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ABSTRACT

Korkos, Spyridon

Ion beam shaping of embedded metallic nanoparticles for photonic applications
Jyvaskyla: University of Jyvaskyld, 2023, 91 p. + original papers

(JYU Dissertations;

ISSN 2489-9003; 618)

ISBN 978-951-39-9513-3 (PDF)

The swift heavy ion irradiation of metallic nanoparticles buried inside a mate-
rial can result in perfectly aligned nanorods. Within this nanofabrication process,
the shape, size, and orientation of the nanoparticles can be controlled in order to
tune their optical properties and build nanoscale optical devices. Towards this
scope, the metallic nanoparticles and their surrounding material play the most
important role. Earlier studies have only shown that initially spherical metallic
nanoparticles can transform to nanorods/nanowires, and gold in silica has been
the most studied system. This study focused on the impact of matrix material
properties and the nanoparticles geometric characteristics on the elongation. For
this reason, we used thin Si3N; TEM windows grids as substrates in order to
track changes in the same nanoparticle prior and after the irradiation. Except for
spherical nanoparticles, nanorods were irradiated as well and different material
matrices and deposition techniques were used. By exploiting the differences in
SiO, properties made by two different deposition techniques, we showed that
nanoparticles elongate more while embedded in ALD SiO, than in PECVD SiO,.
In addition, the investigation of embedded nanorods in SiO; showed that they
can be re-oriented to align along the ion beam direction depending on their initial
size and ion fluence. The same procedure was followed for spherical nanoparti-
cles embedded in ALD Al,Os3 resulting in elongated nanoparticles with compa-
rable ratio as in ALD SiO;. Lastly, the optical characterization of the elongated
nanoparticles showed two characteristic localized surface plasmon modes (longi-
tudinal and transverse) confirming the potential use of the nanoparticle/matrix
system for photonic applications.

Keywords: swift heavy ion irradiation, TEM windows grids, nanoparticles, SiO,,
Al,O3, ALD, PECVD, localized surface plasmon modes.



TIIVISTELMA (ABSTRACT IN FINNISH)

Korkos, Spyridon
Upotettujen metalli nanohiukkasten ionisuihku muotoilu fotonisiin sovelluksiin

Séteilytettdessd materiaalin sisddn hautautuneita metallisia nanopartikke-
leita nopeilla raskasioneilla voidaan synnyttéda taydellisesti samansuuntaisia na-
nosauvoja. Tassd nanovalmistusprosessissa nanopartikkeleiden muodolla, koolla
ja suuntauksella voidaan sdédtdd niiden optisia ominaisuuksia, ja nditd rakenteita
voidaan hyddyntdd nanomittakaavan optisissa laitteissa. Optisia ominaisuuksia
raataloitdessa metalliset nanopartikkelit ja niitd ymparoivd materiaali ovat tar-
keimmaéssa roolissa. Aiemmin on osoitettu, ettd alun perin pallomaiset metalliset
nanopartikkelit voivat muuttua nanosauvoiksi/nanolangoiksi, ja kultananopar-
tikkelit piidioksidissa on ollut tutkituin yhdistelma.

Téssa tutkimuksessa keskityttiin tutkimaan matriisimateriaalin ominaisuuk-
sien ja nanopartikkeleiden muodon vaikutuksia raskasionipommituksen aiheut-
tamassa venymisessd. Tadstd syystd kdytimme ohuita itsekantavia piinitridikalvo-
ja substraatteina, ja seurasimme saman nanopartikkelin muodonmuutoksia en-
nen ja jalkeen sdteilytyksen. Pallomaisten nanopartikkeleiden lisdksi séteilytettiin
myo6s nanosauvoja haudattuina eri materiaalimatriiseihin. Havaitsimme esimer-
kiksi sen ettd materiaalin lisdksi myos piidioksidin kasvatusmenetelma vaikuttaa
nanopartikkeleiden venymiseen. Nanosauvat voitiin myos suunnata uudelleen
raskasionipommituksen avulla.

Pallomaisten nanopartikkeleiden havaittiin venyvén yhtd paljon atomiker-
roskasvatettuun alumiinioksidiin haudattuna kuin samalla menetelmailld kasva-
tettuun piidioksidiin haudattuna. Venyneiden nanorakenteiden optinen karak-
terisointi paljasti kaksi ominaista pintaplasmonimoodia (pitkittdis- ja poikittais-
suuntainen), ja timan havainnon perusteella nditd rakenteita voidaan periaattees-
sa hyodyntda fotonisissa sovelluksissa.

Avainsanat: raskasionisateilytys, nanopartikkelit, SiO,, Al,O3, ALD, PECVD, pin-
taplasmonit
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1 INTRODUCTION

In the field of nanotechnology, the increasing need for producing nanostrutures
with complex shapes, which is difficult with standard nanofabrication techniques
(colloidal chemistry, electron beam lithography, ion implantation), led to the sear-
ch for new experimental techniques. The discovery that highly energetic ions
can modify the shape of metallic nanoparticles inside amorphous matrices [1] at-
tracted great attention towards this direction [2-12]. According to this research,
the passage of "swift heavy" ions (>1 MeV /u) through spherical metallic nanopar-
ticles embedded in amorphous materials caused their transformation to perfectly
aligned nanorods along the ion beam direction.

The basic mechanism behind this phenomenon, which is still under de-
bate, is that the "swift heavy" ions make the surrounding matrix above, below
and around the nanoparticle underdense [13-16] and at the same picosecond
timescale, the nanoparticle melts. The combination of these two effects makes
the molten metal flow into the underdense matrix resulting in the elongation.
This process has been called ion beam shaping.

Ion beam shaping has been mainly applied to spherical metallic nanoparti-
cles, of different elements, embedded in dielectric materials, such as amorphous
Si0O,, amorphous SizNy and sapphire (crystalline Al,O3). The experiments are
complemented by Molecular Dynamics (MD) simulations [14] of the irradiated
nanoparticle-matrix system as it is essential to understand better the mechanism
behind this phenomenon. In the MD studies of elongation, the energy deposition
from the ions to the matrix is modelled with inelastic thermal spike (iTS) model
[17]. Except for energies divided by atomic mass close or bigger than 1 MeV /u,
the elongation to occur requires electronic stopping force bigger than 2 keV/nm
[6]. Generally, the degree of elongation depends on the irradiation conditions
such as ion type and energy loss, flux [5], and fluence.

Nowadays, the research aims to the irradiation of different nanostructures
shapes, in addition to nanospheres, in order to create new nanostructures mor-
phologies. Such nanostructures, including nanorods, nanoplatelets, and nano-
triangles, can be produced either via chemical methods or via nanolithography
techniques, like electron beam lithography and direct ion milling. Moreover, the
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fabrication of the matrix in which nanostructures are embedded is an impor-
tant step. Due to the matrix underdensification requirement, the matrix material
properties should play a key role during the irradiation process. Mainly, Plasma-
Enhanced Chemical Vapor Deposition (PECVD), thermal growth and sputtering
have been applied, but there has not been direct comparison about the impact
of different deposition techniques on the ion beam shaping. Atomic layer depo-
sition (ALD) [18, 19] can be an alternative technique to produce films with high
quality (uniform and conformal) and precise thickness. So, it is worth to investi-
gate the difference in ion beam shaping arising from the deposition technique of
the matrix. ALD, as well, allows to deposit films that have not been yet used in
connection with ion beam shaping, such as amorphous Al,O3, TiO, and ZnO.

To gain deeper understanding, ion beam shaping is a process that should
be followed in every step: samples fabrication, imaging of the nanostructures
before the irradiation, samples irradiation and imaging of the nanostructures af-
ter the irradiation. The only available imaging technique for nanostructures em-
bedded inside a material is Transmission Electron Microscopy (TEM). This has
been mainly achieved by preparing the samples in cross-sectional geometry by
Focused Ion beam (FIB) technique, called TEM-lamella. The disadvantage of this
technique is that it is basically impossible to image the same nanostructure before
and after the irradiation. This is a problem when the nanostructures are not well
separated between each other. Then assumptions need to be made if an elongated
nanostructure comes from a single one or several particles merged together. This
fact implied the use of thin Si3N4; TEM windows grids as substrate. By means of
this approach, nanostructures of different size and shape can be fabricated on the
same sample and can be identified after the irradiation.

Moreover, it is well known that the embedded metallic nanostructures ex-
hibit the so-called localized surface plasmon (LSP) modes which are considered
as collective oscillation of metal’s conduction electrons confined within the vo-
lume of the nanostructure. These modes have resonance frequency (LSPR) sho-
wing up a strong scattering and absorption peak [20]. Additionally, at the re-
sonance, the electric field near the nanostructure is enhanced by the near-field of
the plasmonic excitation. Generally, the LSPR frequency depends strongly on the
material, the shape of the nanostructures, and the surrounding material. Noble
metals, like gold and silver, have significant plasmonic activity [21]. The shape
affects the distribution of the electric near fields, yielding the highest confinement
and the enhancement at the sharpest corners of the nanostructures. As a result,
the elongated nanostructures can act as "nanoantennas".

In this study, firstly, I confirmed the elongation of gold spherical nanoparti-
cles embedded in SiO; using thin SizN4 TEM windows grids as a substrate and
made a comparison between nanoparticles embedded in PECVD SiO, and ALD
SiO;. Next, samples with gold nanorods made either by chemical methods or
by direct neon milling and embedded inside SiO, were irradiated and the irra-
diation effects on nanorods were investigated. The same procedures were ex-
tended, as well, to gold and silver nanoparticles embedded in other materials,
such as amorphous ALD Al,O3 and amorphous ALD TiO,. The experimental
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results were accompanied with simulations in order to explain theoretically the
irradiation effects on embedded nanostructures.

Finally, the plasmonic characterization of the irradiated nanostructures was
done with dark field scattering microscopic spectroscopy. Placing the end of an
optical fiber on a dark field image plane of the microscope is a way to guide the
light only from a chosen area to the spectrometer. By this optical fiber coupling,
spectra of individual nanostructures can be characterized.



2 RADIATION INTERACTION WITH MATTER

Radiation interaction with matter is a wide field in physics which includes many
phenomena. These phenomena can vary depending on charge, type, and energy
of the particles which interact with matter [22]. If particles have charge (electrons,
ions) or not (neutrons, photons) affects greatly how an incoming particle interacts
with the target material. In the first kind, the charged particles interact through
the Coulomb force with the particles present in any medium through which they
pass. In the second kind, for instance photons travel through matter until they
undergo a catastrophic interaction with a single collision. In all cases, the inte-
raction refers to whole or partial transfer of energy of the incident radiation to
electrons or nuclei of atoms inside a material, or to charged particle products of
nuclear reactions.

When charged particles penetrate through the matter, they lose energy. It is
described by the stopping force given by equation (1):

S = —dE/dx, (1)

which gives the energy transfer per pathlength of a particle along its trajectory.
The nature of interaction between the particle and the target can be divided into
electronic stopping, which originates from the excitation and ionization of the
target electrons, and nuclear stopping which originates from the atomic colli-
sions with the target atom nuclei. In addition, there can be nuclear reactions be-
tween the projectile particle and target atoms. The distance that a particle travels
through the material until it stops, which is called range, can reveal information
about the interaction. Since energy loss is a statistical process, there is an energy
distribution of the charged particles. The width of this energy distribution is a
measure of energy straggling. The same occurs for the range since charged parti-
cles are also subject to range straggling, defined as the fluctuation in pathlength
for individual particles of the same initial energy.

On the other hand, when photons interact with matter, there is no incre-
mental energy loss, but attenuation of the beam of particles. Attenuation is an
exponential function of the path length through the medium. Each particle is in-
dividually removed from the incoming beam by the interaction. If N, particles



17

were initially hitting the target material, then after penetrating some distance x
inside the material, the number of particles in the beam are reduced to:

N(x) = Npe M. ()

The quantity u is known as the linear attenuation coefficient which measures how
rapidly the initial particles are removed from the beam.

In the next paragraphs, there will be more analytical description of ion, pho-
ton, and electron interaction with matter. In each case, emphasis will be given to
phenomena relevant to this study.

2.1 Ion interaction with matter

When an ion penetrates the matter, it interacts mainly either with the electrons
or the nuclei of the target atoms. Also, nuclear reactions from the interaction of
the projectile ion and target atoms may occur when the ions have sufficient en-
ergy to overcome the Coulomb barrier. At the low energy regime (<1 MeV for
heavy ions), the ions mainly interact with the nuclei of target atoms via elastic
collisions. As a result, nuclear energy losses are dominant in this energy range.
Two processes take advantage of these interactions in order to be held: ion im-
plantation and surface sputtering. In the first one, the incident ions penetrate and
remain inside the target normally near the surface, while in the second, the ions
knock out the atoms from the surface of the target.

The behaviour of the collided particles can be described in terms of elastic
scattering between two particles. According to the laws of conversation of e-
nergy and momentum, and assuming that the target atom is stationary, following
equations are valid:

1 1 1
E, = 5Mlu(% = EMlu% + EMzu%, 3)
Mjuy = Mjuqcos¢ + Mpuycoso, 4)
0 = Myuysing — Mpuysing, (5)

where M; and M, are masses of the incident and the target particles, uy is the
velocity of the initial projectile particle, u; and u; are the velocities of the scattered
incident particle and the recoiled target particle, respectively, and ¢ and 6 their
corresponding scattering angles (Figure 1).

The energies of the scattered projectile particle and the recoiled target parti-
cle can be deduced from the previous equations as E; and Ej, respectively. They
are connected with the initial energy via the kinematic factors K and A:

Mjcos¢p + \/M§ — M3sin%¢
My + M

E; =KEy = Eo, (6)
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FIGURE 1 Classical two particles scattering process.

4M1M2c0520E
(M + Mp)? ™

Even for energies much higher than 1 MeV, the incident ion projectile keeps
interacting via elastic collisions with the target atoms resulting in the scattering
of the two colliding particles. However, at such high energies, the ions mainly
interact inelastically with the electrons in the target material and the electronic
energy loss dominates.

In case that their energy divided by the mass of their atomic nucleus is close
to or higher than 1 MeV/u and they are carbon or heavier, the projectile ions
continue to interact with the electrons of the target atoms inelastically and are
referred as swift heavy ions (SHI). Ion tracks are formed in the material as the
residual damage along the ion trajectory. As the swift heavy ion penetrates the
material, it interacts with valence and core electrons knocking them out from the
atoms. These electrons have high kinetic energy (in the range of keV) and are
known as delta electrons. The delta electrons can ionize further the atoms along
the path of the ion. As a result, the ongoing collisions produce more high energy
electrons (electron collision cascade) leaving holes in inner shells of the atoms
(Auger transition). The movement of the energetic electrons creates a charge re-
gion along the ion path with inner region populated by valence band holes and
energetic electrons in the outer region [23, 24].

Subsequently, the energetic electrons transfer energy to the lattice by electron-
phonon coupling leading to a rapid increase in temperature within a few nm of
the ion trajectory and exceeding the melting temperature of the material (ther-
mal expansion), which depends on the ion mass, energy, and the material. This
process is called a thermal spike [17]. After cooling down the material, a trail
is left as a result of local structural modification, the so called ion track, having
a cylindrical shape. This process happens really fast, at a picosecond timescale.
The evolution of thermal spikes depends strongly on lattice and electron specific
heat and the electron-phonon coupling strength. In particular, the ion track can
be consisted of an underdense core surrounded by an overdense shell in a few
amorphous materials, such as SiO, [13], Si3Ny [25], and Al,O3 [26], which core-
shell structure depends strongly on the ion mass and energy as well.

The formation of the ion track with underdense core surrounding by an

E, = AEy = (7)
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overdense shell inside a material by SHI irradiation (Figure 2) leads to the que-
stion what will happen when nanoparticles are embedded into this host matrix.
The passage of the energetic ion creates an ion track above, below, and around
the NP [14]. When the energy is transferred to the electrons of the nanoparti-
cle, the energy diffuses rapidly outward to the surface. As the energy reaches
the metal/matrix boundary and is transferred to the electrons of the surrounding
matrix, the temperature increases at the boundary due to the stronger electron-
phonon coupling of the surrounding dielectric matrix. However, the surrounding
matrix prevents the energy diffusion because of the lower thermal conductivity.
Consequently, the electronic energy is transformed to heat and diffuses back to-
wards the center of the nanoparticle resulting in full or partial melting [7, 15, 16].
Finally, the molten metal flows into the track resulting in elongation after cooling
and recrystallization. This process is called ion beam shaping.

@ Si0, () Au Si0,/A/SiO,
Ion o ® LK,
ls. s

Electrons | <K =K =-»
b el e
Atoms . T ©

FIGURE 2 Schematic representation for SHI interaction for (a) bulk silica, (b) bulk gold,
and (c) gold NPs confined within a SiO, matrix. Reprinted with permission
from [7], Copyright 2012, American Physical Society.

2.1.1 Ion beam shaping: From simulations to experiments

A tremendous work has been implied to the understanding of the ion beam
shaping process and simulations techniques have had significant contribution.
The combination of inelastic Thermal Spike (iTS) model [27, 28] with Molecular
Dynamics (MD) has been accepted as the most efficient approach to study the
mechanism. The iTS model refers to the interaction between the electronic and
atomic subsystem of a material after the passage of the ion. These interactions are
described by two coupled heat diffusion equations, one for the electrons (e) and
one for the atomic lattice (a):

T _

o V(kVT,) —G(T, — T,;) + A(r, (v)) 8)

a7,
Caa_ta — v(kavTa)+G(Tg_Ta), (9)
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where C,, C, are the heat capacities, k., k; the heat conductivities and T,, T,
the temperatures of the electronic and atomic subsystems, respectively, G, the
electron-phonon coupling strength, and A(r; (v)) the initial temperature distri-
bution of energy after heating. The electron-phonon coupling strength can be
calculated by the equation

ke(Te)

Ce="02

(10)
where A is the electron mean free path. The initial temperature distribution of e-
nergy have been proposed from Waligorski et al [29] as a function of the electronic
energy loss. By solving these two equations, ion track diameter can be defined
by the molten cylindrical region, where the lattice exceeds the melting point of
the material. In the case where metallic nanoparticles are embedded inside the
matrix, then the same coupled heat equations are applied. In total four equations
should be solved in order to simulate the evolution of the embedded nanoparticle
under the SHI irradiation.

Molecular Dynamics is referred to the motion of the atoms because of the
acting force by their neighbors. This acting force is written as

Fi = m;a; = —VV(I”Z'), (11)

where m; and a; are the mass and acceleration of each atom, and V the poten-
tial energy. The potential energy or otherwise interatomic potential is the most
important parameter during calculations. Depending on the different species of
atoms interacting with each other, different approaches can be applied, including
Watanabe-Samela [30, 31], embedded atom model (EAM) [32, 33], and Ziegler-
Biersack-Littmark (ZBL) [34]. In order to combine iTS calculations with MD, we
should find a way to redistribute the energy from the ion impacts to the atoms
as kinetic energy. This is achieved by introducing a cylinder (with diameter left
as a free parameter or equal to the corresponding experimental track diameter)
through which the atoms obtain the kinetic energy [35, 36]. After energy deposi-
tion, Berendsen thermostat [37] should be applied in order to dampen the oscil-
lations from pressure wave and to emulate cooling provided by bulk material.

In order to simulate the nanoparticle-matrix system [38], a box of FCC metal
(typically Au) is created from which the desired nanoparticle shape (sphere, rod,
disk, etc) is cut. Then, a cell of the amorphous matrix (typically SiO,) is generated
from which a cavity is cut with the shape of initial nanoparticle but slightly big-
ger (1%). The nanoparticle is compressed by 2% and is fit inside the void. After
relaxation, the nanoparticle will expand to the empty space. In Figure 3, a repre-
sentation for simulation cell and the evolution of gold nanosphere in silica after
SHI irradiation are shown.

However, the simulations, so far, do not consider the energy barrier between
the conduction bands of the metal nanoparticle and the surrounding matrix (ty-
pically 4.1 eV for gold-silica system) as the electrons of the metal need to over-
come the barrier to transfer the energy to the electrons of the surrounding matrix.
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0

FIGURE 3 (a) Schematic representation of the simulation cell for gold nanosphere em-
bedded in amorphous SiO; [39] and (b),(c) and (d) evolution of the elonga-
tion of gold nanosphere (12 nm diameter) in SiO; after 0 impacts, 3 impacts
and 7 impacts respectively. Reproduced from [14] under the license CC BY
3.0.

A recent study [40] showed that the interface between the gold (metal) and silica
(insulator) affects the melting of the nanoparticles and the elongation process.

The experimental results differ from the simulations regarding the amount
of ion dose needed to observe the elongation. For example, in simulations, a
spherical nanoparticle of 10-20 nm diameter embedded in SiO; needs less than
10 impacts in order to show clear elongation [14]. But in experiments, the same
nanoparticle needs more than 50 ion impacts (103 jons/cm? fluence) in order
to start showing clear elongation along the ion beam. Another limitation is that
MD simulations of nanoparticles bigger than 20 nm diameter take a lot of time so
smaller nanoparticles are preferred in comparison with experiments.

Even if there are many studies about SHI irradiation in materials, including
SiO; [13, 41], Si3Ny [25, 42], AL, O3 [26, 43], TiO, [44, 45], ZnO [46, 47], etc., ion
beam shaping has been governed by metallic (Au, Ag, Pt, Co, Zn, etc.) spherical
nanoparticles embedded in amorphous SiO; [1, 3-5, 7, 10, 11, 48], amorphous
SizNy [11, 49, 50], sapphire (crystalline Al,O3) [51, 52], crystalline indium tin o-
xide (InySn;_,O,-ITO) [12], and lithium niobate LiNbOj3 [53]. The ion track dia-
meter denotes whether a nanoparticle of specific size can elongate or not. Typi-
cally, nanoparticles with diameter less than the ion track diameter do not elongate
or elongate at a significantly lower rate than the bigger ones. This limitation ap-
plies also to the minimum width that an elongated nanoparticle can reach so that
there is a saturation in elongation when the width is close to the track diameter
[54]. The ion track diameter limits also the maximum applied fluence after which
no more elongation can occur. This maximum fluence depends as well on the
nanoparticle size, ion species, and energy [6].

Furthermore, the nanoparticles threshold diameter for elongation and the
minimum elongation width are affected secondarily by the energy density per
atom required for vaporization of the metal [55]. This energy density varies bet-
ween different metals resulting basically in smaller threshold diameters for me-
tals with higher melting points. Consequently, the elongation process depends
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on the metallic species as well.

According to Rizza et al [7], the result of SHI irradiation of embedded gold
spherical nanoparticles in silica differs with size. Nanoparticles with diameters
less than 10 nm vaporize during irradiation and remain spherical, nanoparticles
from 10 to 30 nm completely melt and transform to nanorods and nanowires,
nanoparticles from 30 to 70 nm partially melt and obtain a facetted shape and
bigger nanoparticles do not deform at all (Figure 4). The extent of each area de-
pends on the irradiation conditions and nanoparticle-silica system composition.
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FIGURE 4 Diagram of evolution of gold spherical nanoparticles under SHI irradiation
with the ion energy. Reprinted with permission from [7], Copyright 2012,
American Physical Society.

According to Mota-Santiago et al [56], SiO, favors bigger elongation com-
pared to Si3sNy (Figure 5). The main reason is that SiO, has bigger electron-
phonon coupling strength in conjunction with the lower thermal conductivity
allowing the nanoparticle to reach bigger temperature and completely melt. On
the other hand, Si3zN4 cannot reach this temperature because of lower electron-
phonon coupling and higher thermal conductivity, and partially melts. This fact
justifies also the reason why the nanoparticles in the interface between these two
materials have a preferential elongation towards SiO, [56].
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FIGURES5 TEM images of gold nanoparticles embedded in SiO, and SizNy before and
after SHI irradiation. Reproduced from [56] under the license CC BY 4.0.

2.2 Photon interaction with matter: Plasmons

In the category of uncharged particles interacting with matter, photons are the
most characteristic case. Generally, when an energetic photon interacts with
atoms or atomic electrons in matter, there is a change in its initial energy or its di-
rection, because of scattering, including three interaction mechanisms: the photo-
electric effect, the Compton scattering and the pair production. However, when
the interest is focused on the interaction of photons (light) with bulk metallic
structures, other phenomena take place.

When an electromagnetic wave propagates through a linear and isotropic
medium, the propagation of light depends on the electric permittivity € and mag-
netic permeability y of the material. The materials are classified to four categories
based on whether these two values are positive or negative (Table 1).

Since the interest is focused on the light propagation through nanoparticles
surrounded by dielectric materials, surface waves at the boundary between two
media have a major importance. In the case of a DPS-SNG boundary where both
media have positive magnetic permeability, but one has positive electric permit-
tivity and the other negative, a surface wave can propagate along the boundary
being evanescent on both sides of it [57]. Taking the case of a transverse magnetic



24

TABLE 1 Categories of media based on their permittivity and permeability

Type €

Double Positive(DPS) + +
Double Negative(DNG) - -
Single Negative(SNG) + -
Single Negative(SNG) - +

(TM) wave, where the magnetic field is parallel to the boundary and the electric
tield orthogonal to the direction of propagation, the three field components Hy,
E, and E; are functions of e~ 1Ye 1PZ and et 72Ye7PZ for the two different media
respectively (B is the common propagation constant, and y; and 7, the extinction
coefficients for the two corresponding media). By solving the Helmholtz equation
V2U+p2U=0:

1+ B = wlpe (12)
—72” + B = e (13)
The condition that E, must be continuous to the boundary; it leads to:

—no_ "

14
o o (14)

Also, the condition that Dy=€E, should be continuous is satisfied by Max-
well’s equation. This fact in combination with the change of the sign of € at the
boundary means that E, should also reverse sign at the boundary. As a result,
a surface electric charge in the form of a charge-density longitudinal wave, that
oscillates at frequency w, is created (Figure 6). The optical wave and this charge-
density wave form the surface plasmon polariton (SPP). Essential requirement
for a SPP wave to exist is that -e, > €.

YA x
e
DPS

SNG € <0

FIGURE 6 Schematic representation of a surface plasmon polariton (SPP) created be-
tween a double positive (DPS) and a single negative (SNG) medium.
Reprinted with permission from [57], Copyright 2019, John Wiley and Sons.

Regarding the optical properties of linear conductive materials like metals,
conductivity ¢ relates the electric current density | with the electric field E, [=cE.
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When this relation is dynamic, the conductivity is frequency-dependent and the
conduction electrons behave as individual particles moving between scattering
events. This is called Drude model and the conductivity has the form:

0o
o= —,
1+ jwt

(15)

where o is the low frequency conductivity and 7 is the scattering time. The cor-
responding relative effective permittivity of the medium is given by the equation:

2
€C wp
L=y —"r 16
€0 R + jw( (16)

where =1/t and w) = v/€9/wT the plasma frequency. In the case of frequencies
w>(, simplified Drude model is followed. The effective permittivity and the
corresponding propagation constant (dispersion relation) are:

=N

€ _, @

, (17)

€0 w
B=nkyg=2 =Y L (18)
0T Ve T <o w?’

where 7 is the refractive index of the material, kj is the propagation constant in
vacuum, and cy is the speed of light in vacuum. At frequencies below the plasma
frequency, the effective permittivity is negative which makes the metal behave
as SNG. As a result, the free electrons of the metal undergo collective oscilla-
tions, called plasmons, which are the quanta of the plasma waves. At frequencies
greater than plasma frequency, the permittivity is positive so that the waves that
travel through the metal are called bulk plasmon polaritons (BPPs).

Therefore, when a metal behaves as an SNG material below plasma fre-
quency, the boundary between a DPS dielectric material can support SPP wave.
The effective permittivity of the metal-dielectric boundary is given as:

N

1— 2 2
i (19)

€y = €1l7— 75
b 11_w2/w52/

where ws = w,/v/1+€1/€). When w < ws, the metal is SNG material and
—€ > €1, so the SPP wave propagates along the boundary. But, when w; < w <
wp, SPP wave does not exist any more because —e; < €1 and bulk waves are
propagating. Finally, when w > wy, the metal is a DPS medium and BPPs are
propagating.

This theory can be extended to metal nanostructures of subwavelength di-
mensions (from hundreds of nm to a few nm) when they are surrounded by di-
electric materials. These nanostructures can have different shapes (nanospheres,
nanorods, nanodisks) and their plasmon polaritons are distinguished from the
bulk metals as localized surface plasmon polaritons or simplified localized sur-
face plasmons (LSPs). Generally, the nanostructures exhibiting plasmonic activity
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are characterized by their localized surface plasmon resonance (LSPR) frequency
when the exciting frequency matches their resonance frequency.

The most characteristic case is a metallic nanosphere surrounded by a di-
electric material. When a plane wave with electric field E is propagating through
the nanosphere, it produces a parallel internal field E;. This internal field cre-
ates an oscillating electric dipole which emits a scattered dipole wave E;. Along
with the scattering, the metals can exhibit absorption as well. The strengths of
scattering and absorption are characterized by their cross-sections s, and o,
respectively, which depend on the polarizability of the sphere a. When the ra-
dius of the nanosphere is a lot smaller than the wavelength of the incident light
(a<<A), the polarizability of the nanosphere can be calculated by the quasi-static
approximation:

_ 4mad(es —€)

e e (20)

where €; is the permittivity of the metal and € is the permittivity of the surroun-
ding dielectric. According to Mie/Maxwel-Garnett (MG) theory [58], absorption
and scattering cross-sections can be calculated for nanoparticles inside dielectrics:

Ka)>  8mk*a® es—e€
st = Ton 5 e g6l @)
Oaps = kIm|a] = drka®Im[ =] (22)
avs € +2¢”’

where k=27t / A. The relation between the internal and the incident electric field is
given by the equation:

3e
= E
€s + 2¢ 0

i (23)
meaning that they are proportional to each other. Resonance occurs when e;=2¢
and the resonance frequency is:

wp = “r
0~ \/1-|-2€'

In Figure 7, the field lines for a sphere embedded in dielectric matrix and
the scattering and absorption spectra for Au nanospheres in water are shown.
The peak corresponds to the LSP dipolar mode of a gold spherical nanoparticle
in water.

Additionally, this theory can be expanded to other nanoparticle shapes. The
difference in optical properties between different nanostructures arise from the
value of polarizability which depends strongly on the shape, the dimensions of
each particle, and the permittivities of the metal, from which the nanostructure is
consisted of, and the surrounding dielectric material. The case of a gold nanoel-
lipsoid embedded in silica is characteristic. The ellipsoid has three major axes

(24)
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FIGURE 7 (a)Field lines for a sphere embedded in dielectric matrix. Reprinted with
permission from [57], Copyright 2019, John Wiley and Sons. (b) Scattering
and absorption spectra for Au spherical nanoparticles of various diameters
in water. Reprinted with permission from [59], Copyright 2020, John Wiley
and Sons.

(a, b, ¢), where a axis is the long axis and b, ¢ are the shorter axes. For simpli-
city, short axes are equal to each other. The polarizability « of an ellipsoid can be
calculated as:

_ 4megeab®(es — €)

n; = , 25
' 3+ e - o) )
where A; refers to the long and short axis so that:
1-E> 1 1+E 1—Apng b?
Along - T[ﬁlﬂ(ﬁ - 1)]/Ashort - T,E - 1 - a—z (26)

The extinction spectrum reveals two resonance peaks which correspond to
the longitudinal and to the transverse plasmon mode. The longitudinal mode is
parallel to the long-axis and is localized to the poles of the ellipsoid. The trans-
verse mode is parallel to the short-axis and is localized at the equatorial region of
the ellipsoid. Comparing with a gold nanosphere embedded in silica, the reso-
nance condition has been modified because of the change in the shape, resulting
in the longitudinal and transverse plasmon modes which are shifted with respect
to the LSPR frequency of the spherical nanoparticle (Figure 8).
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FIGURE 8 (a)Electron Energy Loss spectroscopy (EELS) for (a) a spherical gold
nanoparticle embedded in silica which exhibits LSPR at 2.22 eV and (b) an
ellipsoid gold nanoparticle embedded in silica which exhibits longitudinal
LSPR at 1.90 eV and transverse LSPR at 2.33 eV. Reprinted with permission
from [60], Copyright 2018, American Physical Society.

2.3 Electron interaction with matter

When an electron hits onto a material, different interactions can occur (Figure
9). These interactions are categorized to elastic and inelastic interactions. During
elastic interactions, the electrons do not lose energy almost at all. Such electrons
either travels through the sample without interacting with that or are elastically
scattered. These direct electrons are used for imaging at Transmission Electron
Microscopy (TEM). Elastic scattering occurs when the electron is deflected from
its path by Coulomb interaction with the positive potential inside the electron
cloud of the target atom losing only a negligible amount of energy.
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FIGURE 9 Signals generated when a high-energy beam of electrons interacts with a thin
specimen. Reprinted with permission from [61], Copyright 2009, Springer
Nature.

During inelastic interactions, energy is transferred from the incident elec-
trons to the sample losing energy. This causes the generation of different signals
including secondary electrons and Auger electrons by inner-shell ionization. The
secondary electrons can be produced when electrons from conduction or valence
band can gain enough energy from their interaction with the incoming electrons
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to be ejected in vacuum. These electrons can be used to form images of morpho-
logy and surface topography from the specimen in Scanning Electron Microscopy
(SEM).



3 EXPERIMENTAL TECHNIQUES

3.1 Thin film deposition and etching

3.1.1 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

Plasma-Enhanced Chemical Vapor Deposition (PECVD) is a technique of deposi-
ting thin films on a substrate [62]. The deposited film is a result of two reacting
gases in plasma state on top of a substrate. A radio frequency (RF) discharge
is used to ionize the precursor gases between two electrodes before the reaction
and generate the plasma. It consists of an RF driven top electrode and a heated
grounded bottom electrode. The substrate is placed on top of the bottom elec-
trode inside a chamber (Figure 10). After the deposition of the film is terminated,
a noble gas (usually N») is inserted aiming to remove the byproducts of the reac-
tions from the surface of the film. In the present study, a Plasmalab80Plus PECVD
(Oxford Instruments) system was used.
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FIGURE 10 PECVD reactor schematic [63].
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3.1.2 Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) technique is an effective method of producing
films of high quality (uniform and conformal) and precision in thickness [64]. A
typical ALD set-up consists of a reactor chamber where the substrate is placed,
and the molecules from the precursors are inserted in order to react in the surface
of the substrate (Figure 11).
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FIGURE 11 ALD reactor configuration equipped with thermal and energy-enhanced
ALD capabilities. Reprinted with permission from [65], Copyright 2013,
Elsevier.

The deposition process is complete after sequent cycles and in the case of
two precursors each of them normally has four steps (Figure 12). The first step
includes the exposure of the substrate to the pulse of the first precursor and the
reaction with the surface molecules. The second step includes the removal of the
non-reacted molecules of the precursor and the reaction byproducts by inserting
noble gas (mainly Ny). In the the third step, the molecules from the second pre-
cursor are inserted to react with the molecules of the first precursor in the surface
of the substrate. Finally, in the forth step, the reaction byproducts and the non-
reacted molecules of the second precursors are removed after noble gas flow. By
this way, in every cycle, an atomic layer of a few A is created and the desired
thickness is achieved after repeated cycles.

Each deposition is characterized by the growth rate of the film per cycle
(GPC) which is given in nm or A. The GPC depends on the deposition tempe-
rature, the material substrate, and the precursors. The basic disadvantage of this
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method is that the growth rate of the films is very slow comparing to other de-
position methods. For example, the growth rate of a film deposited by PECVD is
in the range of tens of nanometers per minute, but ALD deposit films with a rate
of a few nm per minute. Depending on the origin of the necessary energy for the
surface reactions, ALD is divided to thermal and energy-enhanced ALD. In ther-
mal ALD, the energy is supplied by heating the ALD chamber and the substrate.
This kind of ALD was applied in the present study by using a Beneq TFS 200
cross flow reactor. Energy-enhanced ALD includes the cases where the energy is
provided by other forms than heat, such as plasma.
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FIGURE 12 Schematic diagram of a deposition cycle with four steps. Reprinted with
permission from [66], Copyright 2009, Elsevier.

3.1.3 Reactive Ion Etching (RIE)

Reactive ion etching (RIE) is an important process in nanofabrication which is
used to remove partially or totally a thin film layer. RIE is a dry etching method
which uses chemically reactive plasma to remove deposited material. The plasma
is generated under low pressure by an electromagnetic field supplied by a RF ge-
nerator. The system configuration is similar with this used for PECVD. Ions from
the plasma react chemically with the material deposited on a substrate resulting
in dissolution. The ions can cause as well sputtering of the material by trans-
ferring some of their kinetic energy. Depending on the material needed to be
removed, different gases and conditions for each process should be applied. For
instance, the removal of SiO; requires the use of CHF3 at room temperature. By
this way, an anisotropic etching of a material can be achieved. For the purposes
of this study, a Plasmalab80Plus RIE (Oxford Instruments) system was used.
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3.2 Microscopy techniques

3.2.1 Optical microscopy

Bright Field Optical Microscopy is the simplest and the most common illumina-
tion technique used in light microscopes. A light microscope is an optical in-
strument using the visible light to produce magnified image of a specimen. The
essential components to build a light microscope are: a transillumination light
source (1), like halogen lamp, a condenser optical lens (2) to focus the light onto
the specimen, the stage (3) to place the specimen, an objective optical lens (4)
which collects the light from the specimen and form a magnified image, and the
oculars (eyepiece) (5) and camera to view and record the image. There are also
some other components less critical to the formation of the image such as di-
aphragms and filters. A schematic representation of a light microscope is shown
in Figure 13.
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FIGURE 13 Schematic representation of a light microscope. Reprinted with permission
from [67], Copyright 2012, John Wiley and Sons.

The biggest limitation of an optical microscope is its resolving power. The
resolving power (or resolution) of a microscope is defined as the smallest distance
between two objects resolved with the eyes, in other words, the ability to reveal
adjacent structural detail as distinct and separate. This happens because of the
diffraction of the light. Therefore, the resolution of the microscope is affected
by the wavelength of the light (A), the refractive materials used to manufacture
the objective lens, and its numerical aperture (NA). The latter is given by the
equation:
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A
1= aNa

In Bright field microscopy, both directly transmitted and scattered light are
collected by the objective lens contributing to image formation. Therefore, the
background is very bright resulting to images with low contrast in which details
are poorly visible. This problem can be solved by using dark field microscopy
where the unscattered beam from the image is removed and the final image
presents a dark background improving image contrast.

In order to illuminate specimens in the dark field, the central light rays along
the optical axis of the microscope must be blocked. As a result, only those oblique
rays originated at large angles are allowed to strike the specimen. This can be
obtained quickly with bright field by rotating the condenser turret to illuminate
the specimen obliquely. Another way to achieve this is to place a small opaque
disk between the light source and the condenser lens. Most of the light is blocked
because a hollow cone of light focused on the specimen is created after passing
through the condenser. By this way, the condenser creates a hollow cone of light
rather than a filled cone of light (bright field). The light at the apex of the cone
is focused at the plane of the specimen and after passing the specimen plane,
it spreads again into a hollow cone. The only light that reaches the objective is
this one scattered by the structures in the specimen. The final image show bright
objects on a dark background. In order to increase the resolution, the condenser
lens and the specimen should be immersed in oil. The immersion oil will increase
the numerical aperture (NA) of the condenser so that the resolution limit will be
decreased. The optical images of the samples in the current study were acquired
using an Olympus BX51TRF microscope.

(27)

3.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) [61] is a microscopy technique capable
of revealing even the smallest features of atomic resolution in a specimen when
an electron beam is transmitted through it. This kind of microscope provides
resolution much better than light microscopes because of the smaller de Broglie
wavelength of electrons with energy E given by the equation:

A= g (28)
VE

Basic requirement for imaging is the thickness of the specimen to be appro-
ximately equal or less than 100 nm in order to be electron transparent.

The basic operation principal of a conventional TEM instrument can be de-
scribed in Figure 14. One of the most important parts is the electron source-gun
(1). There are only two types of sources: thermionic, like tungsten(W) filaments
or lanthanum hexaboride (LaBg), and field-emission sources, like fine tungsten
needles.

This crossover acts as an object for the first electromagnetic lens (2) in the
illumination system consisting of several electromagnetic condenser lenses deter-
mining the size of the beam. After the condenser lenses, the beam passes through
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an aperture (3) which confines it and moves the scattered electrons away. Next,
the electron beam hits the specimen (4) and the transmitted part is focused on an
electromagnetic objective lens (5). Again it passes through an aperture (6) which
enhances the contrast by blocking the diffracted electrons of high angle. The elec-
tromagnetic projector lens (7), finally, is used to project the beam to the viewing
screen (8). The viewing screen is coated with ZnS (10-100 #m) emitting a green
fluorescent light. The image is recorded by a charge-coupled device (CCD) cam-
era as CCD is coupled with a scintillator which collects the transmitted electrons
and converts them to photons. A JEOL-JEM 1400 TEM was used for the imaging
of the samples.
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FIGURE 14 Representation of a TEM instrument [68].

3.2.3 Helium Ion Microscopy (HIM)

Helium Ion Microscopy (HIM) [69] is a relatively new technique which offers
a possibility for both surface imaging and Focused Ion Beam (FIB) milling in a
single tool. Contrary to Scanning Electron Microscopy (SEM), HIM can image
non-conductive materials without additional conductive coating. In addition, the
direct ion beam in HIM can mill and pattern very small features with minimum
damage to the crystal lattice.

HIM working principal consists of three parts: Helium ionization and ac-
celeration, beam formation, and sample interaction with the beam (Figure 15). A
Gas Field Ion source (GFIS) (1) provides an emitter (tungsten) with a three sided
pyramid tip apex. This tip is shaped in such a manner in order to form a trimer.
By this way, helium ionization happens at the end of the tip. Then, ion beam
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should be focused before striking the sample surface. For this reason, the ion
beam should pass from an extractor (2), a condenser lens (3), an aperture (4), de-
flectors (5), and an objective lens (6). As a result, a beam of 0.25 nm diameter
is formed with spot of 0.5 nm diameter. Except of helium, the tool is equipped
also with neon gas which is used mainly for nanofabrication as it is heavier than
helium. The HIM tool, which was used in this study, was a Zeiss Orion Nanofab
Helium Ion Microscope.

1 Source l

" o
Heliumgas —40 %0 o
o o

o
2 Extractor

3 Condenser lens
lon beam
4 Aperture

5 Deflectors

6 Objective lens

8 Electron detector %

FIGURE 15 Helium Ion Microscope (HIM) configuration. Reprinted with permission
from [70], Copyright 2009, IOP Publishing.

As the focused ion beam penetrates the sample (7), the interaction between
the accelerated ions and the target atoms produce a number of different signals.
For the imaging of the sample surface, secondary electrons (SE) are used. Com-
pared with SEM, the interaction volume for SE generation is smaller for He. A
typical SEM beam of low energy electrons (1 keV) produce less damage on the
sample, but there are many backscattered electrons which also produce SE some
distance away from the incident beam contributing significant non-local infor-
mation to the image. On the other hand, the small scattering of the helium ions
(30 keV) results in minimum beam divergence inside the sample. Consequently,
the escaping secondary electrons reveal information about the region of interest.
Finally, the SE are collected by electron detectors (8) (CCD camera) to form an
image.

3.3 Thin film analysis

3.3.1 Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA)

There are several materials characterization techniques which can reveal informa-
tion about thin films properties. Time-of-Flight Elastic Recoil Detection Analysis
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(ToF-ERDA) [71] is an ion beam analysis technique capable of determining the
elemental composition of a thin film. This technique requires the use of an acce-
lerator system including usually an ion source and and an electrostatic accelerator
capable of producing heavy ion beam from 1 MeV to 200 MeV.

According to the elastic scattering collision between two particles, the in-
cident ion recoils the target atom obtaining a characteristic energy E; (Equation
7). In order to quantify the atomic concentrations for each recoiled element from
a sample, the number of particles detected (A) should be measured, the solid
angle (Q2) should be defined, the scattering cross-section () (different for each e-
lement) should be calculated, and the total number of incident particles Q should
be known. Therefore, the number of target atoms per unit area, which is the
product of the volume density of atoms in the target (N) and the thickness of the
sample (t) can be given by the equation:

A =0Qx%Qx Nt (29)

Since the interest is focused on the concentration of the atoms beneath the surface
of the target material, the energy loss of ions travelling through the material must
be taken into account as well. In Figure 16, a schematic diagram of a typical ToF-
ERD set-up is shown. ¢ can be calculated from the differential scattering cross-
section which expresses the probability of a binary collision to take place. The
scattering cross-section for a recoiled particle is given from the equation:

d_O' o [Z1Z2€2(M1 +M2)]2 (30)
dQ)  (8megEgM>)2c0s30

where Z; and Z; the atomic number of the incident and recoiled atom, respec-
tively, My and M, their atomic masses, € the electric permittivity in vacuum, Eg
the incident energy, and 6 the scattering angle.
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FIGURE 16 A typical ToF-ERD set-up with two time detectors (T and T,) and an energy
detector (E).

Time-of-Flight technique uses two time detectors placed on a distance L be-
tween them. Since the time (T) and the distance (L) that a particle travels between
the detectors are known, the velocity of the particle can be calculated. An energy
detector is used to measure the energy of the recoiled particles. As a result, the
mass of the recoiled atoms can be differentiated.

By this way, mass separation can be achieved and a coincidence time-of-
flight (ToF) and energy (E) histogram will be obtained with characteristic "ba-
nana" curves corresponding to different masses (Figure 17). The knowledge of
the mass is crucial for the calculation of the scattering cross-sections. In this study,
the 1.7 MV Pelletron accelerator at the Accelerator Laboratory of the University of
Jyvaskyla was used with ©3Cu®* ion source [72]. The energy of the ®*Cu®* beam
was 11.9 MeV. The analysis of the measurements was done using the software
Potku [73].

In 2D TOF-E histogram (Figure 17), the ToF detector channel is given as x
axis and the energy detector channel as y axis. In Potku, we determine the dif-
ferent elements and isotopes by graphically placing polygons around the curves
in the ToFaE histogram (Figure 17). By this way, the determination of the sample
composition as a function of depth is achieved. Firstly, an homogeneous sam-
ple composition is assumed by correcting the total yield of each element with the
corresponding scattering cross-section. Then, the original depth for each detected
recoiled atom is calculated backwards using the detected energy, stopping forces,
and the known measurement geometry. This calculation is repeated iteratively
until the composition does not change significantly. As a result, the absolute con-
centration for each element over the depth of the thin film can be extracted.
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FIGURE 17 Coincidence time-of-flight and energy histogram of a ToF-ERDA measure-
ment from Si/50 nm PECVD SiO,/NPs/50 nm PECVD SiO, as-deposited
sample. Modified with permission from [PII], Copyright 2022, AIP Publis-
hing.

3.3.2 X-ray reflectivity (XRR)

Except for ToF-ERDA, X-ray reflectivity (XRR) [74] measurements were applied
to reveal information about the thickness, density, and roughness of the grown
tilms. This technique uses the effect of total reflection of the X-rays from the spe-
cimen. The X-rays undergo total reflection when they hit the surface of a material
at an angle smaller than the critical angle for total reflection (Figure 18). It actually
measures the reflected X-ray intensity at an angle equal with the incident angle.
The relative X-ray reflectivity is given approximately by the equation:

R(Q) 1 [® i dpe\, n
Ro(@) = oz | eGP @
where Q=47sin(0)/A, A is the X-ray wavelength, po is the density deep within
the material, and 0 is the angle of incidence. Below the critical angle, X-rays
penetrate only a few nm into the sample, but above this angle the penetration
depth increases rapidly and the reflectivity decreases proportionally to Q*. The
measurements in this study were done with PANalytical X'Pert Pro Alpha 1 MPD
X-ray powder diffractometer set up to X-ray reflectivity with Cu Ka; X-ray source
(A=0.154056 nm, V=45 kV, I=40 mA). The analysis of the samples was done with
the use of GenX open software where a fitting was made at the experimental
data from which the values of the thickness, density, and roughness of SiO, were
extracted.
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FIGURE 18 Simplified X-ray reflectivity set-up where incident X-rays are totally re-
flected at an angle equal with the incident.

3.3.3 Spectroscopic ellipsometry

Regarding the film thickness measurements, spectroscopic ellipsometry (Figure
19) is an accurate and fast method to determine the thickness of a film. This is
an optical technique capable of measuring the thickness and the refractive index
of thin films from a few to several hundreds of nm by using the interaction of
the polarized light with the material surface [75, 76]. In this study, the measure-
ments were done by using a SOPRA GES 5E ellipsometer. A linearly polarized
light, which reaches the surface of a material under an angle of incidence, can be
expressed by two components, one parallel (denoted -s) to the plane of incidence
and one perpendicular (denoted -p) to that. After the reflection of the light from
the surface, its polarization has changed to elliptical. As a result, the components
of the light has changed.

Light source
Detector

Polarizer Analyzer/

Compensator

e

Sample

FIGURE 19 Ellipsometry set-up where the light beam from the source passes through
the polarizer, hits the sample, and is reflected entering the compensator first
and then the analyzer before reaching the detector.

The ellipsometer uses the ratio of the components of the reflected light (R,,/Rs)
to estimate the thickness (t) and the refractive index (n) of the film based on the
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equation:

Ry

R
where ¥ and A are the relative attenuation and phaseshift of the two polariza-
tion eigenstates, respectively. These quantities are determined from the measure-
ments, however they do not give direct information about the thickness and the
refractive index. Therefore, a model based on Maxwell’s equation needs to be
used in order to calculate the desired values [76, 77].

= tan(¥)e®, (32)



4 SAMPLE FABRICATION, IRRADIATION, AND
CHARACTERIZATION

4.1 Sample preparation

The use of thin Si3Ny TEM windows grid as a substrate is essential for the fab-
rication of the samples. The grid consists of nine windows (eight windows with
100x100 pum? size and one window with 100x350 ym? size) of 20 nm thickness
(Figure 20). The TEM imaging of the same embedded nanostructures is possible
before and after the irradiation. On top of the grid, a film of amorphous material
is deposited either by Plasma-Enhanced Chemical Vapor Deposition (PECVD) or
by Atomic Layer Deposition (ALD). As a next step, nanostructures are placed
on top of the film. They were either made by colloidal chemistry (obtained by
Sigma-Aldrich) and dispersed on top of the film by dropcasting or they were fa-
bricated by direct ion beam milling. Finally, a second film of the same material
was deposited on top of the nanostructures in order to encapsulate them in the
amorphous material.

The shape of the nanostructures were chosen to be sphere and rod. Since
metallic nanoparticles are subject to elongation along the ion beam direction,
nanostructures of two different metal species were used: gold and silver. A high
deposition temperature of the matrix material can induce shape changes to the
nanoparticles. Gold nanoparticles are observed to deform at 300 °C, leading to
the conclusion of choosing lower deposition temperature than 300 °C. This obser-
vation is more visible in nanorods, because the spherical ones keep their spheri-
cal shape after cooling. Figures 21a,b show the deformation of the nanorods after
PECVD SiO, deposition at 300 °C. As a result, lower deposition temperatures
were tested and deposition at 200 °C showed that nanorods do not change shape
(Figure 21c).

Possible shape changes of the post-deposition thermal annealing on the em-
bedded nanoparticles were investigated as well. The thermal annealing process
was accomplished in a conventional furnace (Carbolite CTF/12/65/550 tube fur-
nace). The tube furnace was shielded by two metallic lids, one left and one right.
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FIGURE 20 (a) Photo of a TEM grid and (b) optical microscope images of a TEM grid
with SiO, deposited by ALD. Modified with permission from [PII], Copy-
right 2022, AIP Publishing.

a) b) . c)

FIGURE 21 TEM images of gold nanorods (a) before the PECVD SiO, deposition at
the 300 °C and (b) after the PECVD SiO, deposition and etching. (c) TEM
image of gold nanorod after PECVD SiO, deposition at 200 °C. Reprinted
with permission from [PII], Copyright 2022, AIP Publishing.

The right lid is used to insert the samples inside the tube and the left allows the
flow of different annealing gases, such as Ny, O, and Ar. This is shown in Fi-
gure 22, in which gold nanorods on a bulk Si substrate were imaged before and
after annealing at 900 °C and etching of top SiO, prior imaging. There was no
significant change even after annealing at 900 °C.
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FIGURE 22 Helium Ion Microscope (HIM) images of nanorods embedded in PECVD
SiO; before and after annealing at various temperatures. The top row i-
mages show nanorods before the deposition of the second layer on the top
and the bottom row images show nanorods after annealing and etching by
RIE of the excessive layer. Reprinted with permission from [PII], Copyright
2022, AIP Publishing.

Three different amorphous materials were selected to be used in the sam-
ple fabrication: SiO;, Al,O3, and TiO,. SiO; was deposited by both PECVD and
ALD. SiO; films were deposited by a Plasmalab80Plus PECVD (Oxford Instru-
ments) at 200 °C with silane (SiH, in Ar) and nitrous oxide (N,O) as precursors
[78]. The chamber was pre-heated and purged with N; for 2 min. The working
pressure during the deposition was 133 Pa. The growth rate of the deposited
film was 50 nm/min. The deposition of SiO; films at 200 °C by ALD was done
using a Beneq TFS 200 cross flow reactor working at 150 Pa base pressure du-
ring the deposition. Nitrogen from Inmatec PN 1150 nitrogen generator (99.999%
purity) was used as a carrier gas as well as for purging between the precur-
sor pulses. One ALD cycle consisted of subsequent pulses of (3-aminopropyl)-
triethoxysilane (APTES) (Sigma Aldrich, 99% ), deionized water, and O3 which
were used as precursors for the deposition. APTES was heated to 95 °C in order
to provide sufficient vapor pressure while H,O was kept at room temperature
and O3z was produced with BMT 803 N ozone generator from O,. One ALD cycle
consisted of 1.25s, 0.75 s, and 0.9 s pulses of APTES, H,O, and O3, respectively.
Exposure time after each pulse was 20 s, 18 s, and 15 s and purging times were
20 s, 155, and 15 s, respectively. The GPC was 0.4 A/ cycle. A set of 5iO, sam-
ples were also fabricated with an additional step of post-deposition annealing at
900 °C for 30 min with N, flow at a conventional furnace.

Al,O3 and TiO; were deposited by ALD using the Beneq TFS 200 working at
100-200 Pa base pressure during the deposition. For the deposition of Al,Oj3 films
at 200 °C, trimethylaluminium (TMA) (Strem Chemicals, >98%) and deionised
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water were used as precursors. Both TMA and water pulses were 150 ms long
and the purging after each precursor pulse was 3 s. The GPC was 1.1 A /cycle.The
deposition of TiO, films at 150 °C was accomplished with the use of titanium
tetrachloride (TiCly) (Sigma Aldrich, >99%) and deionised water, and the growth
temperature was kept at 150 °C in order to produce amorphous film. Both TiCly
and water pulses were 300 ms long and purging time after each precursor was
2s. The GPC was 0.4 A /cycle.

In the early stages of this research, the thickness of the SiO, matrix (the first
material tested) was several hundreds of nm because most of the previous stu-
dies were mentioning that nanoparticles should be buried deep inside the matrix
in order the elongation to occur. Nevertheless, some studies [2, 79] have shown
that the heavy ion irradiation of colloidal nanoparticles, consisted of a 14 nm di-
ameter Au core surrounded by a 72 nm thick SiO, shell, resulted in aligned gold
nanorods along the ion beam direction. This fact implies that elongation does not
requires thick SiO, films. For these reasons, on top of 20 nm thick Si3N4y TEM
grid, a 30 nm PECVD SiO; film was the first deposited at 200 °C and after the
dispersion of chemically synthesised Au spherical nanoparticles with diameter
varying from 5 to 80 nm, another SiO, film with 200 nm thickness was deposited
in order to embed the nanoparticles. The imaging of the sample took place be-
fore the deposition of the second film. After the irradiation, around 150 nm of
SiO, was etched by RIE so that the sample had the required thickness to be i-
maged by TEM. In Figure 23, TEM images from this type of sample irradiated at
2x10' ions/cm? are shown.

FIGURE 23 TEM images of 20 nm Si3N4/30 nm PECVD SiO,/NPs/200 nm PECVD
SiO, sample irradiated at 2x10'* ions/cm? fluence with 8Kr ions (a) be-
fore and (b) after the irradiation. Reprinted with permission from [PII],
Copyright 2022, AIP Publishing.

When samples with right thickness were fabricated in order to be imaged
with TEM (without etching), the elongation results were similar as in Figure 23.
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As a result, every step in this procedure was planned carefully in order to mo-
nitor the evolution of the nanostructure elongation. The procedure started with a
precise fabrication of the sample with the deposition of 50 nm thin film on top of
the TEM windows grid. The dispersion or the fabrication of the nanostructures
on top of the film was then applied and consequently their encapsulation with
the deposition of the second film with the same thickness was following. As a
result, chemically synthesised Au spherical nanoparticles with diameter varying
between 5 and 80 nm, with a 5 nm step, were embedded in 100 nm SiO; made
by ALD or PECVD, 100 nm ALD Al,O3 and 100 nm ALD TiO,. Additionally,
Ag spherical nanoparticles with diameter varying between 5 and 25 nm were
embedded in 100 nm ALD Al,O3 and 100 nm ALD TiO;. Regarding the nanorods,
Au nanorods with diameter varying from 20-45 nm and length varying from 30-
90 nm were embedded between two SiO, layers of 50 nm thickness each. The
following steps were the imaging of the embedded nanostructures by TEM and
their SHI beam irradiation under 45°. Finally, the irradiated samples were imaged
in order to investigate the effect of the irradiation.

4.2 Thin film properties investigation

Additional Si substrate was present in the depositions in order to investigate the
properties of the grown films using thin film analysis techniques. ToF-ERDA was
used to quantify the elemental composition of the grown films prior to irradia-
tion. Moreover, spectroscopic ellipsometry was applied to confirm the desired
thickness for the grown films as well as to measure their refractive index. Except
ellipsometry, XRR was used to measure the thickness in addition to their rough-
ness and density.

4.3 Lithography of nanostructures

The dispersion of chemically synthesized Au nanorods leads to random nanorod
orientation on the surface of the sample. This inconvenience can be overcome
by applying HIM nanolithography in order to create nanorods with the desired
size and orientation. A Zeiss Orion Nanofab Helium Ion Microscope was used for
imaging with helium beam as well as for patterning with neon beam. A NanoPat-
terning and Visualization Engine (NVPE) was used to generate the milling pat-
terns.

The fabrication of metal nanostructures was made as following: A thin layer
of metal (gold) (15-20 nm thickness) was first deposited on TEM grid using Ultra
High Vacuum (UHV) evaporator. The next step was the milling of a selected area
by neon beam in HIM. A rectangle area was selected where neon beam removed
the material inside this area leaving to the center a nanostructure of desired shape
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and orientation. In Figure 24a, a HIM image is shown with nearly spherical gold
nanoparticles patterned on top of a TEM grid, while in Figure 24b, a TEM image
with patterned gold nanorods on top of a TEM grid are shown after embedding
them in SiO,.

FIGURE 24 (a) HIM image of nearly spherical gold nanoparticles patterned on top of
a TEM grid and (b) TEM image of patterned gold nanoparticles on top of
a TEM grid after embedding them in SiO,. Modified from [PIII] under the
license CC BY 3.0.

4.4 Irradiation

The swift heavy ion irradiation of the samples were performed mainly in Uni-
versity of Helsinki and partly in University of Jyvéskyld. In Helsinki, 50 MeV
12719F jons from the TAMIA 5 MV tandem accelerator at Helsinki Accelerator
Laboratory were used (Figure 25). The angle of incidence was 45° (Figure 26) and
several fluences from 10'% ions/cm? to 5x10'* ions/cm? were applied at room
temperature. During the irradiation, the beam was raster scanned over 2x2 cm?
area by magnetic deflectors. The beam current was measured by beam profilome-
ter placed in front of the sample. The calibration of the profilometer was done
against Faraday cup with aperture area of 0.6 cm?, which was placed behind the
sample (Figure 26b). In order to achieve a homogeneous irradiation over the sam-
ples, a millimeter paper was irradiated to measure the beam area. By this way,
the beam spot could be controlled and it covered evenly each TEM grid (around
6 mm? area). The TEM grids were mounted on silver plates using a conductive
carbon paste to avoid any damage by overheating during the irradiation. All of
the nine windows in a TEM grid were covered by the beam spot.

Additionally, swift heavy ion irradiation of the samples was performed with
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383 MeV 34Kr!®* ions from K-130 cyclotron at JyvA€skylA€ Accelerator Labora-
tory in 45° incidence with several fluences at room temperature. Samples were so
thick that etching part of the SiO; film with a Plasmalab80 Plus system equipped
with RIE was essential.

FIGURE 25 (a)Photo of the chamber where the samples were irradiated in Helsinki.(b)
Photo from inside the chamber where a Faraday cup is also visible. The ion
beam is coming from the right.

lodine beam

FIGURE 26 Schematic representation of the ion beam hitting the sample at 45° angle.

4.5 TEM imaging of the nanostructures

The samples were imaged with a JEOL-JEM 1400 TEM operated at 120 kV. Be-
fore the irradiation, the samples were imaged from the top without tilting the
TEM stage. After the irradiation, a series of three images was taken for each (Fi-
gure 27a) image before the irradiation: one image from the top without tilting
the stage, one image after tilting the stage 45° so that electron beam direction is
perpendicular to ion beam direction and one image after tilting the stage —45° so
that electron beam direction is along the ion beam direction (Figure 27b,c, and
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d). If the total thickness of the sample exceeds the maximum thickness allowing
TEM imaging, the imaging of the samples before the irradiation should be done
before adding the matrix second layer.

c) | d)

®-

N
a

FIGURE 27 TEM images of the annealed 20 nm SizN;/50 nm ALD SiO,/NPs/50 nm
ALD SiO; sample irradiated at 5x10'* ions/cm? which were taken (a) from
the top before the irradiation, (b) from the top after the irradiation, (c) per-
pendicular to the ion beam direction after the irradiation and (d) along the
ion beam direction after the irradiation. Modified with permission from
[PII], Copyright 2022, AIP Publishing.

Since the main interest of this work was focused on the geometry of nanopar-
ticles, an accurate and fast method was needed to determine the geometric cha-
racteristics of each particle before and after the irradiation. Even if there are se-
veral open softwares like Gwyddion [80] or Image] [81] to measure the size of a
nanoparticle, it is hard to accomplish that as automatic and fast as possible when
there is a need to match the same nanoparticle before and after the irradiation.
An image segmentation code was written in Python to measure the dimensions
of the nanoparticles before and after the irradiation. For example, before irra-
diation an image picturing spherical nanoparticles is loaded, particle diameters
are measured automatically and each one of them is represented by a number in
order to be easier to match it with the same particle after the irradiation. In this
way, plenty of data can be collected and detailed elongation analysis as a function
of the initial particle size can be accomplished. In Figure 28, an example of this
method is shown for two TEM images before and after the irradiation.
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FIGURE 28 Segmented images corresponding to TEM images of the annealed 20 nm
Si3Ng/50 nm ALD SiO,/NPs/50 nm ALD SiO, sample irradiated with
50 MeV %I beam at 5x 10 ions/cm? which were taken (a) from the top
before the irradiation and (b) perpendicular to the ion beam direction. Mo-
dified with permission from [PII], Copyright 2022, AIP Publishing.

4.6 Molecular Dynamics (MD) simulations for nanorods

The understanding of the mechanism behind the modification of the nanorods
can be achieved by applying atomistic simulations combining molecular dyna-
mics (MD) with inelastic thermal spike model (iTS). Classical molecular dynamics
code PARCAS [82, 83] was used since the same has been already applied for the
elongation of spherical nanoparticles [14, 84]. To simulate a nanorod, a box of fcc
Au is created and a nanorod is cut from this. The size of the simulated nanorod
was smaller than the experimental (length 18 nm and width 10 nm) in order to run
faster the simulations for multiple ion impacts. The nanorods were embedded
inside the matrix with the same way as described by Djurabekova et al [38].

In the simulations, 50 MeV 1271 ions consumed a lot of CPU time in order to
produce the same results as in experiments. Therefore, we decided to run with
Iodine beam until 100 ion impacts and we also used 164 MeV 197 Au ions, which
are more energetic, in order to produce results with fewer simulated ion impacts
[PI]. In MD simulations, interatomic potentials should be correctly adjusted for
the motion of the atoms. Watanabe-Samela [30, 31] approaches were applied for
interactions in silica, EAM-like for Au-Au interactions [32, 33], and ZBL [34] for
Au-O and Au-Si interactions.

System relaxation was done for 50 ps in NPT with zero pressure and 300 K
temperature. After the system was relaxed, radial energy deposition was added
perpendicular to the initial long axis of the nanorod. The center of the track went
through the nanorod in random locations. After adding the radial energy de-
position, the system was then simulated for 100 ps in NVE. NVT in 300 K was
used in thin boundary regions perpendicular to the ion direction to dampen os-
cillations from pressure waves and to emulate cooling provided by bulk material.
Berendsen thermostat [37] was used for thermostatting and barostatting.
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4.7 Optical characterization

Dark field optical microscopy was applied for the detection of metal nanoparti-
cles placed on a transparent substrate (TEM windows grid). By means of this
technique, even individual nanoparticles can be detected with high sensitivity
and contrast. In order to optically characterise the embedded nanostructures, the
microscope (Figure 29) is connected with a spectrograph via an optical fiber. A
green LED is used to locate the position of the fiber on the sample. When the
tiber is covering the area with a nanostructure, the scattering spectrum from this
is measured.

objective lens scattered light Optical fiber
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direct
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block sample
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FIGURE 29 A dark-field optical microscope configuration [85].

An Olympus BX51TRF microscope equipped with EOS 6D camera and cou-
pled to Andor SP2150i spectrograph via a fiber (Thorlabs UM22-300-custom; core
size, 300 ym) was used to acquire the dark field spectra [86, 87]. The dark field
spectra were recorded by Andor IVAC DR-324-FI EMCCD camera, which was at-
tached to the spectrograph. During the recording, Olympus MPLANFL N 100 x
objective was used. The microscope was equipped as well a polarizer (Thorlabs
LPVISE200-A 2) in order to acquire the signal from different polarization angles
and an analyzer (Olympus U-AN360-3) to filter the different light polarization
coming from the sample [PIII]. On the microscope sample stage, a clean micro-
scope slide was placed. Underneath the slide, a dark field condenser (Olympus
U-DCW) was positioned and a drop of oil was added to the condenser. The con-
denser and the slide were brought in contact so that there was a thin oil layer
between them. Another drop of oil was added to the slide on top of which the
TEM windows grid was immersed so that the grid was touching the oil [PIII].

In order to find the correct window and the nanoparticles, TEM reference
images were used (Figure 30). A green LED (Thorlabs M530L3) light from the
spectrograph end was used to visualize the position of the fiber. The polarization
measurements were done by positioning the fiber spot in such a way in order
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to cover the desired area. After that, the desired polarization angle was selected
(starting from the angle 0°) and the spectrum was recorded. Then an empty area
next to the nanoparticle was selected for the background (BG) measurements.
The same process was repeated for 45°, 90°, 135° and 180° angles. After fini-
shing the samples measurements, we removed the sample and the condenser, and
recorded the lamp spectrum and the dark current (DC). The final nanoparticle
intensity I was calculated using the equation 33.

[— Launp — IBG, (33)
Ilump —Ipc

where I4,np is the intensity of the scattering light from the nanoparticles, I is
the intensity of the scattering light from the background, I, is the intensity of
the light from the lamp, and Ipc is the intensity of the dark current.

FIGURE 30 (a)Dark field optical images from a sample containing nanostructures and
(b) TEM image from the same sample containing the nanostructures located
at the red rectangle in Dark-field optical image. The green circle denotes the
fiber position. Reproduced from [PIII] under the license CC BY 3.0.

4.8 Optical simulations

The FDTD simulations were performed using Ansys Lumerical FDTD Solutions
software (version v202r4) [88]. The simulations were conducted in two ways
[PIII]: first, the original model with the air-medium-silicon nitride interface was
employed. This model was then contrasted with the infinite medium approxima-
tion, which was used to simulate all the results. Figure 31 shows the schematic
view of the original model. The dimensions of the gold nanoparticles in simu-
lations were taken from the corresponding TEM images assuming that the elon-
gated nanoparticles are ellipsoids with one long axis and two short axes with
equal length. The refractive index (R.I.) of Au was taken from Johnson and
Christy [89].
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FIGURE 31 (a)-(b) The side and the top view of the original FDTD model of the elon-
gated and embedded nanoparticles either in Al,O3 or SiO; medium. (c)
Comparison between the original model and the simplified model for a
spherical nanoparticle embedded in AlO3 medium. The solid green curve
depicts the fit using the original model, as the solid blue and yellow curves
depict the simplified model. The dashed curves show the corresponding
measured data. (d) Comparison between the original model and the simpli-
fied model for a spherical nanoparticle embedded in SiO,. The solid green
curve depicts the fit using the original model, as the solid blue and yellow
curves depict the simplified model. The dashed curves show the corre-
sponding measured data. The size of the TEM images is 110 nmx 110 nm.
Reproduced from [PIII] under the license CC BY 3.0.

The air-medium-silicon nitride interface was firstly employed, where the
nanoparticles are embedded in the medium (either SiO; or Al,O3). The solid
green curve in Figure 31, which represents the original simulation model for the
nanoparticles, is matched with the measured LSPR peaks for the same nanopar-
ticles (the dashed blue and yellow curves). The refractive indexes of SiO, and
Al,O3 were 1.52 and 1.66, respectively. After that, we approximated an infinite
medium and changed the R.I. of that in order to fit the simulated LSPR peaks
to the experimental ones. The difference with the original model is that the new
refractive indexes are averaged, distance-weighted values between air, medium,
and silicon nitride allowing the simulation to proceed more quickly. The new
refractive indices for SiO; and Al,O3 were 1.38 and 1.55, respectively. The solid
blue and yellow curves in Figure 31 depict the simplified model. Around the
nanoparticles, a mesh of 1 nm was applied and an overall mesh of 50 nm was
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defined for the rest of the simulated area. The short axis and the long axis are the
only two main LSPR modes for our ellipsoid, hence only two polarization angles
were taken into consideration that corresponded to these modes (Figure 32).

FIGURE 32 ((a)-(b) The two polarization angles considered in the simplified simula-
tions. Reproduced from [PIII] under the license CC BY 3.0.



5 SHIIRRADIATION OF SPHERICAL METALLIC
NANOPARTICLES EMBEDDED IN SiO,

5.1 Elongation of SHI irradiated spherical nanoparticles embed-
ded in PECVD and ALD deposited SiO;

Even if a variety of deposition techniques has been used for the deposition of
Si0;, the effect of different deposition technique on elongation process has not
been studied. Additionally, ALD has not been earlier used for the fabrication of
SiO, which is subject to SHI irradiation. Consequently, the differences in elon-
gation process induced by ALD and PECVD SiO; were investigated. Additional
step of post-deposition annealing was done as well to investigate if there is any
effect on the irradiated samples. All the steps described above are shown in Fi-

gure 33.

pepostion SRRSO _oiperson 2nd Depostion n

20 nm SizNg _— 20 nm SisNa. -_— 20 nm SizN, -_— 20 nm SizNg

TEM beam lon beam TEM beam

Irradiation

— 20 nm SizNg

TEM imaging

|

FIGURE 33 Schematic representation of sample preparation, irradiation, and imaging
using TEM. Reprinted with permission from [PII], Copyright 2022, AIP

Publishing.
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5.2 Thin film characteristics

The images in Figure 34 clearly demonstrate the difference between TEM grids
with ALD and PECVD SiO; coatings as explained analytically in [PII]. Especially,
TEM images in Figures 34c,d show an area of darker contrast forming around the
nanoparticles, because they act as nucleation sites for the growth of SiO,. These
regions are a lot more distinct in PECVD SiO5, as grains could be noticed as well
[90], compared to more uniform ALD SiO,.

100nm : . i oA .

FIGURE 34 Optical microscope images of a TEM grid with SiO, deposited (a) by
PECVD and (b) by ALD. TEM images of nanoparticles embedded in SiO,
grown using (c) PECVD and (d) ALD. Modified with permission from [PII],
Copyright 2022, AIP Publishing.

The properties of grown SiO; films on Si substrate were investigated by
ToF-ERDA and XRR measurements. Coincidence time-of-flight and energy data
(Figure 17) gave the elemental composition of the samples. ToF-ERDA depth
profiles showed that the as-deposited PECVD sample (Figure 35a) was nearly
stoichiometric SiO, (O/Si=2.0640.02) while the annealed PECVD sample (Figure
35b) was slightly oxygen poor SiO, (O/Si=1.88+0.02). Both films contained some
amount of impurities, including hydrogen, nitrogen, carbon, and sodium. Ho-
wever, there is a difference in the amount of hydrogen impurity in the films. The
as-deposited film has a significant amount of hydrogen (7.6 at.%), but it reduces
significantly in the annealed film (<0.1 at.%). In addition, gold is naturally de-



57

tected because of the presence of gold nanoparticles inside the SiO;.

ALD samples have similar behaviour. The as-deposited ALD sample (Fi-
gure 36a) was closely stoichiometric SiO; (O/Si=2.0740.02). The amount of hy-
drogen was still significant (6.5 at.%), while small amount of other impurities
(less than 1 at.%) was also detected [PII]. The annealed ALD sample (Figure
36b) was stoichiometric SiO, (O/S5i=1.9740.02), but hydrogen concentration was
again significantly reduced (<0.2 at.%). The number of gold nanoparticles em-
bedded inside SiO, was always calculated based on the atomic concentrations of
gold (1.4x107-1.1x 10® nanoparticles/cm?) showing that nanoparticles had a low
average areal density covering less than 0.1% of the area.

In Figures 37a,b, XRR curves are shown for Si/50 nm ALD SiO;/50 nm
PECVD SiO; and Si/50 nm ALD SiO, samples, respectively. The information
about PECVD layer was obtained using firstly ALD-only fit and then we fit the
PECVD layer. The density of PECVD SiO; in the first sample was measured to
be 2.2040.06 g/cm?, while the density of ALD SiO, in the second sample was
2.1440.05 g/cm>. The roughness was 2.2140.10 nm and 0.21+0.09 nm, respec-
tively. While the measured thickness for ALD SiO, was 56.4+0.7 nm, close to the
estimated, the thickness of PECVD SiO; was 41.0£0.9 nm. This value may not
be so accurate because basically the two films in the first sample are the same
material and it is difficult to be distinguished depending on their thickness.

a) b)
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FIGURE 35 ToF-ERDA depth profiles of Si/50 nm PECVD SiO,/NPs/50 nm PECVD
SiO; (a) as-deposited sample and (b) annealed sample. Reprinted with per-
mission from [PII], Copyright 2022, AIP Publishing.
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FIGURE 36 ToF-ERDA depth profiles of Si/50 nm ALD SiO, /NPs/50 nm ALD SiO, (a)
as-deposited sample and (b) annealed sample. Reprinted with permission
from [PII], Copyright 2022, AIP Publishing.
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FIGURE 37 Measured and simulated XRR curves of (a) Si/50 nm ALD SiO,/50 nm

PECVD SiO; as-deposited sample and (b) Si/50 nm ALD SiO, as-deposited

sample. In each graph, there is a table with the measured quantities for each

film. Reprinted with permission from [PII], Copyright 2022, AIP Publis-
hing.

5.3 Elongation of nanostructures

The elongation of the embedded nanoparticles in SiO, was studied by apply-
ing several fluences between 10'® and 5x10'* ions/cm?. The initial spherical
nanoparticles have been categorized in the ranges of 5 nm, i.e 5-10 nm, 10-15 nm,
15-20 nm, etc. A variation in the change of the nanoparticles shape is observed,
which is in compliance with previous studies [11]. The elongation ratios with
uncertainties calculated by the standard deviation method are shown in Tables 2
and 3. Those nanoparticles, that showed the maximum elongation ratio in each
range before and after the irradiation, are shown in Figures 39-42 indicatively for
two fluences (the other fluences are analytically shown in [PII]). A comparison
between ALD and PECVD samples elongation ratio is shown at Figure 38.
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TABLE 2 Length/width ratio for nanoparticles embedded in annealed (ann.) and as-
deposited (as-dep.) PECVD SiO, samples regarding the initial diameter and
fluence. Modified with permission from [PII], Copyright 2022, AIP Publish-

ing.
5x10"(an.) 5x103(an.) 5x10'3(as-dep.) 10'3(an.) 10'3(as-dep.)

5-10 nm 1.04+0.0 1.031+0.03 1.124+0.12 1.02+0.02 1.04+0.0
10-15 nm 1.040.0 1.431+0.22 1.37+0.29 1.1640.12 -
15-20nm  1.5240.52 1.78+0.38 1.53£0.30 1.19£0.09 1.36£0.32
20-25nm  2.24+0.70 2.06+£0.35 1.624+0.38 1.184+0.10 1.474+0.45
25-30nm  2.12+0.52 2.00+0.38 1.73£0.32 1.12+0.06  1.43+£0.38
30-35nm  1.99+0.54 1.731+0.34 1.601+0.29 1.09+0.07  1.14£0.14
35-40nm  1.88+0.43 1.48+0.17 1.58+0.26 1.03+£0.03 1.18£0.18
40-45 nm - 1.214+0.13 1.504+0.39 1.02+0.02  1.21£0.20
45-50 nm  1.46+0.05 1.11£0.11 1.24+0.20 1.0£0.0 1.05£0.05
50-60nm  1.30+0.30 1.0+0.0 1.040.0 1.04+0.0 1.040.0

60-70 nm 1.0+£0.0 1.0+0.0 1.0+0.0 1.0£0.0 1.0+0.0
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TABLE 3 Length/width ratio for nanoparticles embedded in annealed (ann.) and as-
deposited (as-dep.) ALD SiO; samples regarding the initial diameter and flu-
ence. Modified with permission from [PII], Copyright 2022, AIP Publishing.

5x10%(an.) 10'(as-dep.) 5x10'3(an.) 5x10'3(as-dep.) 103(an.) 10'3(as-dep.)
5-10 nm 1.0£0.0 - 1.15£0.15 1.0+0.0 1.12£0.12 1.06£0.06
10-15 nm 1.04+0.0 - 1.314+0.24 1.2640.20 1.32+0.14  1.24£0.12
15-20nm  3.7941.82 1.53£0.0 1.33£0.15 1.37£0.21 1.34£0.19 1.16£0.09
20-25nm  3.74+1.61 1.9040.05 1.234+0.14 1.374+0.23 1.21+0.11 1.1040.08
25-30nm  2.79+1.43 2.36+0.17 1.1640.08 1.40+0.17 1.12+0.10 1.07+0.07
30-35nm  2.844+1.03 2.39+0.26 1.0540.05 1.394+0.12 1.08+0.07  1.04£0.04
35-40nm  2.86+1.25 1.8840.05 1.0340.03 1.25+0.18 1.03£0.03 1.05+0.05
40-45nm  2.87+0.89 1.40+0.25 1.0+0.0 1.10£0.05 1.0£0.0 1.0+0.0
45-50 nm  2.33+0.53 1.1540.04 1.040.0 1.07+0.07 1.040.0 1.040.0
50-55nm  2.07+0.74 - 1.0+0.0 1.0+0.0 1.0£0.0 1.0+0.0
55-60 nm  1.4940.49 - 1.040.0 1.040.0 1.04+0.0 1.04+0.0
60-65nm  1.29+0.26 - 1.0+0.0 1.0+0.0 1.0£0.0 1.0+0.0
65-70nm  1.0440.04 - 1.040.0 1.040.0 1.04+0.0 1.04+0.0
70-80 nm 1.0£0.0 - 1.0+£0.0 1.0£0.0 1.0£0.0 1.0+0.0
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FIGURE 38 Representation of the average ratio (length/width) vs initial diameter of the

Single nanoparticles irradiated at fluence 5x1

elongated nanoparticles after 50 MeV 1271 jrradiation at fluences between
103 and 5% 10'* ions/cm?, which are embedded in (a) PECVD SiO, and (b)
ALD SiO;. The uncertainties are left out from image for clarity (shown in
Tables). Reprinted with permission from [PII], Copyright 2022, AIP Pub-
lishing.

013 jons/cm? are shown in

Figures 39 and 40. The elongation ratio shows to be similar for the as-deposited
and annealed samples at the same fluence. However, the nanoparticles embed-
ded in PECVD SiO; achieved slightly higher elongation ratio than nanoparticles
embedded in ALD SiO, for fluences <5x10'3 ions/cm?.
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FIGURE 39 TEM images of nanoparticles sandwiched between two 50 nm PECVD SiO,

layers (annealed after the deposition). The samples were irradiated with
1271 at fluence of 5x10'® ions/cm?, and imaged before (left) and after (right)
the irradiation. Modified with permission from [PII], Copyright 2022, AIP
Publishing.



62

510 nm 10-150m W 15-20 nm 20-25 nm
’ |
i 4% R . ¢ Y ’
50 :
—nm ‘ "
25-30 nm 30-35 nm ‘ : q 40-45 nm -
’ - s ®
g e : L
‘@ $ B L o i ® L
35-40nim »
- L

45-50 nm 50-55 nm

FIGURE 40 TEM images of nanoparticles sandwiched between two 50 nm ALD SiO,
layers (as-deposited). The samples were irradiated with 121 irradiated at
fluence of 5x10'3 ions/cm?, and imaged before (left) and after (right) the
irradiation. Modified with permission from [PII], Copyright 2022, AIP Pu-
blishing.

On the other hand, at the highest fluence (5x 10'* ions /cm?) the as-deposited
PECVD and ALD sample windows did not resist irradiation as most of the win-
dows broke during the irradiation. The annealed PECVD sample suffered as well
as only a few nanoparticles could be traced after the irradiation. The problem
was overcome by collecting images from nanoparticles which had not been i-
maged prior to the irradiation. The volume of the pre-imaged nanoparticles was
found to be slightly smaller (5-10%) after the irradiation. The initial diameter of
the non-imaged nanoparticles before the irradiation was found by assuming their
shape as cylinder and comparing it with their spherical volume before the irradi-
ation. However, this problem was not appeared in annealed ALD sample, which
had intact windows.

In Figures 41 and 42, the nanoparticles having the highest elongation ratio
in each size are shown. Between the two deposition techniques, ALD samples
achieve greater elongation ratio than PECVD samples. However, some of those
nanorods inside ALD SiO, were split into smaller fragments after excessive elon-
gation [60].

It is clear that nanoparticles elongation ratio increases with increasing flu-
ence (Figure 43) and the biggest nanoparticles also modify. Moreover, the Figure
43 denotes that ALD samples have higher threshold fluence for larger elongation
than PECVD and the smaller nanoparticles elongate a little more in both cases.
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FIGURE 41 TEM images of nanoparticles sandwiched between two 50 nm PECVD SiO,
layers (annealed after the deposition). The samples were irradiated with
1271 at fluence of 5x 10 ions/cm?, and imaged before and after the irradi-
ation. Red outline includes either a pair of nanoparticles before (left) and
after (right) the irradiation or only nanoparticles after the irradiation. Mo-
dified with permission from [PII], Copyright 2022, AIP Publishing.

According to the results, the two factors, which mainly affect the elongation,
are the irradiation fluence and the initial size of the nanoparticle. While the lower
fluences (<5x 1013 ions/cm?) favour the elongation of nanoparticles smaller than
50 nm, the higher fluences (>10'* ions/cm?) can elongate bigger nanoparticles as
well because of the enough high deposited energy. However, when the smallest
nanoparticles (<15 nm) are irradiated with higher fluences, they start to shrink
instead of elongate, and reform towards a spherical shape or complete disinte-
gration. This shrinkage is because of the high amount of irradiation preventing
them from further elongation. As a result, the larger atoms absorb the constituent
atoms of the disintegrating nanoparticles (Ostwald ripening) [91].

The nanoparticle threshold diameter for elongation depends as well on the
ion track diameter. Nanoparticles with diameter smaller than the ion track di-
ameter can elongate in much lower rate than the bigger ones or cannot elongate
at all [54]. Additionally, the track diameter affects the smallest width which an
elongated nanoparticle can achieve. Both threshold diameter and minimum elon-
gation width are affected as well by the metal which the nanoparticle consists
of. This dependence is more pronounced in threshold diameter for elongation
which always differs between different metals. SAXS (Small Angle X-ray Scatte-
ring) measurements by Mota-Santiago et al [11] revealed that SiO; irradiated with
185 MeV Au beam has an ion track of 10.8 nm in diameter. In our case, the dia-
meter of the smallest nanoparticles that can elongate and the smallest elongation
width were found to be 7-8 nm approximately. Furthermore, the elongation of so
small nanoparticles is affected by their small size and small chance that they will
be hit by a significant number of ions (8—40 ion hits/ 1013-5%x10'3 ions/ cmz).

According to Rizza et al [7], there is a relation between the initial parti-
cles size and their deformation path in SiO,. This relation is clear at the hig-
hest applied fluence, where nanoparticles of different initial diameter deform in
different way [PII]. Therefore, the smallest nanoparticles (<15 nm), either fully
disintegrate and disappear, or partially disintegrate but maintain their spherical
shape. Nanoparticles with diameter between 15 and 45 nm totally melt during
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FIGURE 42 TEM images of nanoparticles sandwiched between two 50 nm ALD SiO,
layers (annealed after the deposition). The samples were irradiated with
1271 at fluence of 5x 10 ions/cm?, and imaged before (left) and after (right)
the irradiation. Modified with permission from [PII], Copyright 2022, AIP
Publishing.

ion impact, transforming into nanorods in the direction of the ion beam. They
are partially molten at the range from 45 to 65 nm, and the elongation occurs as
an elongated part attached to a sphere. Finally, because the ion energy is insuf-
ficient to melt bigger nanoparticles (>65 nm), the deformation is negligible. In
Rizza’s work [7], nanoparticles up to 30 nm in diameter entirely melted, but in
our study, nanoparticles up to 45 nm in diameter completely melt because they
clearly transform to nanorods. This observation is most likely due to the different
composition of the samples and the different irradiation conditions. Regarding
the composition of the samples, SiO, does not have to be hundreds of nanometers
thick like in earlier studies [7, 11, 50, 92] in order to achieve elongation.

Since there is a difference in elongation ratio between SiO, deposited by
ALD and PECVD, the deposition technique of SiO; affects the elongation. On
the one hand, nanoparticles embedded in ALD SiO; have higher elongation ra-
tio than PECVD SiO, at the fluence of 5x 10 jons/cm?2. On the other hand, the
opposite occurs at lower fluences. The fact that PECVD SiO; is denser than the
ALD SiO, and the presence of grains in PECVD SiO, may give an explanation to
this phenomenon. The denser the irradiated material is, the greater the deposited
energy is in this and consequently greater elongation takes place. Except for the
different overall density between the two types of SiO, obtained by XRR mea-
surements, the dark spots around the nanoparticles can indicate areas of higher
density. Since these areas are much more pronounced in PECVD SiO, than in
ALD SiOg, this layer has such a density forcing the nanoparticle to elongate more
in PECVD SiO,. However at higher fluences, these dark halos jointly with the
grains appearing in the PECVD SiO, lead to greater damage preventing from
greater elongation. As a result, more deposited energy is needed for nanoparti-
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FIGURE 43 Evolution of the elongation ratio with increasing fluence for two nanopar-
ticle size in (a) PECVD SiO, and (b) ALD SiO,. Reprinted with permission
from [PII], Copyright 2022, AIP Publishing.

cles embedded in ALD SiO, to achieve the same elongation ratio as in PECVD.
But the nanoparticles embedded in PECVD SiO; elongate more quickly and reach
saturation. On the other hand, for ALD the degree of elongation is significantly
higher (two times) at 5x10'* ions/cm? fluence compared to 10'* ions/cm? flu-
ence and to PECVD sample at 5x 10 ions/cm? fluence.

Finally, the annealing after the deposition and prior the irradiation does not
affect significantly the elongation at lower fluences. However, at 5x 104 ions/cm?
fluence, the as-deposited sample does not withstand irradiation with almost all
the windows broken. This is due to the fact that the annealing process makes the
material stronger against the plastic deformation during the irradiation and not
to break resulting in more durable TEM grids.



6 IRRADIATION EFFECTS ON SHI IRRADIATED
NANORODS EMBEDDED IN SiO,

6.1 Synthesized nanorods

Ion beam shaping has been applied mostly to initially spherical nanoparticles
and it is worth to investigate the irradiation impact on embedded nanorods as
well. Firstly, chemically synthesized Au nanorods were embedded in 100 nm
thick PECVD SiO,. The samples were irradiated with 50 MeV /I’ under 45°
at 1014 ions/cm? fluence. By this way, we managed to identify the same nanorod
before and after the irradiation.

In this study, the swift heavy ion beam irradiation reshaped nanorods dif-
ferently depending on their initial size. The differences can be classified into
three categories. In the first category, the nanorods were totally reshaped and
obtained again the same shape but along the ion beam direction (Figure 44). As a
result, they were re-oriented along the ion beam direction. The initial size of the
nanorods that were reshaped and aligned with the ion beam varied with diameter
from 20 to 31 nm and length from 32 to 63 nm.

a) b) c)

R N N Y

50 nm

FIGURE 44 TEM images of single nanorods imaged before (left) and after (right) the
irradiation. The nanorods were embedded in 100 nm PECVD SiO, and ir-
radiated with 50 MeV '?’T at 10 ions/cm? and they "rotate" along the ion
beam direction. (a) Initial length = 34.3 nm and diameter = 21.2 nm,(b)
length = 38.5 nm and diameter = 20.3 nm and (c) length = 53 nm and di-
ameter = 32 nm. Modified with permission from [PI], Copyright 2022, AIP
Publishing.

In the second category, protrusions/spikes have been created on the nanorods
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along the ion beam direction. The nanorods with diameter varying between
25 nm and 44 nm and length varying between 52 nm and 86 nm (Figure 45) had
this behaviour. It seems that these nanorods were initially shrinking and only
after their size reached the range of sizes that are seen to rotate with the beam,
the rotation began. But this process remained incomplete as the remaining flu-
ence was not high enough to fully reshape the nanorods. In the same range of
size as in category 2, quite a number of nanorods remained unchanged (Figure
46). These belong to the third category, although their size had somewhat shrunk
due to significant ion fluence. This fact implies that this procedure of creating
spikes/protrusions is more random.
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FIGURE 45 TEM images of single nanorods imaged before (left) and after (right) the
irradiation. The nanorods were embedded in 100 nm PECVD SiO; and
irradiated with 50 MeV /I at 10'* ions/cm? and the ion beam creates
protrusions/spikes on them. (a) Initial length = 81.5 nm and diameter =
32.4nm),(b) length = 82.2 nm and diameter = 33 nm and (c) length =75.1 nm
and diameter = 37.9 nm. Modified from [PIII] under the license CC BY 3.0.
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FIGURE 46 TEM images of single nanorods imaged before (left) and after (right) the ir-
radiation. The nanorods were embedded in 100 nm PECVD SiO, which
were irradiated with 50 MeV % at 10" ions/cm? and remained un-
changed. (a) Initial length = 86 nm and diameter = 35 nm,(b) length =
78.2 nm and diameter = 37.4 nm and (c) length = 69.9 nm and diameter
=42 nm. Modified from [PIII] under the license CC BY 3.0.

6.2 Nanolithography nanorods

The experiments described above proved that elongation of nanostructures with
shape other than spherical is possible and the shape is limited to those commer-
cially available. Nanorods of different size and orientation were embedded inside
the ALD SiO, and were irradiated with 50 MeV 1271°* at 3 fluences, 5x 1013, 1014
and 2x10' ions/cm?. In Figure 47, images from the patterns and the nanorods
created by HIM are shown before and after the irradiation. The as-fabricated
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nanorods have different orientation but after the irradiation, they are aligned
along the ion beam direction.

FIGURE 47 TEM images of HIM fabricated nanorods embedded in 100 nm ALD SiO,
and irradiated with 50 MeV %71 at 5x10'® ions/cm?. Image (a) before and
(b) after the irradiation. The sample was tilted 45° in (b). The inset magni-
fied images show a nanorod before and after the irradiation. Modified from
[PIII] under the licence CC BY 3.0.

At5x1013 jons/cm? fluence, the irradiated nanorods had obtained different
shape depending on their initial size. The smaller nanorods were re-oriented
along the ion beam direction. However, some nanorods were not affected much
and kept their shape, while the ion beam shaping was incomplete for others. In
Figures 48a,b, nanorods of different size and orientation align along the ion beam
direction after the irradiation. The nanorods that did not fully elongate along the
ion beam direction are shown in Figures 48c-e. They turned to spheroids as they
had started to elongate along the ion beam direction and at the same time shrink
in the dimension perpendicular to that. Finally, in Figure 48f, a nanorod, which
is bigger than the others and kept its original shape, is shown.

The same effect occurred at 10'* ions/cm? fluence with nanorods of diffe-
rent orientation aligned along the ion beam direction (Figures 48g-i). Due to the
higher ion fluence, the nanorods had elongated more than at 5x10'3 ions/cm?.
However, the biggest nanorod shown in Figure 48j did not elongate, only reduced
in size after 10'* ions/cm? fluence.

At the highest applied fluence (2x10'* ions/cm?), the smallest nanorods
elongated along the ion beam direction but their elongation reached saturation
(48k,1). The high energy deposition prevented them from elongating more than
the lower fluences leading to disintegration in some cases because the third di-
mension of the nanorod is close to 15 nm.
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FIGURE 48 TEM images of fabricated nanorods with different orientations embedded
in 100 nm ALD SiO; before (left) and after (right) the irradiation with
50 MeV ' at fluences 5x 10" ions/cm?-2x10'* ions/cm?. Modified from
[PIII] under the licence CC BY 3.0.

6.2.1 MD simulations

Nanorods are initially aligned perpendicular to the ion beam direction in the
simulation system. With 164 MeV % Au ions, the ion impacts hit the nanorod
randomly creating, firstly, protrusions in those locations. After the first 15 ion im-
pacts, the shape had incrementally changed to an asymmetrical spheroid with left
side being more elongated. After 30 impacts, the initial perpendicular nanorod
has been reshaped into a nanorod along the beam direction. The evolution of
the irradiated nanorod is shown in Figure 49. With 50 MeV 1271 jon simulations,
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the shape change was much slower than with Au ions because of the lower e-
nergy deposition (Figure 50). Comparing these results with the experimental,
Figure 48e shows the nanorod in a state which corresponds to 25 ion impacts with
50 MeV %I ions. As the ion impacts increase, the nanorod turned to spheroid
along the ion beam direction as shown in Figure 48c,d. Finally, the nanorod has
completely reshaped along the ion beam direction as shown with 164 MeV %7 Au

ions in Figure 49.
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FIGURE 49 Left side: Nanoparticle shape after simulating 1, 15, and 30 impacts to ran-
dom positions on the nanorod with 164 MeV %7 Au ions. Right side: Zoom
in of the same nanorod as in Figure 44b. Modified with permission from
[PI], Copyright 2022, AIP Publishing.
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FIGURE 50 Nanorod shape after 0, 25, 50, 75, and 100 simulated 50 MeV 1277 jon im-

pacts to the center of the nanorod (length = 18 nm and diameter = 10 nm).
Reprinted with permission from [PI], Copyright 2022, AIP Publishing.

The same mechanism as previously reported by Leino et al [14] for spherical
nanoparticles occurs during the shape change of a nanorod. From both simula-
tions, we conclude that the molten nanorod expands into the tracks making the
material flow into these. Small incremental shape changes accumulate resulting
in growth along the ion beam direction and shrinking in others. Consequently,
the nanorod gets aligned along the ion beam direction.



7 SHI IRRADIATION OF SPHERICAL METALLIC
NANOPARTICLES EMBEDDED IN Al,O3 AND TiO,

7.1 Irradiation effects on nanoparticles embedded in ALD Al,O3

Except for SiO,, samples with Au and Ag nanoparticles embedded in Al,O3 were
created in order to investigate the ion beam shaping. The thickness and the re-
fractive index of the deposited Al,O3 film was measured by spectroscopic el-
lipsometry (SOPRA GES 5E) equipped with a Xe lamp (75 W). Al,Os film had
100.440.6 nm thickness and its refractive index was measured to be 1.66. De-
tailed composition analysis performed by Time-of-Flight Elastic Recoil Detection
Analysis (ToF-ERDA) [72] for Al,O3 is found in [93]. The samples were irradiated
with 50 MeV 217+ under 45° at fluences from 5x 10! to 2x 10 ions/cm?.

In Figures 51 and 52 ,the elongation of spherical Au nanoparticles is shown
for 5x 10! and 2x10'* ions/cm? fluences, respectively. As the fluence increases,
the elongation ratio increases as well (Figure 53). Al,O3 presents slightly higher
elongation ratio than SiO for the initial size range from 15 to 30 nm after 5x 103 i-
ons/cm? fluence (Figure 54). At higher fluences, we cannot compare them be-
cause SiO; samples were irradiated with higher fluence (5x10'* ions/cm?). Ho-
wever, the biggest difference in elongation ratio was observed for particles with
initial size between 15 and 25 nm. Then the nanoparticles embedded in SiO; elon-
gated almost twice as much compared to Al,Os. For bigger sizes, the difference
in ratio was less than 1.



FIGURE 51

TEM images of Au elongated nanoparticles sandwiched between two
50 nm ALD ALO; layers and irradiated with 50 MeV ' at
5x10'% ions/cm?. The same particles were imaged before (left) and after
(right) the irradiation. Reproduced from [PIII] under the license CC BY 3.0.
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FIGURE 52

TEM images of Au elongated nanoparticles sandwiched between two
50 nm ALD AlLO; layers and irradiated with 50 MeV 1271 at
2x10™" ions/cm?. The same particles were imaged before (left) and after
(right) the irradiation. Reproduced from [PIII] under the license CC BY 3.0.
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FIGURE 53 Elongation ratio vs initial diameter for the nanoparticles embedded in
Al,O3 and irradiated with two different fluences.

It is obvious that Au nanoparticles embedded in Al,O3 can elongate with
comparable ratio as in SiO,. Based on the study of Mota-Santiago et al [11], the
difference in nanoparticles elongation ratio between two host materials (5iO, and
SizNy in that case) is caused by the electron-phonon coupling and the thermal
conductivity of the host matrix. As a result, the higher electron-phonon coupling
of Si0; (gsio, = 1.25x10" Wm K1, gg; v, = 0.52x 10" Wm 3K~ [50]) denotes
greater energy transfer from the electronic subsystem to the lattice. However, the
smaller thermal conductivity of SiO, (ks;0, =3 Wm~ K1, kgi,n, =11 Wm~ 1K1
[50]) leads to slower cooling resulting in more material flow into the ion track.
Consequently, Au nanoparticles elongate more in SiO, than in SizNy. In our case,
AlOj3 has lower electron-phonon coupling (g 41,0, = 0.48x 10" Wm—2K~1! [94])
and higher thermal conductivity (k4;,0, = 30 Wm~1K~1 [95]) than SiO,. Never-
theless, the elongation ratio does not differ much between them.
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FIGURE 54 Comparison of the elongation ratio vs initial diameter for the nanoparticles
embedded either in ALD SiO, or ALD Al,Os. The uncertainties are left out
from the image for clarity. Reproduced from [PIII] under the license CC BY
3.0.

In the case of Ag nanoparticles, the observed elongation was small. In Fi-
gure 55, the elongation results for nanoparticles of different diameter are shown.
For 2x10'* ions/cm? fluence, the nanoparticles achieve, in average, about 50%
of the elongation ratio compared to the Au nanoparticles. The reason can be
attributed to the higher energy density per atom to vaporize the gold compared
to silver, which results in lower elongation width for gold [55].

10-15 nm 15-20 nm 20-25 nm
- 3 - v

0nm
_—

FIGURE 55 TEM images of Ag elongated nanoparticles sandwiched between two 50 nm
ALD Al,O3 layers and irradiated with 50 MeV 127T at 2x 10 ions/cm?2. The
same particles were imaged before (left) and after (right) the irradiation.
Reproduced from [PIII] under the license CC BY 3.0.

7.2 Irradiation effects on nanoparticles embedded in ALD TiO,

Although TiO, has already been subject to SHI irradiation to investigate the for-
mation of ion track, there is no reported work about ion beam shaping of metal-
lic nanoparticles embedded in this oxide. For this reason, Au and Ag spherical
nanoparticles embedded between two 50 nm TiO; films deposited by ALD were
irradiated with 50 MeV 2I’+ under 45° with 2x10'* ions/cm? fluence.
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Au nanoparticles embedded in TiO, are shown in Figure 56. The nanopar-
ticles with a diameter less than 20 nm elongate visibly. However, nanoparticles
with diameter bigger than that do not elongate at all or elongate only a little. Ac-
cording to O’Connell et al [45], 167 MeV Xe ions form an ion track of 5-6 nm diam-
eter in TiO; compared to around 8 nm of the same ions in SiO,. This fact which is
due to the much lower electron-phonon coupling (gri0, = 0.031x10Y Wm—3K~!
[45]) makes the larger nanoparticles elongate less, taking into consideration as
well the higher thermal conductivity (kr;o, = 8.5 Wm~1K~1[96]).

FIGURE 56 TEM images of Au elongated nanoparticles sandwiched between two
50 nm ALD TiO;, layers and irradiated with 50 MeV 12T at2x 10 ions/cm?.
The same particles were imaged before (left) and after (right) the irradia-
tion.

On the other hand, Ag nanoparticles do not elongate in TiO, for diameter
less than 15 nm and the bigger ones elongate at the same ratio with Au nanopar-
ticles.

FIGURE 57 TEM images of Ag elongated nanoparticles sandwiched between two 50 nm
ALD TiO; layers and irradiated with 50 MeV 27T at 2x 10 ions/cm?. The
same particles were imaged before (left) and after (right) the irradiation.



8 NANOPLASMONIC ACTIVITY OF SHI
IRRADIATED NANOPARTICLES

8.1 Elongated nanoparticles embedded in SiO; and Al,O3

Dark field optical microscopic spectroscopy is a well established technique to lo-
cate and measure the scattering spectra of individual nanostructures. However,
some difficulties appear which limit the size range of the measured nanostruc-
tures. Firstly, the image of an illuminated nanostructure is a colored circle with
size bigger than the actual (a few hundreds of nm) because of the resolution of the
microscope. This fact initiates problems when two nanostructures are relatively
close to each other and their signals overlap. The internanostructure distance
affects also the area that a fiber covers as it has diameter close to 2 ym. If the
nanostructure is located at the center of the fiber, it should have more than 1 ym
distance from the neighboring nanostructure. Moreover, only elongated nanopar-
ticles with width more than 30 nm can be imaged [97-99], because the absorption
is dominating for sizes less than 30 nm resulting in weak scattering, which is eas-
ily lost in the background [99] in conjugation to the fact that the nanoparticles
are embedded inside a material and are not lying on a surface. If our microscope
setup would have had, for example, CCD camera of higher resolution or bet-
ter coupling between the fiber and the spectrograph, the limit could have been
slightly lower. In Figure 58, a dark field optical image and the corresponding
TEM image are shown. It is obvious that nanoparticles over a specific size can be
imaged by a dark field optical microscope, but smaller ones are not visible.

The experiments were accompanied by finite difference time domain (FDTD)
simulations of the embedded and elongated nanoparticles in order to confirm the
reliability of the experimental results.

The spectra with the corresponding nanostructures are shown in Figure 59.
The spherical nanoparticles in Figure 59c exhibit one (dipolar) plasmon mode and
the elongated nanoparticles in Figure 59a,b and d exhibit two plasmon modes,
one longitudinal (main peak) and one transverse (smaller peak). In the case of
Al»O3, the split between the two LSPR modes is 71 nm and 46 nm in the Figures
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FIGURE 58 (a) TEM image of irradiated nanoparticles embedded in Al,O3 and (b) dark
field optical image of the same area. The inset image in (a) corresponds
to a magnified image of the nanoparticle indicated by the arrow, while the
nanoparticles inside the circle in TEM image correspond to the coloured
spots in dark field image.

59a and 59b, respectively due to the different width of the nanoparticles. In the
case of S5i0,, the split is 48 nm in Figure 59d. However, the transverse mode of
the elongated nanoparticle in Figure 59d is very weak due to the width of the
nanoparticle which reaches the limit of the size detection [100]. In addition, the
measured main LSPR peak of Al,O3 is more red shifted than that of SiO, because
of higher refractive index.
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FIGURE 59 Dark field scattering spectra of two elongated nanoparticles embedded in
Al,O3 (a,b), one spherical nanoparticle embedded in SiO; (c) and one elon-
gated nanoparticle embedded in SiO; (d). The solid line is the result from
the FDTD simulation and the dashed line the averaged measurement, with
original data shown as a lighter line. The blue and the yellow spectra cor-
respond to the longitudinal and transverse modes, respectively. The inset
TEM images show the measured particles with LSP polarisations marked.
The size of the TEM images is 110 nm x 110 nm. The lengths and the widths
of the particles in (a) and (b) are 51.3 nm and 32.5 nm and 51.9 nm and
39.9 nm, respectively. The diameter of the particle in (c) is 53.6 nm and the
length and the width of the particle in (d) are 52.5 nm and 31.9 nm, respec-
tively. Reproduced from [PIII] under the license CC BY 3.0.

The nanoplasmonic activity of individual nanoparticles embedded in SiO,
and irradiated with SHI has been previously investigated by means of electron
energy loss spectroscopy in scanning transmission electron microscope (STEM
EELS) [10, 60]. In the case of a spherical Au nanoparticle, there is a small shift
of the LSPR peak to lower wavelength (553 nm) for a nanoparticle with 22 nm
diameter in Kobylko's results because in our study, the spherical nanoparticle is
bigger (53.6 nm) and measured after the irradiation. In the case of an elongated
nanoparticle, Kobylko et al [60] measured a nanoparticle of 61.6 nm length and
31.4 nm width (aspect ratio 1.94), which had longitudinal LSPR peak at 652 nm
and transverse peak at 532 nm. In our measurements, the elongated nanoparticle
had 52.5 nm length and 31.4 nm width (aspect ratio 1.64). The transverse peak
was located at 542 nm which slightly differs from Kobylko’s result because the
width in both cases is almost the same and there is a difference in irradiation
conditions. On the other hand, the longitudinal peak was located at 590 nm which
significantly differs from Kobylko’s result because there is 9.1 nm difference in
length.
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As mentioned above, there is a limitation in the size of the nanoparticles
that can be measured by means of dark field spectroscopy. There are other tech-
niques which can be used to investigate the LSPRs of nanoparticles with even
smaller dimensions including STEM EELS [60, 101, 102], scanning near-field op-
tical microscopy (SNOM) [103, 104] and confocal microscopy [105]. Even in the
case of EELS [60], the transverse LSP mode of the nanorods with big aspect ratio
(5-14) and width between 7 and 12 nm cannot be detected while they are embed-
ded in SiO,. However, both longitudinal and transverse modes of free standing
nanorods on SiO; with 10 nm width (aspect ratio 4) can be detected by means
of EELS [101]. In conclusion, dark field optical microscopy and spectroscopy can
be easily utilized to detect single elongated nanoparticles without the need of
preimaging with TEM.



9 SUMMARY AND OUTLOOK

A systematic study of nanoparticles shape modification under swift heavy ion
irradiation was conducted. This investigation was facilitated by identifying the
same nanoparticle buried inside an insulating matrix before and after the irradi-
ation as thin SizNy TEM grid was used as a substrate.

Since the elongation of the spherical nanoparticles is expected to be sensi-
tive to the matrix material properties, we performed analytical comparison of
nanoparticles elongation in SiO, matrix deposited through different methods.
The results showed that the nanoparticle elongation depends strongly on the de-
position process of SiO, and SiO; quality in addition to the initial size of the
nanoparticles. Therefore, several processing parameters should be carefully tuned
in order to produce the desired result. Earlier, we could not observe significant
differences concerning the elongation of gold nanoparticles in SiO, between dif-
ferent studies.

Once the basic process was proven to be working, the elongation of sphe-
rical nanoparticles embedded in SiO, was followed by the irradiation of spheri-
cal nanoparticles embedded in other materials, such as Al,O3; and TiO,. Depen-
ding on the different matrix and the elemental compositions of the nanoparticles,
the nanoparticles elongate differently. As a result, gold nanoparticles embedded
in ALD AL,O3 elongated similarly as in ALD SiO;, but smaller elongation was
achieved for silver nanoparticles embedded in Al,O3. On the other hand, ALD
TiO, offers significantly smaller elongation for both gold and silver nanoparti-
cles compared to other materials, so it is not worth to be considered any fur-
ther. Basically, we proved that an amorphous material, such as Al,O3, with lower
electron-phonon coupling and greater thermal conductivity than SiO, can lead
to the production of nanorods with ratio comparable to that of SiO,. This obser-
vation should lead to the reconsideration how much these two values affect the
elongation.

The shortage of research on nanoparticles having shape other than spherical
motivated the investigation of gold nanorods embedded in SiO,. Depending on
the nanorod initial size and irradiation fluence, the nanorods can be re-oriented to
align along the ion beam direction or some nanorods do not manage to get fully
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re-oriented. In this case, they rather turn to spheroid or random spikes can be
induced on them. In addition, the biggest nanorods cannot change at all. MD si-
mulations showed that the nanorod re-orientation is a result of small incremental
shape changes from nanorod to spheroid and back to a nanorod aligned with the
ion beam direction. Finally, the scattering spectra from the elongated nanoparti-
cles by means of dark field spectroscopy confirmed the existence of two discrete
plasmon modes, one longitudinal and one transverse. As a result, the fabricated
samples were proved to be possible candidates for photonic applications.

In the future, there are plenty of possibilities for further investigations. First
of all, MD simulations should be applied for nanoparticles embedded in Al,O3
and Si3Njy as well to obtain information about the elongation mechanism. Fur-
thermore, nanorods should be investigated more in order to precisely produce
complex morphologies on them when they are embedded either in SiO; or in
other matrices (Al,O3 and Si3Ny). Finally, wafer scale samples should be fabri-
cated to test the photonic applications in true industrial scale.
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ABSTRACT

Highly energetic ions have been previously used to modify the shape of metal nanoparticles embedded in an insulating matrix. In this work,
we demonstrate that under suitable conditions, energetic ions can be used not only for shape modification but also for manipulation of
nanorod orientation. This observation is made by imaging the same nanorod before and after swift heavy ion irradiation using a
transmission electron microscope. Atomistic simulations reveal a complex mechanism of nanorod re-orientation by an incremental change
in its shape from a rod to a spheroid and further back into a rod aligned with the beam.
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Shape modification of metallic nanoparticles (NPs) has been
studied for a long time as a tool for tuning the optical properties of
nanocomposite materials. Spherical Au NPs have distinctive absorb-
tion peaks at visible light, which changes with size." When the shape
of the NPs is made cylindrical, there are two absorption peaks corre-
sponding to transversal and longitudinal modes of surface plasmons.'
This means that the ability to control the shapes of NPs allows for
fine-tuning their response to light, making them ideal candidates for
future nanoscale optical devices. Embedding the metal nanoparticles
inside certain insulator materials, such as silica, allows keeping them
protected from the environment and conserving whatever shape mod-
ifications have been achieved, including the orientation of the rods.
While it may be difficult to access the NPs embedded inside the sur-
rounding material with other methods, it is known that they can be
modified using swift heavy ion (SHI) irradiation (ie., using ions with
energies E ~ 1 MeV/amu).” "

Shape transformation of spherical metal NPs into nanorods
aligned in the beam direction was initially reported by d’Orléans
et al'” and confirmed in multiple studies later.””*'""'® Several
explanations, such as the overpressure model by d'Orléans et al.'” and
the ion hammering effect by Roorda et al.,'® were suggested to explain
the phenomenon. Although the ion hammering effect is expected to
modify any size of NPs, SHI irradiation of NPs smaller than the track
diameter did not cause the elongation effect.'” On the other hand, the

overpressure model was supported by molecular dynamics simula-
tions’ that gave atomistic insight on expansion of molten nanopar-
ticles into a softened and underdense track in silica.

Most studies on SHI irradiated NPs have focused on spherical
NPs, while other shapes have received less attention. In this study, we
focus on gold nanorods inside a silica matrix and how they react to
SHI irradiation. We chose a 45° angle of incidence; however, this
choice is arbitrary and does not affect the observed result. We use
transmission electron microscope (TEM) window grids as substrates
to keep track of individual nanorods before and after irradiation. To
understand the shape modification mechanism, we use a multiscale
molecular dynamics simulation model based on a two-temperature
approach™"” >’ to gain further insight into the details of this process.
Our experiments and simulations consistently show that swift heavy
ion irradiation can be used to orient nanorods into the beam direction
even when they remain fully inside the insulating matrix. This allows
the flexible manipulation of the nanorod orientation without a risk of
chemical contamination.

A 50nm thick SiO, film was grown using plasma-enhanced
chemical vapor deposition (PECVD) at 200 °C (Plasmalab80Plus by
Oxford Instruments, SiHy and N,O as precursors) on top of a TEM
grid with 20nm thick Si;N, windows. Chemically synthesized Au
nanorods (Sigma-Aldrich, diameter 20-45nm and length 30-90 nm)
were dispersed on top of the film by dropcasting. The nanorods were
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then embedded by means of an additional 50 nm PECVD-SiO, film.
The total layer thickness of 120 nm fulfills the requirements of TEM
imaging. Time-of-flight elastic recoil detection analysis (ToF-ERDA)
with a 1.7 MV Pelletron accelerator and an 11.9 MeV **Cu®" beam™
was used to measure the elemental composition of the deposited films
at the Accelerator Laboratory of University of Jyvaskyla.

The samples were irradiated by the 50 MeV "I’ jon beam at
45° incidence in the TAMIA 5MYV tandem accelerator at Helsinki
Accelerator Laboratory (University of Helsinki). Irradiation was per-
formed to the fluence of 10" jons/cm” at room temperature. Imaging
of the irradiated samples was performed with a JEOL-JEM 1400 TEM
operated at 120kV. The direction of an electron beam was chosen per-
pendicular to the ion beam direction used in the irradiation experi-
ments. All the steps of this procedure are shown in Fig. 1.

To understand the re-orientation during irradiation, we used the
classical molecular dynamics code PARCAS,”* which was used earlier
for elongation simulations of spherical nanoparticles.”'® We generated
a rectangular box of the Au fcc lattice and cut out of it a nanorod of
the required size. Since the size of the experimental nanorods is too
large for efficient MD simulations, we reduced the size of the nanorods
to 18 nm in length and 10 nm in width, while keeping the same aspect
ratio as in the experimental one. The nanorods were embedded inside
the amorphous SiO, matrix similar to Ref. 25. In brief, the nanorod is
first compressed by 2%, a cavity in silica is created with the shape and
size of the original NP, and the NP is then fit inside the cavity so that
it will expand to the empty space when it relaxes. The nanorods were
initially aligned perpendicular to the ion beam direction.

Since the shape modification occurs only after high ion irradia-
tion fluence, we adopted a similar approach to simulate the SHI effects
in MD as described in Ref. 3. We used the instant energy deposition
profiles that were pre-calculated using the two-temperature i-TS
model.”® We used energy depositon profiles corresponding to both
50 MeV I and 164 MeV Au. We used the latter since it gave more effi-
cient dynamics shape modification at higher irradiation energy, and
hence, it was computationally more feasible to reach high fluences
with the higher energy. Moreover, the melting point of the simulated
silica is much higher compared to the experimentally observed values
(3500 vs 1995K in experiments). To compensate for this difference,
we scaled the profile of the deposited energy in silica with the ratio of
the melting points. The Au atoms were given a constant deposited
energy of 0.5 eV/atom.” This energy was sufficient to melt the nanorod
completely. The interatomic potentials were Watanabe-Samela””** for
interactions in silica, embedded atom model-like for Au-Au

2nd Deposition
Deposition — TEM imaging
_—
Irradiation

_

SR Dispersion

20 nm SizN,
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interactions,”””" and Ziegler-Biersack-Littmark (ZBL)"' for Au-O
and Au-Si interactions.

The system relaxation was done for 50 ps at pressure and temper-
ature control’” toward zero pressure and 300 K temperature. After the
system was relaxed, radial energy deposition was added perpendicular
to the major axis of the initial nanorod at random locations. The ion
impact was then simulated for 100 ps in NVE. Berendsen temperature
control™” at 300 K was used within the thin boundary regions perpen-
dicular to the ion direction to dampen oscillations from pressure
waves and to emulate cooling provided by the bulk material in the
experimental samples.

We note that the 100 ps simulation time, which we used for com-
putational efficiency of MD simulations, was not enough to reach full
recrystallization of the nanorods after the impact. However, recrystalli-
zation is a critical step in the shape modification process as reported
by Leino et al,” because the volume of the amorphized Au NP is too
large to trigger the continuous material flow into opening ion tracks in
subsequent simulations. The NP must shrink to nearly original volume
(and density) during the cooldown stage for sufficient thermal expan-
sion during the subsequent impact. Although we used a similar
method as by Leino et al.” and Amekura et al.'® to account for recrys-
tallization, we verified this method by running an independent 1-ns
long MD simulation of relaxation of a modified NP, which showed
that the modified shape of the NP did not change even after much
slow cooling (see the supplementary material).

In the analysis of the samples, the same nanoparticle was imaged
before and after irradiation, as shown in Fig. 2, where the subfigures
(a) and (b) show the same area of the sample before and after irradia-
tion, respectively, with identical magnification. Moreover, the image
shows that most nanorods are far from the others, which excludes pos-
sible interactions between them.

Since the ion beam induced shape modification of nanoparticles
is sensitive to the matrix material properties,” at first we performed
the elemental composition analysis of the grown films using ToF-
ERDA measurements. The analysis confirmed the close-to-stoichio-
metric elemental ratio of the as-grown silicon dioxide (2.04 = 0.02)
and the extensive presence of hydrogen (>7 at. %), which is known to
be released from the SiO, thin film during a SHI impact.” The depth
profiles and detailed description of the ToF-ERDA analysis can be
found in the supplementary material.

The analysis of a series of TEM images (totally 19) reveals that
the nanorods within the diameter and length range from 20 to 31 nm
and 32 to 63 nm, respectively, have changed their orientation to align

lon beam

l

Electron beam

lon beam
TEM Imaging

FIG. 1. Schematic representation of the experimental procedure. The sample during the second TEM stage (after irradiation) is placed in such a way that the TEM electron
beam is directed perpendicular to the direction of the ion beam used during irradiation. By this way, the dimensions of the actual nanorod were imaged instead of its projection.
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FIG. 2. TEM images of the 20nm SizN4/50nm SiO,/NRs/50nm SiO, sample
imaged (a) before and (b) after irradiation with "I at 10" ions/cm?. The images
were taken (a) from the top and (b) perpendicular to the ion beam direction. (The
red box outlines the nanorod, which re-orients along the ion beam direction.) The
inset images in blue outline show a spherical nanoparticle (11.5nm diameter)
whose orientation did not change.

with the ion beam direction after the fluence of 10" ions/cm?® (see
Fig. 3). This is a curious observation, since the nanorods were embed-
ded in a homogeneous matrix, which remained intact throughout the
experiment. Furthermore, the length along the major axes of the re-
oriented nanorods has still visibly increased. We also note that the
nanorods outside of the indicated size range have not been seen to
change their orientation [compare a large nanorod indicated by a blue
arrow in Figs. 2(a) and 2(b)], although the size has somewhat shrunk
due to significant ion fluence. The behavior of a second large nanorod
(green arrow), which is still beyond the above-mentioned range, is less
clear. It is apparent that this nanorod was initially shrinking and only
after its size reached the range of sizes that are seen to align with the
beam, its re-orientation began. As shown in Fig. 2(b), the angle
between the nanorods indicated by the blue and green arrows
increased. The re-orientation, however, has not been completed, as the
ion fluence received by this nanorod after its size was reduced was
lower. We do not observe substantial changes in the nanorods and
spherical nanoparticles that are below 15 nm in width, see the inset of
Fig. 2. It is apparent that irradiation at such high ion fluences causes

ARTICLE scitation.org/journal/apl

a)

FIG. 3. TEM images of single nanorods sandwiched between two 50 nm PECVD
SiO, layers with different initial size that re-orient along the ion beam direction after
irradiation with "I at 10" ions/cm?. (a) Length = 34.3nm and diameter = 21.2nm,
(b) length = 38.5nm and diameter =20.3 nm, and (c) length =53 nm and diame-
ter =32 nm. (The left image is before, and the right is after irradiation.)

disintegration of the small nanoparticles and subsequent re-
assembling within the track. These results are consistent with the pre-
vious work on nanospheres, which also were not found to change
shape below a certain critical size.”"”

Furthermore, the TEM images of Fig. 3 reveal the polycrystallin-
ity of the nanorods after irradiation. Rizza et al.”” suggested that the
presence of grains implies that the phase transition during the impact
does not happen in the entire volume of the NP at once, but during
each impact only a part of the NP melts. We, however, note here that
polycrystallinity may result from fast quenching after the impact of the
entirely molten NP, as shown in Ref. 3.

To understand the modification mechanism of the irradiated
nanorods, we performed a series of simulations using the deposited
energy profiles corresponding to 50 MeV I and 164 MeV '*’Au
ions. In these simulations, we saw that the first ion impacts induced
formation of surface protrusions grown from the nanorods at the
impact locations (see, e.g., the top left image in Fig. 4). Both deposited
energy profiles gave similar results. Consecutive impacts add more
localized protrusions, which gradually accumulate and cause shape
transformation of the entire nanorod into at first, a spheroidal and
then an elongated shape of a nanorod.

Since the dynamics of these modifications is faster under the
impact of higher energy, we show in the left panel of Fig. 4 the evolu-
tion of shape modification of the nanorod irradiated by 164 MeV
"7 Au. In comparison, similar images of the experimental nanorod are
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FIG. 4. Left: Nanoparticle shape after simulating 1, 15, and 30 impacts to random
positions on the nanorod with 164 MeV '“’Au ion. Right: zoomed in of the same
nanorod as in

shown in the right panel. We follow the shape evolution by adding the
ion tracks subsequently at random locations of the nanorod perpen-
dicular to its major axis. Already after the first 15 impacts, the shape
had incrementally changed to an asymmetrical spheroid, see the mid-
dle image in the left panel of , where the spheroid with a more
elongated left side is shown. After the next 15 impacts, the shape is
fully transformed into a rod in the beam direction, see the lowest
image in the left panel of and the corresponding experimental
image on the lowest right. Although dimensions are different, the
changes are proportional with similar elongation observed after irradi-
ation in both simulation and experiment.

The simulations of ion impacts of 50 MeV '*’I on the same size
of the nanorod are shown in . We see that under this energy, the
shape of the nanorod changes much slower due to lower energy depo-
sition. The results, however, are similar to those obtained for the
164 MeV *7Au ions, i.e., small incremental changes transformed the
nanorod oriented perpendicular to the beam into the nanorod ori-
ented in the beam direction. Thus, we conclude that although the
nanorod changes visibly its orientation, the change does not require
the actual rotation within the solid matrix. The modification is guided
by the dynamics of density changes in the matrix and material flow
due to relaxing of the overpressured liquid phase of nanorods during
the impact and fast quenching after it, as previously described for ini-
tially spherical systems.” The small incremental changes accumulate
and result in growth in the beam direction and loss of length in others.
This finally leads to a nanorod aligning in the beam direction.

We note that the irradiation conditions between the simulated
and experimental nanorods are not identical. For instance, the
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FIG. 5. Nanorod shape after 0, 25, 50, 75, and 100 simulated 50 MeV | ion
impacts to the center of the nanorod.

simulated nanorods are much smaller in size compared to those used
in experiment. The numbers of ions needed to complete the re-
orientation of the nanorod in simulations were 30 and 100 with the
energies of 164 and 50 MeV, respectively. This corresponds to 2 x 10'?
and 6.3 x 10" ions/cm? ie., the lower energy required a higher flu-
ence to complete the re-orientation of the nanorod. The latter value of
the fluence is close to the experimental fluence of 10'* ions/cm?, where
the ions with an energy of 50 MeV were used as well. This confirms
that our MD simulations are consistent with experimental results.
Moreover, a previous more detailed analysis of temperature evolution
in embedded Au nanorods of different sizes due to swift heavy ion
impacts further supports the presented results.”” That work showed
that the highest temperature in a nanoparticle always develops in the
vicinity of ion impact, where the electron-phonon coupling is the
strongest. In the nanorods of the size relevant to this study, this tem-
perature is sufficient to cause substantial melting.

We still consider why the largest nanorods, such as the one
marked with a blue arrow in , are not rotated. Previously, Rizza
et al.”’ studied the size dependence of spherical nanoparticles on melt-
ing and concluded that large particles do not melt and are not
deformed noticeably. In the recent study, we extended this model to
nanorods including different possible interface effects on heat dynam-
ics during the impact on a nanorod.” In these simulations, we saw
that the energy deposited by a SHI in the large nanorods
(40 x 80nm?) is not sufficient for melting even if all resistive effects
for heat flow through the interface are taken into account.” Hence, no
shape modification, including re-orientation, can be expected for very
large nanorods.

In conclusion, using both experiments and simulations, we show
how swift heavy ions with energies readily available in typical tandem
accelerators can be used to re-orient nanorods, which are embedded in
a solid amorphous matrix. In the experiments, we used TEM windows
to track changes in individual nanorods. We observed that nanorods
laid in a plane with a 45° angle to the beam direction re-oriented to
align with the beam. By using a multiscale simulation model of the
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effect of electronic excitations on atom dynamics, we explain the
change in the nanorod orientation by an overpressure mechanism and
show that the apparent re-orientation is a result of small incremental
shape modifications rather than an actual rotation of the nanorod as a
whole. Our results show that swift heavy ions even of relatively low
energies can be used as a means to control the orientation of metal
nanorods buried inside a protective insulating material.

See the supplementary material for the material analysis of as
grown samples and the nanoparticle recrystallization in MD.
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A. Elemental analysis of as grown samples
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FIG. S1. ToF-ERDA depth profiles of Si-substrate/50 nm SiO,/NRs/50 nm SiO; sample. At the left upper

corner, the elemental concentrations are shown.

Since the elongation phenomenon may depend on the quality of the surrounding matrix!, it is
important to investigate the properties prior to irradiation. In the ToF-ERDA depth profiles (Fig.
S1), we deduce that the elemental ratio O/Si was measured to be 2.04+0.02 which means that
the as-grown silicon dioxide is very close to stoichiometric. Hydrogen and nitrogen impurities
arise from the silane and nitrous oxide precursors, respectively, and sodium originates from the
nanoparticles solution. All the other impurity concentrations are low (<0.5 at.%) except hydro-
gen. In our simulations, the system Au-SiO; is ideal where SiO, has the exact stoichiometry
ratio (O/Si=2) and no impurities. Impurities are neglected in the simulations for practical reasons
as inclusion of additional elements makes finding a working set of suitable potentials extremely
difficult. Initial hydrogen concentration is fairly high (>7 at.%) but swift heavy ions are known
to release some of it from silica’>. However we note that MD simulations are not very sensitive
and produce qualitatively similar results for different interatomic potentials and materials>*. Tt is
unlikely that hydrogen, even in this high concentrations, would change the conclusions.

B. Nanoparticle recrystallization in MD

To verify whether the modified shape of a nanoparticle retain during the slow cooling, with

the cooling rate closer to the experimental value, we performed one independent simulation of

2



FIG. S2. a) Nanoparticle after irradiation in a molten state. b) Same nanoparticle as a) but after cooling

down and allowing to crystallize.

nanoparticle relaxation after the impact. As can be seen in Fig. S2 embedded NPs conserve
their shape almost perfectly when allowed to recrystallize in MD. This process took close to a
nanosecond making it computationally ~10 times as expensive as our method of running for 100

ps and extracting the shape and creating a new particle with the same shape.

Since recrystallization takes long time and results in strongly polycrystalline structure, we have
adopted the same recrystallization model as in*. Namely, we extracted the shape of the nanorod
after 100 ps simulation and scaled the volume while keeping the shape intact. Then we cut out
a nanorod from the bulk fcc gold to the scaled shape to keep the same number of atoms. The
recrystallized nanoparticle is then embedded to a pristine silica matrix using the same method as
in the beginning of a new simulation. We use pristine silica matrix instead of the irradiated one
since the ZBL potential used to describe the interactions in the interface may lead to formation of
artificial gap between the nanorod and silica, since there is no attractive force in this potential. The
gap might affect further development of shape modification and forcing the molten material fill
in the empty gap around it. To overcome this problem in more realistic manner a better potential

with some attractive interactions between the NP and silica must be used.
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ABSTRACT

The elongation of spherical Au nanoparticles embedded in SiO, under swift heavy ion (SHI) irradiation is an extensively studied phenome-
non. The use of a TEM grid as a substrate facilitates the identification of the same nanoparticle before and after the irradiation. Since the
underdensification of SiO, inside the ion track plays a key role, the elongation is sensitive to the matrix material properties. Therefore, we
studied the elongation process of SHI irradiated Au spherical nanoparticles of various diameters (5-80 nm) embedded either in atomic layer
deposition (ALD) or plasma-enhanced chemical vapor deposition (PECVD) SiO,. The results show that a different elongation ratio is
achieved depending on the particle initial size, ion fluence, and a different SiO, deposition method. The embedded nanoparticles in ALD
SiO, elongate roughly 100% more than the nanoparticles embedded in PECVD SiO; at the biggest applied fluence (5 x 10'*ions/cm?). On
the other hand, at fluences lower than 10'* ions/cm?, nanoparticles elongate slightly more when they are embedded in PECVD SiO,.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099164

I. INTRODUCTION

The elongation of embedded metallic nanoparticles under
swift heavy ion irradiation (SHID)' has attracted attention in nano-
science in the last few years. Compared to the standard nanofabri-
cation techniques, such as electron beam lithography, ion
implantation, or colloidal chemistry, with SHII, it is easy to fabri-
cate precisely aligned nanorods.”'” The SHII method leads to the
transformation of initially spherical nanoparticles to oriented nano-
rods as the ion beam shaping occurs in the form of elongation in
the direction of the passing swift heavy ion.

The details of the exact mechanism behind this phenomenon
as well as the different steps of the elongation process are under
constant debate. A general description of the mechanism behind
this phenomenon could be given in the following way. The ion
forms a track in the host matrix, which leads to a decrease of
density in the matrix (underdensification) above, below, and
around the nanoparticle. After the passage of the ion through the
nanoparticle, the nanoparticle melts and the molten metal flows to
the track in the matrix, resulting in elongation after cooling and
recrystallization.'' ™" Full elongation typically requires hundreds or

thousands of ion hits into the nanoparticle. Depending on the irra-
diation conditions (ion type, energy, flux, and fluence), the degree
of elongation can be controlled.

One of the most promising applications for these elongated
nanoparticles is in connection to their optical response.'*”"” The
metallic nanostructures exhibit localized surface plasmon modes
with a resonance frequency showing up a strong extinction peak in
spectroscopic measurements. Within this resonance, the electric
field near the nanoparticle is greatly enhanced, which yields many
phenomena, such as surface-enhanced Raman scattering,'” fluores-
cence,'””" or emission enhancement.”’ As a result, the elongated
nanoparticles can act as “nanoantennas” and be used in various
photonics applications,”” such as photocatalysis, optical waveguides,
and sensors.

Even if ion beam shaping has been intensively studied, the
nanoparticle modification mechanism is not fully understood yet.
Thus, monitoring of every step during this sample preparation pro-
cedure is needed in order to understand better this mechanism. So
far, the experiments concerning the preparation of the samples
have been limited to spherical metallic nanoparticles embedded in

J. Appl. Phys. 132, 045901 (2022); doi: 10.1063/5.0099164
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only a few host matrices, including amorphous SiO,,"”™ amor-
phous Si3Ny,” "> and sapphire (crystalline Al,O3).'”*® The fabri-
cation of the spherical nanoparticles has followed the standard
techniques, i.e., electron beam lithography, ion implantation, and
colloidal chemistry. Regarding the host matrices, the main deposi-
tion techniques include plasma-enhanced chemical vapor deposi-
tion (PECVD), sputtering, and thermal growth. During the
irradiation, the samples are bombarded with swift heavy ions in the
range of a few MeV until hundreds of MeV aiming at the elonga-
tion of the embedded nanoparticles. After the irradiation, the irra-
diated samples are then prepared for transmission electron
microscopy (TEM) characterization in cross-sectional geometry by
the standard focused ion beam (FIB) technique (TEM-lamella
technique).

The TEM-lamella technique has the disadvantage that the
same nanoparticle before and after the irradiation cannot be
imaged. This leads to uncertainty if, for example, an elongated
nanoparticle is the result of a single irradiated particle or several
particles fused together when they are close to each other. In this
study, this limitation of TEM lamella technology and the possibility
to use a variation of nanoparticle sizes and shapes in one irradia-
tion lead to the use of a 20 nm thick Si;Ny TEM window grid as a
substrate. In addition, the required sample thickness for TEM
imaging is limited to around 100 nm causing restrictions on the
thickness of the host matrix. In the case of more than 100 nm
sample thickness, a suitable etching technique, such as HF or
precise RIE (reactive ion etching), can be applied to remove part of
the matrix above the nanoparticles. Consequently, the comparison
of the same nanoparticle before and after the irradiation can
provide accurate information, necessary to the deeper understand-
ing of the elongation process. In our very recent letter,”” this
approach was applied to study nanorod orientation due to ion
irradiation.

Due to the requirement of matrix underdensification, it can be
expected that the elongation is sensitive to the matrix material
properties, including the composition, the density, and the concen-
tration of impurities and nanoparticle coverage. Since the previous
studies have shown that SiO, (gold nanoparticles in SiO, is the
most studied system) ensures the biggest degree of elongation,”””’
it is worth emphasizing that many SiO, fabrication techniques
exist. For example, an atomic layer deposition (ALD) technique,
which produces high quality films (uniform and conformal) with
high precision of thickness, has not been investigated in connection
with SHI irradiation. Since both PECVD and ALD belong to the
category of depositions based on chemical reactions, it is worth
investigating their different response on the SHI irradiation. Both
deposition techniques are very widely used both in research and
industry and, therefore, are readily available.

In this study, spherical Au nanoparticles of several diameters
were embedded in SiO, deposited by ALD’**’ or alternatively in
SiO, deposited by PECVD" made on SizN4 TEM window grids as
substrates. The samples were irradiated by energetic heavy ion
beams using several fluences. The purpose of this work was to
study in detail the elongation of spherical nanoparticles under
heavy ion irradiation in connection to their initial size and ion
fluence. The effect of ALD deposited SiO, was compared to SiO,
deposited by PECVD.

ARTICLE scitation.org/journalljap

Il. EXPERIMENTAL METHODS
A. Sample preparation

Two types of samples with SiO, films were fabricated using
different deposition techniques. In the first type, the 50 nm of an
SiO, film was first deposited using ALD at 200 °C on top of a TEM
grid, with nine windows of 20 nm thick SizN4. The ALD film was
deposited with a Beneq TFS 200 cross-flow reactor using 150 Pa as
the base pressure during the deposition. Nitrogen from an Inmatec
PN 1150 nitrogen generator (99.999% purity) was used as a carrier
gas as well as for purging between the precursor pulses. One ALD
cycle consisted of subsequent pulses of (3-aminopropyl)-triethoxy-
silane (APTES) (Sigma-Aldrich, 99%), de-ionized water, and O3,
which were used as precursors for the deposition. APTES was
heated to 95 °C in order to provide sufficient vapor pressure while
H,0 was kept at room temperature, and O; was produced with a
BMT 803 N ozone generator from O,.”* One ALD cycle consisted
of 1.25, 0.75, and 0.9 s pulses of APTES, H,O, and O;, respectively.
Exposure time after each pulse was 20, 18, and 155, and purging
times were 20, 15, and 15, respectively. In order to grow 50 nm
thick SiO, films, one deposition consisted of 1250 cycles (36 h).
The dispersion of the chemically synthesized Au spherical nano-
particles (manufactured by Sigma-Aldrich) was accomplished on
top of the layer by dropcasting. The nanoparticles were mixed from
different solutions (containing different sizes) into one, and then,
they were deposited from one single dispersion. The nanoparticle
diameter varied between 5 and 80 nm, with a 5nm step. In order
to embed the nanoparticles, another 50 nm SiO, thin film was
deposited using ALD with the same parameters.

In the second type of samples, SiO, films were deposited
using PECVD at 200 °C. A Plasmalab80Plus system, manufactured
by Oxford Instruments, was used to deposit SiO, with silane (SiH,4
in Ar) and nitrous oxide (N,O) as precursors. The chamber was
pre-heated and purged with N, for 2 min. The working pressure
during the process was 133 Pa. The growth rate of the deposited
film was 50 nm/min.

Summarizing the structure of the samples, the total thickness
was 120 nm, which fulfilled the requirements for TEM imaging. A
set of samples were fabricated with an additional step of post-
deposition annealing at 900 °C for 30 min with N, flow at a con-
ventional furnace since the thermal treatment (annealing) is known
to improve the SiO, film properties.”"”* For comparison, Fig. 1
presents a macroscopic view of a TEM grid as well as optical
microscope images of this grid.

1ogpm [ ;I/

FIG. 1. (a) Photo of a TEM grid and optical microscope images of a TEM grid
with SiO, deposited (b) by PECVD and (c) by ALD.
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FIG. 2. TEM images of gold nanorods (a) before embedding them inside SiO,
and (b) after embedding them inside SiO, deposited at 300 °C and the etching
part of SiO,. (c) TEM image of a gold nanorod after SiO, deposition at 200 °C.

Additional Si substrate was present in the depositions in order
to investigate the properties of grown SiO, films. Several material
characterization techniques can be applied to study these properties
as discussed later.

The selection of an SiO, deposition temperature depends on
the temperature induced shape change of not embedded gold nano-
particles. Gold nanoparticles are observed to modify at 300 °C,
leading to the conclusion of choosing a lower deposition tempera-
ture than 300 °C. Figures 2(a) and 2(b) show the shape change of
the nanorods after SiO, deposition at 300 °C. As a result, lower
deposition temperatures were tested, and deposition at 200°C
showed that nanorods do not significantly change shape [Fig. 2(c)].

The effect of the post-deposition annealing on the embedded
nanoparticles was investigated as well. As seen in Fig. 3, in which
gold nanorods on a bulk Si substrate are imaged before and after
annealing at 900 °C and etching of top SiO,, there is no significant
change even after annealing at 900 °C.

B. Sample irradiation

The heavy ion irradiation of the samples was performed
with 50 MeV '77I°" ions at the TAMIA 5MV tandem accelerator
at the Helsinki Accelerator Laboratory (University of Helsinki).
The angle of incidence was 45°, and several fluences from 10" to
5 x 10" jons/cm? were applied at room temperature. During the
irradiation, the beam was raster scanned over a 2 x 2 cm? area by
magnetic deflectors, and the beam current was measured by a
beam profilometer placed in front of the sample. The TEM grids
were mounted on silver plates using a conductive carbon paste to
avoid any damage by overheating during the irradiation. All of the
nine windows in a TEM grid were covered by the beam spot area
of 1cm?. However, at high enough fluences, there is a risk for the
windows to break.

Similar experiments had been performed initially where SiO,
films were so thick that the etching part of the SiO, layer was
essential. On top of a TEM grid with nine windows of 20 nm thick
SisNy, a 30nm PECVD SiO, film was the first deposited at
200 °C. Then, chemically synthesized Au spherical nanoparticles
with diameter varying from 5 to 80 nm were dispersed on top of
the film. Finally, another SiO, film with 200 nm thickness was
deposited in order to embed the nanoparticles. For these samples
with a thicker SiO, film, heavy ion irradiation was performed with
a 383 MeV %Kr!®" beam from the K-130 cyclotron at the Jyviskyli
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FIG. 3. Helium ion microscope (HIM) images of nanorods embedded in
PECVD SiO, before and after annealing at various temperatures. The top
images show nanorods before the deposition of the second layer on the top,
and the bottom images show the same nanorods after annealing and etching of
the excessive layer by RIE.

Accelerator Laboratory (University of Jyvaskyld) in 45° incidence
with several fluences at room temperature.

C. Sample characterization

The samples were imaged with a JEOL-JEM 1400 TEM oper-
ated at 120kV. Before the irradiation, the samples were imaged
from the top without tilting the TEM stage, but after the irradia-
tion, the electron beam direction should be perpendicular to the
ion beam direction to get the full information from an elongated
nanoparticle.

Prior to irradiation of the samples with a Kr beam, the TEM
imaging took place before the deposition of the second SiO, film.
After the irradiation, around 150 nm of SiO, were etched by RIE to
accomplish the TEM imaging. In Fig. 4, TEM images from a sample
irradiated at the highest applied fluence (2 x 10 ions/cm?) are
shown.

50 nm
]

FIG. 4. TEM images of a 20nm SizNs;/30nm PECVD SiO;/NPs/200 nm
PECVD SiO, sample irradiated at 2 x 10™ions/cm? fluence with 383 MeV
84Kr ions. The images were taken (a) from the top before the irradiation and (b)
perpendicular to the ion beam direction.
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FIG. 5. Schematic representation of sample preparation, irradiation, and imaging using TEM.

It is obvious that there is information missing if this procedure
is followed, such as how the nanoparticles are enclosed by the SiO,
layer and the impact of the ion beam on the film since most of that
has been removed. Consequently, these reasons and the fact that
the additional film thickness does not affect significantly the elon-
gation process led to the production of the samples with thickness
thin enough to allow the TEM imaging without an etching step. All
the steps of the procedure, where samples were irradiated with a
1271 beam, are shown in Fig. 5.

An image segmentation code was written with Python to
measure the dimensions of the nanoparticles before and after the
irradiation (Fig. 6).

A more detailed analysis of the film properties can be reached
by means of advanced material characterization techniques,

FIG. 6. TEM images of the 900°C annealed 20nm SizN4/50nm ALD
Si0,/NPs/50 nm ALD SiO, sample irradiated with a 50 MeV '?’| beam at
5 x 10" ions/cm? fluence, which were taken (a) from the top before the irradia-
tion and (b) perpendicular to the ion beam direction. Corresponding segmented
images (c) and (d).
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including  time-of-flight elastic ~recoil detection analysis

(ToF-ERDA) and x-ray reflectivity (XRR). ToF-ERDA is an ion
beam analysis technique capable of determining the composition of
a thin film. ToF-ERDA measurements were accomplished with the
use of a 1.7 MV Pelletron accelerator.” In measurements, a $>Cu®*t
beam of 11.9 MeV energy was used. The analysis of the measure-
ments was done using the Potku software.”*

XRR measurements were performed in order to reveal infor-
mation about the thickness, density, and roughness of the SiO,
films. A PANalytical X’Pert Pro Alpha 1 MPD x-ray powder dif-
fractometer setup to x-ray reflectivity was used with a Cu Koy
x-ray source (A = 0.154 056 nm, V=45kV, I=40 mA). The analy-
sis of the samples was done with GenX open software. The experi-
mental data are reproduced by changing simulation parameters,
from which the values of the thickness, density, and roughness of
the SiO, film were extracted.

Ill. RESULTS

A. Properties of SiO, films grown using PECVD and
ALD

Already, the optical microscope images in Fig. 1 show a clear
difference between TEM grids with ALD and PECVD SiO, coatings.
ALD SiO, has a smooth surface, but in PECVD SiO,, surface ten-
sions appear. Another basic difference is the way nanoparticles are
enclosed by the films. In Fig. 7, two images of nanoparticles embed-
ded either in PECVD or in ALD before irradiation are shown. We
observe that around the nanoparticles, an area of darker contrast has
been formed, and possible explanation could be that the nanoparti-
cles act as nucleation sites for the growth of SiO,. These regions are
much more pronounced in PECVD S$iO;, in which grains could be
observed,”” compared to more uniform ALD SiO,.

The elemental composition of the samples was extracted from
coincidence time-of-flight and energy data (Fig. 8). ToF-ERDA
depth profiles are shown for annealed and as-deposited PECVD
(Fig. 9) and ALD (Fig. 10) samples. Depth profiles for the
as-deposited PECVD sample [Fig. 9(a)] show that the SiO, is
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stoichiometric with elemental ratio O/Si = 2.06 + 0.02. Apart
from silicon and oxygen, the film contains a significant amount of
hydrogen impurity (7.6 at. %), which most probably originates from
the silane precursor, and a small amount of other impurities, such
as nitrogen (originated most likely from the nitrous oxide precur-
sor), carbon, and sodium [coming from the phosphate buffer solu-
tion (PBS) of nanoparticles]. Gold can be detected as well because
of the gold nanoparticles embedded inside. Depth profiles of an
annealed PECVD sample [Fig. 9(b)] show that SiO, is oxygen poor
with elemental ratio O/Si=1.88+0.02. Additionally, it contains a
small amount of the same impurities as the as-deposited SiO,, but
hydrogen concentration has reduced significantly (<0.1 at. %).

The same behavior is visible in as-deposited and annealed ALD
samples as well. Depth profiles for an as-deposited ALD sample
[Fig. 10(a)] show that SiO, is nearly stoichiometric with elemental
ratio O/Si =2.07 4+ 0.02. Regarding impurities, the film contains a sig-
nificant amount of hydrogen (6.5 at. %) originating from APTES and

-~

63Cu (scattered by Au}&

REH

Time of Flight

FIG. 8. Coincidence time-of-flight and an energy histogram of a ToF-ERDA
measurement from an Si/50nm PECVD SiO,/NPs/50 nm PECVD SiO,
as-deposited sample.
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. ¢
.. .
& FIG. 7. TEM images of nanoparticles
embedded in SiO, grown using (a)
. PECVD and (b) ALD.
. .
.

water precursors and a small amount of other impurities (less than
lat. %), including nitrogen (originating from the APTES) and
carbon. Gold is again visible in the film. Depth profiles of an
annealed ALD sample [Fig. 10(b)] show that SiO, is stoichiometric
with elemental ratio O/Si=1.97 4+ 0.02. It contains a small amount of
the same impurities than as-deposited SiO,, but hydrogen concentra-
tion has again dropped (<0.2 at. %). The number of gold nanoparti-
cles embedded in SiO, (1.4 x 107-1.1 x 10% nanoparticles/cm?) was
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FIG. 9. ToF-ERDA depth profiles of an Si/50 nm PECVD SiO,/NPs/50 nm
PECVD SiO; (a) as-deposited sample and (b) annealed sample.
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FIG. 10. ToF-ERDA depth profiles of an Si/50 nm ALD SiO,/NPs/50 nm ALD
SiO; (a) as-deposited sample and (b) annealed sample.

calculated from atomic concentrations of gold for all the samples.
This result tells that nanoparticles have a low average areal density
covering less than 0.1% of the area.

In Fig. 11(a), the experimental and simulated curves from
XRR data are shown for an Si/50 nm ALD SiO,/50 nm PECVD
SiO, sample. The density of PECVD SiO, was measured to be
2.20 + 0.06 g/cm3 and the roughness 2.21 + 0.10 nm. The mea-
sured thickness was 41.0 + 0.9 nm. In Fig. 11(b), the experimental
and simulated curves obtained by XRR are shown for an Si/50 nm
ALD SiO, sample. The density of ALD SiO, was measured to be
2.14 + 0.05 g/cm3 and the roughness 0.21 + 0.09 nm. The mea-
sured thickness of the film was 56.4 + 0.7 nm, which is close to
the goal thickness. In order to get the information for the PECVD
layer, we used the extracted parameters from the ALD-only fit and
then we fit the PECVD layer.

B. Irradiation with a 50 MeV '?7I1°* beam

Several fluences between 10'3 and 5 x 10'*ions/cm? were
applied to investigate the evolution of the elongation of
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FIG. 11. Measured and simulated XRR curves of (a) an Si/50 nm ALD
Si0,/50 nm PECVD SiO, as-deposited sample and (b) an Si/50 nm ALD SiO,
as-deposited sample. In each graph, there is a table with the measured quanti-
ties for each film.

nanoparticles embedded in SiO, deposited either by ALD or
PECVD. Additionally, the annealing process before the irradiation
was carried out in order to see if the change in the matrix proper-
ties has any impact on the irradiation results. In Fig. 12, the
average elongation ratio (length/width) vs the initial nanoparticle
diameter is presented for all the samples.

Initially, spherical nanoparticle diameters varied between 5 and
80 nm. During the images analysis, they were classified in the ranges
of 5nm, ie, 5-10, 10-15, 15-20 nm, etc. The experimental results
show that there is a variation in the nanoparticle shape change for
the same initial size, which is in accordance with the earlier study.”
The elongation ratio with uncertainties is shown in Tables I
(PECVD Si0O;) and II (ALD SiO,). A standard deviation of the mea-
sured variable was used to express the variation of the ratio from its
mean value. The number of particles in different size ranges varied
between 10 and 100. Figures 13-19 show nanoparticles with the
highest elongation ratio in each range before and after irradiation.

Single  nanoparticles irradiated at lower fluences
(<10 ions/cm?) are shown either from the as-deposited samples
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2.5 a) = or from the annealed samples in Figs. 13-17. Comparing the
— = 3 . annealed and as-deposited samples at the same fluence, the elonga-
—— 5x10%3 ions/cm?(as-deposited) . .. L. . . o
—— 5x10% ions/cm?(annealed) tion ratio is similar. Moreover, regarding the different deposition
o —— 1073 ions/cm?(as-deposited) techniques, elongated nanoparticles in PECVD samples present a
% 2.0 —— 10 ions/cm?(annealed) slightly higher elongation ratio for fluences <5 x 10" jons/cm?.
I The as-deposited PECVD and ALD samples did not withstand
8 irradiation for the highest fluence at 5 x 10'* ions/cm?, and most of
% PECVD SiO, the windows broke during the irradiation. The same problem appeared
5 1.5 also for the annealed PECVD sample as we were able to track only a
é few nanoparticles after irradiation. As a result, images were collected
from nanoparticles that had not been imaged before the irradiation.
For the pre-imaged nanoparticles, the volume was almost the same
1.01 before and after irradiation. In case the original nanoparticle was not
0 10 20 30 20 50 60 70 80 imaged, we assumed the volume of the elongated nanoparticles as a
INITIAL DIAMETER (nm) cylinder and compared it with their spherical volume before the irradi-
=0 b) — sx10™ lons/cmi(annealed) ation in order to find their initial diameter. As for the annealed ALD
4.5 - —— 10% jons/cm?(as-deposited) sample, it had intact windows with plenty of same nanoparticles
—— 5x10* ions/cm?(as-deposited) imaged before and after the irradiation with TEM.
° 409 — 5x10% jons/cm?(annealed) In Figs. 18 and 19, those nanoparticles with the highest elonga-
< 351 — 102 f°”5/cmz(as‘dep°s’ted’ tion ratio in each range are shown. For the PECVD sample, only a
—— 10%’ ions/cm?(annealed) . . o .
E few nanoparticles before the irradiation are shown. Comparing the
g 3.01 . different deposition techniques, the highest elongation ratio is
E 25 ALD SiO, achieved for ALD samples. However, the nanorods embedded in
Q ALD SiO, elongate so much that some of them become unstable
W 2.0 and tend to break up into smaller fragments, which has also been
1.5 reported before™ and is related to the inverse Ostwald ripening.””~*’
Particularly, some of the biggest elongated nanoparticles in
1.0 ALD SiO, (after 35nm initial diameter) present unconventional
0 10 20 30 40 50 60 70 80 morphologies. Between 35 and 45 nm initial diameter, the irradi-
INITIAL DIAMETER (nm) ated nanoparticles have obtained a shape resembling nanorod. One
nanoparticle (35-40 nm) is bigger in the sides than in the middle,
FIG. 12. Representation of the average ratio (length/width) vs the initial diame- while the other is bigger in one side. Subsequently, for nanoparti-
ter of the elongated nanoparticles after 50 MeV '’/ irradiation at fluences cles with diameters between 45 and 65 nm, the irradiation causes

between 10'® and 5 x 10™ions/cm?. The nanoparticles are embedded in (a)
PECVD SiO, and (b) ALD SiO,. The uncertainties are left out from the image
for clarity.

only part of them to elongate.
By increasing the fluence, the elongation ratio of the nanopar-
ticles (Fig. 20) increases and the biggest nanoparticles also change.

TABLE I. Elongation (length/width) ratio for nanoparticles embedded in annealed (ann.) and as-deposited (as-dep.) PECVD SiO, samples regarding the initial diameter and

fluence.
(nm) 10" (ann.) 10" (as-dep.) 5x 10" (ann.) 5% 10" (as-dep.) 5% 10 (ann.)
5-10 1.02 £0.02 1.00 £0.00 1.03 £0.03 1.12+£0.12 1.0£0.0
10-15 1.16 £0.12 1.43+0.22 1.37+£0.29 1.0£0.0
15-20 1.19 £ 0.09 1.36 £0.32 1.78 £0.38 1.53+£0.30 1.52 £0.52
20-25 1.18+£0.10 1.47 £ 0.45 2.06 £0.35 1.62+0.38 2.24+0.70
25-30 1.12 £ 0.06 1.43+0.38 2.00+0.38 1.73+£0.32 2.12+0.32
30-35 1.09 +0.07 1.14+£0.14 1.73+0.34 1.60 +0.29 1.99 +0.54
35-40 1.03 £ 0.03 1.18+0.18 1.48+0.17 1.58 £ 0.26 1.88+0.43
40-45 1.02 £0.02 1.21£0.20 1.21+£0.13 1.50 £0.39
45-50 1.05+0.05 1.0+ 0.0 1.11£0.11 1.24+0.20 1.46 £ 0.05
50-60 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.30+£0.30
60-70 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0
70-80 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0

J. Appl. Phys. 132, 045901 (2022); doi: 10.1063/5.0099164 132, 045901-7

Published under an exclusive license by AIP Publishing



Journal of

ARTICLE scitation.org/journalljap

Applied Physics

TABLE Il. Elongation (length/width) ratio for nanoparticles embedded in annealed (ann.) and as-deposited (as-dep.) ALD SiO, samples regarding the initial diameter and

fluence.

(nm) 10" (ann.) 10" (as-dep.) 5% 10" (ann.) 5x 10" (as-dep.) 10" (as-dep.) 5% 10" (ann.)
5-10 1.12+£0.12 1.06 £0.06 1.15+0.15 1.0+ 0.0 1.0£0.0
10-15 1.32+0.14 1.24+0.12 1.31+0.24 1.26 £0.20 1.0+0.0
15-20 1.34+0.19 1.16 £ 0.09 1.33+£0.15 1.37+£0.21 1.53+£0.0 3.79+1.82
20-25 1.21+0.11 1.10£0.08 1.23+0.14 1.37+£0.23 1.90 £ 0.05 3.74+1.61
25-30 1.12+0.10 1.07 £0.07 1.16 £ 0.08 1.40+£0.17 2.36+0.17 2.84+1.03
30-35 1.08 £0.07 1.04 £ 0.04 1.05+£0.05 1.39+£0.12 2.39+£0.26 2.86+£1.25
35-40 1.03+£0.03 1.05+0.05 1.03+0.03 1.25+0.18 1.88 £0.05 2.86+1.25
40-45 1.0+0.0 1.0+ 0.0 1.0+0.0 1.10 £ 0.05 1.40 £0.25 2.87+£0.89
45-50 1.0+0.0 1.0+ 0.0 1.0+0.0 1.07 £0.07 1.15+0.04 2.33+0.53
50-55 1.0+0.0 1.0+ 0.0 1.0+0.0 1.0+ 0.0 2.07+£0.74
55-60 1.0+ 0.0 1.0+£0.0 1.0+£0.0 1.0+£0.0 1.49 + 0.49
60-65 1.0+0.0 1.0+ 0.0 1.0+0.0 1.0+ 0.0 1.29+0.26
65-70 1.0+0.0 1.0+ 0.0 1.0+0.0 1.0+ 0.0 1.04 £ 0.04
70-80 1.0+0.0 1.0+ 0.0 1.0+0.0 1.0+0.0 1.0+ 0.0

The threshold fluence for larger elongation is higher for ALD
samples than PECVD. Additionally, smaller nanoparticles elongate
slightly more in both cases.

IV. DISCUSSION

A. Dependence of elongation on fluence and
nanoparticle initial size

The results show that the elongation depends strongly on the
irradiation fluence and the nanoparticle initial size. The lower flu-
ences (<5 x 10'%ions/cm?) favor the elongation of the smallest
nanoparticles, smaller than 50 nm, because the deposited energy is
not high enough to elongate the larger ones. On the other hand,
for higher fluences (>10'ions/cm?), the deposited energy by the
ion irradiation is high enough to elongate bigger nanoparticles as
well. However, when the smallest nanoparticles (<15nm), which
have already started elongating, reach the higher fluences, they start
to shrink and reshape back toward a spherical shape or they can
disintegrate completely. This significant volume change can be
explained by the fact that the irradiation fluence is too high and
prevent them from elongation. According to Pefia-Rodriguez
et al,"' the constituent atoms of the disintegrated nanoparticles are
absorbed by the larger ones (Ostwald ripening) or form new parti-
cles, but there is no experimental evidence of that in the present
study. In the case of nanoparticles with a diameter smaller than
10 nm, there is basically no elongation and only a few nanoparticles
show a small shape change.

The last observation can be related to the value of the ion
track diameter. If the nanoparticle has a diameter less than the ion
track diameter, it cannot elongate or elongate much less than the
bigger ones.”” The track diameter limits as well the minimum
width that an elongated nanoparticle can reach. According to
Mota-Santiago et al.,”® the diameter of an ion track formed in SiO,

FIG. 13. TEM images of nanoparticles sandwiched between two 50 nm PECVD
Si0, layers (as-deposited). The samples were irradiated with *?7| at a fluence of
10" jons/cm? and imaged before (left) and after (right) the irradiation.
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FIG. 14. TEM images of nanoparticles sandwiched between two 50 nm PECVD
SiO;, layers (annealed after the deposition). The samples were irradiated with
27 at a fluence of 5 x 10" ions/cm? before (left) and after (right) the
irradiation.

irradiated with a 185MeV Au beam was measured to be 10.8 nm
by SAXS (small angle x-ray scattering) measurements. In this
study, nanoparticles of diameter between 7 and 8 nm are the small-
est that can elongate and minimum elongation width was found to
have approximately the same value. This observation, in combina-
tion with the smaller deposited energy in these experiments,
implies that the ion track diameter for 50 MeV 121 is less than the
10.8 nm reported in the literature. Additionally, their small size and
consequently a small possibility of a significant amount of ions
hitting them (8-40 ion hits/10'3-5 x 10'* ions/cm?) affect the
elongation.

Elongation results can give additional information about the
correlation between the initial particle size and the particle defor-
mation path in the SiO, matrix.” At the highest applied fluence,
nanoparticles of diameter less than 15nm disintegrate either
completely and disappear or disintegrate partially and remain
spherical. At range from a 15 to 45nm diameter, they melt
completely during the ion impact and transform to nanorods along
the ion beam direction after multiple impacts. At range from 45 to
65 nm, they are partially molten and the elongation occurs as an
elongated part attached to a sphere. Finally, for larger nanoparticles
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FIG. 15. TEM images of nanoparticles sandwiched between two 50 nm ALD
Si0, layers (annealed after deposition). The samples were irradiated with '] at
a fluence of 10% ions/cm? before (left) and after (right) the irradiation.

(>65 nm), there is negligible deformation because the ion energy is
not high enough to melt them. Comparing these results with
Rizza’s work,” nanoparticles of diameter up to 30nm are
completely molten, while in our case, nanoparticles of diameter up
to 45 nm melt completely. This difference arises from the composi-
tion of the matrix and the irradiation conditions. In this kind of
studies, SiO, thickness does not need to be hundreds of nanome-
ters like in previous studies,”'”***° but 100 nm thickness is
enough.

B. Effect of the SiO, deposition technique

It is clear that the elongation is affected by the deposition
technique of SiO,. At the highest applied fluence, ALD SiO, offers
a higher elongation ratio than PECVD SiO,. At lower fluences, the
opposite happens. This could be at least partially explained by the
fact that PECVD SiO, has a slightly higher density than the ALD
SiO;, and the presence of grains in PECVD SiO,. When an irradi-
ated material is denser, bigger energy loss occurs, resulting in
greater deposited energy in the material and consequently greater
elongation. Apart from the difference in the overall density
between the two types of SiO,, the dark halos surrounding the
nanoparticles can be interpreted as regions with a higher density.
Since these regions are much more distinct in PECVD SiO, than in
ALD SiO,, we assume that this layer has such a density, which
enables the nanoparticle to elongate more in PECVD SiO,. As a
result, the underdensification happens faster in PECVD SiO, than
in ALD SiO, until the fluence of 5 x 10'*. However, the elongation
of nanoparticles embedded in PECVD SiO, saturates faster: for
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FIG. 17. TEM images of nanoparticles sandwiched between two 50 nm ALD
SiO, layers (as-deposited). The samples were irradiated with 12| at
10" ions,/cm? before (left) and after (right) the iradiation.

FIG. 16. TEM images of nanoparticles sandwiched between two 50 nm ALD 5110nm 10 0" " -

Si0; layers (as-deposited). The samples were irradiated with %71 at a fluence of
5 x 10" ions/cm? before (left) and after (right) the irradiation.

5 x 10" jons/cm? fluence, there is only a small increase in the
elongation ratio compared to 5 x 10'*ions/cm? fluence. On the
other hand, for ALD, the elongation ratio is significantly higher at
5 x 10 ions/cm? fluence compared to 10'* ions/cm? fluence and
to a PECVD sample at 5 x 10" jons/cm? fluence. These findings
imply that in the range between 5 x 10'* and 5 x 10'*ions/cm?,
the underdensification happens faster within the ALD type. The
dark halos surrounding the nanoparticles in a PECVD type in '

35-40 nm

combination with the grains appearing in this make the nanoparti-
cles elongate less in PECVD type than in ALD, and the underden-
sification happens slower at the higher fluences.

50-60 nm e

C. Effect of annealing

Finally, regarding the effect of the annealing prior to irradia- ‘
tion, there is no significant difference in the elongation ratio at e
lower fluences. The biggest difference is observed at the highest
applied fluence where the as-deposited sample seems not to with-
stand irradiation as almost all the windows were broken after the FIG. 18. TEM images of nanoparticles sandwiched between two 50 nm PECVD
irradiation. The reason could be that annealing makes the material Si0; layers (annealed after the deposition). The samples were irradiated with

127| at a fluence of 5 x 10" ions/cm? before and after the irradiation. The red
outline includes either a pair of nanoparticles before (left) and after (right) the
irradiation or only nanoparticles after the irradiation.

sustain more easily the plastic deformation during the irradiation
and not break. The annealing step makes the SiO, coated TEM
grids more durable.
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FIG. 19. TEM images of nanoparticles sandwiched between two 50 nm ALD
SiO, layers (annealed after the deposition). The samples were irradiated with
27| at a fluence of 5 x 10™ions/cm? before (left) and after (right) the
irradiation.

V. CONCLUSIONS

In this work, we investigated in detail the elongation of spheri-
cal gold nanoparticles of various diameters by imaging the same
nanoparticles before and after the SHI irradiation. The deposition
of SiO, by two techniques (ALD and PECVD) in combination
with post-deposition annealing showed that the impact of the irra-
diation on nanoparticles depends on the deposition process of the
samples, the quality of the SiO,, and the size of the nanoparticles.
Furthermore, the use of 20 nm Si3sN; TEM windows as a substrate
makes it easier to study in detail the irradiation effect on

ARTICLE scitation.org/journalljap

2.4 -
a)PECVD SiO,
221 o
[ ]
220 .
2
o
£ 1.8
=]
2
S 1.6
et
o
G 1.4
1.2 1 ° ® 20-25nm
b ® 25-30nm
1.0 v :
0.10 1.00
FLUENCE (x10* ions/cm?)
4.0 .
b)ALD SiO, L4
3.5 1
e}
2 3.0
st °
z
g 2.5
I
T
Q2.0
w
'}
151 ® 20-25nm
H ® 25-30nm
1.0 . .
0.10 1.00

FLUENCE (x10* ions/cm?)

FIG. 20. Evolution of the elongation ratio with increasing fluence for two differ-
ent nanoparticle sizes in (a) PECVD SiO; and (b) ALD SiO,.

nanostructures. Nanostructures of various sizes and shapes can be
fabricated and imaged within the same sample in different phases
of the processing, and their evolution can be followed.
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Shape modification of embedded nanoparticles by swift heavy ion (SHI) irradiation is an effective way to
produce nanostructures with controlled size, shape, and orientation. In this study, randomly oriented
gold nanorods embedded in SiO, are shown to re-orient along the ion beam direction. The degree of
orientation depends on the irradiation conditions and the nanorod’s initial size. SHI irradiation was also

applied to modify spherical metallic nanoparticles embedded in Al,O=. The results showed that they
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1 Introduction

The optical properties of embedded metallic nanostructures in
dielectric materials are of particular interest because they
originate from the localized surface plasmon (LSP) modes.'”
These modes show a strong extinction peak at the localized
surface plasmon resonance (LSPR) frequency. The LSPR peak
arises from the collective oscillations of the conduction elec-
trons confined within the volume of the nanoparticle. More-
over, at the resonance the electric field near the nanoparticle
can be greatly enhanced due to the excess electric near-field
created by the oscillating electrons of the plasmonic excita-
tion. This near-field enhancement can lead to numerous
applications, such as surface enhanced Raman spectroscopy,®
fluorescent or emission enhancement,> photovoltaic and
photocatalytic devices,' optical waveguides," and nanolasers."
Since these phenomena depend mainly on the surrounding
material and the material and shape of nanostructures, the
nanofabrication of this metal-dielectric system is of the greatest
interest.

The most challenging part is the fabrication of the nano-
structures as the optical response can depend not only on their
material, shape, and size but their orientation as well. Instead
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correspond to longitudinal and transverse modes.

of the standard nanofabrication techniques (colloidal chem-
istry, electron beam lithography or ion implantation), swift
heavy ion (SHI) irradiation can modify the shape of embedded
nanostructures (gold nanostructures embedded in SiO, is the
most studied system) in order to produce perfectly aligned
nanorods along the ion beam direction.”*?"* Especially,
colloidal chemistry permits the synthesis of metallic nano-
particles of various shapes in liquid solutions, but with
random orientations after the dispersion on a surface. In the
case of electron beam lithography, the creation of well sepa-
rated and aligned nanorods is time consuming for larger
areas. During this process, known as ion beam shaping, the
ion first forms a track in the host matrix leading to a decrease
of density in the matrix (under densification). When the
energy from the ions is transferred to the electrons of the
metallic nanoparticle, the energy diffuses rapidly outward to
the surface. As the energy reaches the metal/matrix boundary
and is transferred to the electrons of the surrounding matrix,
the temperature increases at the boundary due to the stronger
electron-phonon coupling of the surrounding dielectric
matrix. However, the surrounding matrix prevents the energy
diffusion because of the lower thermal conductivity. Conse-
quently, the electronic energy is transformed to heat and
diffuses back toward the center of the nanoparticle resulting
in full or partial melting.'” Finally, the molten metal flows into
the track leading in elongation after cooling and recrystalli-
zation.'>** This is not the only candidate mechanism as ion
hammering effect has been proposed as well.>** However,
Amekura et al.>®* have shown that the latter mechanism is
inconsistent with the experimental results.

RSC Adv, 2023, 13, 5851-5858 | 5851
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The anisotropic nanorod shape offers two discrete LSPR
peaks corresponding to longitudinal and transverse oscillation
of the electrons. A suitable way to detect these two modes in
a single nanoparticle is by applying dark-field optical micro-
scopic spectroscopy. Dark-field spectroscopy is a well-
established scattering technique for measuring the LSPR spec-
trum of single nanoparticles.>° The use of a broadband non-
coherent low intensity light source does not cause deforma-
tion of the particles during imaging, which could lead to
different plasmonic properties. However, the limitation on
detection arise from the fact that scattering cross-section
depends mainly on nanoparticle radius®® and as a result,
nanoparticles with diameters less than 30 nm are difficult to
detect and hence cannot be separated from their surrounding
environment even with the very sensitive setup utilized in this
work.**

Earlier studies have shown that the elongation of the nano-
particles along the ion beam direction strongly depends on the
initial size of the nanoparticles and the applied fluence.*>*7?*%>
However, this dependence on the initial size has not been
extended for nanoparticles embedded to other material
matrices apart from SiO, in contrast to the great variety of
metallic species used.*'*"7****3* Moreover, there is a shortage
of studies regarding the nanoparticles shape other than
spherical.

In a previous study,* we showed that SHI irradiated gold
nanorods, which are embedded in SiO, and laid in a plane with
a 45° angle to the ion beam direction, re-oriented to align with
the beam. However, the impact of different fluences on the
nanorods was not investigated experimentally. In addition,
Atomic Layer Deposition (ALD) was used to deposit SiO, which
offered greater elongation in nanoparticles embedded inside
that than in Plasma-Enhanced Chemical Vapor Deposition
(PECVD) Si0,.** The ALD can be used easily for the deposition of
other films as well, such as amorphous Al,03, TiO,, ZnO, etc.
These have not been investigated in connection with SHI irra-
diation of embedded nanoparticles.

In this study, Au and Ag nanoparticles of various size and
shape were embedded in amorphous SiO, and amorphous
Al,O; deposited on top of Si;N, TEM windows grid. The samples
were irradiated by energetic ions using various fluences. Apart
from chemically synthesized spherical nanoparticles, focused
ion beam (FIB) lithography was used as well to create nanorods
prior to irradiation. Within this technique, the desired nano-
structure shape, size, and orientation on the surface of a film
can be created using the capabilities of a Helium Ion Micro-
scope (HIM) equipped with a Ne' beam. By this way, the
modification of nanorods inside SiO, and spherical nano-
particles inside Al,O; following heavy ion irradiation was
investigated in detail depending on their initial size and flu-
ence. The nanoplasmonic activity of irradiated nanoparticles
was studied by applying dark-field spectroscopy to collect the
spectra from individual nanoparticles. The obtained new
information about the elongation process can be used to design
and conduct new experiments and devices utilizing this
method.

5852 | RSC Adv, 2023, 13, 5851-5858
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2 Experimental section
2.1 Sample preparation

Two types of samples were fabricated depending on the
different matrix material and the shape of nanoparticles
embedded inside them. Both were created on top of a TEM grid
with nine windows of 20 nm thick Si;N,.

2.1.1 Nanorods in SiO,. During the fabrication of the first
type of the samples, 50 nm of ALD SiO, were initially deposited.
Then, Au nanorods made by HIM nanolithography were fabri-
cated on top. In order to embed the nanorods inside SiO,,
another 50 nm of SiO, was deposited by ALD.*

The fabrication of Au nanorods was made as following:
a thin layer of gold (15-20 nm thickness) was first deposited
using Ultra High Vacuum (UHV) evaporator. The next step was
the milling of a selected area by 30 keV Ne" beam in HIM. The
Ne" beam was used to mill away the gold layer from a rectan-
gular area leaving to the center a nanorod of desired size and
orientation as shown in Fig. 1. One of the three dimensions of
the nanorods made by nanolithography was limited to 15-
20 nm due to the original Au film thickness.

Additionally, samples with chemically synthesized gold
nanorods embedded in SiO, deposited by Plasma-Enhanced
Chemical Vapor Deposition (PECVD) were created as
described in ref. 35. On top of a TEM grid, 50 nm of PECVD SiO,,
was firstly deposited and then chemically synthesized gold
nanorods were dispersed on top. Finally, another 50 nm of
PECVD SiO, was deposited in order to encapsulate the nano-
rods inside SiO,.

2.1.2 Spherical nanoparticles in Al,0;. The second type of
the samples consisted of 50 nm of Al,O; deposited by ALD on
which chemically synthesized spherical Au (5-60 nm diameter)
and Ag (10-25 nm diameter) nanoparticles were dispersed on
top. The embedding of the nanoparticles was achieved by
depositing another 50 nm of Al,O;.

2.1.3 Thin film deposition and characterization. A Beneq
TFS 200 cross flow reactor was used to deposit the thin films by
ALD working at 100-200 Pa base pressure during the deposi-
tion. The depositions temperature was 200 °C. Nitrogen from
Inmatec PN 1150 nitrogen generator (99.999% purity) was used
as a carrier gas as well as for purging between the precursor
pulses. For the deposition of Si0,,**** (3-aminopropyl)-

Fig.1 (a) HIM image after the patterning of nanostructures with a Ne*
beam, each rectangular area has slightly different processing param-
eters, (b) TEM image of patterned nanostructures different from (a)
after embedding them in SiO,, prior to irradiation, and (c) TEM image of
the same nanostructures as in (b) after the irradiation. The scale is the
same in all the three images.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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triethoxysilane (APTES) (Sigma Aldrich, 99%), deionized water,
and O; were used as precursors. The growth of 50 nm SiO,
corresponded to 1250 cycles (36 h). For the deposition of Al,O;,
trimethylaluminium (TMA) (Strem Chemicals, >98%) and
deionised water were used as precursors.’”*® In order to deposit
50 nm Al,03, 460 cycles (50 min) were applied.

For the deposition of SiO, at 200 °C by PECVD, a Plasma-
lab80Plus (Oxford Instruments) machine was utilized using
silane (SiH, in Ar) and nitrous oxide (N,O) as precursors.*** The
working pressure during the deposition was 133 Pa and the
chamber was purged with N, for 2 min before the deposition.
The growth rate of the deposited film was approximately 50
nm min .

The properties of the grown films were investigated from
films grown on Si substrate. The thicknesses and the refractive
indexes of the deposited films were measured by spectroscopic
ellipsometry (SOPRA GES 5E) equipped with a Xe lamp (75 W).
The measured total thickness of the SiO, films was 107.5 +
0.5 nm, while Al,O; film had 100.4 £+ 0.6 nm thickness. Their
refractive indexes were measured to be 1.52 and 1.66, respec-
tively. Detailed composition analysis performed by Time-of-
Flight Elastic Recoil Detection Analysis (ToF-ERDA)* for films
deposited using identical process is found in ref. 32 for SiO, and
ref. 38 for Al,0;. ALD-SiO, and PECVD-SiO, films are nearly
stoichiometric with O/Si elemental ratios 2.07 & 0.02 and 2.06 +
0.02, respectively. Except silicon and oxygen, the film contain
a significant amount of hydrogen (6.5 and 7.6 at%, respectively)
as well as negligible amounts of carbon and nitrogen (less than
1 at%). ALD-Al,O; film is almost stoichiometric with elemental
ratio O/Al = 1.56 + 0.03 and the contained impurities are
hydrogen (2.8 at%) and carbon (less than 0.5 at%).

2.2 Sample irradiation and imaging

The samples fabricated on TEM grid were irradiated with 50
MeV "’I°* ions at the TAMIA 5 MV tandem accelerator at Hel-
sinki accelerator laboratory (University of Helsinki) as described
in ref. 32. The angle of incidence was 45° and several fluences
from 5 x 10" ions per cm® to 2 x 10 ions per cm” were
applied at room temperature. Since the samples had such
a thickness allowing the TEM imaging (120 nm totally), they
were imaged with a JEOL-JEM 1400 TEM operated at 120 kv
before and after the irradiation in order to track changes in the
same nanoparticles. The shown TEM images prior to irradiation
were taken from the top without tilting the TEM stage. However,
the TEM images of the same nanoparticles after the irradiation
were taken with the electron beam direction perpendicular to
the ion beam direction in order to acquire the full information
from the nanoparticles.

2.3 Optical characterization after the irradiation

The optical characterization of the samples after the irradiation
was made by dark-field optical microscopy.** A brief description
of the polarization dependent dark-field measurements is
provided here (see ESI} for more details). An Olympus
BX51TRF-microscope was used with Olympus 100 W halogen
lamp. In order to investigate the plasmonic activity of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a)A dark-field optical image from a sample containing nano-
structures and (b) TEM image from the same sample containing the
nanostructures located at the red rectangle in dark-field optical image.
The bigger green circle denotes the fiber position and aperture size.

embedded nanostructures to determine LSPR peaks, the scat-
tering spectra were measured at different polarization angles
using an Olympus U-AN360-3 analyzer with Thorlabs linear
polarizer (LPVISE200-A 2). The analyzer in combination with the
polarizer was used to calibrate the polarization angle of the
analyzer in respect to the sample surface. The scattered light
from each individual nanostructure was collected by an optical
fiber (core size 300 um) placed to the image plane of the selected
area. The spectra were recorded by a spectrograph (Princeton
Instruments SP2150 (Acton)) equipped with a charge-coupled
device (CCD) camera (Andor iVac DR-324B-FI), which was
controlled using Andor Solis (version 4.18) software. Fig. 2
shows the same area with nanoparticles imaged both by TEM
and dark-field optical microscopy.

The Finite Difference Time Domain (FDTD) simulations of
the embedded and elongated nanoparticles were done using
FDTD method in Ansys Lumerical software (FDTD, 2021 version
8.26.2834).*> During the simulations, we used two models to
simulate the plasmonic scattering of the embbeded nano-
particle. Initially, we considered a model, where nanoparticles
are surrounded by 100 nm thick medium (silicon dioxide or
aluminum oxide) on top of a 20 nm thick silicon nitride
window. There is an oil layer on top of the medium and air
under the silicon nitride window. The incident light was injec-
ted from the oil side and characterized using scattering
monitor. Polarization angles along the primary axis (transverse
and longitudinal axis) were considered and the refractive
indexes of 1.52 and 1.66 were used for SiO, and Al,O3, respec-
tively. Additionally, a simplified, infinite medium model was
tested, where the particles were placed in an infinite medium
and the refractive index of the medium was altered to match the
measured and simulated LSPR peaks (see Fig. S2 and S3 in the
ESIt). In this case, the refractive indexes of 1.38 and 1.55 for
SiO, and Al,O; matched the two data.

3 Results and discussion
3.1 Irradiated Au nanorods embedded in SiO,

Three fluences were used for the irradiation of the fabricated
nanorods embedded in ALD-SiO,. After 5 x 10"* jons per cm?
fluence, the shape changes were observed to depend on the size
of the nanorods. Fig. 3 and 4 present nanorods of different sizes
and orientations, before and after the irradiation. The nanorods
in Fig. 3 were reshaped and elongated along the ion beam

RSC Adv, 2023, 13, 5851-5858 | 5853
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Fig. 3 TEM images of fabricated nanorods with different orientations
embedded in 100 nm ALD-SiO, and irradiated with 50 MeV *#’| at 5 x
10% ions per cm? before (left) and after (right) the irradiation. The TEM
images prior to irradiation were taken from the top without tilting the
TEM stage, while after the irradiation they were taken with the electron
beam direction perpendicular to the ion beam direction. (a) Length =
39.2 nm and diameter = 29.5 nm, (b) length = 36.7 nm and diameter =
21.3 nm, (c) length = 38.6 nm and diameter = 20.9 nm, and (d) length
= 36.4 nm and diameter = 26.5 nm. These nanorods re-oriented along
the ion beam direction after the irradiation.

direction, while Fig. 4 presents nanorods, which were not
elongated along the beam, but only slightly reshaped. In Fig. 4a
and b, the nanorods have already started shrinking in the
dimension perpendicular to the ion beam direction and elon-
gating along the ion beam direction, but the applied fluence
was not high enough to fully elongate them. Instead they turned
to spheroids. The same effect can be observed as well in Fig. 4c
in which the nanorod has started to incrementally reshape
before its transformation to spheroid. In Fig. 4d, there is no
change in the shape of this bigger nanorod comparing to
others, but it is reduced in size due to the ion beam irradiation.

After 10™ ions per cm” fluence, the same reshaping effect
occurred, i.e. nanorods with different orientation aligned along
the ion beam direction (Fig. 5). The smallest nanorods elongate
more than lower fluence, while bigger nanorods of the similar
size as in Fig. 4c and d managed to also elongate along the ion
beam direction (Fig. 5e). However, slightly bigger nanorod in
Fig. 5f does not elongate along the ion beam direction.

Fig. 4 TEM images of fabricated nanorods with different orientations
embedded in 100 nm ALD-SiO; and irradiated with 50 MeV *#’| at 5 x
10 ions per cm? before (left) and after (right) the irradiation. (a) Length
= 35.9 nm and diameter = 24.0 nm, (b) length = 42.1 nm and diameter
=29.9 nm, (c) length =51.9 nm and diameter = 37.1 nm, and (d) length
= 58.2 nm and diameter = 36.0 nm. These nanorods did not manage
to re-orient along the ion beam direction.

5854 | RSC Adv, 2023, 13, 5851-5858

Fig. 5 TEM images of fabricated nanorods with different orientations
embedded in 100 nm ALD-SiO, and irradiated with 50 MeV /| at 10™*
ions per cm? before (left) and after (right) the irradiation. (a) Length =
34.0 nm and diameter =19.9 nm, (b) length = 32.0 nm and diameter =
22.3nm, (c) length = 42.6 nm and diameter = 23.4 nm and (d) length =
34.0 nm and diameter = 19.9 nm, (e) length = 50.4 nm and diameter =
31.2 nm, and (f) length = 70.4 nm and diameter = 42.3 nm.

Chemically synthesized nanorods of similar size as in Fig. 5f
and embedded in PECVD SiO, were irradiated at 10** ions per
cm?® fluence as well. Some nanorods still cannot elongate
(Fig. 6a), but the formation of random protrusions/spikes on
several nanorods was observed as well (Fig. 6b and c).

After the highest applied fluence (2 x 10" ions per cm?), the
smallest nanorods elongated along the ion beam direction
(Fig. 7a-c) but not more than after lower fluences. The high
irradiation fluence prevents them from greater elongation and
forces them to shrink. This happens because of the size of
a nanoparticle which is a basic parameter whether it will keep
growing or starting disintegrate after significant ion fluence.
The fact that the third dimension of the nanorod is always
originally close to 15 nm can lead to the disintegration since
nanoparticles below that critical size can start to disintegrate as
shown in ref. 32. A bigger nanorod of the similar size as in
Fig. 4c and d elongates along the ion beam direction in this
highest fluence (Fig. 7d).

The modification of the nanorods can be explained® as
small incremental shape changes caused by highly energetic
ions resulting in growth in the beam direction and loss of
length in the other directions. The first ion impacts form
protrusions onto the nanorods (as shown in Fig. 4c) and when
more impacts take place, they transform the nanorod to
a spheroid (as shown in Fig. 4a and b) and then to a nanorod

a)

lb)- b)-lkl

Fig. 6 TEM images of chemically synthesized nanorods embedded in
100 nm PECVD SiO, and irradiated with 50 MeV %’| at 10'* ions per
cm? before (left) and after (right) the irradiation. (a) Length = 86.0 nm
and diameter = 35.0 nm, (b) length = 81.5 nm and diameter = 32.4 nm,
and (c) length = 82.2 nm and diameter = 33.0 nm.

50 nm
—
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Fig. 7 TEM images of fabricated nanorods with different orientations
embedded in 100 nm ALD-SiO, and irradiated with 50 MeV *#’| at 2 x
10* ions per cm? before (left) and after (right) the irradiation. (a) Length
= 33.2 nm and diameter = 22.6 nm, (b) length = 37.1 nm and diameter
=25.1nm, (c) length = 35.0 nm and diameter = 24.4 nm, and (d) length
= 62.8 nm and diameter = 29.2 nm before (left) and after (right)
irradiation.

aligned with the beam (as shown in Fig. 3). However, even if the
theoretical studies have shown that large nanorods cannot be
modified because of the interface effects,*® the formation of
protrusions/spikes on them takes place along the ion beam
direction at high enough fluences (=10 ions per cm?).

3.2 TIrradiated nanoparticles embedded in ALD-AL,O;

Spherical Au and Ag nanoparticles embedded in ALD-AL,O;
were irradiated the same way as the SiO, samples. In Fig. 8 and
9, the elongation of spherical Au nanoparticles is shown for 5 x
10" and 2 x 10" ions per cm® fluences, respectively. As the
fluence increases, the elongation ratio increases as well (Al,O;
curves in Fig. 10). For both fluences, the maximum elongation
ratio is observed for nanoparticles of 25-30 nm diameter.

Before the irradiation, the nanoparticles (spherical and
nanorods) are surrounded by a dark spot which indicates an
area with a higher density.**> However, after the irradiation,
these spots have been disappeared resulting in a more homo-
geneous matrix.

Comparing these results with ALD-SiO, (Fig. 10) after 5 x
10" ions per cm® fluence,”* Al,O; samples exhibit slightly
higher elongation ratio than SiO, samples only for initial size

5-10 nm 10-15 nm
L] L
20 nm b ) i
—
20-25nm 25-30 AM PY

Fig. 8 TEM images of elongated Au nanoparticles sandwiched
between two 50 nm ALD-ALOs layers and irradiated with 50 MeV %7
at 5 x 10'® ions per cm? before (left) and after (right) the irradiation.
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Fig. 9 TEM images of elongated Au nanoparticles sandwiched
between two 50 nm ALD-ALLOs layers and irradiated with 50 MeV 127)
at 2 x 10 ions per cm? before (left) and after (right) the irradiation.

from 15 to 30 nm. At higher fluences, there cannot be absolute
comparison since SiO, samples are irradiated with a double
fluence (5 x 10 jons per cm?). With this difference in the
fluence, for nanoparticles with initial size from 15 to 25 nm, the
elongation is almost doubled if embedded in SiO, compared to
Al,O3;. For the rest of the nanoparticles, the difference in ratio is
smaller.

These results show that Au nanoparticles embedded in Al,0;
can sufficiently elongate with comparable ratio as in SiO,.
According to Mota-Santiago et al.,** the electron-phonon
coupling and the thermal conductivity of the host matrix cause
the different nanoparticles elongation between two host mate-
rials (SiO, and SizN, in that case). On the one hand, the higher
electron-phonon coupling of SiO, (gsio, = 1.25 x 10" W m ™
K™, gsin, = 0.52 x 10" W m™® K ') implies greater energy
transfer from the electronic subsystem to the lattice. On the
other hand, the smaller thermal conductivity of SiO, (ksio, = 3
Wao,m 'K kg, =11 Wm™ ' K ') leads to slower cooling
resulting in more material flow into the ion track. Conse-
quently, Au nanoparticles elongate more in SiO, than in SizN,.

40 4 — S5i0;_5x10™ jonsfcm?
— S5i0;_5x10" ions/cm?
o 351 —— A1,0._2x10% ionsfcm?
= 30 Aly0_5x10% ionsfcm?
= _
=
g 25 -
=
v 20
=
Y
15 4
10 4

10 20 30 40 50 60 70
INITIAL DIAMETER (nm)

Fig. 10 Comparison of the elongation ratio vs. initial diameter for the
nanoparticles embedded in ALD-SIO, (ref. 32) and ALD-AL,O=. The
uncertainties are left out from the image for clarity.

RSC Adv, 2023, 13, 5851-5858 | 5855



Open Access Article. Published on 16 February 2023. Downloaded on 3/10/2023 10:02:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

RSC Advances

10-15 nm 15-20 nm 20-25 nm
° - [ - v
30 nm
—

Fig. 11 TEM images of elongated Ag nanoparticles sandwiched
between two 50 nm ALD-ALOs layers irradiated with 50 MeV *%7| at 2
x 10 ions per cm? before (left) and after (right) the irradiation.

In our case, Al,O; has lower electron-phonon coupling (g = 0.48
x 10" W m™? K™') and higher thermal conductivity (kay,0, =
30 W m™' K') than SiO,. Nevertheless, there is no much
difference in nanoparticles elongation ratio between them.

Furthermore, Ag nanoparticles exhibited smaller elongation
ratio than Au nanoparticles. As shown in Fig. 11, the Ag nano-
particles irradiated at 2 x 10" ions per cm” fluence achieve in
average only half the elongation ratio compared to the Au
nanoparticles at the same fluence. This is consistent with
previous experiments in which Au nanoparticles embedded in
SiO, elongate more than Ag nanoparticles.'>"”

3.3 Optical characterization of irradiated nanoparticles
embedded in SiO, and Al,O;

The determination of localized surface plasmon resonance
(LSPR) peaks of the embedded nanostructures after the irradi-
ation was achieved by dark-field optical microscopic spectros-
copy which allowed to locate and measure the scattering spectra
of individual nanostructures.*** Some limitations appeared
during the experiments preventing the collection of spectra for
each size of nanostructures. The distance between two nano-
structures as well as the size of the fiber spot (approximately 1-2
pm diameter) made the distinction between the nanoparticles
many times difficult. Moreover, only elongated nanoparticles
with width more than 30 nm could be imaged.*>*>*® The reason
is that the absorption is dominating for sizes less than 30 nm
resulting in weak scattering, which even in an ideal case could
be lost in the background scattering signal.** In our case, the
background scattering is increased further due to transparent,
uneven substrate with several interfaces that scatter light. In
addition, the fact that the nanoparticles are embedded inside
a material and not lying on a surface worsens the resolution.
The spectra with the corresponding nanostructures are
shown in Fig. 12. To determine the origin of the LSPR peaks, we
ran FDTD simulations using Ansys Lumerical. The simulated
spectra were extracted using the simplified model to reduce the
simulation time. The spherical nanoparticle in Fig. 12c exhibits
one (dipolar) plasmon mode, while the elongated nanoparticles
in Fig. 12a, b and d exhibit two plasmon modes. The main peak
corresponds to the longitudinal mode of the elongated nano-
structure while the second, smaller peak corresponds to the
transverse mode. The splits between the two LSPR modes in the
case of Al,O; are 71 nm and 46 nm in the Fig. 12a and b because
of the different widths of the nanoparticles. For SiO, the split is
48 nm in Fig. 12d. The transverse LSP mode in experimental
spectrum of the elongated nanoparticle in Fig. 12d is very weak
because the width of the nanoparticle reaches the limit of the
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Fig. 12 Dark-field scattering spectra of two elongated nanoparticles
embedded in Al,O3 (a and b), one spherical nanoparticle embedded in
SiO; (c) and one elongated nanoparticle embedded in SiO, (d). The
solid line is the result from the FDTD simulation and the dashed line the
averaged measurement, with original data shown as a lighter line. The
blue and the yellow spectra correspond to the longitudinal and
transverse modes, respectively. The inset TEM images show the
measured particles with LSP polarizations marked. The size of the TEM
images is 110 nm x 110 nm. The lengths and the widths of the particles
in (@) and (b) are 51.3 nm and 32.5 nm and 51.9 nm and 39.9 nm,
respectively. The diameter of the particle in (c) is 53.6 nm and the
length and the width of the particle in (d) are 52.5 nm and 31.9 nm,
respectively.

size detection.”” The measured main LSPR peak is more red
shifted in the case of Al,O; compared to SiO, due to higher
refractive index of the surrounding medium.

The LSPR peaks of embedded nanoparticles inside SiO,,
which have been irradiated with SHI, have already been inves-
tigated with the electron energy loss spectroscopy in scanning
transmission electron microscope (STEM EELS).*” According to
Kobylko et al.,” the LSPR peak of an unirradiated spherical Au
nanoparticle of around 22 nm diameter is located at 558 nm.
Comparing this with our results, there is a slight shift of the
LSPR peak to lower wavelength. In our case, the spherical
nanoparticle is bigger and measured after the irradiation,
which has caused structural changes in the surrounding
material. Pefia-Rodriguez et al.*® have demonstrated that the
irradiation causes density changes in the surrounding material
resulting to the change of the refractive index, which affects the
LSPR peaks. In addition, an elongated nanoparticle of 61.6 nm
length and 31.4 nm (aspect ratio 1.94) width has a longitudinal
LSPR peak at 652 nm and a transverse peak at 532 nm. In our
measurements, the elongated nanoparticle has length 52.5 nm
and width 31.4 nm (aspect ratio 1.64). The transverse peak is
located at 542 nm which differs slightly from Kobylko's result
because the width in both cases is almost the same and there is
a difference in irradiation conditions. On the other hand the
longitudinal peak is located at 590 nm which differs signifi-
cantly from Kobylko's because there is 9.1 nm difference in
length.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In this work, we investigated the impact of SHI irradiation on
embedded nanorods and showed that the irradiation modifies
them in different ways depending on their initial size and
applied fluence. As a result, the smallest ones with length less
than 40 nm and diameter less than 30 nm are reshaped to
nanorods aligned with the ion beam direction after any fluence
applied. Nanorods with length between 40 and 50 nm and
diameter between 30 and 40 nm irradiated with the lowest
fluence only manage to turn to spheroids, while after higher
fluences, they are reshaped along the ion beam direction.
However, the largest ones with length between 70 and 86 nm
and diameter between 30 and 45 nm either retain their shape or
random protrusions/spikes are formed on them. Additionally,
we studied the elongation of spherical gold and silver nano-
particles embedded in Al,O;. The results showed that gold
nanoparticles can elongate similarly as in SiO, even if they have
different electron-phonon coupling and thermal conductivity.
On the other hand, the silver nanoparticles elongate less than
gold ones. Apart from these, the investigation of their nano-
plasmonic activity showed that the elongated nanoparticles
both in SiO, and Al,O; exhibit two discrete LSP modes (longi-
tudinal and transverse) which make them potential candidates
for photonics applications.
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1 Polarization dependent dark-field measure-
ments

Olympus BX51TRF microscope equipped with EOS 6D camera and coupled to
Andor SP2150i spectrograph via a fiber (Thorlabs UM22-300-custom; core size,
300 pum) was used to measure the dark-field spectra [1, 2]. Andor IVAC DR-
324-FI EMCCD camera was attached to the spectrograph and used to record
the DF spectra. Olympus MPLANFL N 100x objective was utilized during the
recording. IR-halogen lamp (100W, spectrum) was used to illuminate the samples
in transmission mode. The microscope also included an analyzer (Olympus U-
AN360-3) to filter the different light polarization coming from the sample.

Initially, the analyzer angle in respect to the optical camera view was cali-
brated: a thin metal wire was stretched and fixed on top of a polarizer (Thorlabs
LPVISE200-A 2) and along the polarization axis of the polarizer. The polarizer
was placed in the microscope and the wire was aligned along the vertical axis of
the camera view. The analyzer was pushed in and we recorded the spectra orig-
inating from the polarizer while rotating the analyzer. The signal minimum (the
perpendicular axis to the polarizer and the wire) and the maximum signal (the
parallel axis to the polarizer) were noted and marked. We used these axes as the
reference points, where the perpendicular axis was assigned as 0° and 180° due to
2-fold symmetry.

We removed the polarizer and placed a clean microscope slide in the micro-
scope. The slide was washed first with detergent, then flushed with Milli-Q water
and isopropanol, and finally dried using Ny flow. A dark-field condenser (Olym-
pus U-DCW) was placed underneath the slide and drop of oil was added to the
condenser. The condenser and the slide were brought in contact so that there was
thin oil layer between them. A small drop of oil was placed on top of the slide
and excess oil was removed using a lens paper, until there was a thin layer of oil
left. The sample was placed on top of the oil drop, so that the membrane window
was touching the oil. If it seemed, that the sample was floating on top of the
oil, we used a lens paper to remove oil around the sample, until the sample was
immobile. During this process, reflected light (U-LH75XEAPO 75W Xenon lamp)
was used to place the sample on the oil and this lamp was switched off during the
measurements.

TEM reference images were used to find the correct window and the particles
(Figure S1). The position of the fiber in the camera view was visualized by illu-
minating light from the spectrograph end using a green LED (Thorlabs M530L3).
The polarization measurements were carried out by placing the fiber spot so that
only the target particle was inside fiber spot, then the fiber was placed back to
the spectrograph and desired polarization angle was selected (starting from the



angle 0°). The spectrum was recorded and we then selected an empty area next to
the particle for the background (BG) measurements. The next polarization angle
was selected and the spectra were recorded similarly for the particle and the back-
ground as before. This process was repeated for 0°, 45°, 90°, 135°, and 180° angles.
After all the necessary particle spectra were recorded, we removed the sample and
the condenser and recorded the lamp spectrum and the dark current (DC). The
final particle intensity I was calculated from equation 1.

Taunp — Ipc
[=—— 1
Ilamp - IDC ( )

Figure S1: TEM images of nanoparticles embedded in (a) Al;Os3, where the
inset image in big red outline is the magnified image of the same nanoparticle
in small red outline and (b) SiO, where similar images as in a) are presented.

2 FDTD simulations of elongated and em-
bedded gold nanoparticles

The finite-difference time domain (FDTD) simulations were performed using Lumer-
ical FDTD Solutions software 2021 version 8.26.2834. The simulations were done
in two-fold: the initial model with the air-medium-silicon nitride interface was uti-
lized, which was compared to infinite medium approximation that was then used to
simulate all the results. The schematic view of the initial model is shown in Figure
S2. The dimensions of the gold nanoparticles were taken from the TEM images
such as in Figure S1, where it was assumed that the elongated nanoparticles are



ellipsoids with two equal length short axes and one long axis. The refractive index
(R.I.) of Au was taken from Johnson and Christy [3].

Initially, we considered the air-oil-medium-silicon nitride-air interface, where
the particles are embedded in the medium (either silicon dioxide SiOg or aluminum
oxide Al;O3). We ran the simulation with the initial model for the particle shown
in Figure S2 (the solid green curve), which matched the measured LSPR peaks of
the same particle (the dashed blue and yellow curves). Here, the refractive indexes
of SiO5 and Al,O3 were 1.52 and 1.66, respectively. We then assumed an infinite
medium approximation and fitted the simulated LSPR peaks to the experimental
ones by changing the R.I. of the new infinite medium. For SiOs and Al;O3, the new
refractive indexes were 1.38 and 1.55, respectively, and the data fits the measured
data and the initial model (the solid blue and yellow curves in Figure S2). Here, the
interpretation is that the new refractive indexes are averaged, distance weighted
values between air, medium and silicon nitride, so that the system can be simplified
to an infinite medium approximation and the simulation can be performed faster.
The simulation for other particles (see Figure 12 in the main article) shows that the
simulated peaks fit the data using this approximation. A mesh of 1 nm was used
around the particles and an overall mesh of 20 nm was defined throughout the rest
of simulated area. The refractive index of air was 1.00027. Different polarization
angles were initially considered, but since our ellipsoid has only two main LSPR
modes (the short axis and the long axis) only two polarization directions were
considered corresponding to these modes (Figure S3), since the other polarization
directions were superpositions of these two modes.
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Figure S2: (a)-(b) The side and the top view of the initial FDTD model of
the elongated and embedded particles in AlyO3 medium. (c) Comparison
between the initial model and the simplified model for particle embedded in
Al;O3. The solid green curve depicts the fit using the initial model, where
as the solid blue and yellow curves depict the simplified model. The dashed
curves show the corresponding measured data. (d) Comparison between
the initial model and the simplified model for particle embedded in SiO,.
The solid green curve depicts the fit using the initial model, where as the
solid blue and yellow curves depict the simplified model. The dashed curves
show the corresponding measured data. The size of the TEM images is
110 nmx110 nm.



Figure S3: (a), (b) The two polarization angles considered in the simplified
simulations.
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