr(z) = Be™ %1% 4 Fefor®, (3.53)
where
So = iw %. (3.54)

The constants ' and £’ will be determined at a later stage through the pertinent boundary

conditions. These two terms represent the progressive and regressive pressure waves.

Regarding the nonhomogeneous equation,
w 2Po,l 82pnh

+

n = w? T 3.55
Bo,1 Pnh 2 W po,100,14, ( )
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by adopting the method of variation of parameters (Lagrange’s method) we can write a

particular solution p,,, in the form

Prn() = e(w)pe(x) + f(x)ps(2), (3.56)

where p.(r) = e %1% and ps(z) = %1%, We underline that Equation 3.56 simply
represents a generalization of Equation 3.53, where, however, the coefficients e and f
depend on z. Therefore, following Lagrange theory, the first derivatives of e and f fulfill

the following algebraic system

e (x)pe(x) + f(x)pp(x) = 0, (3.57)
¢ (x)p.(x) + f(2)p(x) = w’porcoaT(x), (3.58)

where we used the compact notation ¢’'(x) = 0g/Jx for the spatial derivative. This
system always has only one solution since the Wronskian determinant W(x) =
pe(x)ps(x) — pr(z)p.(z) is different from zero, being given by the explicit relation
W (x) = 2iw+/po,1/Bo,1. The solutions can be easily obtained and read

1

d(x) = _2—W0401T )\ PoaBops(x (3.59)
1
fllx) = 570001 T(2)\/po Bo,ape (), (3.60)

1
e(r) = _Z_Z-W&O,l\/pOJBO,l/T($)€50’1xd33, (3.61)
1
f(.f) = ZWCK()J\/ poJBo,l/T(Q})eéO’lxd:C. (362)

Finally, we obtain the general solution of Equation 3.50, holding for any temperature
profile T'(x), as the sum of Equations 3.53 and 3.56:

p(r) = pn(x) + pun(x)
= [E+e(x)] e + [F + f(x)] e, (3.63)

where e(x) and f(x) can be found calculating the integrals in Equations 3.61 and 3.62.
We can now specify this general solution for the solid and fluid regions. In the solid

region (z € [0, L]), we use the temperature profile given in Equation 3.46 and, after some
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straightforward calculations, we obtain

By 6 oqQ [62 -2
— E iz I o1 21 1 1 1 1
P = e e T en | @

k(ﬂgo cosh(ﬁlx) (3 64)
k(ﬂ90 COSh(??lL) -+ (1 + %k’oﬁo)kﬂ?l 81nh(191L) ’ '
0 _§ 01 5 By 6 a1Q
— L petw_ Lpehr gy |1
v(x) wpy ‘ wp1 T P1 5% - 79% 1WP1Cp1
1{30190191 sinh(ﬁlx) (365)

k(ﬂ90 COSh(ﬁlL) + (1 + %koﬁo)klﬁl 81nh(191L) ‘

In the fluid region with x € [L, +00), instead, we substitute the temperature profile given

in Equation 3.47, and we obtain

/By 6
p(z) = Ge %% 4 Heb® 4 Po 020 —O[OQe_ﬂO(”C_L)

P1 %53 — 93
](71’!91 81nh(191L)
k'()190 COSh(01L> + (1 + ggkoﬁo)klﬁl 81nh(191L) ’

v(x) = .50 Ge %7 — % He%® 4 —— ! Bo_ —a0Q6_0°($_L)
wwpo wpo iwpr \ po 6 — U3 Cp1

% ]{?1’191190 SlIlh(’lglL) (3 67)
]{30190 COSh<01L> + (1 + %koﬁo)klﬁl 51nh(191L) 7 ’

where we substituted the coefficients £ and F’ with two new symbols G and H to properly
distinguish the different regions. We further observe that we must impose [/ = 0 since we
do not consider regressive waves in the fluid (the acoustic wave in liquid is generated at
small z and propagates in the direction of growing x values). The other coefficients (F,
F, G) are fixed upon imposing the mechanical boundary conditions. First, we impose the

continuity of pressure and velocity at the interface between solid and fluid [184, 228, 229]

p(L7) = p(L7), (3.68)
v(L7) = wo(L"). (3.69)

These relations are equivalent to the continuity of normal mechanical stress and displace-
ment, describing the ideal interface behavior in continuum mechanics. Then we have to
impose the mechanical condition on the side of the solid film not in contact with water, for
x = 0. To do this, we have two possibilities describing either the free surface (zero-stress)

condition:

p(0) = 0, (3.70)
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or the clamped surface (zero-displacement) condition:
v(0) = 0. (3.71)

In more explicit form, the two continuity conditions stated in Equations 3.68 and 3.69
deliver

Ee=il 4 pent 4 | B o {
p1 0 — V7 Cp1

[B, 91 sinh(v L
:G@‘EOLJr% e 00Q by, sinh(t, £) (3.72)

5% - 19% _ k(ﬂ% COSh(l?lL)
52 S

— ’19(2) Cp1 S

: Ee—élL . .51 F661L 4 & . 51 2Q1Qk0190,191 51nh(191L)
wpr 1w pr p1 05 — U4 iwp1Cp1S

_ 450 oSk | Bo doc@ k1017 Siﬂh(ﬂlL), (3.73)
Po

=02 dwpiepnS

where
S = k‘o’l% COSh(ﬁlL) + (1 + e@k’o’&o)k’lﬂl 81nh(191L) (374)
The free surface condition for x = 0 leads to

Bl (51 OélQ 5% — 19% k’(ﬂgo
E+F — — = .
+F o+ T e { 7 5| =0, (3.75)

whereas the clamped surface condition to

E—-F=0. (3.76)

To make the notation more compact, we introduce a binary parameter b such that b = +1
implies the free surface condition at x = 0, while b = —1 implies the clamped surface
condition at z = (. With such notation, the three boundary conditions (two continuity

equations for x = L and one free/clamped boundary at x = 0) can be cast as follows:

Ee 0l 4 Feftl — Ge=%L 4 ¢ (3.77)
Fe 0L _ pphLl _ 001 Ge %L 4, (3.78)
910
145
E+bF + %w =0, (3.79)
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where
By ¢ kyv sinh(94 L
¢ = Po _02 0 204()@ 10y sinh(v; L) (3.80)
1 £o (50 — 190 Cp1 S
Bl (51 OélQ (5% — 79% k(ﬂgo COSh(ﬁlL)
P1 (5% — 19% Cp1 (5% S ’
BO (50 /{71191190 Slnh(ﬁlL)
= — 3.81
Bl OélQ koﬂoﬁl 81nh(191L)
P1 (5% — 19% cplS '
By ¢ 62 — 92 koo
o = _121206162{121_00}‘ (3.82)
P1 51 - 191 Cp1 (51 S
The solution for /' can be obtained straightforwardly
MS_ + Sop1 1) b pe—01L
o d1p0 U d1p0 2 ¥ (3.83)
g—(l’/% (enl — pe=01L) 4 (ehl 4 pe—61L)’ '
and the other coefficients can be directly calculated through the relations
1+b
£ — _pF— ; o) (3.84)
1+b
G = e |F(ehE ety —g— T Zpeik| (3.85)

This concludes the solution of the acoustic response of the system with both stress-free
(b = +1) and displacement-free (b = —1) conditions for the film surface not in contact
with the liquid (z = 0).

With the developed model, we can now investigate the thermophone vs mechanophone
competition for the nanofilm/water system in the frequency domain. From one hand, the
heat that flows from the solid to the fluid creates periodic compressions and dilatations in
the fluid at the same frequency as the absorbed power density and therefore produces an
acoustic wave propagating in the fluid region, this is the thermophone effect. On the other
hand, the energy applied to the system also generates an oscillatory strain and stress within
the nanofilm, which finally generates an acoustic wave in water through the mechanophone
mechanism. To clarify the interplay and magnitude of the competition between these two
launching mechanisms across the entire suitable frequency spectrum, let us calculate the
acoustic pressure in the two cases by first turning off the sole thermophone effect and then
the sole mechanophone effect. As for the gold nanocylinder (see Section 3.4), in order to

turn off the thermophone, we set ay = 0, and conversely, to turn off the mechanophone,
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we set a; = 0. We pinpoint that the total response of the system is given by the sum
of the partial response with oy = 0 and that with a; = 0. This is well seen from the

mathematical form of the three coefficients in Equations 3.80, 3.81 and 3.82.

3.5.4 Mechanophone effect

We start by considering solely the mechanophone contribution. This is done by
canceling the thermophone effect, imposing oy = 0, i.e. eliminating the thermal expansion
of the liquid. Only the compression and dilatation processes in the nanofilm can mechan-
ically generate an acoustic wave in the fluid via means of the piston effect. Under this

assumption, the coefficients of Equations 3.80, 3.81 and 3.82 reduce to

5 _ & (51 ole 5% — 79% _ koﬁo COSh(ﬁlL)
prof =it cn [ 0F S ’

(3.86)
Bl OélQ ]{?0190?91 Sll’lh(ﬁlL)
= —y/— 3.87
" \/ o1 07 — 2 S ’ (3:87)
B1 51 OélQ 5% - 19% 1{50790
= — — . 3.88
v \/ p1 0F =% cp { of S (359

With these coefficients, we can elaborate the expression for the pressure of the acoustic

wave in liquid (xz > L), thus obtaining

51L o b 751L 1 + b 61L b 761L
p() = N (e e ) + ( ) +& (M + be )6—60(90—L)' (3.89)

Z(l)_g; (el — be=01L) 4 (el 4 be—0L)

We now address both the case of a free surface at x = 0 (b = +1) and that of a clamped
surface at z = 0 (b = —1). For b = +1, we easily get the following expression for the

pressure intensity (we call pressure intensity the modulus of the pressure):

nsinh(6;L) + ¢ + £ cosh(d, L)
\/ Z;—gé sinh(6;L) + cosh(6:L)
i sin (w g—llL) + ¢ + & cos <w B—llL)

181 o: 1 1
A /';O"—Boz sin (w1 /Jg—lL) 4 cos (w, /];,LIL)

Ip| =

: (3.90)
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where we considered the fact that d, is a purely imaginary number. On the other hand, for

b = —1, we obtain
p| = ncosh(6yL) + & sinh (6, L)
\/ ;g’—g; cosh(d; L) + sinh(d; L)

7) COS <w\/]§ZIIL> + &isin (w\/ézllL)
= — = — = ‘ (3.91)
\/%cos <w B—1L> + 4 sin (w B—1L>

We point out that the one-dimensional geometry of this system implies a non-decaying
pressure in the fluid for large z, as opposed to the nanocylinder case, where the cylindrical
pressure wave asymptotically decays as 1/4/r due to energy conservation.

For small values of the frequency w, the expression for |p| can be simplified by adopting a
second-order approximation for trigonometric and hyperbolic functions, including those

appearing in .S, (see Equation 3.74). After a tedious but straightforward calculation, we

obtain the following behavior for the free surface case (b = +1):

L3 1 |B
p| ~ AL s LB (3.92)
24/ pokocyo LY\ p
and the expression below for the clamped surface (b = —1):

B 1 /B
p| ~ Qo L? - Cow =] = (3.93)
Focpo LY\ p1

This means that, for small values of the frequency, the free surface case implies a pressure
in the liquid scaling as ~ w?/2?, whereas the clamped surface case implies scaling ~ w'/2.
Although the exact pressure response of the system is dependent on the TBR (.S depends on
Z in previous solutions, see Equation 3.74), note that for low frequencies this dependence
does not appear in Equations 3.92 and 3.93. These approximations, for both free and
clamped generating layer, will prove very useful further on to quantitatively compare the

two mechanisms of acoustic generation.

3.5.5 Thermophone effect

We now move to the pure thermophone case. We cancel the mechanophone effect
by imposing ; = 0, which is tantamount to eliminate the thermal expansion of the
solid. In this way, only the compression and dilatation processes triggered by the thermal

expansion of the fluid can generate an acoustic wave in it. Under this working conditions,
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the coefficients of Equations 3.80, 3.81 and 3.82 reduce to

Lo Bg (50 Oé()Q ]{71191 Slﬂh(ﬁlL)
_ P [Bo : 3.94
ST \/ ro 63 — 33 cp S B9
BO 60 k1?91190 81nh(191L)
= — 3.95
o = 0 (3.96)

With these expressions at hand, we can obtain the expression for the pressure of the acoustic

wave launched in the liquid (x > L) as

(o By 0y @ kivy sinh( L)
___—do-rL) [DPo_ %0 Qold ity 1
e e T

00 B1 (6L 6L 6L 5L
y ﬁp—;(el — be™ 1 )—l—z—f(el + be 1) (3.9

B . .
ﬁ (enE — be=01L) 4 (Dl 4 pe—01L)

which is exact provided «r; = 0 and contains no other approximations. In order to further
simplify this expression, since for the thermophone mechanism the solid deformation is
not relevant, we can add the additional assumption that B; — oo, which cancels wave

propagation in the solid and thus all resonance phenomena. This leads to

(z—L) 3050 @0190@ ]{?1191 Slﬂh(01L>
5(2) - 793 1WpP1Cp1 S 7

p(x) = —e™ (3.98)
where the parameter b has obviously disappeared since the boundary condition for z = 0
no longer has any effect on the undeformable solid. Again, Equation 3.98 is exact under
the hypotheses a; = 0 and B; — oo. The intensity of the pressure of the acoustic wave

then reads

o QP wepoBo
| =

1 k?1191 Slnh(ﬁlL)
P1Cp1 Ko .

PP 5 (3.99)

We now focus on the absolute value in Equation 3.99. Previously we provided, for
the case of the sole mechanophone effect, an approximation of the pressure generated
for low frequencies since, as will be later discussed, this mechanism is less effective
in that region of the frequency spectrum. Assuming that, conversely, the thermophone
mechanism is less effective for high frequencies, we now develop a valid approximation of
Equation 3.99 for intermediate and/or high frequencies. In this way, we will see how the
two approximations allow us to identify a threshold frequency, or cross-over, above which

the mechanophone mechanism becomes more effective than the thermophone one.
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3.5. Gold nanofilm in water: a frequency sweep perspective

For large enough frequencies, the fraction k;1; sinh();L)/S can be approximated by
k191 /[kodo + (1 + Rkovg)k101] since 2sinh(V,L) ~ 2cosh(¥,L) ~ exp(v,L) for
|U1L] > 1. Moreover, if Re {Zkyto} > 1 and Re {Zk1¥1} > 1, we obtain the
simpler relation kv sinh(t4 L) /S ~ 1/(Zkyy). These two further assumptions corre-
spond to w > 2/ (%2 pokocpo) and w > 2/ (%2 p1kic,p1), where typically 2/ (22 p1kicy1) <
2/(% pokocyo) and therefore only the first condition is sufficient to justify the approxima-
tion. This is especially true in our case, where we take the nanofilm as made of gold and
the liquid as water, at least at the frequency domain of our interest (see next Section for
numerical examples). In addition, it is easy to prove that |1/(63 — 93)| ~ ko/(wpocyo) for

w < Bycyo/ko. These approximations can be applied to Equation 3.99, thus obtaining

B 2 B
jp| = Y200 206 w20 (3.100)
PoCpoP1Cp1 WE ~ H? pokioCpo ko

This result shows the degradation of the thermophone effect for increasing w within the
central frequency range, described by a scaling of the pressure intensity ~ 1/w. For even
larger values of frequency it is easily seen that the scaling shifts to a faster 1/w? law, but
this is not relevant to our analysis.

It is interesting to remark that if the thermal boundary resistance % is very small, the
fraction k19 sinh(¥; L) /S can still be approximated by k19 /[kodo + (1 + Zkoo) k101 ]
(valid for |1 L| > 1),but we can not further make the assumptions e {Zkoty} > 1 and
Re {Zk19,} > 1. Then, from Equation 3.99, the pressure intensity can be approximated
by

Oon k’oBo \ Plelkl

picp1 \| Wepo [\/pocpoko + \/prepiki (1 + RZhodo)|’

p|

where the singularity for # — 0 exhibited in Equation 3.100 is no longer present. In

particular, for # — 0 (perfect thermophone condition), the approximation reads

|p| _ aOQ kOBO V plcplkl (3 101)
P1Cp1 || WCpo \/Pocpok’o + \/P1Cp1k‘1,

which will be used to prove that, also for # = 0, the mechanophone effect can still

prevail over the thermophone for high enough frequencies. We remark that, when % = 0,
the pressure intensity ~ 1/+/w (see Equation 3.101), whereas it scales as 1/w law for
sufficiently large values of % and for “intermidiate” frequencies (see Equation 3.100). We
can thus conclude that, increasing the TBR from zero to a sufficiently high value, not only
decreases the thermoacoustic performance but also changes the shape pressure frequency

dependence in water.
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3.5.6 Mechanophone vs thermophone: frequency sweep analysis

We consider here the paradigmatic system in which the solid nanofilm is made of
gold and water is the liquid. This choice is the one-dimension Cartesian analogue of
the water-immersed nanocylinder, addressed in Section 3.4. We set the film thickness to
L = 20 nm. The materials parameters are summarized in Table 5 (with the exception of the
thermal expansion coefficient of water, which here is assumed independent of temperature
and its volumetric value is set at 3 x 10~%). Regarding the TBR, we assume % = 3 x 1078
m?K/W, a realistic value for the gold/water interface.

Figures 42 and 43 report the frequency spectrum of the pressure generated in water for
the case of the free gold film surface (i.e. b = +1) and for that of a clamped surface (i.e.
b = —1), respectively. The curves are normalized with respect to the power density ()
absorbed by the gold film. These spectra show that the thermophone is predominant at
low frequencies, while the mechanophone prevails at high frequencies. Indeed, in these
figures, we compare the complete solution for the total pressure («g # 0 and o # 0, black
line) given by Equation 3.66 (with the relevant coefficients) with the purely mechanophone
solution (ayg = 0, blue line) given in Equation 3.90 (with b = +1) or Equation 3.91 (with
b = —1) and the purely thermophone solution (o; = 0, red line) given in Equation 3.97
(with b = £1). It is clearly visible that the thermophone contribution overlaps the total
pressure for low values of w, while for large w values the mechanophone becomes the
only significant contribution, overlapping the total pressure. In both figures, in the high
frequency range, the mechanophone effect and, as a consequence, the total pressure, present
very prominent upward and downward peaks. These are due to the activation of the film’s
vibrational modes, resulting in resonances (upward peaks) and anti-resonances (downward
peaks). The peaks correspond to the acoustic eigenfrequencies of a free-standing Au film:
wyn, = mogn/ L, with n=1,2,3,..etc. Specifically, the resonances (upward peaks) frequencies
correspond to the eigenmodes with odd n, whereas antiresonances (downward peaks)
correspond to the eigenmodes with even n. The physical reason for this behaviour is the
following. The source term () in the last line of Equation 3.24 is spatially homogeneous,
ultimately resulting in a spatially homogeneous mechanical excitation of the film. The
latter cannot excite the n even eigenmodes for symmetry reasons’, therefore resulting
in antiresonances. Also the thermophone effect presents downward peaks at the same
frequencies, despite the nanofilm thermal expansion being zero in this case. This is due to
the expansion and compression of water which, in the thermophone effect, pushes against
the nanofilm activating its quasi-eigenfrequencies, specularly to what happens in reverse
during the mechanophone effect. On the contrary, the formula of the high frequency
thermophone approximation (Equation 3.100) doesn’t show any peak, this is due to the

gold bulk modulus approximation B; — oo we made for extracting Equation 3.100, which

SThese reasons are evident looking at the displacement profile across a free standing film for even n.
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3.5. Gold nanofilm in water: a frequency sweep perspective

implies a incompressible nanofilm. Finally, notice that the pressure presents different
resonance frequencies in the case of a free film surface and in that of the film clamped
surface. This is is consistent with the free-free and free-clamped films breathing modes®.
We won’t go any further in discussing the activation of the vibrational modes, since this is
not the central interest of this chapter and will be extensively discussed in Chapter 4 for
another system.

Returning to the thermophone and mechanophone contributions, it can be seen that
the curves corresponding to these two effects intersect for a given frequency, corresponding
to the threshold for the predominance of one of the two effects. Nonetheless, from the
mathematical point of view, it is particularly difficult to find such a threshold frequency by
looking for intersections between the two curves related to mechanophone (blue curve)
and thermophone (red curve) effects. However, it turns out to be rather easy to find
the intersection between the approximated pressure curves, plotted in Figures 42 and 43
for both the mechanophone (blue dashed curve) and thermophone (red dashed curve)

mechanisms, respectively.

Pressure frequency spectrum (free film surface)
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Figure 42. Water pressure intensity frequency spectrum for the case of gold free film
surface at x = 0 (b = +1) and Z = 3 x 10~® m?K/W. The total pressure (Equation
3.66, black curve) is compared to the sole mechanophone contribution (Equation 3.90,
blue curve) and sole thermophone contribution (Equation 3.97, red curve). Moreover, the
low frequency approximation of the sole mechanophone response (Equation 3.92, blue
dashed line) and the high frequency approximation of the sole thermophone response
(Equation 3.100, red dashed line) are reported. The intersection of the two curves from
the approximations identifies the threshold frequency beyond which the mechanophone
mechanism becomes predominant.

%The resonance frequencies for a free-free film of thickness L are given by w,, = mvsn/L, with vs the sound
velocity in the solid; while for a free-clamped film are given by w,, = wv,(1 + 2n)/(2L).
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Pressure frequency spectrum (clamped film surface)
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Figure 43. Water pressure intensity frequency spectrum for the case of gold clamped
film surface at x = 0 (b = —1) and Z = 3 x 10~® m*K/W. The total pressure (Equation
3.66, black curve) is compared to the sole mechanophone contribution (Equation 3.91,
blue curve) and sole thermophone contribution (Equation 3.97, red curve). Moreover, the
low frequency approximation of the sole mechanophone response (Equation 3.93, blue
dashed line) and the high frequency approximation of the sole thermophone response
(Equation 3.100, red dashed line) are reported. The intersection of the two curves from
the approximations identifies the threshold frequency beyond which the mechanophone
mechanism becomes predominant.

To this end, for the free surface case (b = +1, Figure 42), we calculate the intersection point
between the low frequency (LF) approximation of the mechanophone, given in Equation
3.92, and the high frequency (HF) approximation of the thermophone, in Equation 3.100.
The frequency threshold turns out to be

2/5
(%)) 1 ngo
b=+1)= |2— \/ 3.102
w ( + ) [ a z@p%cplL:i Cp0 ( )
For the clamped surface case (b = —1), Figure 43), we follow the same reasoning, intersect-

ing the curves pertaining to the low frequency (LF) approximation of the mechanophone
response (Equation 3.93) with that of high frequency (HF) approximation of the thermo-
phone response (Equation 3.100). For the frequency threshold we obtain:

2/3
(&%) 1 ]{?0 ]

— 3.103
ar L2prepnZ \| pocpo ( )

wib=-1)= [
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3.5. Gold nanofilm in water: a frequency sweep perspective

that represents the frequency beyond which the mechanophone prevails for the clamped

surface at x = 0, as one can see in Figure 43.

Thermophone vs mechanophone: the role of the TBR in the frequency domain

We recall that, Equations 3.102 and 3.103, for the threshold frequencies, are valid
only for finite values of the TBR. In the case of % — 0, the threshold values are obtained
substituting Equation 3.101 instead of 3.100. In particular, it is interesting to remark
that a threshold frequency, beyond which the mechanophone is more efficient than the
thermophone, exists even for the limiting case of % = 0. Also for this case, we consider
both the cases b = +1 and b = —1. When b = +1 (free surface at x = 0), we intersect the
curves given by Equation 3.101 and Equation 3.92, obtaining

1/2

2 N
Wb = +1,% = 0) = |20k B e . (3.104)

alp%L?’cpl \/Pocpok‘o + \/prcpika

On the other hand, when b = —1 (clamped surface at z = 0), we intersect the curves given

by Equation 3.101 and Equation 3.93, this time yielding

N
Wb = 1,7 = 0) = 20k Pt

a1 L2picy \/pocyoko + /prcpikr

(3.105)

These results show that at, even in the most unfavorable conditions, i.e. where TBR
is negligible, there still exists a threshold frequency, beyond which the mechanophone
mechanism turns out to be predominant over the thermophone. This adds a new piece
of information to what already obtained in Section 3.4, in the frame of excitation with a
pulsed source. There we found the predominance of the mechanophone only for relatively
high values of #. The reason we couldn’t see the mechanophone predominance for
small value of the TBR, can be explained taking into account the intrinsic relationship
between the frequency and the time domain. In the time domain, indeed, exciting the
system with a light pulse of temporal duration 77, involves harmonic excitations up to
T ! Otherwise stated, in our time resolved simulations, we don’t access the pressure
at a specifically selected w, but we rather obtain the pressure integrated over all angular
frequencies up to ~ 7; . In this way, once fixed a very small (eventually null) TBR, even
if the mechanophone is predominant beyond a certain threshold frequency, the sum of
the thermophone contributions from all the excited frequencies can still be higher than
the mechanophone one. For the case addressed in Section 3.4, we discuss a minimum
7, = 10 ps (see Figure 40), which implies an excitation frequency bandwidth up to

~ 10! rad/s. This value is very close to the one found as the frequency threshold for
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Pressure frequency spectrum (free film surface)
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Figure 44. Effect of the TBR on the pressure intensity frequency spectrum with film
surface free at x = 0 (b = +1). The physical parameters and color codes are the same
as for the curves in Figures 42 and 43, except the values of %, which are shown in the
figure. The approximated high frequency response of the thermophone with #Z = 0 is
obtained from Equation 3.101. The thermophone response scales as ~ 1/w for #Z > 0,
and as 1/+/w for Z = 0.

the nanofilm at # = 0 (see Figure 44). The comparison between the nanofilm and the
nanocylinder is not formally correct, but given the similar size of the two nano-objects,
it can be used at least as a hint on the physics behind the obtained results. Indeed, if we
excite even higher frequencies, by decreasing 7, down to 1 ps, the nanocylinder exhibits
the mechanophone predominance at very small % 7. However, a compelling demonstration
of the mechanophone prevalence, at % = 0 and in the time domain, will be provided at
the end of this section, when we will discuss photoacoustics of the nanofilm-water system
under pulsed excitation (see Figure 48).

A comparison of different TBR values in the thermophone vs mechanophone
competition in the frequency domain is reported in Figures 44 and 45, where we show
the pressure vs frequency curve (same colors as for Figures 42 and 43) for #Z = 0 and
3 x 107" m2K/W. Figures 44 and 45 show results for the free (b = +1) and clamped
(b = —1) surfaces, respectively. In both cases, as the TBR decreases, the thermophone
contribution is effective over a broader frequency range, with the threshold frequency,
above which the mechanophone prevails, shifting towards higher frequency. From the
point of view of applications, therefore, the mechanophone effect at high frequencies

is particularly important in systems where the TBR is sufficiently high. In addition, in

"We didn’t present this data in Section 3.4 because, although the clear mechanophone predominance on the
thermophone, the pressure time-evolution for 77, = 1 ps was computationally too demanding, leaving the
time evolution incomplete and thus preventing us from calculating the energies associated with thermophone
and mechanophone.
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Pressure frequency spectrum (clamped film surface)
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Figure 45. Effect of the TBR on the pressure intensity frequency spectrum with film
surface clamped at x = 0 (b = —1). The physical parameters and color codes are the same
as for the curves in Figures 42 and 43, except the values of %, which are shown in the
figure. The approximated high frequency response of the thermophone with #Z = 0 is
obtained from Equation 3.101. The thermophone response scales as ~ 1/w for #Z > 0,
and as 1/+/w for Z = 0.

Figures 44 and 45, we can appreciate that the degradation in frequency of the efficiency
of the thermophone mechanism follows a 1/w law when the TBR is sufficiently high, in
accordance with Equation 3.100, and instead follows a 1/+/w law when Z is exactly zero,
as predicted from Equation 3.101. However, despite the higher slope of degradation of the
thermophone mechanism in the case of % > 0, mechanophone compensation extends the

efficiency of the total pressure to a significantly wider frequency range.

3.6 Gold nanofilm in water: a time domain-perspective

The frequency sweep analysis, performed in the previous section, is very instructive
under a fundamental stand point. It yields plain and rather handy formulas (at least
in limiting cases), allowing to inspect how the interplay of the thermal parameters and
excitation frequency affects the photoacoustic generation mechanism.

Excitation with a time-harmonic source, covering the frequency range so far explored, is
though unrealistic in a true experimental scenario, where the exploited source would rather
be a pulsed laser delivering gaussian laser pulses of duration 7.

The question then arises as whether the handy and insightful frequency-sweep analysis
remains a good predictive tool also for the photoacoustic problem triggered by a pulsed
laser source. With this aim in mind, we here investigate the same gold film/water systems

addressed in Section 3.5.6, but under impulsive excitation.

112



Chapter 3. Photoacoustic effect: gold nano-transducers in water

On an intuitive base, the answer should be somehow positive. As a matter of fact, a pulsed
laser excitation may be seen in Fourier space as a sum of time-harmonic sources, covering
the frequency range from 0 Hz to ~ 7, '. The question remains though as to the effect
on the water pressure of exciting the system with a single frequency w rather than will all
frequencies up to the frequency w. Let’s therefore proceed illustrating the time-domain
perspective.
For the sake of simplicity, we only address the case of a Au film of thickness 20 nm with
free boundary condition at x = 0 (b = +1). By the way, this system closely resembles the
Au nanoplate-on-water sample experimentally addressed in Ref. [231] under pulsed laser
excitation.

The opto-thermo-acoustic dynamics of the system follows the same steps as for the
gold nanocylinder making the object of Section 3.4: (i) the system is at equilibrium with a
uniform temperature 7j; (ii) a light pulse strikes the system and delivers energy to the gold
nanofilm; (ii1) the nanofilm converts the absorbed energy in heat, rising its temperature and
exchanging heat with the water region through the TBR; (iv) both the nanofilm and water
expand, launching acoustic waves in water via the mechanophone and the thermophone
effects. We won’t repeat the entire detailed description of these steps, but we rather briefly
review them, stressing the difference between the nanofilm and the nanocylinder systems.
The first difference, of course, is the reference frame, which, in the present case, is taken
in Cartesian coordinates rather than cylindrical, thus changing the form of the thermo-
acoustic equations. The thermal dynamics remains described by the general Equations 3.5
and 3.6, which in Cartesian coordinates take the form of Equation 3.33 (last line) for the
nanofilm and Equation 3.34 (last line) for water. A second difference is that we assume a
temperature-independent water thermal expansion coefficients, adopting the same value
used in the analytical treatment. Regarding the acoustic response of the system, also in
this case the general Equations 3.9 and 3.10 are valid, but, in Cartesian coordinates, take
the form of Equations 3.33 for the nanofilm, and 3.34 for water (first and second lines),
respectively. The boundary conditions at the nanofilm/water interface are, for the thermal
dynamics, cast in the form of a TBR-like boundary condition (Equation 3.37) together with
the continuity of the heat flux (Equation 3.38). For the mechanical response we assume
the continuity of stress and velocity (Equations 3.68 and 3.69). The main difference, with
respect to the nanocylinder, concerns the optics, although, as will be explained shortly, in
the present case, it is more of a speculation, relevant in view of generalization to thicker
films. We take the power density delivered to the film in the form®

(1—R)eXp(L—x

Qz,t) =1(1) ), (3.106)

>\pen >\pen

8This simplified approach proved valid in similar systems [37]. A more precise estimate can be obtained
solving Fresnel equations for the Au film/water domain, the difference being exiguous and not biasing the
physics [245].
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where [(t) is the intensity of the light pulse with gaussian temporal dependence and fluence
® ~ 10 J/m? (see Equation 3.1), R is the optical reflection coefficient and Apen (M) the
optical penetration depth. The last two quantities can be easily calculated assuming light is

impinging on the nanofilm free surface (x = 0) at normal incidence:

_ (m = no)® + (m1 — Ra)? (3.107)
(711 + n2> (/il + /ig)
)\p
Apen = yr— (3.108)

where n, 5 represents the real part and ~, » the imaginary part of the complex refraction
index in air (pedex 1) and gold (pedex 2). Setting the light pulse wavelength A\, = 550
nm, we use for air ny = 1 and xk; = 0, while for gold no, = 0.39 and ko = 2.48 [246].
Q)(x,t) is spatially non-homogeneous, at variance with the source term adopted in the
frequency-domain analysis (Equation 3.24). That said, A, is only slightly inferior to L,
resulting in a weak spatial inhomogeneity of Q)(z,t). Furthermore, given the exiguous
film thickness, also ballistic electrons contribute homogenizing )(x,t) on a timescale
shorter than the mechanical and thermal dynamic timescales. In summary, for the present
purposes, Q(z, t) could be here assumed substantially-spatially homogeneous, as was the
case for the gold NC and for the same reasons. Nevertheless, in the present context we
opted to introduce a realistic laser absorption profile for the sake of future generalization.
As a matter of fact, when analyzing films of sufficient thicknesses, the above-mentioned
mechanisms either do not hold anymore or do not suffice to spatially smooth out Q(x, t)
on the relevant timescale.

The set of equations were then solved numerically via FEM.

From the frequency to the time domain

We now discuss simulation results for the impulsive excitation scheme. First of all,
we need to identify the values of 77, to be adopted for a meaningful comparison with the
frequency-domain study. With reference to Figure 42, for Z = 3 x 10~® m*K/W, the
frequency domain is suitably partitioned in four spectral regions: (1) low frequency range
(w < 108 rad/s), where the thermophone contribution prevails; (2) close to the threshold
frequency range (w ~ 3 x 10 rad/s), where the thermophone and mechanophone con-
tribute similarly; (3) high frequency range (w ~ 3 x 10'° rad/s), where the mechanophone
is predominant; and (4) very high frequency range (w > 5 x 10! rad/s), where the
mechanophone is predominant and the nanofilm oscillations are activated. To access these
spectral regions, we need to excite the system with a light pulse of duration 7, ~ 1/w,
with w={10% 3 x 10,3 x 10,5 x 10"} rad/s. This approximately corresponds to 7;, =
10 ns, 500 ps, 50 ps and 1 ps. We underline that the laser pulse potentially excites all
frequencies up to 1/7;, that is within its bandwidth (BW).
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(a) =1 ps, #=3x10"8 m2K/W (b) =50 ps, #=3x10"8 m2K/W
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Figure 46. Case of a film with a free surface at z = 0; Z = 3 x 10~® m*K/W and different
light pulse durations: 7,= 1 ps (panel a), 50 ps (panel b), 500 ps (panel c), 10 ns (panel
d). Left-axis: time evolution of the pressure in water at 10 nm from the nanofilm/water
interface: total pressure (black curves), thermophone pressure contribution (red curves)
and mechanophone pressure contribution (blue curves). The thermophone is multiplied by
a factor 20 in panel a for sake of visualization. Inset of panel a: modulus of FT of the total
pressure. Right-axis: light pulse intensity (orange dashed line) as a function of time. The
time and pressure scale differs in each panel.

Figure 46 shows the time evolution of the pressure in water (10 nm from the interface) for
A = 3 x 10~® m2K/W and for the above mentioned 7, values. The total pressure (black
curves) is reported together with the thermophone (red curves) and the mechanophone
(blue curves) contributions. Panel a corresponds to 7, = 1 ps, which BW includes all
frequencies up to the “very high frequency” range. The mechanophone effect outperforms
the thermophone. Moreover, such a short light pulse triggers oscillations of the nanofilm,
thus resulting in water pressure oscillations, as appreciated from the inset of panel a, where
the magnitude of the FT of the total pressure is reported. We note that, because of the
spatial non-homogeneity of ()(x,t), the symmetry considerations that prevented exciting

the even n eigenmodes of the film, when adopting a spatial homogeneous () (see section
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(a) 7,=1 ps, Z=3x10"7 m2K/W (b) 7,=50 ps, Z=3x10"7 m2K/W
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Figure 47. Case of a film with a free surface at z = 0; Z = 3 x 10~" m?K/W and different
light pulse durations: 7,= 1 ps (panel a), 50 ps (panel b), 500 ps (panel c), 10 ns (panel
d). Left-axis: time evolution of the pressure in water at 10 nm from the nanofilm/water
interface: total pressure (black curves), thermophone pressure contribution (red curves)
and mechanophone pressure contribution (blue curves). The thermophone is multiplied by
a factor 200 in panel a for sake of visualization. Inset of panel a: modulus of FT of the

total pressure. Right-axis: light pulse intensity (orange dashed line) as a function of time.
The time and pressure scale differs in each panel.

3.5.6), no longer hold. As a matter of fact, the FT in the inset shows resonances also
at frequencies corresponding to even n eigenmodes. Nevertheless, because of the weak
non-homogeneity of (Q(z,t), these latter peaks are lower than the ones corresponding
to odd n eigenvalues. Moving to 7, = 50 ps, which BW includes all frequencies up to
the “high frequency” range (Figure 46, panel b), the main contribution is provided by
the mechanophone effect. The situation changes in panel ¢, where 7, = 500 ps implies
a BW reaching up to the threshold frequency (w ~ 3 x 10 rad/s, see Figure 42). In
this case, the thermophone and the mechanophone have very similar amplitudes, the total
pressure being generated from both mechanisms. Finally, the thermophone prevails over

the mechanophone for 7;, = 10 ns (panel d), where the light pulse BW overlaps only the
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Chapter 3. Photoacoustic effect: gold nano-transducers in water

“low frequency” region. Here the thermophone effect dominates.

Summarizing, for the case of Z = 3 x 10~® m?K/W, the salient features match the

(a) 7,=1 ps, Z=0 m2K/W (b) 7,=50 ps, Z=0 m2K/W
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Figure 48. Case of a film with a free surface at z = 0; Z = 0 m?K/W and different
light pulse durations: 7,= 1 ps (panel a), 50 ps (panel b), 500 ps (panel c), 10 ns (panel
d). Left-axis: time evolution of the pressure in water at 10 nm from the nanofilm/water
interface: total pressure (black curves), thermophone pressure contribution (red curves)
and mechanophone pressure contribution (blue curves). Inset of panel a: modulus of FT of
the total pressure. Right-axis: light pulse intensity (orange dashed line) as a function of
time. The time and pressure scale differs in each panel.

predictions of the frequency-sweep analysis.
We now explore the role of the TBR in the frame of the pulsed excitation scheme.

For Z = 3 x 10~7 m?K/W, reported in Figure 47 (same color code as Figure 46), the fre-
quency threshold is shifted towards smaller values (see panel ¢), where the mechanophone
contribution exceeds by far the thermophone one. This is at variance to what happens for
Z = 3 x 1078 m?K/W (Figure 46, panel c¢), where, for the same 77, = 500 ps, the thermo-
phone and mechanophone contributions are comparable. The fact that the mechanophone
prevails at high TBR is appreciated also for 77, = 1 ps (Figure 47, panel a) and 77, = 50 ps

(panel b). For sake of visualization we had to multiply the thermophone contribution by
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3.7. Conclusions on the gold nanofilm in water

a factors of 200 and 5 respectively. For 7, = 10 ns, corresponding to the low frequency
region, the thermophone contribution exceeds the mechanophone one, but to a lesser extent
than for the Z = 3 x 107® m*K/W case (Figure 46, panel d).

Finally, the case for a vanishing TBR, % = 0, is reported in Figure 48 (same color code
as Figure 46). The 7, = 50 ps case (panel b) demonstrates the threshold frequency
shift towards higher values for a vanishing TBR. Indeed, the thermophone contribution
is higher than the mechanophone one, at variance with the finite TBR cases discussed in
the previous figures, where the major contribution was provided by the mechanophone.
The dominance of the thermophone is, of course, even more remarkable for 7;, = 500 ps
(panel c¢) and 7, = 10 ns (panel d). Nevertheless, the 7, = 1 ps case (panel a) shows a
prevailing mechanophone contribution. This result, qualitatively anticipated during the
discussion of Equation 3.104, proofs that, also for the case of an impulsive excitation,
there exist a frequency threshold beyond which the mechanophone rules even in the most

disadvantageous scenario for the mechanophone, i.e. vanishing TBR.

3.7 Conclusions on the gold nanofilm in water

In this section, we addressed the photoacoustics of a solid nanofilm with a surface in
contact with water. This system was chosen because it allows, at least in the frequency
domain, an analytical solution in relatively simple terms (exponential rather than Bessel’s
functions, as in the case of the a cylindrical system). We developed a fully analytical model
in the frequency domain, describing the acoustic response in the liquid upon excitation
with a spatially homogeneous, sinusoidally time varying heating source for the nanofilm.
We examined both the cases of stress-free and zero-displacement boundary conditions
for the nanofilm surface not in contact with the fluid. We were able to extract in explicit
analytical form the pressure in the liquid both for the thermophone and the mechanophone
effects. The thermophone efficiency decreases with frequency, whereas the mechanophone
has the opposite behaviour, becoming important at high frequency. Approximating the
exact solutions, it was possible to extract simple equations for the thermophone at low
frequency and the mechanophone at high frequency. Intersecting the respective curves,
we found the expression for the threshold frequency, i.e. the frequency above which the
mechanophone becomes the predominant mechanism.

Subsequently, we analyzed the role of the TBR in the thermophone vs mechanophone
competition in the frequency domain. We proved analytically that the threshold frequency
decreases as the TBR increases. In fact, the efficiency of the thermophone decreases with
increasing TBR. Moreover, even in the case of vanishing TBR, we showed that it exists a
threshold frequency beyond which the mechanophone is still the predominant mechanism.
Finally, we addressed the same problem but assuming an impulsive heating source. This

description is closer to the experimental situations that might be encountered [231]. It
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Chapter 3. Photoacoustic effect: gold nano-transducers in water

is in fact not feasible to sinusoidally modulating an otherwise continuous source up to
modulations frequencies of ~ 100 GHz, which would be the scenario accounted by the
frequency sweep analysis.

We selected four different durations of the excitation light pulse, so as to compare the
pressures with the ones obtained in different spectral regions with the frequency sweep
analysis. Moreover, the role of the TBR was also considered. We proved the down shifting
of the threshold frequency when increasing the TBR value. The mechanophone may
then become the dominant mechanism even for relatively long laser pulses. Also the
vanishing TBR case was taken into account. In this case, we showed that the thermophone
is enhanced, being the dominant mechanisms also for shorter light pulses (large BW).
Nevertheless, for a light impulse of duration 1 ps, the mechanophone effect dominates
even for a vanishing TBR. This results extends what found in Section 3.4, where the
mechanophone was the predominant mechanism only at relatively large TBR values.

In the next chapter, we will consider the photoacoustic effect generated in two
realistic and rather involved systems: a single-wall carbon nanotube (SWCNT) and a multi-
walls carbon nanotube (MWCNT) immersed in water. We will inspect the thermophone
vs mechanophone competition for a realistic value of the TBR —retrieved by atomistic
simulations— and different nano-object size/light pulse combinations. We will then focus
on the activation of few nanometers wavelength sound waves in water, matching the

acoustic frequencies of the oscillating nano-object.
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4. Photoacoustic effect: carbon nanotubes in water

This chapter presents the investigation of the photoacoustic effect triggered by short
laser pulses on carbon nanotubes immersed in water, which was published under the
title Ultrafast nano generation of acoustic waves in water via a single carbon nanotube,
Photoacoustics 28, 100407 (2022), of which I am first author.

My contribution consisted in contextualizing the problem and developing the model
in the frame of continuum mechanics. I performed the numerical simulations, extracting
the thermal boundary resistance from thermal data and the relevant physics of the thermo-
mechanical dynamics. This was also the first article I redacted in first person.

Molecular dynamics simulations, necessary for the extraction of the thermal bound-
ary resistance between the nanotube and water, were carried out by colleagues at Politecnico
di Torino, Italy. The analytical model of the elastic constants of the single wall carbon nan-
otube was carried out in collaboration with Prof. Stefano Roddaro at Istituto Nanoscienze

and Scuola Normale Superiore in Pisa, Italy.

4.1 Introduction

In this chapter we will investigate photoacoustic generation of pressure waves in
water for the case of a single water immersed Carbon nanotube (CNT). We will account
for the effect of the system size and light pulse duration, demonstrating that, upon a
suitable combination of these two parameters, the CNT can act as a thermophone or a
mechanophone, as pictured in Figure 49.

Our study will focus on two paradigmatic sizes, a single wall (SW) and a multi wall (MW)
CNT, and two pulse durations, 5 ns and 1 ps. Light pulses of ps duration, not only enhance
the mechanophone effect, perhaps as the leading launching mechanism, but can also ex-
cite CNT vibrational modes, provided a certain minimum size of the CNT. Activation of
these vibrational modes launches few nanometers wavelength pressure waves in water, a
desirable feature for a variety of applications. Guided by these considerations, we will
inspect the spatio-temporal profile of the pressure wave in water for the four parameters
combination.

In respect to the systems studied in Chapter 3, the CNT presents a higher complexity. The
purpose of Chapter 3 was to clarify the physics of the thermophone vs mechanophone com-
petition, therefore adopting simplest context possible. The water immersed CNT, instead,
represents a highly complicated system, exhibiting high anisotropy [247, 248], thermal

and mechanical properties dependency on the number of walls [249, 250]. Furthermore
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Chapter 4. Photoacoustic effect: carbon nanotubes in water

the literature lacks of a definitive and consistent description of the CNT elastic properties
[248, 250, 251].

To address the CNT immersed in water system, we adopt a multi-physics, multi-scale
approach, a strategy that has been shown very effective in addressing ultrafast opto-thermal
[252, 208] and opto-acoustic [253, 254] transients in nano to mesoscale systems. Possible
water infiltration in the CNTs and the TBR at the CN'T/water interface are obtained from
atomistic simulations [255, 256]. The impulsive opto-thermo-mechanical dynamics is then
cast in the frame of a continuum model, but upon insertion of the geometrical and thermal

microscopic parameters, and finally solved via Finite Element Methods (FEM).

Figure 49. Thermophone (panel a) and mechanophone (panel b) effects. The acoustic
wave in water is generated in the thermophone case (panel a) from the thermal expansion
of water, the CNT acting as a nanoheater; in the mechanophone case (panel b) from the
thermal expansion of the CNT, the latter acting as a nanopiston. Image taken from [5].

4.2 Theoretical model

The theoretical frame, conceived to address the transient photothermal-acoustic
response of water-immersed individual CNTs triggered by an ultrafast laser pulse, is
inherently multi-physics. Similarly to the gold nanosystems, it involves optics (absorption
of the laser pulse by the system), thermics and acoustics. The difference is that here the
macro-physics approach, based on continuum equations, relays on insertion of the TBR at
the CNT/water interface retrieved from dedicated Molecular dynamics (MD) simulations.

The following assumptions apply: (i) cylindrical symmetry: the CNT height/diame-
ter ratio is large enough to neglect border effects close to the top/bottom of the CNT; (ii)
materials thermal and mechanical parameters are temperature independent, the variations
being exiguous: their values are taken as the average over the temperature span resulting
from simulations; (ii1) linear elasticity: the resulting displacement and pressure fields are
small enough to justify this assumption; (iv) negligible thermo-acoustic feedback: the
thermal dynamics affects the mechanical one, but the opposite effect is negligible (v); the

thermal and mechanical parameters are frequency independent; (vi) non viscous water is
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4.2. Theoretical model

assumed: intrinsic dissipation in water is hence not present. This last assumption is an
idealization at high frequencies, nevertheless (a) it allows to understand the physics behind
the generation mechanism; (b) it provides results based on solid basis, the dissipation

mechanism in water in the hypersonic frequency range being yet a debated issue.

4.2.1 CNT modelling

Two paradigmatic cases are addressed in this work: the case of a single, water-
immersed, (5,5)' SWCNT and that of a MWCNT composed of N = 24 walls. To use
continuum equations, however, we need to convert the CNTs from an atomistic view to a
continuum model. The time and lengths scales involved in the photoacoustic dynamics
are too extended to be addressed in the frame of atomistic simulations, thus requiring a
continuum approach. To this end, the atomistic view of a CNT has to be replaced by a
continuum one.

Continuum framework. It is well known that CNTs are composed of one or
multiple concentric walls made by rolling up graphite sheets. When modelling a CNT
in a continuum framework, two main strategies are possible: considering the walls as
distant thin layers of 0.066 nm thickness [257] interacting by van der Waals force [258],
or considering the walls as layers of thickness h corresponding to the interlayer distance
between graphite’s sheets (h = 0.34 nm) [248, 259].

In this work we followed the second strategy, by considering the CNT walls as adjoining
hollow cylinders of thickness h, where the i-th wall has a central i-th radius given by
R; = Ry + (i — 1) x 0.34 nm (where R; is the radius of the first wall and i = 1, ..., N),
see Figure 50. In this way the entire N-walls-CNT results in a continuous hollow cylinder
with internal radius R;,; = Ry — h/2 and external radius R.,; = Ry + h/2.

In our case, since the nominal central radius for a (5,5) SWNCT is 0.34 nm, its internal
and external radii are given by 0.34 nm +h/2, i.e. R;%=0.17 nm, R%*, = 0.51 nm. In

int ext —

parallel, we take R;'’=7.3 nm and R’/ = 15.5 nm for the MWCNT with 24 walls. Along
the axial direction, z, both CNTs are assumed infinitely extended.

Water infiltration. Another issue, that has to be considered when describing the
CNTs, is the eventual presence of water within their internal volume. MD simulations
show that water does not infiltrate the (5,5) SWCNT, so we will consider it empty. How-
ever, repeating the simulations for a larger system, (10,10) SWCNT, spontaneous water
infiltration is observed, the internal diameter of the CNT being extremely important for
the infiltration phenomena. This is seen in Figure 51, reporting two frames of the MD

simulations, for the (5,5) SWCNT (panel a) and the (10,10) SWCNT (panel b), both water

1(5,5) determines the chirality of the SWCNT and fixes its size.

122



Chapter 4. Photoacoustic effect: carbon nanotubes in water

Figure 50. Scheme for the CNT walls. The (i + 1)-th wall has a central (i + 1)-th radius
given by R;;1 = R; + h nm and a thickness +h /2.

immersed. In this picture, grey spheres represents C atoms, red ones Oxygen (O) atoms
and white ones Hydrogen (H) atoms.

MD simulations were not performed on the MWCNT (due to the prohibitive computational
burden). However, regarding the MWCNT investigated in this thesis work, its internal
diameter exceeds by far that of a (10,10) SWCNT; thus, water infiltration is expected.
For these reasons, the (5,5) SWCNT simulated in the continuum model is considered
hydrophobic, while the MWCNT is water infiltrated. Further supporting this scenario
is the fact that water entrance in MWCNT of similar dimensions has been observed by

several techniques such as neutron [260] and X-ray scattering [261].

(a)

Figure 51. MD images of (5,5) SWCNT (panel a) and (10,10) SWCNT (panel b) immersed
in water. Grey sphere represents C atoms, red ones O atoms and white ones H atoms. Note
the presence of water inside the CNT only in the (10,10) SWCNT (panel b).

Summarising, the external water is modeled as a coaxial cylindrical shell domain of
external radius R,,; much greater the CNT external radius. A cross-sectional view of the
two modelled continuum CNTs in water is reported in Figure 52. Materials properties of
CNTs and water, such as thermal conductivity & (W/mK), heat capacity c, (J/kgK), density
p (kg/m?), elastic coefficients and thermal expansion coefficients o (1/K) are summarized

in Table 6 and will be discussed as they appear in the following sections.
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(a) (b)

Figure 52. Cross-sectional view at constant z of the continuum model for the water-
immersed SWCNT (panel a): R;“=0.17 nm and R.Y, 0.51 nm; MWCNT (panel b):

int ext

R™=73 nm and R™Y = 15.5 nm. The MWCNT is water filled, at variance with the

wnt ext

SWCNT. The figures are not to scale. Image adapted from [5].

Table 6. Materials properties used in the continuum model.

Material property SWCNT MWCNT  Water
Radial thermal conductivity (W/(m K)) 6 (see text) 6 0.6
Heat capacity (J/(kg K)) 650 650 4.2x10°
Density (kg/m?) 2.3x10° 2.3x10° 1x10?
First Lamé coefficient (GPa) / / 2.25
Second Lamé coefficient (GPa) / / 0

Young modulus (GPa) 1 x 103 30 /
Poisson ratio 0.15 0.28 /

Linear thermal expansion coefficient (K™!) 3 x 1077 25x107° 7x107°
Internal radius (nm) 0.17 7.3 /
External radius (nm) 0.51 15.5 /
Number of walls 1 24 /

4.2.2 Optics

The photoacoustic dynamics is triggered by a light pulse impinging on the CNT-
water system. We assume the light intensity to be spatially homogeneous and gaussian in

time:
2
n (Q)Eexp(—élln@)u), @.1)

™ Ty Tg

I(t) =2

where I(t) is in W/m?, 77, is the pulse temporal full width half maximum (fwhm), ¢, the
time at which the pulse intensity is at its maximum (in this chapter we take ¢, = 0) and
® is the light fluence (J/m?). All simulations have ®=5 J/m?, which means that the total
energy carried by the light pulse remains constant, independently on the pulse temporal

width 7.
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Chapter 4. Photoacoustic effect: carbon nanotubes in water

The laser wavelength is chosen in the visible range and in the water transparency window,

400-700 nm, which corresponds to the therapeutic spectral window in theranostic applica-

tions. In this way the water temperature rise is only due to the heat dissipated from the

CNT.

The power density Q.,,; (W/m?), absorbed by the CNT, reads:
O.abs](t)

ant (t) = —ent

4.2
Vo 4.2)

where V,,,; (m?) and a‘jf’j (m?) represent the CNT volume and absorption cross section,
respectively. (), and consequently ().,.;(t), are assumed spatially uniform, even if in a
real experiment the laser pulse impinges on the CNT from one side (assuming the pulse
propagating with normal incidence to the z-axis). However, the high thermal conductivity
within the CNT walls, and the small CNT radial dimension and absorption cross-section,
imply a spatially uniform Q.,,;(¢) on a short timescale, inferior to the characteristic times

involved in heat propagation to water and the mechanical response of the system.

abs

Regarding the cross section, the quantity of7

is calculated summing the contributions of
every C-atoms in the CNT, assuming all of them possess an equal absorption cross section,
o2s=6x 10722 m?, independently of the wall to which they belong. The latter is a mean
value, corresponding to the cross section for individual C atoms in a flat graphene sheet
[262, 263]. Specifically, let us estimate aﬁﬁf for a generic SWCNT (in our model, from
a purely optical perspective, a MWCNT is just the sum of many co-axial SWCNTSs with
different radius). The structure of the wall is the result of rolling up a graphene sheet with
a honeycomb lattice in which the C-C atoms distance is s = 1.42 A. The area of each
hexagon in the lattice is Ay, = 3v/3s2 /2 and it contains two C atoms (more precisely 1/3
of a C atom at each of the 6 corners). This means that the absorption cross section of one
hexagon is 20(%1’5. Thus, instead of counting the C-atoms in the sheet, we can count the
number of hexagons. If we consider a SWCNT of diameter d and length H, its area will
be Asyent = mdH and the number of hexagons in the SWCNT will read Agyent/Aper. We

are finally ready to calculate the absorption cross section:

AS’LUCTL
Otvent = o 208" 43)
TdH
= ——— 9g%s 4.4
3\/§32/2 © @4
dH
= T 96 x 1072 4.5)
3\/§32/2
= 2.3 x 107?ndH. (4.6)
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For a MWCNT, then, we just need to sum 0%, . over the number of walls IV, choosing

swent

the correct d; accordingly to the i-th wall we are taking into account:

gt = Z o (d; Z 2.3 x 10 %nd; H. (4.7

Note that both 0% and V/,,; are proportional to the CNT length H, Q,;(t) is then inde-
pendent on length.
Recapitulating and explicating the volume of the CNT, we finally obtain the absorbed

power density throughout the system as

() = SN 2.3 x 10724, 41“2, in the CNT

0 in water.

4.2.3 Thermal dynamics

The thermal dynamics of the system, initiated by the absorbed power density, Q(¢),
is addressed via Fourier’s law and the continuity equation in cylindrical coordinates, exactly
as in the case of the gold nanocylinder (see Equations 3.5 and 3.6, Chapter 3). The only
difference between the two systems is the presence of three domains (water/CNT/water for
the MWCNT and vacuum/CNT/water for the SWCNT) instead of two (gold/water). We
report directly the radial component (being the only non null one):

aT

= —k— 4.9)
or
oT 1 q,
g A 4.1
persr = =0 — S+ Q(1), (4.10)

where T is the temperature (K), g, the radial heat flux (W/m?) and the material parameters
k, p and ¢, are the radial thermal conductivity (W/(mK)), mass density (kg/m?) and specific
heat (J/(kgK)) of the CNT and water in their respective domains.

We assume that the radial thermal conductivity of the MWCNT closely matches the out-
of-plane thermal conductivity of graphite [264], whose value is 6 W/(mK). Regarding
the SWCNT, the concept of radial thermal conductivity does not apply, since it is made
of a single carbon layer. However, modeling the SWCNT as a cylindrical shell of finite
thickness h requires the introduction of an artificial radial thermal conductivity, in order
for Equation 4.9 to be meaningful. The & value should then be taken high enough to avoid
any temperature gradient across the CNT thickness on the timescales of interest. Given
the small value of £, this is achieved even adopting the same £ value of the MWCNT. We

actually tested values ranging from 6 W/(mK) up to 6 orders of magnitude larger with
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no appreciable differences in the simulations results. For the CNT specific heat of both
SWCNT and MWCNT, we consider 650 J/(kgK) as for graphite [265, 266]. The values of
the adopted materials parameters are summarized in Table 6.

The heat flux at the CNT/water interface, i.e. for r=R, is regulated via the usual equations

describing the continuity of the heat flux and accounting for the TBR:

¢(R™) = ¢(R") = ¢.(R) (4.11)
1

¢ (R) = Q(T(R’) —T(R")), 4.12)

where R~ and R refer to the inner and outer side of the interface respectively, and %Z

is the value of the TBR (which will be discussed later). For the case of the SWCNT,
R=R?",, with the only CNT/water interface being at the SWCNT external radius; a thermal

ext?
SWw
int?

see Figure 52 (panel a). For the case of the MWCNT, instead, R=R]"} at the internal, and

int

insulating boundary condition, ¢,=0, is taken at the internal CNT/vacuum boundary r=R

R=RT"Y at the external CN'T/water interface, respectively, see Figure 52 (panel b). For
both cases, a thermal insulating boundary condition is enforced at the water domain outer
boundary, ¢,.(R,:) = 0. However, R, is taken large enough to avoid any non-physical
heat accumulation at the boundary of the system during the simulations timescale. Before
the laser pulse strikes, the system is at the ambient temperature 7,=293 K.

TBR retrieval. The value of &% was retrieved from dedicated approach to Equilib-
rium Molecular Dynamics (EMD) simulations for the SWCNT. First, we obtain, from
MD simulations, the temperature time evolution for the water-immersed SWCNT, 7774(¢),
whose initial temperature is set at 360 K, while in the surrounding water 7" =290 K. We
then fit 7/7¢(¢) with the numerical solution of the continuum model described in this
section, T'(r, t; #), calculated for a coordinate r inside the SWCNT wall and with % set
as the fitting parameter.

Molecular dynamics simulations are implemented using the LAMMPS package [267]
while the initial set-up is created with the software Moltemplate [268] and VMD [269].
A Verlet integration scheme is used to integrate the equation of motions every fs for all
simulations. Long-range electrostatic interactions are simulated with a particle-particle
particle-mesh solver (PPPM) [270]. Carbon-carbon interactions are simulated by means
of the reactive Tersoff force-field [271, 272]. Water molecules interactions are simulated
with the extended version of the single point charge (SPC/E) force-field [273]. The rigid
model for water bonds and angle is implemented in LAMMPS via the SHAKE algorithm
[274]. Carbon-oxygen interactions are simulated with a 12-6 Lennard-Jones potential
with a cut-off radius of 1 nm. Lennard-Jones parameters are taken with respect to the
experimental contact angle of water and graphite, namely 86° [275].

A 10 nm long (5,5) SWCNT is placed in a 8.14 nm x 8.14 nm x 10.4 nm simulation box,

with water molecules outside the cylindrical CNT cavity. The system is first brought to
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equilibrium by means of an energy minimization with conjugate gradient method; it is
then simulated at 290 K and 1 bar in a NPT ensemble with a Nose-Hoover thermostat
and barostat for 1 ns. Subsequently, another equilibration is performed in NVT with a
Nose-Hoover thermostat at 290 K. The temperature of the CNT only is then set at 360
K, while water is kept at 290 K for 200 ps with two different Nose-Hoover thermostats.
Finally, in a NVE ensemble, the temperature of the carbon nanotube (which is now let free
to evolve), T"¢(t), and throughout water are monitored for 500 ps, which corresponds to
the time needed to reach thermal equilibrium in the simulation domain.

Finally, we fit 7¢(¢) with the numerical solution of the continuum thermal model,
obtaining Z=3.5x 10~7 m2K/W. This value is also used in our model for the TBR value at
the interface between MWCNT and water. Only a small difference in the & value at the
interface with water is indeed expected between SWCNT and MWCNT, as reported in the

case of graphene with single and multi-sheets [276, 277].

4.2.4 Mechanical response

With the spatio-temporal temperature field obtained in the previous section, we can
now calculate the stress fields throughout the entire system and, ultimately, the pressure
dynamics in water. The procedure follows that outlined in Chapter 3, with the constitutive

equations being:

T
o=C-(Vsi—aAT), (4.14)

where 1 is the displacement field (m), o the stress tensor (Pa), V i the symmetric part
of the displacement gradient tensor operator and AT’ the temperature difference 7" — Tj.
The material parameters C and « are the stiffness tensor (Pa) and the linear thermal
expansion tensor (1/K) of the CNT and water in the respective domains. Anticipating that
the thermal expansion can be here taken as a scalar, o, and exploiting cylindrical symmetry,
Equations 4.13 and 4.14 may be re-cast in cylindrical components (r, ¢, 2), as for the gold
nanocylinder (Equations 3.15). Also in this case we use the tensor C in Voigt notation,

with cylindrical symmetry, but, at variance with Equation 3.13, here we use the generic ¢;;
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coefficients (7, = 1, ..., 6):

cin ¢z ¢z 0

c1 c1n ¢z 0

c13 ¢13 ¢33 0
0 0 0 cy
0 0 0 0 cy
0O 0 0 0 0 cg

(4.15)

o O O O
o O O O O

Using the same notation adopted in Equations 3.11, 3.12 and 3.13 with the only exception

of C (which is taken as in Equation 4.15), we obtain:

ov, 0oy, n 1( o)
pat - Or r Trr = 949

aUw—c avr—i-c __a(c +cpp+ec >8_T

ot 11 ar 12 11 12 13 9 4.16)
80¢¢ =c %+ ——a(c +ci9+ ¢ )8_T '
o 12 ar C11 11 12 13 9

do.. (%T v (2 N )aT

or C13—— or 013 \2C13 T C33 or’

where v, = Ou,./0t. Note that the equation for o, is useless for our scopes, since it
doesn’t affect the dynamics in the radial direction. The reason why we kept C with generic
c;; coefficients is that we will use different elastic parameters for CNTs and water. In the
latter, we will make use of the first Lamé parameter A (Pa) (the second, x4, being null in
water), retrieving Equations 3.15. In the CNTs, instead, we will see in the next section that
it is more practical to use the Young modulus Fy (Pa) and Poisson ratio v.

At the CNT/water interface, we assume the continuity of v, and of 7,.,.:

v (R7) = v, (R") (4.17)
0 (R7) = 00 (RY):. (4.18)
In particular, for the case of the SWCNT, R=RRY,, there being only the external CNT/water
interface, whereas a stress-free boundary condition is set at the internal CNT-vacuum
boundary, o,..(R;%)=0, see Figure 52 (panel a). For the case of the MWCNT instead,
R=R"" at the internal, and R=R’} at the external CN'T/water interface, respectively, see
Figure 52 (panel b). For both cases, a stress-free boundary condition is set at the water
domain outer boundary, o,..(R,;) = 0. However, the water outer boundary is taken far
enough that it is never reached by the propagating pressure wave on the timescale of our
simulations. Before the light pulse strikes, the system is at rest and stress free, with initial
conditions v, = 0, v, = 0 and o,, = 0.

A crucial, yet unsolved, issue concerns the elastic constants to be adopted when
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describing the CNTs. Developing a model for CNTs elasticity is not straightforward. CNTs
are built of an highly anisotropic material, graphite, which is rolled up and even radially
deformed to accommodate for the correct matching of the single atomic cylinders. For all
these reasons, the literature lacks an ultimate and unanimous model for the ¢;; coefficients
of CNTs [248, 251, 278].

In this thesis, we proceeded as follows. We modeled the CNT as a hollow cylindrical shell,
assuming it is made out of a homogeneous and isotropic material with Young modulus £y
and Poisson ratio v. The chosen values for such parameters will correctly predict the CNT
behaviour only with respect to the radial direction, which is enough for our purpose.
Specifically, for the SWCNT case, we developed a simple analytical model, for £y and v
starting from the known 2D elastic properties of graphene. Notably, using of the calculated
values in a continuum mechanics model, we correctly predict the experimentally observed
frequency of the radial breathing modes reported in the literature [279]. For the more
complex MWCNT case, instead, we rely on experimental values that can be found in the
literature [250]. Both these methods are detailed in Section 4.2.5. The actual values of
Ey and v are reported in Table 6. We highlight that this approach can lead to imprecise
estimates for vibrational modes different from those in radial direction (as for instance a
lateral bending). Our choice, however, serves for our scope, correctly describing elasticity
in the radial direction and retaining the symmetries of the problem. Furthermore, its
simplicity allows for a straightforward understanding of the physics involved.

Once obtained Fy and v, we calculate the c;; coefficients for the CNT pertinent to our
model [280]:

Ey 1%
- 1
au 1+V(+1—21/>

E v
Clo = Y (4.19)
1+v \1-—2v
C13 = C12,

whereas, for the water domain, the elastic coefficients are expressed as c11=cjo=c13=A\.
These values, together with the linear thermal expansion of water, and the radial thermal
expansion coefficients of the SWCNT [249] and MWCNT? are reported in Table 6. After
solving numerically Equations 4.16, we can extract the pressure wave launched in the
water surrounding the CNT, which is obtained as p = —0,, = —044.

As in Chapter 3, the strategy to discriminate between thermophone and mechanophone
contributions consists in setting to zero the thermal expansion coefficient v in the CNT or

external water domain, respectively.

2For the MWCNT, « closely matches the out-of-plan graphite’s one [247, 281, 282].
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4.2.5 CNT Mechanical properties

SWCNT: elastic constants from an analytical model

We consider the SWCNT as a rolled sheet of graphene. For this reason, a possible
approach to model its elastic constants is to start from its 2D Young modulus E?P =
340 N/m (E?P = 1TPa x h, where 1 TPa is the graphene planar Young modulus and
h = 0.34 nm is the nominal thickness of the graphene plane) and Poisson ratio v = 0.15.
We underline that graphene is also characterized by a (small) bending modulus, which
cannot be calculated using the standard bulk elastic formulas for an isotropic material and
rather depends on the elastic energy required to bend the atomic graphene network and its
in-plane bonds. Such a bending is clearly non-zero in a SWCNT but it does not affect the
breathing oscillation, thus we will neglected it in the following.

When the radius of a SWCNT is expanded from its equilibrium value o to r = rq+ Ar, the
circumference 271 of the rolled graphene layer is stretched as well. Since we assumed the
SWCNT to be long and unable to experience significant movements/contractions along its
axis, we consider the SWCNT as fixed at infinity and neglect any expansion or contraction
in the axial direction. In this way, graphene can only stretch along the tangential direction
¢ with a strain €4, = Ar /7, as shown in Figure 53 (panel a), while €, = €, = 0. The
stress tensor components of the cylindrical surface of the SWCNT can now be calculated

using the constitutive strain-stress equations [283]:

€¢¢E2D =O0¢p — VO
€.E? =0, —v04 =0 (4.20)
B = (1+v)0.4=0,

where we neglected any strain or stress components in the direction perpendicular to the
graphene plane, since they are not consistent with the 2D mechanical description (in other
words, the thickness of the graphene layer is constant). We note also that the unit of the
planar tensor components o;; is here N/m. From the second and third equations we obtain
0., = V04 and 0,4 = 0. In this way, inserting the obtained results in the first equation,
we obtain the stress and strain relation along the tangential directions

1 9 1— 2 1 401
€60 =Tmap (066 = V'060) = 35066 = Fap 000 (4.21)

where E represents an effective 2D Young modulus £2P = E?P /(1 — v2). This result has
been extracted just considering a model of the 2D elastic response of a folded graphene
layer, which does not take into account any deformation of the graphene sheet in the radial

direction: the atomic network is and remains one atom thick regardless the mechanical
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configuration of the SWCNT.

Figure 53. Schematics of the model to extract the elastic constants of the SWCNT.
Stretching along the radial tangential direction due to the radial expansion Ar (panel a).
Tension acting on an infinitesimal portion of the SWCNT (panel b). Panel b is taken from

[5].

Calculation of the breathing frequency

For the sake of benchmarking, we now calculate the frequency of the breathing
modes using the elastic constants obtained by the 2D elastic model just described. Let us
consider an infinitesimal portion of the SWCNT surface, of axial size dz and azimuthal
length rd¢. The tangential tension acting on the edges of this portion of cylindrical surface
is T" = 044dz and, given the curvature of the surface, it implies a radial recovery force, as
sketched in Figure 53 (panel b),

dF =T 2sin(d¢/2) = o4sdpdz. (4.22)

If we consider the mass of the cylindrical portion dm = prd¢dz, where p = 0.76 mg/m?,

the radial force will counteract the expansion of the SWCNT, this is:
dmit = (prdedz)i = —dF = —04pdpdz. (4.23)

This yields the Ordinay Differential Equation which describes the radial breathing of the

SWCNT, pri = —o4, or, assuming a small radial expansion r = 1y,
2 . T EQD

with an expected radial oscillation frequency

w=1/E2D/pr2. (4.25)
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In the (5,5) SWCNT case, w = 6.28 x 103 rad/s, in very good agreement with values
found in the literature [251, 284]. The same breathing frequencies can be reproduced by a
bulk model of a h-thick cylinder shell built of an isotropic material with Young modulus
Ey = E?P/h ~ 1 TPa. Such Ey is exactly the Young modulus adopted in the our 3D

continuum model to describe the elastic constants of the SWCNT.

MWCNT: elastic constants from experimental values

We now discuss the MWCNTs. In this case, we take the radial Young modulus Fjy
and Poisson ratio v, from published experimental data [250]. In their work, Palaci et al.
measured Fy for MWCNTSs with a fixed ratio of their external and internal radii, taking
the external radius twice larger than the internal one. With reference to figure 3 of Palaci
et al., Fy converges to 30 GPa for R.,; > 4 nm.

We chose the MWCNT to follow the R..;/R;,; = 2 prescription and with R.,, = 15.5 > 4
nm. We then conclude that, for our MWCNT, we can take £y = 30 GPa and v = 0.28 as
reported in Palaci et al.

Remarkable for the sake of consistency, again by looking at figure 3 of Palaci et al., the
Young modulus measurements for the number of walls decreasing towards one converges,
upon extrapolation, to the Young modulus value found from our SWCNT model. Inserting
FEy and v in equation 4.19 we then obtain the ¢;; coefficients for the CNT (both SW
and MW). We underline once more that this result brings to a stiffness tensor C of a
homogeneous and isotropic material (automatically implying cylindrical symmetry), which

matches the real CNTs Young modulus and Poisson ratio in the radial direction.
4.3 Results

4.3.1 Thermal dynamics

In this section, we report simulations results for the thermal dynamics upon excitation
by alaser pulse of duration 7;,=1 ps (first column of Figure 54) and 7;,=5 ns (second column)
in the SWCNT (first row) and MWCNT (second row) systems. Each panel reports, on the
left axis, the temperature increase AT=T'(t)-T, calculated at the mid point of the CNT
thickness (blue curve and dot), at a point of the external water positioned 5 nm away from
the external CN'T/water interface (green curve and dot) and, only in the case of the MW,
inside the internal water at » = 0 (magenta curve and dot). The right axis reports the light
pulse intensity time evolution (red dashed curve).

In a general description of all cases, the CNT temperature increases due to absorption of
the laser pulse and then cools down, delivering heat to the proximal water, also rising its

temperature. Finally, the CNT and the proximal water relax to the initial temperature, heat
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being diffused towards the water bulk.
In the SW/ps pulse case (Figure 54, panel a), the relative CNT temperature rises up

T=1ps T=5ns
(a) (b)
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Figure 54. Time evolution of the temperature increase in the different CNTs/light pulse
duration cases for incident pump fluence ® = 5 J/m?: SW/ps (panel a), SW/ns (panel b),
MW/ps (panel ¢) and MW/ns (panel d). Left axis: CNT temperature increase in the middle
of the CNT radius (blue curve and dot), at a point in the external water 5 nm away from
the external CN'T/water interface (green curve and dot) and, only for the MWCNT case,
the internal water temperature increase at the radial coordinate 7 = 0 (magenta curve and
dot). The external water temperature increase curves are multiplied by a factor 100 for
the SWCNT case (a,b) and 10 for the MWCNT case (c, d) to ease readability. Right-axis:
light pulse intensity (red dashed curve) as a function of time. Maximum intensity in panels
aand cis ~ 5 x 10> W/m?. The vertical black dotted curve labels the instant at which the
peak pulse intensity occurs. The timescale differs in each panel. Image taken from [5].

to AT ~ 225 K on the timescale of the laser pulse duration 7,=1 ps.

As we have seen in Chapter 3 for the gold nanocylinder, when the cooling dynamics is
limited by the TBR, we can define a characteristic time 77, for the temperature decay
of a nano-object in contact with an isothermal medium. In the case of the SWCNT, 7y,

assumes a more complex form, due to the hollow cylinder shape:

sw

% SW S
g, = P (1 (25)T) — 118 s, (4.26)

ext

The validity of the formula is assured by a Biot number Bi = R5%,(1— (R$% ) R$%)?) )2k R

ext int ext

< 1 and an essentially isothermal water (in respect to the CNT temperature excursion, see
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Figure 54). This value perfectly matches the value of 7, obtained fitting the numerical
curve. Thus the SWCNT dissipates heat into water, which AT reaches a maximum of a
fraction of a degree. The important message to retain here is that the SWCNT is heated up
on a timescale 7;, and remains hot and thermally decoupled from water on a much longer
timescale, 77y, ruled by the TBR. Under these circumstances, arising for 77, /7, > 1, we
expect the mechanophone effect to play a significant role, as demonstrated in Chapter 3.

In the SW/ns pulse case (Figure 54, panel b) the situation is the opposite, i.e.
7rr/Tr < 1. The light pulse temporal width, now 7,=5 ns, exceeds by far 7,=118 ps,
implying that the heat dissipation rate from the CNT to water matches, on the ns time-scale,
the rate at which the CNT absorbs energy from the light pulse. This is clearly visible
in panel b of Figure 54, where the CNT AT temporal evolution precisely matches the
light pulse temporal one, I(t), releasing heat fast enough to the external water, and ending
with AT ~ 0 at the instant in which also the light pulse is concluded, i.e. ¢ ~ 5 ns. The
water AT temporal evolution, at a point 5 nm out of the CNT/water boundary, matches
almost as well the CNT’s one (delay between the two curves ~ 1 ns). In other words, for
71,=5 ns, the thermal behaviour of the system is that of a steady state heat transfer under
continuum illumination with a slowly (with respect to the thermal transient time from the
CNT to water, i.e. 775,) modulated heat source (the modulation being the Gaussian pulse
profile lasting ~ 7). This scenario is the one commonly encountered in nanofluids under
irradiation with ns pulses [145] and described in Chapter 3 for 77, /7, < 1, thus we expect
the thermophone effect being the predominant photoacoustic launching mechanism.

In the MW/ps case (Figure 54, panel c), we need to consider two new aspects: an
increased CNT volume and the presence of the internal water. Both these aspects imply
an overall longer thermal relaxation time of the CNT AT, also characterized by a non-
exponential temperature decay, the internal water being a new dissipation channel. We
still maintain the concept of 774, as the timescale over which the CNT relaxes heat to the
external water, even though, in this case, due to the more complex thermalization dynamics,
Trp, 18 not anymore an exponential decay. We then propose an operative way to estimate
711, defining it as the time it takes for the CNT AT to fall to 1/e of its maximum value,
resulting in 775, ~ 5 ns. With such definition, although somewhat arbitrary, we are able to
provide an estimate for the CNT thermal relaxation time to the external water. The reasons
for the increased 77, in the MWCNT case stand in the augmented thermal mass of the
CNT and the added contribution of the internal water thermal inertia.

We are now in the position to discuss the details of the thermal dynamics and to substantiate
the above-mentioned concepts. Again with reference to Figure 54 (panel c), the CNT has
two heat thermal pathways in parallel, namely the internal and the external water. The
CNT initially cools rapidly, delivering heat to both water domains. The internal water AT
becomes, however, rapidly higher than the external water one and, after £ ~ 5 ns, attains

the same value as that of the CNT. Starting from this instant, the heat flux between the
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CNT and the internal water is reversed, flowing from the internal water domain towards
the CNT. This heat absorption by the CNT clearly slows down its cooling rate, since the
dissipated heat towards the external water is partially counterbalanced form heat received
by the internal one. This explains why, starting from 5 ns, the internal water temperature
overshoots the CNT’s one. Summing up, the important message for our proposes is that,
for the MW/ps case, 77y, /71, >> 1, thus indicating that the mechanophone should contribute
significantly.

In the MW/ns case (Figure 54, panel d) the laser pulse duration 7;, = 5 ns & 7py,. This
situation is a cross-over between the SW/ns and the MW/ps case. The mechanophone effect
could potentially be active, but to a lesser extent with respect to the MW/ps. Consistently
with the above discussion, and contrary to the SW/ns case, the situation is not that of steady
state heat flow, and indeed the CNT AT profile does not match that of laser pulse intensity
I(t).

To summarize all investigated cases, the solutions to the thermal problem, first,
provide the source terms for the mechanics and, second, suggest that the mechanophone
effect should not contribute much in the SW/ns case but could be important in the SW/ps

and MW/ps cases, and potentially, also in the MW/ns one.

4.3.2 Mechanical response

We now report simulations results for the mechanical response triggered by a laser pulse
duration 77,=1 ps (first column of Figure 55) and 5 ns (second column) in the SWCNT
(first row) and MWCNT (second row) systems, with the already retrieved spatio-temporal
temperature profile being the source term for the acoustic problem. Each panel reports, on
the left axis, the pressure field due solely to the thermophone (cyan curve), solely to the
mechanophone effect (orange curve) and the total pressure (black dotted curve) calculated
at a point in the external water 5 nm away from the CNT/water interface (black dot). The
right axis shows instead the light pulse intensity time-dependence (red dashed curve), with
t = 0 being the instant at which the peak pulse intensity occurs (vertical dashed line).
The first striking feature is that, as suggested by the analysis of the thermal behaviour of the
different systems, the mechanophone effect contributes significantly to the total pressure
in all cases except the SW/ns one. Specifically, comparing the peak pressure 5 nm out of
the CNT/water interface, the mechanophone and thermophone similarly contribute in both
the SW/ps (Figure 55, panel a) and MW/ns cases (panel d), whereas, for the MW/ps case
the mechanophone is the predominant contributing term (panel c).

However, as for Chapter 3, our aim is to quantitatively address the relative contributions of
the thermophone and mechanophone effects in terms of the acoustic energy generated.

We first calculate, for each size/pulse duration case and accounting for the thermophone
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Figure 55. Time evolution of the pressure field for the different CNTs/light pulse cases:
SW/ps (panel a), SW/ns (panel b), MW/ps (panel ¢) and MW/ns (panel d). The pressure is
calculated at a point in the external water 5 nm from the CN'T/water interface (black dot).
Left axis: thermophone pressure contribution (cyan blue curve), mechanophone pressure
contribution (orange curve) and total pressure (black dotted curve). The pressure curves
are multiplied by a factor 100 for the mechanophone contribution in the SW/ns case (panel
b) and for the thermophone contribution in the MW/ps case (panel c) to ease readability.
Right-axis: light pulse intensity (red dashed curve) as a function of time. The vertical
black dotted line labels the instant at which the peak pulse intensity occurs. The time and
pressure scale differs in each panel. Image taken from [5].

and mechanophone effects separately, the acoustic Poynting vector (W/m?):
P=—v0.,7 (4.27)

where 7 is the radial versor. Subsequently, we evaluate the total mechanical energy
transported by the acoustic wave in the external water, calculating the flux of P across
a generic cylindrical closed surface S coaxial to and encapsulating the CNT. Finally, to

obtain the energy, we integrate the flux in time:

U:/fﬁ%dwa (4.28)
tJS

where 7 is the outgoing unit vector perpendicular to the surface S. As an observation in
retrospect, we underline that the .S surface radius has to be chosen long enough so as for

the energy U to attain an asymptotic value.
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Figure 56. Relative energy contribution, in percentage, of the thermophone (cyan bar) vs
mechanophone (orange bar) effects calculated from the acoustic Poynting vector for the
different cases SW/ps, SW/ns, MW/ps and MW/ns. For the sake of visualization, in the
SW/ns case the mechanophone contribution is multiplied by 10°, while in the MW/ps case
the thermophone contribution is multiplied by 10*. Image taken from [5].

Figure 56 reports, in histogram form, the comparison between the relative thermophone
and mechanophone energy contributions in percentage for the different CNT size/pulse
duration cases. For the SW/ps case, the thermophone and the mechanophone contributions
are comparable, with the thermophone exceeding the mechanophone by 60% (despite
the fact that, in panel a of Figure 55, the thermophone pressure peak is lower than the
mechanophone one). For the SW/ns case the thermophone dominates, while for the
MW/ps case only the mechanophone contributes. For the MW/ns case the mechanophone
contribution is slightly greater than the thermophone’s.

The histogram confirms, on a quantitative basis, our predictions, based on the solution of
the thermal problem. Specifically, the mechanophone effect starts to become significant,
on an equal footing with the thermophone or even as the prevailing contribution, when the
pulse duration is comparable or smaller than 77;,. We highlight that, as seen in Chapter 3
(Figure 38), for common metallic nanosystems excited with a ns laser pulse, as commonly
addressed in the literature, only the thermophone effect plays a role [145, 199, 200]. In our
case, instead, the mechanophone effect shows a significant contribution also for the MW/ns
case. Contributing to this difference is the fact that the TBR at the CN'T/water interface
is about one order of magnitude higher than for the typical metal/water interfaces [221,
222, 223]. This increases 77, in the CNT case, making the mechanophone more effective.
In other words, the higher TBR value reduces the water peak temperature increase and
thermal expansion accordingly, thus weakening the thermophone effect; on the other hand,
it brings the CNT to a higher temperature and greater thermal expansion, enhancing the
mechanophone contribution in the acoustic wave generation.

We now focus on the shape of the pressure pulse in time and on the possibility, in
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the MW/ps case, to launch acoustic waves in water with hypersonic frequency and few
nanometers wavelength, matching the CNT mechanical eigenmodes frequencies.
In the two ns cases (panels b and d of Figure 55), the total pressure displays the typical
profile expected for sound waves generated by liquid-embedded nano-systems excited by
ns laser pulses [145, 147, 202, 285], with a positive peak followed in time by a negative
one, the pressure profile being roughly proportional to the time derivative of the light pulse
intensity [285]. Things are quite different for the case of ps pulse excitation.
In the SW/ps case (Figure 55, panel a), the total pressure exhibits a sharp positive peak,
followed, on a longer timescale, by a shallow trailing edge. The sharp peak pulse in
mainly due to the mechanophone contribution (orange curve), whereas the trailing edge
is mostly due to the thermophone effect (cyan curve). This can be rationalized observing
the dynamics in the different system domains: after the sharp acoustic pulse is launched,
mainly by the CNT expansion, the external water is still rising its temperature, layer by
layer as heat propagates radially, resulting in a long lasting pressure tail as a cumulative
effect.

In the MW/ps case (Figure 55, panel c¢), water pressure shows damped oscillations in time,
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Figure 57. Normalized Fourier transform amplitude of the total pressure time evolution
curve in water for the MW/ps case (black curve). Eigenvalues of the radial displacement
field for the water-filled MWCNT (vertical dotted magenta lines) and for the empty
MWCNT (empty dots). Image taken from [5].

similarly to what we already observed in Figure 46 for the nanofilm. The pressure (Figure
55, panel c) is solely contributed by the mechanophone effect, strongly suggesting that
oscillations are related to the eigenmodes of the water-filled MWCNT. The complexity
is here twofold: on the one hand, there is the presence of the internal water which, as
we will prove, affects the system’s vibrational modes; on the other hand, even an empty
MWCNT exhibits two different types of oscillations: the breathing mode, related to the

periodic variation of its diameter, and the “walls modes”, related to the periodic variation
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of the wall thickness. The contribution of the internal water is demonstrated in Figure 57,
showing the amplitude, normalized to its maximum, of the Fourier transform (FT) of the
total pressure curve for the MW/ps case (black curve). The FT is peaked at the eigenvalues
of the displacement for the water-filled MWCNT system (vertical dotted magenta lines)
calculated following Ref. [251]. As can be seen, the radial displacement eigenvalues of
the non-infiltrated (empty) MWCNT are only a subset of the water-filled MWCNT ones
(magenta dots), thus proving that the infiltrated water play an important role in determining
the launched frequencies.

These eigenmodes are activated since their frequencies fall within the laser pulse bandwidth
BW)~ 1, ! — 1 THz. This is not the case for the MW/ns case, were the laser pulse BW
~ (.2 GHz falls short of the fundamental radial eigenfrequency, nor for the SWCNT cases,
the SWCNT breathing mode occurring at 10 THz. The appearance of the water-filled
MWCNT oscillations and their relation to the laser pulse duration are well visualized in
Figure 58. Here we report the radial displacement time evolution (green curve, left axis)
calculated at 7=13 nm, i.e. a point inside the MWCNT thickness and close to its external
interface with water (green dot in the inset sketch), for the MW/ns case (panel a) and for
the MW/ps case (panel b). Note that the time-scales are different in the two graphs for

the sake of visualization. In the ns case, the radial displacement increases, due to thermal
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Figure 58. Time evolution of the radial displacement (green curve, left axis) calculated at
r = 13 nm (green dot in figure inset) for (panel a) the MW/ns and (panel b) MW/ps cases.
Laser pulse intensity time-dependence (red dashed curve, right axis) for the respective
cases. Mind the different timescale in each graph. Image adapted from [5].

expansion, as long as the CNT accumulates energy. Then, it returns to its initial value
on a ten ns timescale, while the CNT transfers heat to the surrounding water. In the ps
case, oscillations of the CNT vibrational modes are activated by the short laser pulse, and
superposed on top of the slowly decreasing displacement background. The oscillations are
damped via acoustic radiation to the surrounding water on a 100 ps timescale, whereas
the average CNT radius relaxes with the temperature decrease, on a 5 ns timescale. The

latter relaxation is not appreciable on the present time window but may be seen from the
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temperature dynamics of Figure 54 (panel c).

We now address in Figure 59 also the spatio-temporal dynamics of the pressure
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Figure 59. Pressure along the radial coordinate in the external water for the different cases:
SW/ps (panel a), SW/ns (panel b), MW/ps (panel c) and MW/ns (panel d). Different colors
show different instants in time. The o< 1/4/r envelope to the peaks maxima and minima is
reported as a dashed black curve for each panel. Image taken from [5].

wave. The graphs show the total pressure along the radial coordinate r, calculated at
different time instants, for all the CNT sizes/light pulse cases. The pressure is reported in
the external water domain: for the SW/ps (panel a), SW/ns (panel b), and MW/ns (panel
d) the CNT radius is negligibly small compared to the plotted radial range and cannot be
appreciated. For the MW/ps case (panel c), instead, the CNT radius is comparable to the
plotted radial range, the r axis hence being reported for » >15.5 nm. The envelopes to the
highest (positive) and lowest (negative) peaks (black dotted curves) scale as 1/4/r, which,
due to energy conservation, is the expected asymptotic behaviour for a cylindrical pressure
wave.

For the SW/ns (panel b) and MW/ns (panel d) cases, also in space we observe the typical
acoustic wave-like profile, with a positive peak followed by a a negative one. Differently,
for the SW/ps case (panel a), a positive pressure spike clearly stands out for each time
snapshot, followed by a pressure bulge trailing behind (at smaller  coordinates with respect
to the pressure spike). As time evolves, this bulge spreads out and, for radial coordinates
closer to the CNT, eventually becomes negative (see Figure 59 for r coordinates very

close to 0). This pressure bulge is continuously fed by the thermophone effect. It arises
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as the cumulative effect of a reduced thermal expansion in water shells at smaller r
coordinates, which are cooling down, and an increased thermal expansion in water shells
that are being reached by the propagation of heat (larger r). Although thermal diffusion
continuously contributes to the pressure, we recognize the pressure spike, mostly due to
the mechanophone effect, as the pressure pulse of interest for photoacoustics applications.
For the MW/ps case, panel c yields a clear representation of the spatially short wavelengths
involved in the oscillating pressure generated by the water filled-MWCNT system, here
acting as a mechanophone.

At the light of the results, one a posteriori remark is due concerning some of the
adopted assumptions at the basis of our modeling. As previously explained, in the present
work we did not account for intrinsic damping of acoustic waves in water (inviscid water),
a yet open issue in the present frequency range. Generally speaking, intrinsic damping is
expected to increase with frequency, hence acting as a low pass filter, with minor effects for
the case of pressure waves excited with long laser pulses but, in the present case, possibly
hampering water oscillations frequencies in excess of the MWCNT fundamental mode
at ~ 50 GHz when exciting with ps pulses. For the sake of disentangling the launching
mechanisms when exciting with pulses of different temporal width, which is the primary
goal of this work, we therefore avoided considering an additional effect, i.e. viscosity,

which is yet unclear in the hundreds of GHz frequency range [286, 287].

4.4 Conclusions

In this chapter, we applied the knowledge developed throughout the entire thesis
work, to design and investigate a realistic model via a multi-scale theoretical approach
encompassing atomistic simulations, analytical calculations and FEM simulations in a
continuum framework. We investigated the generation mechanism of acoustic waves
in water upon excitation of both a single-wall (SW) and a multi-wall (MW) CNT with
laser pulses of temporal width ranging from 5 ns down to the ps. First we showed that,
depending on the combination of CNT size and laser pulse duration, the CNT can act both
as a thermophone and a mechanophone. In the former case the CNT acts as a nanoheater
for the surrounding water, which, upon thermal expansion, launches the pressure wave; in
the latter case the CNT acts as a nanopiston, its thermal expansion directly triggering the
pressure wave in water. Consistently with results from Chapter 3, the mechanophone is
shown to play a significant role when the laser pulse duration is much shorter than the CNT
characteristic cooling time towards the external water: 7 /77, > 1. Second, we proved
that the mechanophone can enable the generation of few nanometers wavelength acoustic
waves in water, matching the water filled-CNT oscillation frequencies. This is achieved
for a laser pulse duration shorter than the fundamental CNT period. These nanometers

wavelength sound waves in water are interesting in fields ranging from theranostics [288],
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nanoscale acoustic imaging [177, 289, 290, 291] to water dynamics at the nanoscale [292,
286, 287, 231, 293, 294, 295] and in the hypersonic frequency range [296], below the
elastic spectral window accessible to Inelastic X-ray, Brillouin inelastic ultraviolet and
neutron scattering techniques [297, 298, 299, 230, 300].

Attention was devoted to the role of the infiltrated water within the CNT. Specifically,
in the contest of energy exchanges between the nanoparticle and its environment, the case
of the photoacoustic effect generated by a CNT immersed in water is a peculiar one. For the
SWCNT, atomistic simulations show that no water infiltration is present. In this case, the
SWCNT plays the role of the optical nano-absorber, thermal nano-heater and mechanical
nano-piston; providing to the external water both the heat that generates the thermophone
effect, as well as the mechanical pressure that generates the mechanophone. In this
respect, the SWCNT follows the same behaviour as the gold nanoparticles discussed in
Chapter 3. The MWCNT case, with water infiltrating its internal volume, is more complex.
Initially, only the CNT absorbs the light pulse, with both the internal and external water not
contributing to the absorption phenomenon. However, during the heat exchange between
the CNT and its surrounding, the internal water rapidly reaches the CNT temperature and
then overshoots it. From that moment on, it is the internal water which dissipates heat into
the CNT, with the latter now dissipating only in the direction of the external water. In this
way, the energy exchange between the nanoparticle and its environment does not occur in a
single direction throughout the dynamic, but switches roles at a certain time. Subsequently,
also in the mechanical dynamics the internal water plays a key role. For 7, = 1 ps, in
fact, the oscillation frequencies of the pressure in the external water, generated by the
mechanophone effect, can only be understood by considering as the nano-resonator the
water-filled-CNT system and not the CNT alone.

Summing up, this chapter shows, for a realistic nanosystem, the importance of the
mechanophone effect, suggesting this additional generation pathway on top of the one
commonly addressed in the case of water-immersed single nano-objects excited with ns
laser pulses, where only the thermophone effect contributes. Furthermore, it points to
perspective work to be undertaken to further progress in the field. In particular, the role of
intrinsic damping in the propagation of such sound waves, i.e. viscous and viscoelastic
damping [231, 301], a yet open issue in the present frequency range, will need to be
addressed. Indeed, intrinsic damping could hamper the propagation in water of oscillations
with frequencies greater than that of the MWCNT fundamental mode. Finally, upon further
shortening the laser pulse duration, water might respond as a solid rather than a liquid,

exhibiting a non linear dispersion with the sound velocity increasing to 3200 m/s [230].
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In this thesis work, the opto-thermo-mechanics of several nano-systems is investi-
gated in the general framework of energy exchanges at the nanoscale, by means of both
experimental and theoretical approaches. Across the chapters, we addressed such different
phenomena as electron-electron interaction, electron-lattice thermalization, nanoscale
acoustic vibrations and nanoscale thermal dynamics.

In Chapter 1, we reported on time resolved spectroscopy measurements performed
on individual gold nanodisks nanopatterned on a sapphire substrate. First we introduced the
spatial modulation spectroscopy technique, which allows to measure the optical properties
of individual nanoparticles and, together with numerical simulations, retrieve their mor-
phological features. Then we introduced the pump-probe set up, deployed to measure the
transient optical properties of single nanodisks upon excitation on two different timescales.
At the ns scale, we accessed the absolute temperature time evolution of the nanodisk and
retrieved the thermal boundary resistance at the nanoparticle/substrate interface. At the
(sub-)ps scale, we investigated electron-electron interactions and electron-lattice thermal-
ization, showing that the transient optical dynamics is sensible to the probe wavelength,
thus permitting to selectively access the electronic or the lattice thermal dynamics sep-
arately. This work demonstrates the possibility to access single nanoparticles internal
thermalization and cooling dynamics. A future development of such an experiment could
be the investigation of two nanoparticles in contact, characterized by different localized
surface plasmons resonances. In such a system, one could selectively excite and probe
only one of the two nanoparticles, by means of different wavelengths of the pump and
probe pulses. In this way, energy exchanges between two different nano-objects could be
investigated.

In Chapter 2, we addressed a forest of vertically aligned Indium Arsenide (InAs)
nanowires grown on an InAs substrate. We focused on the nanowires mechanical vibra-
tions. The study was performed with a multi-technique approach, encompassing electron
microscopies, pump-probe measurements and finite element simulations. Particular atten-
tion was devoted to the nanowires elastic constants. Then, through numerical simulations
in the frequency domain, we found that the oscillations observed with time resolved
measurements correspond to the longitudinal modes of the nanowires. The scaling of
the longitudinal modes with NWs length, together with numerical modelling, allowed
retrieving information on the NWs elastic parameters. Finally, we also modeled the time
dependent excitation and thermo-mechanical response of the system in the time domain, in

order to understand the origin of such oscillations. Their activation is due to an impulsive
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“hammer-like” excitation triggered in the substrate and propagating into the nanowires,
rather than from the nanowires expansion itself. This process is the opposite with respect
to the one involved in the case of gold nanodisk, where the sapphire substrate only serves
to evacuate the energy received from the nanodisk, the latter being responsible for the
optical absorption, the heat conversion and for the overall mechanical response of the
system (although the discussion on the mechanics goes beyond the purpose of Chapter 1).
The scope of the investigation on InAs nanowires is twofold: on the one hand, retrieving
the elastic constants, which are fundamental for any device and application based on InAs
nanowires; on the other hand, unveiling the mechanism behind the impulsive activation of
the vibrational modes. This mechanisms bears generality beyond the specific system.
The competition between the nanoparticle and its environment in the generation of
acoustic waves is at the core of the next two chapters. In Chapter 3, a theoretical study on
the photoacoustic effect generated by gold nanotransducers immersed in water is carried
out. Here we systematically investigated the role of the thermal boundary resistance and
the pulse excitation duration on the competition between the environment contribution
(thermophone effect) and the nanoparticle one (mechanophone effect) in photoacoustic
generation. This investigation is performed in the time domain as well as in the frequency
domain, exploiting time-resolved numerical simulations and analytical calculations. In
particular, for a gold nanocylinder described in the time domain framework, we defined
an adimensional quantity, 775, /7, given by the ratio of the cooling characteristic time
(proportional to the thermal boundary resistance, where this effect is the limiting cooling
mechanism) and the light pulse temporal width. For a ns light pulse, the thermophone
vs mechanophone competition is strongly dependent on 77, /7, with the mechanophone
effect prevailing for 77, /7, > 1, and the thermophone for 77, /71, < 1. Reducing the light
pulse temporal width down to the 10 ps timescale, the mechanophone effect becomes al-
most independent on 77, /77,. We rationalized these results in terms of the temperature time
evolution in the nanoparticle and in the water domains, showing that the mechanophone
(thermophone) contributes when the thermal boundary resistance/temporal light pulse
width combination results in a slow (fast) heat exchange between the nanoparticle and
its surrounding. Furthermore, the case of a realistic gold/water thermal interface was
discussed for each light pulse temporal width, showing that the thermophone effect prevails
for ns light pulses, whereas the mechanophone effect prevails for 10 ps light pulses. In
parallel, similar considerations were carried out in the simpler Au film-on-water system,
operating in the frequency domain. This choice allows to formally retrieve the interplay of
the parameters ruling the photoacoustic generation in an analytical, explicit form. These
results are compared to those obtained in the time domain. This study demonstrates the
importance of the mechanophone effect, often not considered in the literature. It also
suggests the possibility to exploit photoacoustic systems that make use of liquid-immersed

metal nanoparticles characterized by a high thermal boundary resistance to launch acoustic
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waves in the liquid while minimizing their temperature increase.

The thermophone vs mechanophone competition is also the topic of Chapter 4.
Here we developed a multi-scale model combining molecular dynamics and continuum
mechanics simulations to describe the photoacoustic effect triggered by single wall (SW)
and multi walls (MW) carbon nanotubes (CNTs) in water. In this study, we add to the
thermophone vs mechanophone discussion the effect of the nanoparticle size, showing
that for a ns excitation pulse the thermophone effect prevails for the SWCNT, while both
the thermophone and the mechanophone contributions are important for the MWCNT.
Reducing the light pulse down to the ps, instead, both the two launching mechanisms
contribute for the SWCNT case, but now the only effective launching mechanism for the
MWCNT is the mechanophone one. Moreover, in this last case, the ps light pulse is short
enough to activate the vibrational modes of the MWCNT, thus generating high frequencies
(=~ 50-100 GHz) sound waves propagating in water. These high frequency sound waves
bear great interest in such diverse fields as theranostics, nanoscale acoustic imaging, and
water dynamics at the nanoscale in the hypersonic frequency range. Our findings suggest
the CNTs as an ideal photoacoustic candidate to explore these physics. Nevertheless, our
study focus mostly on the launching mechanisms of the acoustic waves.

The present works opens to a variety of perspectives. First of all, in order to make
further progress, it would be desirable to extend the model to include the effect of intrin-
sic damping, i.e. viscous and viscoelastic damping, which is still an open issue at such
high frequencies. Another interesting development would be reducing the light pulse to
the fs regime, in order to excite also the breathing mode of the SWCNT, increasing the
frequencies of the launched sound wave to the THz regime. In this case, water might
respond as a solid rather than a liquid, with a non linear dispersion and a higher sound
velocity. In addition to this, SWCNTSs can also be semiconductors, at variance from the
(5,5 SWCNT of Chapter 4, which is a metal. In the semiconducting case, as seen for the
InAs nanowires, also the deformation potential launching mechanism could contribute in
addition to the thermophone and mechanophone effects. Another interesting perspective
would be to investigate metal nanoparticles in environments with different expansion
coefficients, as in the case of ice, which has a negative expansion coefficient between -20
and 0 Celsius degrees. In this case, the thermophone effect would result from a contraction
of the environment surrounding the nanoparticle, rather than its expansion, creating new

photoacoustic effects.
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