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Abstract

Nanoparticles exhibit unique properties due to their small size, which are
absent in bulk materials. These properties can be employed for innovative
applications, making them highly promising. Nanocomposite coatings containing
metal nanoparticles, particularly their ability to support Localized Surface
Plasmon Resonances (LSPRs), have garnered significant attention from both
researchers and industries. The precise control over the morphology and
distribution of nanoparticles in the matrix material becomes crucial for tailoring
the LSPR signal, making it imperative for successful applications.
In this Thesis, alumina and gold were chosen as a dielectric and metal

nanoparticle.

The growth of Al203 films in an oxidizing atmosphere was investigated
using reactive magnetron sputtering. Challenges such as process instability and
the formation of insulating layers on the target leading to arcing events were
addressed by implementing an active feedback reactive sputtering control for the
deposition of Al20s3 thin films. These films were deposited using two sputtering
sources: high-power impulse magnetron sputtering (HiPIMS), mid-frequency
(MF) and a combination of both (MF + HiPIMS) at varying powers and deposition
temperatures. X-ray diffraction (XRD) analysis indicated the formation of
polycrystalline y-Al20s films, except for those deposited at low temperature, which
were amorphous. Additionally, energetic depositions (higher power, HiPIMS)
yielded films with higher grain density and refractive index. However, HiPIMS
deposition resulted in higher compressive stress due to increased ion energy and

lower deposition rate.

Prior to Au deposition, an optimization process was conducted for alumina
films. It was observed that alumina films produced at room temperature exhibited
decreased roughness, lower likelihood of delamination and ensured no thermal

impact on the subsequent Au deposition.

The alumina surface underwent a plasma pre-treatment involving argon
and hydrogen to evaluate its impact on the following growth of Au nanoparticles.
The findings revealed that such treatment had advantageous effects on
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depositing Au nanoparticles; thus, this treatment led to a decrease in the
formation of a continuous film (percolation) over time and higher levels of
absorbance compared to untreated surfaces. This effect was analysed using
AFM and XPS techniques. Both techniques revealed that treated surfaces
exhibited greater height/roughness and lower coverages/correlation length,
which retarded the percolation effect and enhanced the growth of nanoparticles
when comparing with untreated surfaces. The effect of Ar/Hz plasma treatment
was studied using continuous and pulsed DC sources for deposition of Au. It was
observed that the use of both sources yielded the same optical behaviour for
plasmonic properties, indicating that the effect is independent of the source but

dependent on the surface treatment.

Finally, it is worth mentioning that samples prepared with Ar/Hz plasma
proved effective for Surface-Enhanced Raman Scattering (SERS) applications
for detecting low concentrations of Rhodamine-6G, in contrast to the much lower

effect observed for the Au grown on untreated alumina surfaces.

Keywords: Localized surface plasmon resonance (LSPR), Au nanopatrticles,
Al203, HIPIMS, MF, MF+HIPIMS, physical vapour deposition, sputtering, SERS.
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1. Introduction

This chapter provides a concise introduction and literature review of the field of
Plasmonics. It describes the research aim, objective, and the structure of the

PhD, including an overview of each chapter's content.
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1.1. Motivation

In 1959, the Nobel Prize-winning physicist Dr. Richard Feynman introduced
the concept of Nanotechnology in a lecture called "There's Plenty Room at the
Bottom" at a meeting of the American Physical Society at the California Institute
of Technology. Nanotechnology is a multidisciplinary science that contributes to
a vast variety of distinct fields, such as chemistry, biology, physics, computer
science, materials science and engineering. The word "nano" comes from Greek
and means "dwarf" or something small, referring to one thousand millionth of a
meter (10° m).[1] This field has witnessed exponential growth in the last couple
of decades leading due to quicker, smaller and more efficient devices. Research
in this field can be divided into two categories: nanostructure synthesis and
characterization.[2] Materials that possess at least one dimension in the
nanometre scale (1-100 nm) are typically referred to as nanostructured materials.
These materials are composed by an assemble of atoms, molecules, or
macromolecules.[3] For instance, a 3D particle with a diameter of 2 nm
corresponds to 147 gold atoms. The reduction of the dimensions of bulk materials
influences the optical, electronic and chemical properties, the density of states,
and the spatial length scale for electronic motion is diminished.[4] Additionally, a
wide range of effects may be produced by just manipulating the size and shape
distribution of the material, which can be used for new applications. These effects
can alter the properties such as resistivity[5], mechanical properties (such as
hardness or elastic modulus)[6,7], thermal conductivity[8], and magnetic
properties[9], among others. Among the different possibilities, materials whose
three dimensions are in the sub-wavelength, particularly metal nanoparticles
(NPs), have increased in popularity due to their unique physical and optical

properties.

Metal nanoparticles already have a long history, dating back to the 4 century
with the apparition of coloured glass.[10] Church windows had this type of glass,
which is composed of silver, copper and gold nanoparticles embedded in it.

Another outstanding example is the Lycurgus Cup (Figure 1-1).



Figure 1-1 - The Lycurgus cup (left): illuminated from outside. (right): illuminated
from inside. Image from [11].

This cup shows a mythological scene, which is the triumph of Dionysus over
Lycurgus, with different colourations when exposed to light depending on the
location of the light source (inside and outside). The green jade and ruby red
colours are due to a composition of silver and gold nanopatrticles with 50-100 nm
diameter and a ratio of 70:30, respectively.[11] The ruby red colour results from
the absorption of green light (~520 nm) by gold nanoparticles and the
complimentary colour appears as red. In other words, when light containing green
wavelengths interacts with the gold nanoparticles, it causes the collective
oscillation of electrons within the nanoparticles, generating a resonance effect.
This resonance effect leads to the absorption of green light by the Au
nanoparticles. As a consequence, the green light is effectively "removed" from
the incident light spectrum, resulting in the complementary colour of red
becoming predominant. So, what we perceive as red is actually the remaining
light that is not absorbed by the gold nanoparticles but rather transmitted or
scattered. The green jade colour is attributed to the light scattering by colloidal
dispersions of silver particles.[12] However, it took until 1857 to unfold the
phenomenon behind the coloured glass with Michael Faraday with the production
of colloidal gold solutions with different optical properties. [13] It was only in 1908
that Gustav Mie provided a theoretical explanation by solving Maxwell’s
equations for the case of an incoming wave interacting with a spherical colloidal
particle.[14] In fact, the origin of the optical properties of metallic nanoparticles
was understood with the pioneering work of Gustav Mie and others, creating the

field of plasmonics.
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Plasmonics (or nanoplasmonics) is based on the investigation of electrons
oscillations in metallic nanostructures and nanoparticles.[15] This electron
oscillation is caused by the excitation through an external electromagnetic wave,
also known as surface plasmons (SPs). The term plasmon was not used until the
1950s and referred to the collective oscillation of conduction band electrons in
metals. For materials with sizes smaller than the wavelength of light, especially
metal nanopatrticles, the plasmon oscillates locally around the particle at specific
wavelengths. This phenomenon is referred to as localized surface plasmon
resonance (LSPR). When the electromagnetic field of the light reaches the metal
nanoparticle, a part of the incident light is absorbed by moving the conduction
electrons towards the NP surface. This leads to a displacement of the conduction
electrons with respect to the positively charged metal lattice, thereby creating a
dipole.[16] The dipole produces an electric field inside the NP, which in turn, gives
rise to a restoring force provided by the coulombic attraction between the
negatively charged electron cloud and the positively charged metal lattice, see
Figure 1-2. [16]

Electric field

Electron cloud

Gold sphere

Figure 1-2 - Schematics of plasmon oscillation for a metallic sphere, exhibiting
the movement of the conduction electron charge of the cloud relative to the nuclei.
Adapted from [17].

The oscillations happen at a specific resonance frequency and usually appear
in the visible to near-infrared section of the spectrum for nanostructures of noble
metals (Au, Ag, Cu).[18,19]

If the shape, size, or permittivity (dielectric constant) of the metal nanoparticle

itself or the surrounding medium changes, an alteration in the electric field on the



surface is induced.[20] Thus, the oscillating frequency of the electrons will be
changed.[21] For this reason, it is possible to tune the properties of the metal
nanoparticle by changing these parameters. An example of this is seen in Figure
1-3, where different colourations are obtained when a colloidal composed of Au
is reduced with sodium citrate. The colours indicate various sizes of gold

nanoparticles with unique LSPR.
| I [ \Y %

f Increasing size (nm)
Figure 1-3 — (Top-image) lllustration of a colloidal gold samples (I-V) after
reduction with sodium citrate. Stability is attained through electrostatic
stabilisation (Bottom image) with citrate ions (C3HsOCOOQOs?), and the coloration
indicates the various sizes of gold nanoparticles with distinctive LSPR. Adapted
from [22].

While colloidal solutions with gold nanoparticles are suspensions of tiny metal
particles in a liquid, with sizes ranging from some units or tens of nanometres to
hundreds of nanometres. This versatility offers a great potential for applications
including surface-enhanced Raman scattering (SERS) [23-25], destruction of
solid tumours using hyperthermia [26], decorative coatings [27,28], organic solar
cells (SC) [29], refractive index sensing [30], plasmonic antennas [31], metal-
enhanced fluorescence (MEF)[32], plasmonic-mediated nanosurgery of cells
[33], multichromatic switchable pixels [34], plasmonic nanolithography [35],
photocatalysis [36], photochromic displays [37], plasmonic metamaterials [38,39],

photodetectors [40,41], among others.
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Nanoparticles that exhibit LSPR share similarities with quantum dots, also
known as “artificial atoms." These are colloidal fluorescent semiconductor
nanocrystals with diameters below 10 nm. The optical properties (such as
coloration) of quantum dots are highly dependent on their size (see Figure 1-4),
as the band gap decreases with increasing size, resulting in a size-dependent
emission spectrum. [42,43]

Core size

®_0
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Figure 1-4 — Different coloration depending on the core size of the quantum dots.
Adapted from: [44]

This phenomenon happens when a quantum dot is illuminated by UV light
(Figure 1-5, middle) and absorbs photons equal to or larger than their band gap,
causing the electrons in the QDs to become excited and transition to the
conduction band. This excited state is not stable and can relax back to its ground
state by emitting a photon (radiative decay) or by losing energy through heat
losses (non-radiative decay). This process of emission is known as fluorescence.
It is interesting to note that a QD sample shows different colours when exposed
to UV or visible light (although the band gap remains constant), as illustrated in
Figure 1-5.
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Figure 1-5 — Top image: spectrum of the visible light. The numbers represent the
wavelength in nm. Middle image: colloidal suspensions of CdSe quantum dots of
decreasing size from ~4.0 nm to 1.8 nm from left to right. Bottom image: QDs
exposed to UV light. Bottom image: exposed to ambient illumination. Adapted
from: [44]

For instance, when exposed to UV, a CdSe suspension emits light with the
same or slightly lower energy than the band gap energy, resulting in e.g. an
orange coloration (large particle size in Figure 1-5, center, left sample). However,
when exposed to ambient illumination, it reflects or transmits the wavelengths
that were not absorbed, giving a red coloration in this case (Figure 1-5, bottom
left); In other words, the absorption threshold of the QD is determined by the
colour emitted in fluorescence (orange in this case), and the colour observed in
visible light corresponds to the light whose energy is lower than that band gap
and it is not absorbed by the QD (cf. that the red colour is the only one with lower
wavelength than the orange in Figure 1-5, top). In conclusion, QD’s show different
colours due to the change in the band gap, while metal nanoparticles have
different colorations due to the LSPR effect, which is connected to size, shape of

the NPs, among others.

Nanoparticles of a wide range of materials can be prepared by a variety of
chemical and physical methods [45,46], and some of the most popular are

summarized in the scheme Figure 1-6.
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Figure 1-6 - Diagram of some of the most important methods for synthesis of
NP’s.

Usually, chemical methods are based on chemical reactions [47], e.g. sol-
gel processes, chemical vapor deposition (CVD), colloidal method, or chemical
reduction (where the growth of NPs is bottom-up, i.e., the nanostructures are
created by adding atom-to-atom, molecule-to-molecule, or cluster-to-cluster).[46]
In contrast, physical methods normally do not necessarily involve a chemical
reaction, and the absence of solvent contamination may be an advantage
compared with the chemical methods.[48] In general, the synthesis of NP by
physical methods requires ‘breaking’ the precursor bulk materials into smaller
particles. As such, mechanical methods are top-bottom, and present a major
drawback to produce regular shapes and to avoid nanoparticle
agglomeration.[49,50] In the other hand, vapor methods involve the evaporation
from a bulk material followed by a re-ensemble process. Among these
techniques, sputtering is a process where a target is bombarded by energetic
ions of a plasma, and ejects species which are deposited in a substate, leading
to nanoparticles or thin films. One of the advantages of this approach is the low
level of impurities of the sputtered material. The major purpose in this area is to



tune the size/shape of metallic nanoparticles that can be i) deposited onto a
dielectric surface [45], ii) incorporated within a host matrix [25], or iii) both [46],
and control their growth. Table 1-1 summarizes the deposition methods used to
prepare different combinations of dielectrics and metal nanoparticles.

Table 1-1 — Deposition methods used for preparation of different combinations of
dielectrics and metal nanoparticles in literature.

Dielectric materials

Metal Nanoparticles

Al;O3 TiO2 SiO2 WOs3 CuO
Sputtering Sputtering[59—-63] = Sputtering [65—67]  Sputtering Sputtering
[28,51-54] Spin-coating[64] lon implantation = [69,70] [71-73]
Sol-gel[55] [56]
lon Sol-gel [68]
AL implantation[56] Spin-coating [64]
Electrodepositi
on [57]
ALD [58]
Sputtering [74]  Sputtering [76] lon implantation Sputtering
Ag Electrodepositi [77] (78]
on [57], ALD
[75]
lon implantation Sputtering [82—84] Lithography
[79] ALD [85] [86]

Cu Pulsed laser
deposition [80]
Sputtering [81]

Sputtering has been widely used due to the reduced complexity of
synthesis and large flexibility for combination of materials.[87] Additionally, this
technique also facilitates control over size, shape, and aggregation of
nanoparticles.[88] In addition, magnetron sputtering can be scaled-up from lab to
industrial environments, where it is used in many different fields. For these
reasons, magnetron sputtering has been selected as the approach to prepare
plasmonic films in this Ph.D.



Chapter 1

Y
o

1.2. Selection of Materials

1.2.1. Metal Nanoparticles

Generally, materials with a negative real and small positive imaginary
dielectric constant are able of support surface plasmon resonance.[89] In
practice, the materials must have free conduction band electrons that can
resonate with the incoming light at an appropriate wavelength.[28] This is the
case for metals such as Ag, Cu and Au, which are great candidates for plasmonic
applications.[90] Out of the materials mentioned, Copper has good conductivity
and is second-best only to Silver. Silver also has desirable properties, such as
the lowest optical loss in the visible and NIR spectra ranges. Aluminum has a
higher plasma frequency than both gold and silver, enabling significant surface
plasmon response in the ultraviolet.[91] However, all three materials face
chemical instability due to oxidation in atmospheric conditions. [90,92] In contrast,
gold is a popular plasmonic material with good performance in the visible and NIR
spectral ranges, and it has the benefit of being chemically stable.[92] Such
characteristics allows an easier preparation and better stability in the presence of
air. In fact, in academic literature gold is the most used material for NPs in the
field of plasmonics, with a publication rate of 44% in 2020 (in comparison, Ag
was the next choice, with a rate of 29%).[93] When prepared by magnetron
sputtering, different approaches and power sources are reported, such as direct
current (DC)[94-99], radio-frequency [100-103] and pulsed DC[104-106]. In this
work, gold nanoparticles will be produced by magnetron sputtering using DC and

Pulsed DC power sources.
1.2.2. Dielectric matrixes

In this work, transparent oxides in the visible range are preferable to avoid
interferences with the coloration given by the nanoparticles due to the LSPR
effect. In plasmonics, aluminum oxide (Al203), silicon oxide (SiOz2), titanium oxide
(TiO2), tungsten trioxide (WQOs3s) and copper oxide (CuO) have been widely used
as matrix due to their specific optical properties. WO3 has a narrow band gap (Eg

=2.4-2.8 eV)[107], good corrosion resistance, high refractive index (2.5)[108] and



a hardness between 13 to 15 GPa. [108,109] However, pure WO3 does not
exhibit coloration up to 400°C, but presents light-bluish tones at 500°C.[110] CuO
iIs a semiconductor with a lower energy band gap (Eg = 1.2-2.1 eV).[111]
However, the optical transmittance spectrum reveals to be semi-transparent in
the visible range at around 700°C.[78]

TiO2 shows hardness between 11.6 and 18.5 GPa [112] and it is well
known for its photocatalytic properties. The combination of TiO2 with gold
nanoparticles leads to the injection of hot electrons from Au NPs to TiO2 (by
LSPR), which can overcome the Schottky barrier and flow back into TiO2 under
mixed UV and visible radiation. These electrons can balance those transferred
from titanium oxide to gold nanoparticles and facilitate the recombination of
electron-hole pairs.[113] The large refractive index (2.2) of TiO2 causes the
LSPR to shift to higher wavelengths, leading to darker colors. For instance, Au
deposited on TiO2 shows tones of blue-green colors when increasing the Au
content, while on Al203 smaller shifts are seen leading to different tones of blue

due to a lower refractive index around 1.6, as seen in Figure 1-7. [114,115]

Au interlayer thickness (nm)

1 2 3

Tio,

Figure 1-7 — Colour pictures of Au coatings on TiO2 and Al2O3 deposited on glass
substrates. Adapted from [28].

SiO2 has an excellent transmittance (98% between 190-1100 nm), a
hardness between 5 — 9 GPa and a lower refractive index (1.45).[114,116]
However, SiOz2 is present in the substrates that will be employed normally in this

11



Chapter 1

-
N

work (glass, and as native oxide in Si wafers), which would complicate the

differentiation between the deposited coating and the substrates.

Al203 is commonly known as alumina. It is one of the most interesting
ceramic materials given its appealing properties, making it a good candidate for
a wide range of applications, e.g., tooling, electronics, optical devices, and
machining.[117-119] It is known for its good mechanical properties, such as
relatively high hardness (27 GPa) [120] even at high temperatures, or good
corrosion and wear resistance (~1077 mm3N-'m=).[121] Also, it is thermally and
chemically stable.[122,123] Given its transparency (extinction coefficient of
4x10% at 550 nm)[124] and insulating properties, it is widely used in the
semiconductor industry.[125] Therefore, alumina was selected as the dielectric
explored in this work.

Depending on the substrate temperature, alumina exists in several crystalline
(polymorphs) and amorphous states. Compared with the crystalline phases, the
amorphous phase has lower hardness and chemical and thermal
resistance.[126,127] Different crystalline structures of Al2Os have been reported,
labeled as q, K, 6, y, among others. a-Al20s is the only thermodynamically stable
oxide of aluminium. Its structure is called corundum and crystallizes in the
hexagonal-rhombohedral system, space group R3C.[128] It is a crystal and can
be found in gemstones like ruby and sapphire. y-Al203 has high thermal stability
and it is transparent in the visible region. [129] The ease with which this material
can attain higher porosity enables it to acquire a high surface area (50-300 m?g),
making it a good choice for applications in heterogeneous catalysis. [129] The
structure of y-alumina can be described as defect cubic spinel with space group
Fd3m.[130] 6-Al20z is the intermediate structural form into which the transition
alumina’s could evolve before converting into a corundum phase. 8-Al203 has a
monoclinic structure belonging to space group C2/m and is well defined, unlike
some other metastable phases.[131] The metastable k-Al203is used for wear-
resistant applications. However, at temperatures above 1000 K the k phase
transforms into the stable a phase.[132] The crystal structure of the k-Al2O3 unit

cell belongs to the orthorhombic class with point group mm2 and space group



Pna2:.[133] Commonly, metastable phases like y or © are desired for catalysis
applications,[134] while for wear-resistant or diffusion barrier applications, the a
phase is preferred.[135,136] This is because of the better chemical inertness,

mechanical properties, and thermal stability of the a phase.[137,138]

In literature, Al203 films have been deposited by magnetron sputtering
using a various different power supplies such as direct current (DC)[51,139],
radio-frequency [140-143], pulsed DC [120,144-147], mid-frequency (MF)[148—
150], and by the more recent approach known as high-power impulse magnetron
sputtering (HIPIMS)[151-157]. In this work, HiPIMS is selected to explore the
deposition of alumina films because of the interesting possibilities of this recent
technology. These films are compared with other films prepared on the same
deposition chamber using the more conventional MF power source. Therefore,
the combination of Au-Al203 was selected in this research, since it is a good
system to study new sputtering-based approaches as well as surface treatments.
Furthermore, the literature lacks a comprehensive exploration of Al203 using
HIPIMS, making it an interesting subject for further study on its own. Since Au
nanoparticles are associated with a plasmonic effect, a literature review was
made combining Au NPs in an Al20s matrix. In this Thesis, we will refer to
Au@AI203 when nanoparticles are embedded in alumina and Au-Al20s only for

the deposition of Au on the surface of Al2Os.

Over the last decade, size-dependent SPR has been extensively studied
for different research groups, where red-shifts and blue-shifts are reported with
increasing particle size.[140,158-161] For instance, Hosoya et al.[159], observed
a blue-shift as the size of Au particles, in Au@AI203 hanocomposites prepared
using sol-gel method, increased between 4.6-12.7 nm. Belahmar et al. [162] also
reported a blue-shift of the absorption band when increasing the size of the Au
NPs from 1.2 to 7.3 nm when producing Au@AI203 films by co-sputtering.
Additionally, Jaiswal et al.[140] reported a blue-shift with increasing average Au
crystallite size (5-9.2 nm) for Au@AI203 using RF magnetron co-sputtering. A
shift in the same direction was observed when increasing the filling factor (i.e.
volume fraction) of Au. However, Figueiredo et al. [115] obtained an opposite

trend on the filling factor for simulations on similar nanocomposite films using the
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Maxwell-Garnett (MG) theory. The direction of the shift (whether blue or red) can
be explained by considering two factors: the spill-out of free electrons through the
surface of the particles, and to the inner surface-shell of vanishing ionic core
polarizability due to d-electrons.[163-166] These quantum effects result from
electronic confinement and are not considered in Mie Theory. The red shift is
caused by the first effect, while the second effect leads to a blue shift. When it
comes to Au, the blue shift is more prominent, and the resonance is damped and
broadened as the cluster size decreases. This is due to the presence of interband
transitions in the same spectral region as the SPR.[115,167]

The content and diameter of gold nanopatrticles can be easily controlled
by varying the deposition time. For instance, Tanahashi et al.[168] tuned the
diameter of gold nanoparticles embedded in alumina between 2.0 and 6.0 nm by
changing the deposition time and the RF input power (25 W to 250 W), leading
to LSPR of Au located at 543-587 nm. The use of SiO2 instead Al2O3 causes a
larger shift to shorter wavelengths (from 568 nm to 530 nm) due to the lower
refractive index of SiO2. This phenomenon is also studied by Figueiredo et al.
[115], who found that for the same Au interlayer thickness (1 nm) a peak shift
from 662 nm to 600 nm is observed when changing the dielectric from TiO:z to
Al20s, respectively.

Another important factor that affects the behavior of the LSPR peak is the
content of Au of the NPs. Figueiredo et al. [52,161] observed that as the gold
content increased from 5 to 11 at. % (being the rest Aland O, i.e., the constituents
of the alumina substrate), there was a red-shift (from yellow to dark-orange) in
the absorption band with higher intensity and increased SPR widths (changing
from 600 nm to 740 nm). The change in gold content causes variations in the
metal clusters sizes and the morphology of the absorption band, leading to a shift
in the coloration of the coatings. [52,161] Nevertheless, Zhao et al. [169] reported
both red and blue-shifts with increasing the Au content (from 8.4 to 45.2 wt%) in
Au@NIO nanocomposite films prepared by chemical solution method. On the
other hand, Rahman et al. [170] found that altering the film thickness of Au@AIl203
coatings (50 nm, 65 nm, 130 nm and 150 nm) and composition (Au composition

increases from 22 vol% to 30 vol%) resulted in a variety of colours on coloured



stainless-steel surfaces, including light orange, blue, magenta, yellow-green,
orange, and dark yellow-green. However, after annealing, the Au nanocomposite
films became crystallized (peaks corresponding to Au were detected, but no peak
for Al203 was observed) and both magenta and blue turned into dark yellow-green
while yellow-green and orange coloured turned into light orange, resulting in a
red-shift.[170]

Changes on the thickness of the films and the amount of Au can also
influence the surface energy of the nanocomposite. Jaiswal et al.[140], also
observed when increasing the thickness of the nanocomposite while increasing
the atomic percentage of Au lead to lower surface energies. For a thickness of
10 nm with 9.6 at. % percentage of Au lead to a surface energy of 20.8 mN/m
while, 40 nm of thickness with 14.1 at. % of Au decreased the surface energy to
13.1 mN/m. In addition, the surface roughness of Au-Al2O3 nhanocomposite and
the contact angle followed Wenzel's rule [171], justifying the influence of
roughness (root mean square roughness between 1.2 and 7.0 nm) on the contact
angle (85.7°- 99.4°).

The surface can also be altered using plasma treatments as an alternative.
Meira et al. [51] evaluated how a surface modification using argon plasma
treatment might affect the micro- and nanostructure of Au@AlI20s films. For the
same deposition temperature (400°C), it was identified an increase in the NPs
density (from 40 um2 to 315 um2) as well as a decrease in the average nearest
neighbour distance (from 65 nm to 23 nm) after the plasma treatment. It is also
worth to mention that most optical changes happened within the first 60 min of
plasma treatment. A good stability was also demonstrated for the Au NPs
embedded on alumina films when using DC magnetron where no considerable
film thickness variation was seen after 60 minutes of argon plasma treatment for
samples annealed at 400°C and 700°C. The same author, [52] tested the Au-
Al203 nanocomposite as sensors for the RIS (refractive index sensitivity) using
two dielectric (liquid) environments, deionized water and DMSO since they exhibit
different refractive indexes. [51] However, it resulted in low values for RIS of -
5.39 nm/RIU and -2.601 nm/RIU before and after argon plasma (as mentioned
previously), respectively.[51] This work was extended by Figueiredo et al. [161]

and co-authors in a theoretical study, which was conducted to determine the
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optimal coating parameters for sensing experiments based on the refractive index
sensitivity. The major parameter affecting sensitivity is the depolarization factor

(L), which varies depending on the particle shape (see Figure 1-8).

a) b)

Figure 1-8 — Images of a) snooker ball (spherical shape, where ri=r2=r3), b)
submarine (prolate shape with ri=r2<rs, i.e. ‘uniaxially elongated’) and c) a frisbee
(oblate shape with ri=rz>rs, i.e. ‘uniaxially smashed’).

To increase RIS, L should be reduced. Three values of depolarization factors Lj,
(i=1, 2, 3) are identified for a particle depending on the three spatial axes, with
Y. L; = 1. Figure 1-9a shows the variation of L; depending on the aspect ratio of
an ellipsoid (ra/r1). In this case, two of the dimensions are equal (i.e. ri=r2), and
the third dimension (r3) varies. As a consequence, the value of two of the
depolarization factors is the same (Li=L2). Three cases can be identified; if
ri=ro=rs, the particle has a spherical shape, and. Li=L>=L3=1/3. If r3 is reduced,
we obtain an oblate shape, and Lz grows to reach 1 when the asymmetry of the
ellipsoid increases (i.e. the shapes separates from a sphere). In contrast, if r3
increases, the shape of the particle becomes prolate, and, when the asymmetry
increases, Lz goes to zero while L1=L>=1/2. To compare between the prolate and
oblate cases, the aspect ratio of the nanoparticle can be represented through its
asymmetry, i.e. the ratio between the minor and the major axis (fminor/fmajor). This
representation is included in Figure 1-9b, and the sphere case is now located at
minor/fmajor= 1. It is observed that, for the same degree of asymmetry, the lowest

values of L are obtained for prolate particles.
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Figure 1-9 — Depolarization factor in function of aspect ratio for a sphere, prolate
and oblate. a) against rs/r1 in a logarithmic axis, where the yellow and green
shaded areas indicate oblate and prolate geometries, respectively. b) against
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Figueiredo et al. [161]

As a consequence, the sensitivity values for prolate forms were nearly double
that of oblate forms, reaching a maximum of 650 nanometres per refractive index
unit (nm/RIU). An aspect ratio of 0.42 is considered optimal for balancing
sensitivity and peak width.[161] On the other hand, Gao et al. [172] enhanced the
biotin-streptavidin (SA) sensitivity by tuning the surface coverage and the
interparticle distance of Au-Al203 nanocomposite. NPs with 5.4 nm of size, 52%
of coverage, and 3.7 nm of interparticle distance obtained the best sensing
properties. All these results indicate the versatility for tunability the characteristics
of Au-Al203 films that can be used for sensing applications (e.g. humidity,

refractive index, gases (CO)).[173]

Another application of these films with LSPR is surface enhanced Raman
spectroscopy (SERS). SERS is a powerful analytical technique that is used to
detect and identify molecules at low concentrations. It is based on the Raman

effect, which is a phenomenon where light interacts with a molecule, causing it to
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vibrate, and the scattered light provides information about the molecular
vibrations. SERS enhances the Raman signal by many orders of magnitude,
making it possible to detect very small concentrations of molecules. The
enhancement is achieved by using a substrate that has a rough or nanostructured
surface, such as silver or gold nanoparticles, that can amplify the electromagnetic
field at the surface. When a molecule is placed on the surface of the substrate,
the electromagnetic field generated by the surface enhances the Raman signal
of the molecule.

Costa et al.[174] produced nanocomposites of Au-Al203 followed by a
thermal treatment at different temperatures (300°C, 500°C and 700°C) to
promote the growth of the NPs. At a temperature of 300°C, the material exhibited
plasmonic behaviour, with a peak in SPR at 560 nm. As the annealing
temperature was raised to 500°C and 700°C, the crystallinity and grain size of
the gold increased. However, this led to changes in the morphology of the
material that reduced its overall transmittance and caused the LSPR band to
become broader with increasing temperature. Rhodamine 6G (R6G) was used to
assess SERS measurements. However, the Raman spectra intensity of R6G did
not exhibit any enhancement in the Al203 matrix due to inadequate crystallization
of Au NPs across the alumina matrix. In contrast, an enhancement factor of 10%°
and 10! was estimated for Au-TiO2 and Ag-TiO2, respectively, using a
combination of experimental and theoretical data.

To date, there has been a lack of literature on the SERS application of Au-Al20Os
films prepared by sputtering. Therefore, after a complete study of the growth
mechanism of Au NP on Al2Os3 thin film, we will study the SERS effect on samples

of specific interest to evaluate its potential applicability.



1.3.  Objectives and structure of the Ph.D.

This research deals with the deposition of Au/Al203 films by magnetron
sputtering, with the goal of achieving and tuning the LSPR effect. Most of the
results involve Au particles deposited on top of alumina, but some multilayers
where Au is embedded in Al203 are also reported. The films will be extensively
characterized (morphologically, optically, and chemically) to investigate the
individual and combined properties of the materials. The influence of various
deposition parameters on the characteristics and properties of the films are
studied to establish a large degree of control over the deposited materials. Finally,

the potential applications of these films as SERS are also evaluated.

The strategy followed in this work is to study each part of the system in a
progressive approach. This strategy is summarized in Figure 1-10, and it can be

described according to the following points:

A. Study of the deposition of Al20s3 films: these results are summarized in
Chapter 3.

B. Deposition of Au on Al203 films, and influence of the plasma treatment of
Al203 surface on the growth of Au nanoparticles: these results are
summarized in Chapters 4 and 5.

C. Influence of the power source employed to deposit Au: Chapter 6.

D. Deposition of films where Au is embedded in Al20s. This is explored in
Chapter 6 by the deposition of multilayers formed by alternating Al-Os and

Au sections.
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Figure 1-10 - Schematic of the PhD structure, including the main aspects studied.
A. Al203 deposition (Ch. 3); B. Au growth and surface treatments (Ch. 4 and 5);
C. Au deposition mode (Ch. 6). D. Multilayer (Ch. 6).

Therefore, this Thesis is organized in 6 Chapters:

Chapter 1, an introduction and literature review of the field of plasmonics
are presented, along with a summary of the objectives and structure of this Ph.D.

Chapter 2 summarizes the equipment, techniques, and experimental
parameters used in the Ph.D. research. It is divided into two sections. The first
one covers the principles of physical vapor deposition (PVD), film growth, and
PVD implementation with different power sources. The second section describes
the experimental techniqgues and parameters employed in the Thesis for film
characterization. The chapter also includes a discussion on the influence of
nanoparticle characteristics on the plasmonic effect, considering size, shape,

environment, and material properties.

Chapter 3 investigates the deposition of alumina films on silicon. These
alumina films will serve as a substrate for the deposition of Au NPs in the
subsequent chapters. The objective of this chapter is to obtain an in-depth
knowledge about the growth of Al203 by magnetron sputtering, and the control of
the characteristics and phases formed. The objective is to understand the

influence of the following parameters:

e Sputtering source: MF, HiPIMS and MF-HIPIMS.
e Sputtering power: between 2000 and 3500 W.



e Deposition temperature: 200 and 450°C.

Chapter 4 introduces the deposition of Au on Al203 films. The objective of
this chapter is to select optimal conditions for Al203 and Au deposition. The
objective is to find a set of interesting deposition conditions to perform detailed
analyses in the next chapters. To do so, a quick screening comprising different

parameters is performed:

e Topographical characteristics of alumina depending on power source and
thickness.

e Characteristics of the LSPR peak depending on i) phase of alumina, ii)
conditions of Al203 surface plasma pre-treatment (flow of H2 and duration),
and iii) DC deposition power.

e Deposition power of Au in DC mode.

Chapter 5 studies in detail the influence of the plasma treatment on the
alumina film on the growth characteristics of Au nanoparticles. Therefore, gold is
sputtered on alumina films that underwent a previous surface plasma treatment
of argon and hydrogen and compared with alumina films not subjected to such
pre-treatment. The growth of Au on both surfaces was evaluated for different
deposition times using the method of Tougaard (XPS) and the height-height

correlation function (HHCF) from AFM results. The objectives of this chapter are:

e Monitor the Au growth with XPS and AFM.

e Understand the influence of the surface treatment on the growth of the
nanoparticles.

e Understand the influence of the Au characteristics on the LSPR.

e Evaluate its potential application for SERS.

Chapter 6 focuses on the influence of the sputtering source of Au deposition
(DC vs. pulsed DC) and the deposition of a multilayer composed of alumina and

gold nanoparticles by controlling the time deposition of Au. The objectives are:

e Understand the impact of the Au growth by changing deposition source
(DC and pulsed DC).

e Growth of Au embedded in Al2O3 and evaluate its influence on the LSPR.
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To summarize, it can be reported that the main novel point of this research is
focused on the influence of Ar/Hz plasma pre-treatment of the Al2O3 coatings on
the growth of Au nanoparticles and their LSPR characteristics. The potential
application of these films for surface-enhanced Raman spectroscopy (SERS)
applications is also explored. To do so, the characteristics of Al2Os coatings
prepared with different parameters have been examined in detail first. In addition,
the growth of Au nanoparticles has been exhaustively analysed using XPS
(method of Tougaard) and AFM (HHCF). The optical characteristics of the

deposits are finally explained in terms of the characteristics of the films.
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2. Deposition and
characterization methods:
description and theory

This chapter summarizes the equipment and techniques used in this Ph.D., and
it is divided into two parts. The first part focuses on the general principles of
physical vapor deposition (PVD) utilizing various power sources and on the
concepts regarding the film growth. The second part describes the experimental
techniques employed throughout the Thesis work, including the respective
experimental parameters utilized. A discussion on the impact of nanoparticle size,

shape, environment, and material dependence on the plasmonics effect is also
included.



2.1 Physical vapour deposition and magnetron
sputtering
Physical vapor deposition (PVD) is a technique used to coat surfaces by
vaporizing material and transferring it onto the substrate at an atomic level under
vacuum conditions. This process can be sub-divided into several steps. Firstly,
the material to be deposited is vaporized by either a high-temperature vacuum or
gaseous plasma. Secondly, the vapor is transported to the substrate. During this
stage, the evaporated species may react with appropriate reactive gases, such
as oxygen or nitrogen. Finally, the coating is deposited onto the surface of the

substrate, where additional processes may take place.[175]

Sputtering has proven to be effective in depositing many materials, but it
is not without limitations. These include low deposition rates, reduced ionisation
efficiency within the plasma, and elevated substrate heating effects.[176] The
introduction of magnetron sputtering has resolved to a large extent, the

restrictions previously encountered.

A plasma discharge occurs attracting positively ionized gas atoms towards
the cathode where the target is located, resulting in the atomic erosion of the
target material taking place beneath this region. In magnetron sputtering,
magnets are located at the back side of the target material to strengthen the
sputtering process. These magnets create a magnetic field that confines the
electrons near the target (cathode), leading to a localized rise of the electronic
density and consequently, a higher number of collisions with the discharge gas,
(typically Ar) to promote the ion density. This one is highest in the zone close to
the target surface and due to their high mass by comparison with electrons, the
ions are only sensitive to the electric field.

There are two types of magnetrons equipment’s: balanced magnetic field
(BM) and unbalanced magnetic field (UBM). The main factor that distinguishes
them is their effect on plasma confinement. In BM magnetrons, the magnetic field
lines form closed loops above the target surface, which effectively confines the
plasma and prevents it from expanding far from the cathode surface. On the other
hand, in UBM magnetrons, the magnetic field lines extend into the chamber due

to the unequal strengths of the outer and inner magnets, which causes the
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plasma to spread further away from the target. This causes ion fluxes towards

the substrates and enhance the properties of the coatings.

Generally, the use of high sputtering powers is desired to increase the
sputtering and deposition rates of the process. However, when high-energy ions
from the plasma impinge on the target material, they transfer their kinetic energy
to the atoms or molecules on the target surface. This energy transfer causes
localized heating of the target material, which requires cooling, typically achieved
through water flowing in the back of the target. Such cooling effect can be limited
for certain case, as it is related to the power applied on the target material in
regard to the thermal properties of the material. As a consequence, to increase
plasma density, the applied power density should be raised while considering the
cooling capacity. In addition, it is worth noting that increasing the sputtering power
will reach a maximum point where the sputtering rate gests saturated, and further
increase of power becomes useless. Pulsed sputtering sources offer a favourable
solution because the intermittent nature of the pulses allows to operate with the
same average power, but applying stronger powers peaks for reduced times,
leaving off times between pulses. Such approach allows reaching peak powers
that would not be sustainable in continuous mode. If pulsing is operated in bi-
polar mode (i.e. the target voltage changes from positive to negative, as in radio-
frequency sources), isolating materials can be sputtered, since the positive
charge accumulated in the target surface when applying negative voltage (Ar*
bombardment) is neutralized by electrons from plasma when positive voltage is
applied. In addition, pulses allow concentrating power in short periods of time,
leading to modification of plasma characteristics if very high peak powers are
reached, such in HiPIMS (e.g. highly concentration of ionized species, double

ionized particles, etc).



Table 2-1 summarizes the main characteristics of the magnetron

sputtering discharges that will be discussed: Direct Current (DCMS), Medium

Frequency (MFMS) and High-Power Impulse (HIPIMS)

Table 2-1 - Typical discharge parameters and plasma characteristics of HIPIMS,
MEMS, and DCMS [177,178]

FEELS Peak power | Electron
Cathode current b .
. density density
voltage (V) density (kWicm?) (m?)
(Alcm?)
DEMS | 300-700 | #-60 <005 | 1015-10Y
mA/cm
MFMS 300 - 800 01-1 0.05-0.5 10%7- 10
HIPIMS 500 - 2000 3-5 >0.5-10 10% — 1019

The use of pulsed sources allows increasing the current and power densities of

the peaks, leading to higher electron densities. This is illustrated in Figure 2-1,

which represents the typical regimes of operation of power sources, by plotting

the duty cycle vs. the peak power density at the target.
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Figure 2-1 — Regimes of operation of DCMS, MPP (modulated pulse power) and
HiIPIMS (or HPPMS) based on peak power density and duty cycle. Adapted from

[179].
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Finally, Figure 2-2 illustrates the correlation between power density and pulse
time. When the pulse time is reduced (typically, due to a reduction of duty cycle),
higher peak powers can be applied, while keeping the average power more or

less constant.
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Figure 2-2 - Schematic of the power density during the discharge (HiPIMS,
MPPMS and DCMS) operated at same average power P = 300 W. Adapted from
[177]

2.1.1 Direct-current magnetron sputtering

DC magnetron sputtering (DCMS) is a significant technology utilized for thin film
deposition in various industrial applications. The process involves the creation of
a glow discharge between a conductive target and the cathode, typically using
argon as the working gas in a pressure range of 0.1 to 5 Pa. [178,180] A DC
acceleration voltage of around 300-700 V is used, while a confining magnetic field
with a strength of 20-60 mTesla (mT) is applied at the target surface. These
conditions result in current densities ranging from 4-60 mA/cm? and power
densities of several tens of W/cm?2.[178]
Typically, a static deposition rate is between 20 and 200 nm/s. However, the
degree of ionization of the sputtered material is usually low, often at around 0.1%
or even less.[178,181] A commonly accepted maximum threshold for power
density in a DCMS discharge is 0.05 kW/cm? before the target material is at risk



of damage. When pulsed magnetron sputtering discharges are operated under
this threshold, they are known as pulsed DCMS and include the bipolar
asymmetrically pulsed discharges (i.e. the target voltages changes from positive
to negative sign, with different values of maximum and minimum voltage).[178]
In cases where discharges operate beyond the DCMS limit, a lower duty cycle
(ratio of the on time (active pulse duration) to the total pulse duration, cf. Figure

2-3) must be implemented to balance out the higher peak power.[178]

In some applications, the magnetron discharge is operated in the pulsed DCMS
mode. Deposition is commonly performed by utilizing pulse frequencies ranging
from 10-350 kHz, and duty cycles between 50-90%.[182] In reactive sputtering,
the use of bipolar pulses can be advantageous, especially when dealing with non-
conductive compounds that may form on the target surface. The positive bias in
the pulse attracts plasma electrons, which helps to neutralize any charge build-

up that may occur during the negative part of the cycle, see Figure 2-3.[183]

Discharging the dielectric surfaces
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Figure 2-3 - Asymmetrical bi-polar pulsed dc sputtering of dielectrics. ton
represents the "on-time", tost "off-time" or "reverse time", and tcycle represents a full
cycle. Adapted from [182]. The duty cycle is defined as ton/tcycle.

2.1.2 Mid-frequency

When depositing insulating films, applying pulsed magnetron sputtering
discharge in the medium frequency range (MFMS) of 10 to 250 kHz can
effectively minimize arc formation and subsequently decrease the occurrence of
defects in the film produced. [184] Normally, the duty cycle ranges between 50 to

90 percent. MFMS pulses usually start at a low power level, frequently within the
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DCMS range, and then proceed to a more robust pulse with an intermediate
power density of 0.05 to 0.5 kW/cm?.[178]

2.1.3 High power impulse magnetron sputtering

HIPIMS is an emerging technology that bridges the gap between academic
research and industrial applications, since it involves the merging of magnetron
sputtering and pulsed power technology of high current.[185-187] One of the
benefits of this technique is that it can generate high peak powers at low duty
cycles (ranging from 0.5% to 5%). As a result, the cathode experiences high peak
power (0.5 - 10 kW/cm?) or current densities, which lead to a rise in the charge
carrier density at the target's surface. The increased ionization of the target
material enables the substantial alteration or enhancement of the growing films'
properties, such as density, hardness, roughness, and refractive index.
Furthermore, the discharge voltage pulses, which typically range from 500 to
2000 V, create peak current densities of 3 to 5 A/cm?.[185,188] Typically, pulse
lengths for depositing thin films range from 20 to 500 us, although they are usually
around 30-100 us with a repetition frequency of 50 - 5000 Hz.[179] A definition
concerning this technique could be: “HIPIMS is pulsed sputtering where the peak
power exceeds the time-averaged power by typically two orders of
magnitude.”[189] Despite its benefits, HIPIMS is not without challenges, such as
the occurrence of arcing phenomena. The arcing phenomenon is followed by a
quick increase in the current and a decrease of target voltage (from the typical
few 100 V to less than 40 V).[190] This creates an arc, which leads to the ejection
of microdroplets into the deposited film. Another challenge is the low deposition
rate in non-reactive HiPIMS process in comparison to DCMS, see Figure 2-4.
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Figure 2-4 - Deposition rates of various metallic target materials measured for
both DCMS and HiPIMS under the same conditions (Paverage = 125 W, p = 0.67
Pa, dsubstrate holder = 6.5 cm). The HIPIMS to DCMS deposition rate ratio is plotted
as scattered points. Reproduced from [191].

The observed decrease in deposition rate can be attributed to several
physical factors, including (i) less-than-linear dependence of the sputtering yield
on the energy of bombarding ions [192,193] (ii) loss of the sputtered material via
ionization and subsequent back-attraction towards the target,[192,194] and (iii)
modified target-substrate transport geometry by changing the magnetic field
configuration.[177,194,195]

In contrast, when operated in reactive gas mixtures, HiPIMS may demonstrate
higher deposition rates than conventional DCMS at the same current [196,197]
or power.[198] This phenomenon is thought to be due to additional factors that
influence the deposition process, such as reduced or eliminated hysteresis and

increased erosion rates.[177]

2.1.4 Reactive magnetron sputtering

Unlike metal films, compound films provide us with the opportunity to exhibit
a diverse range of characteristics, including electrical, optical, mechanical,
chemical, and more. Commonly employed compounds for such films include
oxides, nitrides, carbides, and similar substances, which are produced by
reactive sputtering. In reactive sputtering, the reaction between the metal target

and a chemically reactive gas leads to the formation of a compound.
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Consequently, when depositing a new compound using reactive sputtering (such
as in the case of the deposited Al203), it is crucial to control the partial pressure
of the reactive gas, chamber pressure, target voltage or deposition rate, as
depicted in simplified generic schematics in Figure 2-5.

Initially, the reactive gas (O2 in our case, although Nz is used in Figure 2-5)
reacts with the metal of the target, known as the metallic mode (A), Figure 2-5.
Increasing the partial pressure of the reactive gas leads to the formation of a
chemisorbed monolayer on both the target and all the surfaces of the deposition
including the substrate, modifying the sputtering yield and sometimes the
secondary electron yield, and consequently changing the plasma composition
and its electrical properties as its impedance.[199] The pressure remains
constant (B) until the chemisorbed oxygen monolayer covers the entire surface
of the target, resulting in a sudden increase in oxygen partial pressure and total
pressure and a decrease in deposition rate, known as target poisoning
(D).[190,200-202]

Critical flow point
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Figure 2-5 - a) lllustration of the evolution of N> partial pressure and target
poisoning during reactive sputtering under nitrogen. b) Hysteresis curve in
reactive sputtering: i) deposition rate ii) chamber pressure iii) discharge voltage
as a function of flow of reactive gas. Adapted from:[203,204]



Normally, the chemical bonds of metals are weaker than the bonds of their
corresponding compounds, leading to a lower sputtering yield when the target is
poisoned, which leads to a lower deposition rate of alumina.[190] Also, the
ion-induced secondary electron emission coefficient of aluminium increases
when reacting with oxygen to form an oxide.[202] As a consequence, the electron
availability will increase, leading to a reduction of the absolute discharge voltage
(when operating in constant current or constant power mode) when the target
shifts from metallic to oxidized mode. This is accompanied by a clear decrease
of deposition rate due to the low sputtering yield of the oxide, dashed lines in
Figure 2-5b (i and iii). As the O2 pressure increases, the discharge voltage
remains constant and low. When the Oz pressure firstly decreases (E) the voltage
remains relatively stable until it starts to increase again, solid line in Figure 2-5b
(iii). In addition, the Oz pressure and the total partial pressure decreases until it

reaches again the metal mode (A).

It is important to note that there are two pathways (metal to oxide and vice
versa) depending on the state of the target, creating the well-known hysteresis
shapes in these plots. Initially, a relatively high Oz flow is required to poison the
target. However, once the target is fully poisoned, it exhibits ceramic-like
behaviour. In this scenario, there is sufficient Oz in the chamber to continuously
supply oxygen to the racetrack, maintaining the target in a "ceramic" state. The
only way to reverse this situation is by significantly reducing the O2 flow, which
eventually removes the oxide layer since it cannot be replenished with O2. These
modifications indicate that the target undergoes a shift from being
metal—>poisoned to poisoned—metal along a distinct trajectory, creating a
hysteresis curve. For this reason, the Oz partial pressure needs to be maintained
relatively low to obtain an oxide film with a high sputtering rate. Therefore, the

optimal range lays between metallic and poison states.

33



W
g

Chapter 2

2.2 Thin films growth modes

The type of film formed, whether amorphous (lacking a defined crystal
structure, i.e. order at long range), single crystal, or polycrystalline (consisting of
crystallites with varying crystallographic orientations), depends on the
crystallographic properties of both the substrate and the target material, as well
as the growth conditions. In this section, we will focus specifically on the
mechanisms that govern the growth and microstructure of polycrystalline
films.[205] The initial step in the growth of polycrystalline thin films involves the
arrival of vapor species (atoms, molecules, ions, radicals, etc.) onto the surface
of the substrate with a certain kinetic energy, Ekin. Upon colliding with the
substrate, these particles lose their velocity component normal to it and lower
their potential energy through adsorption on the surface (Ekin— Eads). Through the
process of adsorption, these species become accommodated on the substrate,
and they are collectively known as adatoms. The adatoms then undergo a
thermally activated random walk on the substrate surface (adatom surface
mobility/diffusion), which depends on the deposition conditions and the substrate
surface properties. It is interesting to note that, when the Ekin is high, adatoms
can cover greater distances across the substrate's surface, thereby increasing
the chances to find favourable positions, leading to the formation of more
crystalline and dense materials. On the contrary, lower kinetic energy typically
produces more amorphous and porous materials, since adatoms tend to remain
stationary in close proximity to their arrival point. When surfaces are rough, or the
substrate temperature is low, shading processes known as shadowing can also
occur. In this case, the deposited material blocks the new arriving material from
accessing the substrate, leading to porosity.[206] Additionally, the surface of the
substrate is usually not a perfect terrace, but rather consists of a range of features
such as ledges, kinks, vacancies, impurities, and point defects. These features
serve as preferred sites for the nucleation of adsorbed species. In fact, these
surface imperfections impact the adhesion of adatoms to the substrate, and thus
have an effect on the processes of adsorption, diffusion, and nucleation.[207]
During their movement, the adatoms can come into contact with other adatoms,

forming stable atomic islands that are spatially separated (nucleation). As these



islands grow in size, they incorporate material from either the vapor phase or the
adatoms present on the substrate (island growth) and merge with each other to

form new, larger islands (coalescence), see Figure 2-6.

Re-evaporation

Surface
diffusion
Adsorption Condensation
/ S O 0000 — G
\ . Nucleation Island growth Film growth

-— @ @ 00 -
Surface Binding
diffusion  nucleation

Figure 2-6 - Schematic of the common atomistic processes occurring during
nucleation and growth on surfaces.

There are two distinct mechanisms that explain the process of particle
growth, namely Ostwald ripening (OR) and Smoluchowski ripening (SR), also
referred to as particle migration and coalescence, see Figure 2-7. OR leads to
the growth of larger particles at the expense of smaller ones, which can occur
either through surface diffusion or vapor phase diffusion due to the difference in
chemical potentials between smaller and larger particles.[208—-210] This occurs
because the larger particles have a lower surface energy than the smaller
particles, making them more energetically favourable for the small particles to
attach to. On the other hand, SR involves smaller particles migrating onto the
substrate surface and subsequently coalescing with larger particles, with the

smaller particles typically diffusing faster.[208,211]
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Figure 2-7 - Schematic of ripening mechanisms a) Ostwald ripening (OR) or atom
migration, and (b) Smoluchowski ripening (SR) or particle migration and
coalescence.

This coalescence process continues until the boundaries between single-
crystalline islands (referred to as grains) become immobile and coalescence is
no longer possible, resulting in the formation of polycrystalline islands and

ultimately a continuous film.[205,212]

During thermal equilibrium, the early stage of film deposition is governed by one
of the three growth mechanisms illustrated Figure 2-8, each leading to distinct

morphologies of thin films.[213,214]

a) Volmer-Weber b) Stranski-Krastanov C) Frank-van der Merwe

@<1ML

IML<®<2M

0>2ML

Figure 2-8 - Schematic representation of the three basic growth modes in thin
films a) Volmer-Weber b) Stranski-Krastanov and c) Frank-van der Merwe. ®
denotes the overlayer coverage in monolayers (ML).

The Volmer-Weber growth mode, as depicted in Figure 2-8a, refers to a three-
dimension growth that starts with the formation of small islands, which then
enlarge and merge to form relatively large structures. This growth mode occurs
when the adatoms of the deposited material have a stronger affinity to each other



than to the substrate. Frequently, this phenomenon is seen in metal systems
placed over insulators substrates. In contrast, when the adatoms of the deposited
material have a stronger attraction to the substrate than to each other, it leads to
the formation of a complete monolayer (ML) before another starts to grow.[215]
This growth mode is referred to as Frank-van der Merwe (Figure 2-8c) or layer-
by-layer growth. This is mostly the case in metal/semiconductor (e.g. Fe/GaAs)
systems. The latter case, Stranski-Krastanov or layer-plus-island (Figure 2-8b),
Is an intermediate situation between the models of Volmer-Weber and Frank-van
der Merwe. After few 2D monolayers have formed, further growth becomes
energetically unfavourable due to increase in the total film elastic strain energy,
and 3D islands form.[207] The growth mode is frequently with metal-on-

semiconductor or semiconductor-semiconductor systems.

One can gain a qualitative understanding of the various growth modes by
considering the surface energy (or surface tension), y. The nature of the bond
between the film and substrate determines the structure and the morphology of
the film, which can be explained by the Young’s equation (Eg. 2-1). This equation
shows that the contact angle (6) between the film island and the substrate (Figure

2-9), relies solely on the surface properties of the materials in question:[216]

Ys = Ysip T Vi cosf (Eq. 2-1)

Where y; denotes the surface tension of the substrate surface, y, the surface

tension of the film surface, and Ys/r the surface tension of the film/substrate

interface. For island growth (Volmer-Weber growth), 8 > 0 and corresponding

condition is

Ys < Ysp + 7. (EQ. 2-2)

For the case of layer-by-layer (Frank-van der Merwe) growth, the situation is

contrary to the previous one, and therefore we could write:[216]

Vs = Vs + 7 (Eq. 2-3)
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For layer-plus-island (Stranski-Krastanov) growth, the condition on Eq. 2-3 for
layer growth is initially fulfilled. However, the formation of the intermediate layer

changes the values o f75/F and y, thereby resulting in the condition equation Eq.

2-2 for the subsequent island growth.[216]

Yers Ts

Figure 2-9 - Schematic of the surface tensions present in a film island on a
substrate.

The island-like growth of an Au on Al203 (ys(a-Al203) = 0.97 J/m? and ys(y-
Al203) = 1.5-1.7 J/m?)[217] is largely due to the poor wettability of the Au, (yr(Au)=
1.51 J/m?)[218][219]. In fact, in general, the surface free energy of metals is
usually larger than on oxides.[220] The values of surface energy correspond to
the condition of island growth (Eq. 2.2), particularly for the case of amorphous
alumina, which has a surface tension clearly lower than Au. For this reason, when
Au nucleates on an oxide surface (amorphous alumina), Au nanoclusters initially
form to minimize their surface area to lower their surface energy. This is why the

growth of metal on an oxide substrate often results in an island growth mode.



2.2.1. Structure Zone Models

Over the past decades, there has been a systematic characterization of the
self-organized structural evolution of polycrystalline films that were deposited
using PVD techniques under various growth conditions. In the characteristic
types of film, their microstructural evolution was correlated with their growth
conditions, which was categorized in the so-called structure zone models (SZM).
The concept of SZM can be viewed as a guide that enables the prediction of the
morphology and structure of manufactured films based solely on the deposition
parameters. In 1969, Movchan and Demchishin proposed the initial model,[221]
which is based on the observation of the microstructure characteristics of Ni,
Al203, W, Fe, Ti and ZrO: films by electron beam evaporation. Their SZM
describes the influence of the substrate temperature (represented by the ratio of
substrate temperature T, and the melting point of the coating-material, Tm) on the
coating morphology. This model has 3 different structural zones, as seen in
Figure 2-10:

e Zone 1 (T/Tm < 0.3): this zone is characterized by a low T/Tm ratio, at
which the adatom energies are insufficient to overcome substrate
irregularities, and shadowing effects, leading to inadequate surface
diffusion. In Zone 1, the resulting fined-grained structure of textured
and fibrous grains, pointing in the path of the arriving vapor flux and
ending with domes.[221,222]

e Zone 2 (0.3 <T/Tm <0.5): This zone has high substrate temperatures
(T) at which both surface and grain boundary diffusion take place in a
significant level. This Zone 2 has columnar grains separated by distinct,
dense, intercrystalline boundaries. The surface appears to be more
uniform and smoother as the substrate temperature increases
homogenously.[221]

e Zone 3 (0.5 < T/Tm < 1): Zone 3, which leads to the final structure of
the film, involves the formation of equiaxed grains and recrystallization,
resulting in increased grain growth and a more pronounced crystalline
structure.[221,223]
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Figure 2-10 — SZM of Movchan and Demchishin. T represents the substrate
temperature and Tm the melting point temperature of the coating-material, both in
Kelvin. Adapted from [221].

To provide a more comprehensive description of the microstructure of sputter-
deposited films, this SZM model has been sequentially expanded by
Thornton,[224] Messier et al.,[225] and Kelly and Arnell.[226] Barna and Adamik
established new boundaries and added an area referred to as zone T, positioned
between zones 1 and 2. This region exhibits an inhomogeneous structure across
the thickness of the film. It features a finely crystalline composition near the
substrate, followed by V-shaped grain formations in the subsequent thickness
range. Towards the upper portion of thicker films, the structure may become
columnar.[227] Typically, surface diffusion is “remarkable”, but grain boundary
diffusion is strongly limited.[228] The latest modification to SZM, recently
introduced by Anders et al.[228] extended the concept to energetic deposition
where the flux of ions is large, including filtered cathodic arc and HiPIMS (see
Figure 2-11). The average energy per incoming particle is one of the most critical
parameters, with higher values resulting in increased surface mobility. [229,230]
Increasing the deposited energy per particle leads to a higher transient mobility
of the atoms that hit the surface, thus elevating the apparent surface
temperature.[231] When deposition rates are identical, the higher mobility will

increase diffusivity, allowing for further transport from the original arrival site and



earlier coalescence.[232] Therefore, higher energies result in changes in surface
morphology and texture, with larger grains and fewer defects in the resulting films,
while the momentum of incoming particles can lead to the alignment or orientation
of growing crystallites.[233—-235] As a consequence, it is possible to escape from
Zone 1 without need to apply heating during the growing of the film. In Figure
2-11, the microstructure of the film is depicted in three-dimensional space for the
SZM of Anders. The vertical axis represents the net thickness, and the horizontal
axes represent two thermodynamical variables: generalized substrate
temperature (T*), and the normalized energy flux by the arriving species (E*). A
new zone is added called ion etching; as E* increases (e.g., by biasing), the
deposited film thickness decreases due to higher sputtering yield. At a material-
dependent energy threshold (400-1400 eV), sputtering rate equals film formation
rate. Beyond that, substrates are etched, as seen in Figure 2-11.[228] Once the
average yield approaches unity, which typically occurs between 400 eV and 1400
eV for most elements, film growth stops, and the surface starts to etch with further
energy increases.[233-235]

recrystallized grain structure

zone T
fine-grained,
region not A t* QISP 0. 2 ~/ nanocrystalline,
accessible with preferred

orientation

porous, — | . 1

tapered crystallites 10
separated by voids,
tensile stress

densly packed
fibrous grains

transition from tensile (low E*) to

compressive stress (high £*) ~ line separating

net deposition
region of possible region not E* and net etching

low-temperture accessible
low-energy ion-assisted

film,
epitaxial growth dense film

reduction of deposition by sputtering

Figure 2-11 — Schematic of the SZM developed by Anders et al. showing a cross-
sectional view of the types of the possible polycrystalline film microstructure, with
t* indicating the net thickness, E* representing the normalized energy flux and T*
the generalized substrate temperature. It should be noted that the boundaries
between the different zones and numerical values provided are for illustrative
purposes only. Adapted from [228].
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2.3 Experimental conditions of magnetron sputtering
deposition

2.3.1.  Deposition chamber

A PVD coater machine (850 L), Figure 2-12, was used to deposit coatings

through reactive magnetron sputtering. The process took place in an Ar or Ar/O2

mixture (purity 99.998%) under a working pressure of approximately 2.2x103
mbar.

Microwave

Gold target

target

Figure 2-12 — a) Image of PVD system used in this Ph.D. b) Interior of the PVD

chamber composed of Al and Au targets and 3 microwave antennas for Ar/H:
treatment.



The following Table 2-2 summarizes the characteristics used in the deposition
of Al203 coating and Au nanopatrticles.

Table 2-2 — Parameters employed for the deposition of Al203 and Au.

Al203 Au
Target characteristics Al, rectangular (40 x Au, circular (9 10.14
12.5 cm) cm)

HiPIMS (2000, 2500) DC (31)
Power sources (W) MF (2000, 2500, 3500), Pulsed-DC (42-54)
MF+HiPIMS (2000)
Gases (sccm) Ar/O2 (50/9) Ar (50)
Substrate(ggnperature R.T., 200, 450 RT.
Amplitude of the
dynamic mode (°)

15,70 70

The films studied in this Ph.D. can be divided into 2 sections: deposition of
alumina coatings (described in detail in Chapter 3) and deposition of gold

nanoparticles on top of Al2O3 coatings (described in Chapters 4, 5 and 6).

2.3.2.  Deposition of alumina coatings

As reported in the section 2.1.4, the sputtering mode of a magnetron target
can shift rapidly from a metallic state to a fully poisoned state when a reactive
gas as oxygen is introduced into the sputtering discharge. This sudden
transformation renders the process unstable and less efficient, and results in
substantial fluctuations in the sputtering rate. One potential solution is to operate
the target in a fully poisoned mode, where the entire target surface is covered by
the reaction product. However, compounds on the target sputter at a significantly
slower rate compared to pure metals, making this approach generally
unfavourable. A more effective strategy involves utilizing a feedback control
system able to manage the reactive gas flow in response to the plasma
conditions. This allows operating in a non-stable situation where the target
surface is quasi-poisoned, but the sputtering rate is still high. Therefore, it
becomes possible to obtain enhanced deposition rates and increased process

reliability, which are unattainable with a constant flow of the reactive gas.[236]

In this Thesis, a system with an active feedback control was used for the

deposition of alumina films. This system has an algorithm (Speedflo’s PDF) that
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dynamically modifies gas input flow in real-time based on sensor data, ensuring
the stability of the process at a predetermined setpoint with adjustments made
every millisecond.[236] Additionally, a remote plasma spectroscopy (Optix,
Gencoa Ltd.) was used. Optix involves the generation of a small plasma within
the sensor head with a spectrometer integrated within the device analyses the
plasma's light spectrum. The resulting data allows for gas detection and
quantitative measurement of its concentration within the vacuum.[236] In our
specific case, we monitored the intensity of the atomic O emission line at 777.6
nm (from O(3p°P) to O(3s® S)).[237] It is important to note that sensor calibrations
were performed prior to each deposition to define the setpoint where target

poisoning was almost achieved, but the deposition rate was still high.

All the coatings were deposited in dynamic mode, which consists of an
oscillating motion of the substrates in front of the target, with a rotation speed of
5 rpm and an amplitude of 15° (70° for the Al203 film deposited at 200°C), as
shown in Figure 2-13).

Substrate

Al target

Figure 2-13 - Schematic (to scale) of the movement of the substrates in front of
the aluminium target during the deposition.

The alumina coatings were sputtered in an atmosphere composed of Ar

(50 sccm) and O2(7-9 sccm). The distance between the substrate holder and the



targets was ca. 85 mm. The deposition times were adjusted to achieve a Al2Os
thickness of 200 nm for all films, except for the film deposited at 200°C, which

had a thickness of 386 nm.

For the deposition of Al2O3 (see Chapter 3) two different power sources and
temperatures were used, namely HiPIMS at 450°C, and MF at 200°C and 450°C.
Three average values of power were used, 2000 and 2500 W for HiIPIMS and
MF, and 3500 W for MF. A combination of HIiPIMS and MF operating at 2500 W
was also explored, using 5 or 10 MF pulses between 2 consecutive HiPIMS
pulses (instead the 40 pulses which are produced in conventional MF operation).
Table 2-3 shows the operation parameters applied for MF and HIPIMS sources

on an aluminium target (purity: 99.999%, surface: 500 cm?) during deposition.

Table 2-3 — Operation parameters of the MF and HiPIMS power sources.

Frequency 2l Ton | Toff
Source (kH2) cycle ws) | qs)
(%) p p
MF 40 80 20 5
HiPIMS 1 3 30 | 970

The power was supplied to the target by MELEC SIPP 2000 generator. The
current and voltage were monitored during the experimental process as a function

of time with a Teledyne Lecroy HDO4054 oscilloscope.
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2.3.3.  Deposition of Gold nanoparticles

Gold nanoparticles were deposited on a Al203 layer of 7 nm, which was
deposited at room temperature in dynamic mode of 70°. The gold target was
sputtered in an atmosphere composed by Ar gas (50 sccm) during 10 sto 80 s in
dynamic mode (70°, see Figure 2-14).

700 200 mm + 85 mm .,
L R e R e > 4

Substrate

Au circular
target

Figure 2-14 - Schematic (to scale) of the movement of the substrates in front of
the gold target during deposition.

The Au sputtering was carried out in DC and Pulsed-DC modes (see
Chapters 5 and 6, respectively). For the investigation of the Pulsed-DC, four duty
cycles of 40%, 20%, 4.1% and 1.5 % were selected (ton of 95, 50, 15, and 15 ps
and tof 145, 200, 350 and 50 ps, respectively). The average power was around
31 W and 42-54 W for DC and Pulsed DC, respectively. The power was supplied
to the target by MELEC SIPP 2000 generator.



2.3.4.  H2+ Ar plasma treatment

In some samples, an Ar/H2 plasma pre-treatment was carried out on the
Al20s films prior the deposition of Au nanopatrticles, to evaluate modifications of
the surface mobility of Au adatoms and their effects on the cluster formation. The
base pressure of the chamber was 0.005 Pa, and the pressure of the Ar/H2
mixture during exposure treatment was about 0.08 Pa. The plasma treatment
took place for 10-30 minutes, by applying a microwave power of 150 W. The
influence of different Ar/Hz ratios (33.3, 16.6) and treatment times (0-30 minutes)

are explored in Chapter 4.
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2.4 Characterization techniques
2.4.1 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive characterization technique
used to determine the crystalline structure, stress, grain size and preferred growth
directions of thin film materials, without requiring preparation prior to the analysis.
This technique consists of directing an incident beam of monochromatic X-rays
onto a specimen, leading to scattering and diffraction by the atoms of the sample.
The interference occurring due to scattering of X-rays can be interpreted using
the Bragg’s law: [95]

nA=2dsin8 (Eq. 2-4)

Where n is the diffraction order, A the wavelength of the X-rays, d is the
interplanar spacing of the diffracting atomic planes, and @ is the angle of

incidence, as shown in Figure 2-15.

T N 2

Diffracting
plane

Figure 2-15 - Schematic representing Bragg's Law.

The intensity of the diffracted radiation is dependent on the interaction of
the beam with the sample (which depends on the type, arrangement, and density
of atoms that constitute the plane), while the angle is a function of the interatomic
distances. The appearance of diffraction peaks is a sign of the presence of

ordered crystalline structures in the system (crystal planes).

The grain size “d” of a material can be estimated by the Scherrer equation
for the broadening of the peak.



ki
- B cosb

(Eqg. 2-5)

Where B is the full width at half maximum FWHM of the diffraction peak (in
radians), 6 the diffraction angle, and k is a constant (k~0.9 for spherical

crystallites).

The characteristics of a peak include its intensity (which is connected with
sample texture), position (associated with the lattice parameter), and width
(dependent on the crystallite size and microstrain), as seen in the following Figure
2-16.

Position
do

Integral
Intensity

Width (FWHM, B)

&

Figure 2-16 — Characteristics of a XRD peak.

Typically, each grain within a polycrystalline aggregate possesses a
distinct crystallographic orientation compared to its neighbouring grains. The
orientations of all the grains can exhibit two possibilities: they can be randomly
distributed in relation to a chosen frame of reference, or they can exhibit a
tendency to cluster, to varying degrees, around specific orientations. An
aggregate that demonstrates the latter condition is described as having a
preferred orientation or texture. In simple terms, this means that the distribution
of crystal orientations is non-random. The presence of a preferred orientation can
significantly impact the intensities of diffracted rays measured through
diffractometry.[238] The texture of the film can be characterized by the textural

parameters (Thki):
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1ym 0
i IngkptiThy ke, 1

Where h,k,| represent the Miller indexes corresponding to the diffraction reflection
under study. The parameter m denotes the number of peaks being considered.
Iy and 12, denote the peak intensities of the reflection of the (hkl) plane
observed on the sample and a misoriented reference, respectively. A value
greater than 1 for the textural parameter, Ty, indicates a preferential growth of
the (hkl) plane parallel to the sample surface. In the case of a total misoriented
sample, the T;;; would equal to 1 for each (hkl) plane, while a value less than 1

indicates restricted growth of the (hkl) plane.[239]

Additionally, the diffraction angle of a crystalline structure is influenced by its
interplanar distance. If the material experiences any form of tension or stress, the
interplanar distance can be altered, leading to an impact on the peaks observed
in the diffractogram. The two possible effects of stresses in a the XRD peak are

shown in the following Figure 2-17.

Compressive macro strain effect Planes without strain Micro strain effect

G‘ o

d, <dg d,
oy ——
ot

ot

do d; do d>d, dy dsdo

\fj

8, 6, 6 6<6, % 6>6,

— —p

Peak displacement Peak broadening

Figure 2-17 — Schematic of the influence of macro stress (left) and micro stress
(right) in a XRD peak. Adapted from [206].



Macrostresses arise when the interplanar distances of planes are higher
or lower than the equilibrium values, but relaxation is avoided due to the
restriction of a thicker underlying substrate. Consequently, this causes a shift in
the positions of the peaks in the diffractogram compared to the reference
(unstressed) state. If a film is subjected to compressive stress, the peaks of
planes parallel to the surface will show a displacement corresponding to tensile
deformation. The reason is that these planes are not subjected to the primary
compressive stress, but to the perpendicular Poisson's expansion of the material.
As a result, the diffraction line shifts towards lower angles without any change in

broadening nor shape.

Microstresses arise from localized strains within the crystalline grains, resulting
from factors such as dislocations, impurities, vacancies, and defects. The
presence of microstress leads to the broadening of diffraction peaks, as the
applied tension on the material is non-uniform, causing an increase in interplanar
distance in some areas and a decrease in others. This phenomenon is illustrated
in Figure 2-17 (top - right). Therefore, one can consider a single grain as
consisting of multiple small regions, where the plane spacing remains largely
constant within each region but differs from the spacing in neighbouring regions.
These specific regions give rise to distinct, sharp diffraction lines depicted by
dotted curves on the right. The broadened diffraction line, represented by the
solid curve, would be formed by the contribution of these sharp lines, each slightly
offset from the others.[238] The peak broadening is caused not only by the
introduction of lattice distortions, but also by the crystallite size. There are
different methods to measure the broadening such as Warren-Aberlach [240] and

Williamson-Hall, [241] which we briefly describe now.

One can estimate the broadening of the peak by considering the combined effects
of instrumental broadening, B;,.s:» Which can be determined through experimental

measurements, the broadening resulting from the size of the crystallite, 55, which

0.91
D cos 6

can be computed using the Scherrer equation, B, = ( ) (Eq. 2-7), and the

broadening caused by strain, s =4&stan6 (Eg. 2-8). Contributions from

instrumental effects, micro strain and crystallite size can be separated in a
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straight-forward fashion if the peaks are Gaussian or Lorentzian shaped.[238] For

Lorentzian peaks,
B = Binst + Bs + Bp (EQ. 2-9)

For Gaussian peaks,

B% = Binsc- + Bs° + Bp” (Eq. 2-10)

In our case, the peaks fit better to a Lorentzian function. Therefore, we can
write:

091
D cos 6@

B = Binst +4ctanf + (Eq. 2-11)

When multiplying for cos 6, we obtain:

(B — Binst) cos 0 = 0'%1 +4esin@ (Eq. 2-12)

The plot depicted in Figure 2-18 allows for the distinction between size and strain
components by plotting (8 — Binst) cos @ as a function of sin 6. This graphical
representation is commonly referred to as a Williamson-Hall plot and operates
under the implicit assumption that the peak shapes adhere to the Lorentzian
distribution.[238]

(B — Binst) cos 6 |

o
»

sinf
Figure 2-18 - Williamson-Hall plot, where the intersection of the fitting line with
the y-axis represents the crystallite size, and the slope represents the microstrain.



Strictly speaking, we should distinguish between grain size and crystallite size.
The latter typically refers to the ‘coherent diffraction domain size’, i.e., the size
that could be estimated with the W-H method or with the Scherrer equation.
However, it is possible than a grain would be formed by different crystallites.
Nevertheless, such detailed studies are not carried out in this Thesis, and both

terms would be used indistinctively.

In this Thesis, we focus on the deposition of Al2Os thin films with thickness
of 10-200 nm. For this reason, Grazing Incidence X-ray Diffraction (GIXRD) was
chosen, since it has a lower penetration of the X-rays in the coatings, due to the

use of a constant low incidence angle, close to the critical angle.
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Figure 2-19 — a) Schematic of GIXRD. b) XRD pattern of a film with (dark purple
line) and without (blue line) the Si (311) contribution.

In this Thesis, all the diffraction measurements were performed using
GIXRD, whereby the detected planes exhibit a variable angle that changes with
the surface. In the schematic on Figure 2-19a, the X-rays hit the sample surface
under the small angle 8,. In this Thesis, 6; = 0.5° and with this configuration the

angles can be related by the following expressions:

Oinc = Hdiffr (Eq. 2-13)
6, = 0, — 6, (Eq. 2-14)
93 = Qdiffr + 92 (Eq 2-15)

0, = 20, — 0, (Eq. 2-16)
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The Si substrate displays a sharp peak at ca. 53°, and a broader peak
around 56°, with the former being identified as originating from Si(311) planes,
see Figure 2-19b. The appearance of these Si contributions can be avoided by
changing the orientation of the Si substrate against the incident beam. The
intensity of this peak is maximum if the (100) wafer is oriented with the (110)
plane towards the X-ray beam. In these circumstances, the 311 plane gives 6, =
25.2°. Since the incident angle is 0.5°, the angle between the beam and the Si
(311) plane in the substrate is 6;,. = 0, + 6, = 25.7°, which agrees well with the
observed peak at 260 = 51,4°. Only the Si(311) Si planes create a substrate peak
in the GIXRD pattern, since only this plane is hit by the grazing X-rays
approximately under their Bragg angle 6.[242] However, a rotation of the Si
substrate by an angle @~45° around an axis perpendicular to it leads to the
disappearance of that contribution, as it can be observed in Figure 2-19b (blue

line).

It is important to find out why no other planes from the Si (100) substrate
are not detected. The angle ¢ between an hkl plane of the Si and the surface of

the (100) wafer can be calculated using the scalar product of the vectors, as:

(h,k,1)-(1,00) = (h+0+0) = VhZ + k2 + 12 -V12 + 02 + 0% - cosg,

In addition, the Bragg’s law has to be true for the interplanar distance of the hki
plane that we are considering (dna). Therefore, we can calculate the Bragg's
angle for that plane, ¢, re-writing Eq. 2-5 as:

A
@, = Sin‘l( )
2dpp

The peak will be detected only if Gnc=¢1+0.5 and ¢, are relatively close.

Table 2-4 shows the values of these angles. It can be observed that the plane
that shows the lowest value of angle difference is the (311), which explains why
only that peak from the substrate is detected. An in-plane rotation of 45° of the
wafer makes this peak disappear since the interplanar distance is not oriented

properly respect to the incident beam.



Table 2-4 — Information about the peak position (260), plane spacing (danx) and
Miller indices (hkl) for Silicon (JCPDS Card No 00-005-0565). The angles with
the (100) plane, and the difference with the Bragg’s angle are calculated.

o dnie (A) h " : Oinc=(21+0.5 Bragg’soangle Diffe(r)ence
) j2(°) )
28.419 | 3.138 1 1 1 55.2 14.2 41.0
47.305 1.92 2 2 0 45.5 23.7 21.8
56.102 | 1.638 3 1 1 25.7 28.1 2.3
69.171 | 1.357 4 0 0 0.5 34.6 34.1
76.37 1.246 3 3 1 47.0 38.2 8.8
88.056 | 1.1083 4 2 2 35.8 44.0 8.3
94.972 | 1.045 5 1 1 16.3 47.5 31.2
106.731 | 0.9599 4 4 0 45.5 53.4 7.9
114.126 | 0.9178 5 3 1 32.8 57.1 24.3
127.568 | 0.8586 6 2 0 18.9 63.8 44.9
136.925 | 0.8281 5 3 3 40.8 68.5 27.7

In this Thesis, GIXRD was performed in a Bruker D8 Discover in parallel

beam configuration, using a Cu Ka source operated at 40 kV and 40 mA. All the

measurements were acquired in grazing incidence mode (0.5°) from 26=20° to

75°, with a step size of 0.02°. XRD patterns were acquired at ¢ angles (rotation

of the sample in the holder) of 0° and 45° to record or avoid the signal from the

Si substrates (forbidden 311 reflections at 26~53°), respectively.[242,243]
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2.4.2 Specular X-ray Reflectivity
Specular X-ray Reflectivity (XRR) is a non-destructive technique used to
determine the thickness, surface and interface roughness, and density of films,

whether they are single-layer or multilayer, regardless of the film's crystallinity.

thickness

=]

roughness of
bottom interface

roughness of
top interface

log (intensity) (Counts)

26 (°)
Figure 2-20 — XRR pattern and respective information that can be obtained from
it. Adapted from [244].

XRR involves measuring the intensity of an X-ray beam reflected from a
surface relative to the intensity of the incident beam, with a grazing angle (0).
When the incident beam is below the critical angle, total reflection of x-rays will
occur. This corresponds to the edge in Figure 2-20, which gives information about
the density of the film. However, if the incident beam is above the critical angle,
some photons will penetrate the sample through refraction due to the differences
in density, while others will be reflected at the surface. The Kiessig fringes are
created through the interference of X-rays that have been partially reflected from
both the air-film and film-substrate interfaces. When the surface roughness
increases, the amplitude of these fringes decreases.[245] The frequency of the
fringes seen in a XRR pattern is proportional to the thickness of the film (i.e. the
thicker the film, the higher the frequency of the fringes). The roughness is given

by the decay of the Kiessig fringes. When the surface of the film is rough, it



scatters the reflected X-rays and reduces the intensity of the fringes. Additionally,
the reduction in fringe intensity is proportional to the roughness of the film surface.
However, determining the thickness of a rough surface becomes challenging
because the decrease in intensity masks the oscillation pattern.

In this Thesis, XRR was performed to analyse Al203 films using a
PANalytical X’Pert Pro with Cu-Kq radiation (A = 0.154 nm) equipped with a knife
edge collimator, which avoids the inhomogeneity of the film by reducing the
footprint of the beam. GenX 3.6.3 software was used to fit the data and obtain
the density and thickness of the films. The measurements and data fitting were

performed by Yves Fleming at LIST.
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2.4.3 Ellipsometry

Ellipsometry is a non-destructive technique used to determine the optical
properties of thin films. This technique relies on the change of polarization of light
upon reflection or transmission at an interface. As a result of the interaction
between the sample and the light, the polarization state of the reflected beam will
be altered compared to its initial state, as seen in Figure 2-21a.

a) b)

Light source  p Detector

/-

pral
N

Elliptical
polarization

Linear
polarization

Figure 2-21 — a) Ellipsometry measurement demonstrates the use of linearly
polarized light directed at the sample with both p- and s-components of
polarization. As the light interacts with the sample, the reflected p- and s-
polarizations exhibit varying amplitudes (¥, degrees) and phases (A, degrees),
resulting in the generation of elliptically polarized light.[246] b) An incident light
beam interacting with the interface separating air and a material characterized by
a complex refractive index N2. Adapted from [247]

When dealing with polarized light, the electric field can be split into two
components, parallel and perpendicular to the plane of propagation, known as p
and s polarization, respectively. Once the beam enters the second medium from
the first, the reflection coefficients for p-waves and s-waves according to Fresnel
are given by:[247]

__ Njcos¢,—Nycosg,

" N,cos ¢, +Nqcos 4,

(Eq. 2-17)

N

__ Njcos¢,—N;cosg,
P Njcos ¢, +N,cos ¢,

(Eg. 2-18)

Where N, and N, are the complex refractive indices from the first and second
medium, respectively, see Figure 2-21b. The complex refractive index, N, is

composed of both real and imaginary part, N =n + ik (Eg. 2-19) being n the



refractive index, k the extinction coefficient and i the imaginary number. ¢, and
¢, represents the angles of incidence and refraction, the latter can be obtained

using the Snell-Descartes equation. [247]

The change in polarization of the light is described using the ellipsometric
parameters, W (psi) and A (delta). W is the amplitude ratio of the reflected or
transmitted p-polarized light to the s-polarized light, while A is the phase
difference between the two polarizations. These parameters are derived from

these reflections’ coefficients using the following equation:

—:—’S’= tan( p)e'® (Eq. 2-20)
Once a sample is measured, a model is developed to obtain the properties of the
film. This model utilizes Fresnel's equations to calculate the expected response,
incorporating the sample's thickness and optical constants. In cases where these
values are unknown, initial estimates are used for preliminary calculations. The
calculated values are then compared to the experimental data to assess the

model's accuracy.

In this Thesis, the refractive index and the thickness of the films were
measured using an Alpha-SE Ellipsometer from J.A. Woollam. The
measurements were performed using angles of incidence of 75°, 70" and 65° in
reflection. The optical data was modelled and fitted using CompleteEASE
software and taken at 632.8 nm. The model consisted in a three-tiered layer
composed by the silicon substrate, followed by Al2O3 described by an absorbing
film (B-Spline), and finally an effective medium approximation (EMA) to simulate

the roughness of the film.
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2.4.4 Stylus profilometry

Stylus profilometry is a widely used characterization method ideal for
measuring the thickness of the film (height difference between the top of the film
and substrate), and assessing the topography and roughness of the surface. In
addition, the residual stress of the film can be measured, which is a critical factor
to evaluate the stability of the coating and its adhesion to the substrate. This
method involves measuring the vertical movement of the stylus as it is moved

horizontally (scanned) across the sample surface.

Most films tend to generate a persistent state of stress caused by various
factors including thermal stress (o), intrinsic stress (o;,:), and extrinsic stress

(0.xt). The total stress is a sum of all these contributions.

Ototal = Oext T Oen + Oine (EQ. 2-21)

Thermal stress occurs when a coating experiences a thermal gradient, resulting
from a disparity in the thermal expansion coefficients between the substrate and
the film material. The presence of intrinsic stress in thin films can be attributed to
the microstructure of the coating, which is in turn influenced by the bonding
between the substrate and the film.[248] There are misfit stresses arising from
lattice mismatch, and impurities can cause contraction or expansion effects
through the occurrence of point defects. Additionally, the stress can be influenced
by factors such as the bombardment of working and reactive gases during the
growth of the film, as well as the deposition process itself. Finally, extrinsic stress

is due to external loading.[248]

Thermal and intrinsic stresses are a phenomenon that occur due to film
deposition, which causes a substrate to bend and alter its original shape. If the
film tends to contract parallel to its surface, then it results in tensile stress (Figure
2-22b), whereas expansion parallel to the surface causes compressive stress
(Figure 2-22a). The magnitude and sign of this stress depend on various factors,
including deposition rate, particle energy, film thickness, and the chemical and

physical properties of the material incorporated.[249]
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Figure 2-22— Schematic of the residual stress present in thin films and how it
affects the curvature of the substrate. When a film has a propensity to expand, it
leads to the development of compressive stress (shown as (a)), while a film that
has a tendency to shrink generates tensile stress (shown as (b)). Adapted from
[250].

The amount of bending or deflection can be evaluated by determining the change

in the substrate’s curvature radius. The cantilever beam method, developed by
G. Gerald Stoney, can then be utilized to estimate the residual stress (o) by the

following equation: [251]

E t52[1 1

e le - R—] (Eq. 2-22)

1

o=-

6

In the equation, ts and tr represent the thickness of the wafer and film,

respectively. Rs and Rr denote the radius of curvature of the sample previous and

after deposition, respectively. Lastly, E and v stand for the Young's Modulus (130
GPa) and the Poisson's ratio (0.28) of the silicon substrate. [252][253]

In the present work, the residual stress in the films was quantified by evaluating
the radius of curvature of the samples with a KLA Tencor P-17 benchtop stylus
profiler system equipped with a diamond stylus operating at 20 um/s scan speed,
a 200 Hz sampling rate, and with an applied force of 2 mg. The scan length was
1 cm, and each sample was measured four times. Stoney's equation was utilized

to calculate the surface stress created by the coating.
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2.4.5 Atomic force microscopy

Atomic force microscopy (AFM) is a technique of surface analysis used to
obtain images of micro/nanostructured films with resolutions on the order of
fractions of nanometres. The basic working principle of AFM relies on a flexible
cantilever with an integrated sharp tip (radius of around 10 to 50 nm) that scans
the surface by means of a xyz scanner. Figure 2-23 shows a schematic with a
representation of a typical AFM.

AFM is based on interacting forces between the sample and the tip
influencing the bending of the cantilever. Such forces can be mechanical (due to
contact), magnetic, electrostatic, Van der Waals, etc. The bending of the
cantilever results in the displacement (or deflection) of the reflected laser beam
position on the photo-detector with respect to its equilibrium position. The
cantilever deflects downward and upward by net repulsive and attractive forces,
respectively. The back reflected light is directed to a four-quadrant photodiode,

which measures the cantilever deflection.

Tapping mode or AM mode is typically used for topography. This mode
reduces the wear and damage of the tip. Since the tip contacts the sample during
part of the cantilever oscillation cycle it enables high resolution and fast scanning.
In the last years, there was a great development in the AFM field with the
introduction of the bimodal amplitude modulation-frequency modulation (AM-FM).
The AM-FM provides knowledge about viscoelastic information, and elastic

information such contact stiffness and Young’s and storage modulus.[254][255]
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Figure 2-23 — Schematic of control in AM-FM Mode. Adapted from Hurley et al.
[256].

In order to excite two cantilever resonances simultaneously, two distinct
excitation signals represented by blue and red curves on the right are combined
(Figure 2-23). The resulting cantilever deflection is depicted by the purple curve
on the left and analysed to ascertain the response at each resonance. One of the
resonances, Resonance 1, operates in normal tapping or AM mode as indicated
by the blue box. The vertical feedback loop for standard tapping mode topography
is controlled by the amplitude Ai. Additionally, the values for loss tangent are
given by A1 and the phase @i1. Resonance 2 operates in FM mode denoted by
the red box. Changes in resonance frequency determine elasticity and stiffness,
while changes in the amplitude A2z provide information about viscous or
dissipation. [256]

Before the tip of the cantilever interacts with the sample, the first
eigenmode of the cantilever is excited at or near its resonant frequency f; with a
large amplitude (usually about A1 free * 100 Nnm). Meanwhile, the second or higher
eigenmode is excited near its resonant frequency fz, but with a significantly
smaller frequency. The first and second eigenmodes have different spring
constants ki and kz, and quality factors Q1 and Qz, respectively. As the cantilever
approaches the sample, the deflection signal of the cantilever is measured and
analysed by a lock-in amplifier. This analysis allows for the determination of the
amplitude A; and ¢ response of the first eigenmode, which is used to calculate
the effective storage modulus of the interaction (Eerf) and the tip radius (r), which

is calculated using the following equation: [257]
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Err = %\/% ( 1 Lcosq)1> (z—fz) (Eq. 2-23)

Q1 Aiset f2

During the measurements, the geometry of silicon AFM tip changes when used
and tends to affect the measurement accuracy. In our case, this change is mostly
caused by the alumina film that has a high stiffness. Since the tip was not
calibrated, the values of the modulus varied with time and they were not fully

reliable.

The AM-FM mode of the MFP-3D Infinity AFM from Asylum Research was
utilized to obtain images of the nanomechanical and topography characteristics
of the Al2Os films coated with Au NPs. The measurements were performed under
standard ambient conditions (at RT and relative humidity of approximately 50%)
using a standard cantilever holder for air operation. 200x200 nm? and 50x50 nm?2
regions were imaged with a 256x256 pixel resolution at a scan rate of 3 Hz. The
tip radius was calibrated (in the beginning and middle of the measurement for a
set of samples) to achieve a value of 72.9 GPa for the Fused Silica reference,
which corresponds to the deformation applied to the sample. To maintain
repulsive intermittent contact mode, the amplitude setpoint was set to Asetpoint/Ao
~ 0.7, ensuring the phase remained below 90°. The measurement of films was
performed by Jo&do Paulo Cosas Fernandes at LIST. The software WSxM was
used to plot 3D images and equalization.[258]

Height-Height correlation function

The AFM images have been analysed under the framework of the so-called
dynamic scaling theory. Basically, the underlying idea is that the characteristics
of a surface are constant regardless space dimension and deposition time if
proper scaling factors are included. In other words, they would show invariance
under a change of scale, which is a characteristic of fractals. Therefore, a surface
is said to exhibit self-similar scaling if the scale factors in the horizontal (i.e. x or
y) and vertical (z) directions are equal. In contrast, the surface is called self-affine
if the scale factors are different in the vertical and horizontal directions. In
addition, the surface is called isotropic if the statistical behaviour of a surface



does not depend on the direction in the surface (i.e., is the same in x than in y).
If this is not the case, the surface is anisotropic, which can be the situation in case

of e.g., the use of a beam bombardment on the surface.[259]

The surface morphology of the coatings was analysed with the height-height
correlation function (HHCF, H(r,t)) in order to estimate the growth parameters
of the deposits: roughness (w), correlation length (¢) and Hurst parameter (a).
This function represents the average height difference squared between any pair
of points, separated by a distance r over an entire AFM micrograph:[260,261]

H(r,t) = {({h(r +r',t) — h(r', )|?) (Eq. 2-24)

Where h(r,t) is the surface height at a point r and time t. The calculation if the
HHCF from the AFM images was performed with Gwyddion software. For a self-
affine isotropic surface, it has been observed that the HHCF behaves differently
in two distinct regions.[262] First, for small values of r, we obtain the following

equation,

r

H(r < §) = 2w? (E)Za (EqQ. 2-25)

The Hurst parameter, also called roughness exponent, is directly related to the

fractal dimension of the surface,as D =3 - a (0 < a < 1).
Second, for large values of r,

H(r >» &) = 2w? (Eq. 2-26)
Several analytic forms for HHCF have been proposed that satisfy the
requirements for a self-affine surface and they are given in the previous two
eguations.[262] For an isotropic self-affine surface, the so-called K-correlation
model and the functional form proposed by Sinha et al. [263] can be used. In this

Thesis, because of its simplicity, we focus on the Sinha functional form:

H(r) = 2w? l1 — exp [— (g)m” (Eq. 2-27)

The two regimes of the HHCF can be observed in Figure 2-24: the first region

behaves following the power law (r « §), and the second as a constant (r > ¢).
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Figure 2-24 — Experimental fitting of the HHCF using Eq. 2-27, and physical
meaning of the of the fitting parameters.

For similar values of w, a small value for the Hurst parameter (o ~ 0) implies a
locally rougher surface, while a higher value (a ~ 1) is correlated with a smoother
surface as seen in the following Figure 2-25a. The correlation length, &, is the
limit between both regimes, and it represents the lateral distance within the
surface heights of any two points that are correlated, also known as the feature
size (see Figure 2-25h).

a) b)

‘m g | vV

Small a (a = 0) X

Figure 2-25 — Interpretation of the parameters obtained from the fitting of the
HHCF. a) Comparison between the local surface morphology for surface with
similar w but different a. b) Schematic of a rough surface with the mean heigh
(h), correlation length (&) and roughness (w). Adapted from [262].

These parameters (w, { and a) are obtained from the fitting of experimental HHCF
curves to Eq. 2-27, as illustrated in Figure 2-26.
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Figure 2-26 - log-log plot of HHCF, H(r,t) as a function of distance r for Cu thin
films on glass substrate at different deposition times (0-45 minutes). Adapted
from [260].

Combined, the three roughness parameters w, ¢, and « completely characterize
a self-affine surface. They are independent, and they vary according to the
process by which a surface is formed. It is common to observe a power-law

behaviour for roughness with deposition time:

w(t)~tF (Eq. 2-28)
Where £ is the so-called growth exponent. An equivalent correlation can be found
for the correlation length:

E()~tY7 (Eq. 2-29)
Where z is referred to as the dynamic exponent. Self-affine surfaces under
dynamic scaling show the following relationship between the different exponents:

a
z=7 (Eq. 2-30)

This condition is called stationary growth. However, this theoretical relation is not
generally observed experimentally. For instance, the roughness parameter «
may vary with time, which leads also to the of local slope. In this case, the growth
is called non-stationary. Some of the deviations from the theory are coming from
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the so-called non-local effects. Thus, scaling arguments work well when the
important growth effects in a deposition are “local”, or only affect nearby surface
heights. A typical example of that is atom diffusion to nearby locations, which
depend on deposition conditions such as activation energy and temperature. In
contrast, non-local effects are of much longer range than local effects. For
instance, shadowing is a non-local process because it depends on the heights of
all other surface features, not just those close. Another non-local effect is re-
emission, which takes place when the sticking coefficient of species to the surface
is lower than 1. In addition, other processes take place during the deposition of a

film which can influence its growth (see Section 2.2).

2.4.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is a popular technique that obtain
images of the sample’s surface or substrate-film interface by scanning it with a
beam of highly energetic electrons produced by a cathode (electron probe) in a
raster scan pattern. The electrons in the beam are accelerated towards the
sample, where they collide with the atoms and molecules of the surface. When
an electron beam strikes and passes through a sample, it is deflected by the
specimen in either elastic scattering or inelastic scattering mode.[264] These
collisions result in the emission of secondary electrons (SEs), backscattered
electrons (BSEs), Auger electrons, and X-rays. The emission of SEs is mainly
originated from the outmost layers of the sample, and therefore it provides
information regarding the sample morphology and topography, while BSEs
highlight differences in the atomic weight of the atoms present in the

samples.[265]

Images of the cross-section of our films were obtained using a Hitachi SU-70
Field-Emission Scanning Electron Microscope (FE-SEM), operating at 15 kV. In
order to reduce the charging effect, the alumina samples were connected with
carbon and copper tape.



2.4.7 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging technique
that uses a beam of electrons to examine the internal structure, at the atomic
level at a very high resolution (higher than SEM). TEM is based on the
acceleration of the electron with a higher voltage source (80-300 kV) under
vacuum through a thin film (thickness < 100 nm) and forms an image (diffraction)

from the transmitted electrons from the sample.

Coherent
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Auger

Secondary electrons
electrons /

Backscattered
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Cathodo-
luminescence
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Incoherent elastic
forward scattered
electrons

Coherent elastic
scattered electrons Incoherent inelastic
scattered electrons

Figure 2-27 — Schematic of the interaction of the electrons with a sample.

When a specimen is struck by a beam, various possibilities can occur, see
Figure 2-27. Some of the electrons collide with the atoms of the specimen and
return in the opposite direction, resulting in what is known as backscattered
electrons. These electrons can be detected and utilized to create an SEM image
of the sample surface, which can offer insights into the material's composition
and topography. Additionally, secondary electrons are those electrons that are
produced when an incident electron excites an electron in the sample. When an
electron leaves the atom, it creates a hole in the atom structure, and it is then

filled by electrons from higher energy levels. This process can cause an excess
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of energy in the atom, which is compensated by either the separation of an
electron from the outer layer of the atom (Auger electron) and/or the emission of
X-rays from the atom. The electrons that pass through the specimen (due to the
small thickness) are the ones that are mostly used in TEM (transmitted electrons).
These electrons can suffer deviations (variation on the outer angle), have
different phase (incoherent elastic) and they can lose energy (incoherent

inelastic).

The column of the microscope comprises a sequence of electromagnetic
lenses and apertures which aim to concentrate the electron beam onto the
specimen and magnify the TEM image onto the display screen or detectors.
Nowadays, contemporary TEMs come with electronic sensors such as CCD
detectors, alongside a retractable fluorescent viewing screen, to capture TEM

images in a digital form.[266]

Bright field (BF-TEM) images are formed by the unscattered electrons
(transmitted electrons) that have passed through the sample. The regions of the
sample that absorb or scatter fewer electrons appear darker, while those that
absorb or scatter more electrons appear brighter. Bright field images provide
information about the overall structure and composition of the sample. On the
other hand, dark field images are formed by the electrons that have been
scattered by the sample. In dark field imaging, a small aperture is placed in the
imaging plane that blocks the directly transmitted electrons. This allows only the
scattered electrons to form the image, which appear as bright spots against a
dark background. Dark field images provide information about the structural
features of the sample that scatter electrons, such as defects, dislocations, or
grains in crystalline materials. Also, high-resolution (HR-TEM) images reveal
details of the atomic structure. It can be created by using both transmitted and
diffracted electron beams to create an interference image and requires smaller
sample thickness (<50 nm or even <10 nm).[267] Additionally, selected-area
electron diffraction (SAED) is formed by the scattered electrons that meet the
criteria of Bragg's condition. Then, they are used to form a diffraction pattern that



can be utilized to ascertain the lattice parameters, the crystal structure and

orientation.

TEM observations in BF, HR and SAED modes were employed for the
characterization of Al203 and the multilayer of Au-Al2Os. Cross-sections of the
Al20s3 thin films deposited on silicon substrates were prepared following the
conventional procedure of mechanical polishing followed by argon ion milling to
electron transparency. Microstructural information was obtained using a LaBs
microscope, JEO 2100 plus, operating at 200 kV. Additionally, the multilayers
were carried out using a JEM - ARM 200F Cold FEG TEM/STEM operating at
200 kV and equipped with a spherical aberration (Cs) probe and image correctors
(point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode). The
measurements were performed by Cristina Rojas and Sylvie Migot at Instituto de

Ciencia de Materiales de Sevilla and Institute Jean Lamour, respectively.
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2.4.8 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a spectroscopic method that
involves measuring the inelastic energy loss of the transmitted electrons by a
specimen when interacts with an electron beam. EELS data consists of the
energy loss spectral information from the specimen, and it can be divided into

three regions, see Figure 2-28:
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Figure 2-28 - Schematic diagram of electron energy loss spectrum showing
typical regions of different energy losses. Adapted from [267].

1. Zero-loss peak: it is the most intense peak and occurs at 0 eV in the

spectrum. This corresponds to the electrons that have no or negligible
energy loss when passing through the sample.

2. Low-loss region: is located between 0-50 eV. It represents the energy

that is lost by the electrons though excitation of valence electrons.
There is also a broad peak, which represents the collective oscillations
of free electrons also known as plasmons. Additionally, other peaks are
observed in this area that corresponds to interband transitions.

3. Core-loss region: situated typically from 100 eV. Here the incident

electron excites the inner-shell electrons (core electrons) to higher

energy levels (unoccupied state above the Fermi level).



When an inner electron receives sufficient energy, it becomes excited but
does not have enough energy to escape into the vacuum. As a result, the electron
jumps to an empty level located above the Fermi level. However, the electron is
not equally likely to occupy any of the available empty states, as the number of
states with a particular energy level is greater than others. Therefore, the shape
of the ionization edge is directly influenced by the distribution of energy levels
available to the electron, which is described by the density of states (DOS), see
Figure 2-29.[206] Two zones can be distinguished in an absorption edge: the
energy loss near edge structure (ELNES) within ca. 50 eV of the edge onset
which are due to bonding effects, and the extended energy loss fine structure
(EXELFS) above some 100 eV the edge onset due to diffraction effects from the
atoms surrounding the ionized atom. [267,268] ELNES can be used to identify

phases like a fingerprint.

Empty states

N(E)

Filled states
Density of states

Near edge fine structure

Extended
fine structure

AE E

Figure 2-29 - Relationship between the DOS and the ELNES intensity in the
ionization edge fine structure (Adapted from William and Carter et al. [267]).

The EELS spectra were recorded in TEM diffraction mode, with a
spectrometer collection angle of 1.02 mrad and with low doses to minimize the
damage produced to the sample. Under these conditions, the energy resolution
of the couple microscope/spectrometer system was ~1 eV. After experimental

acquisition, the data were processed using the Gatan Digital Micrograph
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software. The measurements were made by Cristina Rojas at Instituto de Ciencia

de Materiales de Sevilla.

2.4.9 X-ray photoelectron spectroscopy and method of Tougaard

X-Ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical
technique used to study the atomic composition, chemical bonding, electronic
structure, and band structure of a sample. It provides information about the
surface of a material by measuring the energies of photoelectrons emitted when
a material is bombarded with X-rays. Additionally, the binding energy (BE) of a
core-electron is a distinctive feature for elements in a specific chemical

environment (chemical shift).

In XPS, an ejection of a core-electron from a sample takes place when an
x-ray photon (with energy hv) is absorbed by an electron of the sample with a
lower binding energy (BE, the energy retaining the electron to the nucleus),
leading to a phenomenon called photoionization. As a result of this absorption,
the core-electron will experience excitation to either a bound state (chemical
bounds) or the continuum, where it will become a free particle.
Then, the core-hole undergoes decay through either non-radiative or radiative
processes such as emission of Auger electrons or fluorescence. In one scenario,
the core hole is filled by an electron from an outer shell, and the surplus of energy
is then transferred to another outer shell electron, causing its emission. This
phenomenon is referred to as Auger decay. Alternatively, the core hole is filled
by an electron from an outer shell, resulting in the simultaneous emission of a
photon with energy equal to the difference in BE of the two levels involved in the

electron transition. This is the well-known X-ray fluorescence.

When the energy of the photon is higher than the BE of the electron with
the nucleus, this will lead to a surplus of energy of the emitted electron which is
going to be converted in kinetic energy (Ek). The relation between the binding
energy and the kinetic energy is given by the following equation (excluding the

work functions of the sample and the detector):

BE = hv — Ex (Eq. 2-31)



Conductors (such as metals) during the photoionization process, create a core-
hole leaving a positive charge in the atom. However, the positive charge is rapidly
neutralized as electrons from the surrounding covalent band transition into the
core level, filling the vacant electronic state making the atom more stable. In
contrast, in a case of an insulator sample (such as alumina) challenges arise in
the ability of the sample to neutralise the positive charge created within the
lifetime of the core-hole. Since there isn’t a perfect electrical contact between the
sample and the holder due to the presence of an insulator in between, the
electrons will have difficulty to fill the core-hole left in the atoms and the surface
of the sample charges. As a consequence, slightly lower kinetic energy is

obtained, which in turn shifts the binding energy peak for higher energies.

In the literature, it was found that Au particles with sizes between 1.4 nm
(clusters containing 55 gold atoms) [269] and 1.2 nm (cluster containing 33 gold
atoms) [270] lead to a transition from a metallic state (“bulk-like”) to an insulating
molecular state, respectively. In our XPS results, the gold nanoparticles behave

as bulk materials.

The Kratos Axis Ultra DLD system was used to conduct measurements on
Au-Al203 samples. The surface sample was irradiated with a monochromatic Al
Ka X-ray source (hv = 1486.7 eV) operating at a power of 150 W, with an analysis
area of 700 ym x 300 um. The measurements were performed by Jérdbme Guillot
at LIST. XPS analysis focuses on a depth of just a few nanometres. This small
depth allows for a high level of sensitivity to the surface condition of the sample
being studied. In fact, the technique is so sensitive that it can detect changes at

the atomic level, expressed as atomic percentage.

QUASES-Analyze software was used to evaluate the characteristics of Au
clusters on Al203 coatings (height and coverage). To do so, the shape of the XPS
inelastic peak was analysed to study the growth of Au clusters on Al203 coatings
using the method proposed by Tougaard.[271-273] A more detailed information
is presented on the next section about this approach.
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Method of Tougaard to analyze the shapes of the XPS peaks

The inelastic background in the energy distribution of emitted electrons
depends strongly on the depth concentration profile. To illustrate this, Tougaard
et al. [274] studied four distinct arrangements of copper (Cu) within gold (Au) and
showed that the main difference among the shapes of the spectra was not found

in the peaks, but in the backgrounds, see Figure 2-30.
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Figure 2-30 - Cu2p spectra from Cu atoms with different concentration
distributions in an Au matrix. Adapted from [274].

The electrons in the four scenarios have covered distinct distances within the
solid before exiting its surface, leading to variations in their energy distribution.
When all copper (Cu) atoms are concentrated in a thin surface layer (as in
situation a), only a small number of electrons lose energy, resulting in a high peak
intensity and a low background. On the other hand, in situation d), where all Cu
atoms are located at greater depths, most electrons lose energy and deviate from

the peak energy, contributing to a background signal at lower energies.



Consequently, the background of electrons scattered inelastically exhibits

significant fluctuations as is correlated with the height of the layer.[274]

The measured XPS spectrum J(E,2) is a function of the intrinsic
distribution of the spectrum of a single atom F(E, 2), the number of atoms per A
at depth z (c(z)), and the differential inelastic scattering cross section (K(T) the
probability that an electron shall lose energy T per unit energy loss and per unit
path length. In these expressions, E represents the kinetic energy of the electron,
and Q is the solid angle of the emission. For a reference sample where its depth
distribution is known, the emission spectrum of a single atom F(E,2) can be
calculated using the equation (Eg. 2-32). With the same equation, this spectrum
is then used, for a quantitative analysis, to determine the spatial distribution of
the same element but in a sample of unknown in-depth concentration profile. The
signal attenuation is estimated from the inelastic scattering cross section, K(T)
and the inelastic electron mean free path (IMFP) given/calculated by the TPP-2
M (Tanuma, Powell, Penn 2 Method) formula.[275,276]

F(E,0) = [](E 0) - — [dE'J(E',0) f dse™" E=ED (1 - o ))] (Eq. 2-32)

Where,

P(s) = fc(z)e(%)z(s) dz (Eq. 2-33)

with

Po= [ c(z)eMrresd dz (Eq. 2-34)

Where T=(E-E’) is the energy loss, c(z) is the number of atoms per unit volume
at depth z, 8 is the angle between surface normal and the detector, z/cos6 is the
travelled distance, s is an integration variable without physical significance, }:(s)
and P(s) are the Fourier transform of energy distribution functions. They are
introduced solely for mathematical convenience and have no direct physical

significance. The following expression for the cross-section K(T) was used,

BT
(C+T2)?

IMFP x K(T) = (Eq. 2-35)
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With C= 1643 ev2 and B = 3000 eV2. [271]

The approach employed for the analysis of data is summarized in Figure
2-31 with the respective equations. In this Thesis, a bulk Au reference (Au foil)
was included as a reference which was measured together with each group of
samples. The experimental spectrum of the foil J(E), was first used to determine
the spectrum (F(E)) emitted by a single atom, considering that the concentration
profile c(z) is known for a bulk sample. A correct fit is obtained when F(E) = 0
after the background removal for a wide energy interval 50-150 eV on the low
kinetic energy side of the peak.[277] To accomplish this, it is necessary to have
the IMPF and K(T) as inputs. F(E) represents the single Au atom, and it should
remain consistent between the reference (foil) and the sample. Therefore, it
becomes possible to determine the concentration profile with depth (c(z)) for the
sample, since the experimental spectrum J(E) of the sample had already been
measured. To do so, the background of the spectrum is calculated in order to
obtain F(E) from J(E). The background is calculated assuming a certain geometry
of the Au islands. In our case, the simplest geometry was selected, which is
defined as a rectangular island characterized by height (h) and coverage (c).
Thus, the vertical and horizontal characteristics of islands can be described in
terms of their height and coverage, respectively. It is worth noting that the
coverage affects only the intensity of the spectra, while the height of the island
influences not only the intensity of the peak, but also the distribution of energy in

the background (i.e. the shape of the peak).
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Figure 2-31 - Process for the determination of the height and coverage of the
islands from XPS spectra using Tougaard method. The important equations are
included.

The Au 4f peaks overlap with the Al 2p and Al 2s peaks and the associated
background, making the analysis unreliable. Therefore, the Au 4d peaks were
selected for the analysis. A buried-layer profile was selected for the determination
of the clusters height and coverage, which lead to more efficient description of

the initial steps of gold nanoparticle growth on alumina.
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2.4.10 Time-of-Flight Secondary lon Mass Spectrometry

ToF-SIMS stands out as a limited number of methods capable of precisely
identifying individual compounds present on a surface. The fundamental principle
behind ToF-SIMS is relatively straightforward: when a surface is bombarded with
a primary ion beam, typically a beam of high-energy ions such as Cs*, it induces
the ejection of secondary ions, which can be analysed based on the time taken
for them to fly from the sample to the detector by a time-of-flight mass analyser.
The analyser measures the flight times of the secondary ions to determine their
mass-to-charge ratios (m/z). According to classical physics principles, under a
constant acceleration voltage, ions with lower m/z values will exhibit the highest
velocities and reach the detector first, whereas ions with larger m/z values will
travel at slower speeds and arrive at the detector later. The principal equation for
the calculation of the mass/charge ratio from the time of flight is the following:

Z= (2F)¢2 (Eq. 2-36)
Where m and z are the mass and the electric charge of the secondary ion,
respectively. t is the time of flight, Vs the acceleration voltage (constant), L the
flight distance and e the elementary charge.

This information allows the identification of the different chemical species present
on the surface. By scanning the primary ion beam across the sample surface and
analysing the emitted secondary ions at each point, ToF-SIMS can create
detailed chemical maps of the sample's surface. In this Thesis, the
measurements were done by SC-Ultra, with an impact energy of 1 keV, the
primary beam intensity was 1 nA in a scanned area of 250x250 um?2. The MCsx*
mode (M: element of interest, x = 1 or 2) was used with low mass resolution (400).

The measurements were performed by Nathalie Valle at LIST.



2.4.11 Raman spectroscopy

Raman spectroscopy is a non-destructive technique for chemical analysis.
It is based on the inelastic scattering of photons that occurs when a sample is
irradiated by a monochromatic light with known frequency. Raman spectroscopy
is a subfield within vibrational spectroscopy that enables a sensitive structural
identification of small concentrations of chemicals. This is possible due to the
different functional groups, which have distinctive vibrational energies, also
known as molecular fingerprints.[278] This technique involves measuring the shift
in frequency of scattered light from a sample. This shift occurs when an incident
photon strikes a molecule, resulting in the production of a scattered photon. The
scattered light can either have a higher or lower frequency corresponding to anti-
Stokes and Stokes Raman scattering, respectively.[279] In the case where a
molecule transitions from a ground state to a virtual state and then returns to a
higher energy vibrational state, the scattered photon possesses less energy than
the incident photon, resulting in a longer wavelength. This phenomenon is known
as Stokes scattering. On the contrary, if the molecule is already in a vibrational
state and transitions to its ground state after scattering, the scattered photon has
more energy, which causes a shorter wavelength. This process is known as anti-
Stokes scattering, which is the last common transition to take place, as it
demands the molecule to be in a vibrationally excited state before the photon is
incident upon it.[280] Nevertheless, Rayleigh scattering is the most frequent type
of scattering since it does not require any changes to occur in the vibrational state

of the molecule. [280]

The Surface Enhanced Raman Spectroscopy (SERS) effect of Au-Al203
samples was analysed using a Renishaw inVia micro-Raman spectrometer with
a laser beam of 633 nm, power 10 mW, extended (total time) 10 s, grating 1200
and accumulation of 1 scan (i.e. no averaging of several spectra). It was focused
on a 1 ym? area by a 50x objective lens on the top surface of the film. The
measurements were carried out with several aqueous solutions of Rhodamine
6G (R6G) of different concentrations, which was dropped onto the Au-Al203
SERS substrates. The Raman spectra were measured ranging from 104 to 3200

cm™. The measurements were performed by Simon Bulou at LIST.

81



Chapter 2

82

2.4.12 UV-Vis spectroscopy

The optical properties of Au-Al2O3 were investigated by ultraviolet-visible
(UV-Vis) spectroscopy. The working principle of this method involves the
emission of a broad range of wavelengths of light, which then passes through a
monochromator to select a specific wavelength of light. The resulting beam
passes though the sample, in this case, Au-Al203 or Au@AIl20s3 films deposited
on a glass substrate. When the beam interacts with the sample it can be absorbed
(la), reflected (Ir) and the remaining light is transmitted (l;). The incident light (lo)

can be expressed as the sum of the absorbed, reflected, and transmitted light:

Ip= I, + I, + I, (Eq. 2-37)

Finally, the detector measures the intensity of the light passing through the
sample and converts the amount of absorbed light into a spectrum. The Beer-
Lambert law, also known as the law of absorption, states that the amount of
radiation absorbed by the sample is directly proportional to the thickness of the
absorbing layer.[281,282] The absorbance (A) of the coatings was calculated
through the relation: A = —logT (Eq. 2-38) (being the transmittance T between
0 and 1). Therefore, if there is absorption in the region corresponding to the
wavelength of the red colour, then the substance will be seen as green/blue

because these are their complementary colours.

Optical properties such as transmittance and absorbance of Au-Al2O3 on
glass were investigated using a Perkin EImer LAMBDA 1050 UV/Nis/NIR
Spectrophotometer with a 150 mm InGaAs Integrating Sphere. Transmission and
absorbance spectra were acquired in the range from 1500 to 250 nm. A
spectrometer was used, which included a combination of tungsten-halogen and
Deuterium lamps, as the light source, providing radiation in the visible, near UV

and IR regions.



2.5 Localized surface plasmon resonance

The Au nanoparticles deposited on Al203 show absorbance peaks in the
UV-Vis spectrum, due to the phenomenon of Localized Surface Plasmon
Resonance (LSPR). Thus, when the electromagnetic field of the light reaches the
metal nanoparticle, a part of the incident light is absorbed by moving the
conduction electrons towards the NP surface, creating an electron oscillation as

depicted in Figure 1-2.

The characteristics of the LSPR (intensity, position, width) depend on the
characteristics of the nanoparticles (Au) and the underlying isolator (Al203). In
this section we summarize briefly the origin of the LSPR peak and the influence
of few characteristics of the materials.

When the size of metal particles (R) is much smaller than the wavelength
of light (R << 1), a quasi-static approximation can be applied to nanoparticles of
sizes between 10 to 40 nm.[283] This assumes that the electric field inside the
particles is uniform and neglects any changes in phase of the external driving
field as it passes through the metal particles. As a result, the conduction electrons
inside the particles respond simultaneously and move in phase with each other.
When the electrons are restricted within the NP, they gather on one side, resulting
in an accumulation of negative charge, while the other side accumulates positive
charge, creating an electric dipole. These polarized charges induce restoring
forces, which depends on the amount and distribution of the accumulated
charges and defines the frequency of the oscillations. By applying boundary
conditions at the surface of the nanoparticle, let’'s assume a spherical shape, one
can determine the polarization of the entire sphere resulting from the external

field. The internal field Ei can then be calculated accordingly: [284]

3&m
0 E+2&m

EizE

(Eg. 2-39)

Where E| is the incident electric field, ¢, the dielectric constant of an embedding
medium, and ¢ is the dielectric constant of the sphere. The dipole moment p
induced by the external field can be calculated as p = ¢,,aE, (Eq. 2-40); the

polarizability of a sphere, o, determines how strongly a particle scatters and
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absorbs light, and also the degree to which the incident field is enhanced in the

vicinity of the particle. The polarizability is defined as:[284,285]
a= 4n80R3% (Eq. 2-41)

Where R is the radius of the nanoparticle and ¢; is the dielectric constant of the
nanoparticle. When a plane wave comes into contact with a NP, it undergoes
three processes: partial transmission without deviation, partial absorption, and
partial scattering. The total extinction is determined by the sum of the absorption
in the NPs and of the scattering by the NPs. One can calculate the rates of energy
absorption and scattering by the particle and express them in the form of

absorption, scattering, and extinction cross-sections:

Oaps = ko Im(a) (Eq. 2-42)
_ kg 2
Oscat = o lal* (Eq. 2-43)

Oext = Oscat T Oaps (EQ. 2-44)

Where k, is the wavenumber of light in vacuum and Im the imaginary part of the
dielectric constant. The imaginary part is correlated with the loss factor (i.e. the
energy dissipation of the matter).

The surface plasmon resonance possesses a distinct characteristic in that
relies on various factors such as the metal's composition, the size of the

nanoparticle, its shape/geometry, and the medium or environment in which it
exists.



2.5.1 Effect of Nanoparticle Size

Nanoparticles can be categorized into two groups based on their size. In
the case of small NPs (2R < 40 nm), the scattering cross section is minimal, and
absorption is the dominant factor in extinction. On the contrary, larger NPs (2R >
40 nm) tend to have a more significant scattering cross section, which becomes
increasingly important in the extinction cross section. In other words, as it can be
appreciated in Figure 2-32, photon absorption or scattering are the most
important phenomenon behind the overall absorbance peak for small and large
nanoparticles, respectively (most of the overall extinction cross section is due to
the absorbance or scattering cross section in Eq. 2-44). Additionally, a further
increase leads to the broadening of the LSPR.[284] This effect between smaller

and bigger particles can be also observed in Figure 2-32.
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Figure 2-32 - Extinction efficiencies (cext) and scattering cross section (oscat) Of
Au spherical NPs in a medium with a refractive index of 2.0 with an increasing in
the NP size. Adapted from [115].

For small particles, phase retardation and effects of higher multipoles can
be neglected, and the Mie formula is simplified considerably. Mie's expression for

the extinction cross is described in the following equation:[284]

9W£,3,'n/ z Vo g2(w)

c [(e1(W)+2em) %]+ g2 (W)2

Oext(W) = (Eq. 2-45)
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Where V, = ?"R3 (Eq. 2-46) represents the volume of a particle, ; and &, denote

the real and imaginary parts of the dielectric function of the particle’s material,
&n IS the dielectric function of the surrounding medium and c is the speed of light
and w is the angular frequency of the exciting radiation. As observed in the above
expression, the cross section has a resonance at the frequency where the
denominator [(g;(W) + 2&,,)?] + ,(w)? (Eq. 2-47) takes its minimum. This
condition happens when & (w)=-2¢, (Eq. 2-48). [284] The spectral
characteristics, such as the resonance's position and shape, are not directly
influenced by the particle radius R. Instead, they are indirectly affected by the
size-dependent properties of &,,(w). [284] Consequently, the resonance's
position, width, and height provide a viable means for investigating the size-
related variations in the dielectric functions. [284] Specifically, the peak position
relies on ¢; , the peak height corresponds to ¢, , and alterations in the band width

are associated with changes in the refractive index. [284]

Figure 2-33 illustrates the connection between nanoparticle size and
LSPR wavelength.
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Figure 2-33 - Absorption spectra of 9 nm, 22 nm, 48 nm and 99 nm of Au
nanoparticles. Adapted from [286].

Essentially, the red-shift of the plasmon resonance can be attributed to the
decrease in the restoring force caused by an increase in distance between the
positive ions and electrons in the conduction band. Moreover, larger

nanoparticles result in the excitation of higher-order oscillation modes since the



electrons can no longer respond uniformly to the applied field due to retardation
of the field across the nanoparticle. Additionally, another effect comes from the
electromagnetic retardation which results in a broadening of the plasmon
resonance band, which can be seen in Figure 2-33.
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2.5.2 Effect of Nanoparticle Shape

Besides size, the LSPR is also highly dependent on the shape of the metal
NP, which influences the line shape and position of the surface plasmon
resonance.[287] The shape of the NPs is defined by the geometrical

depolarization factors, L; with i = a, b, ¢, and LatLb+Lc = 1. In a sphere, these
factors are defined as L, =L, =L, = % = 0.33, in a spheroid by L, # L, =L,
and a general ellipsoid L, # L, # L. Further information is found in Figure 1-9 in
Section 1.2. The depolarization factors determine the electric polarizability along
the corresponding principal axes. For ellipsoids, the electric polarizability «; for
field direction parallel to the principal axis i=a, b or c is given by the following
equation:[284]
@ (W) = £g o Vetuster (E0. 2-49)

em+leW)—em]

The plasmon resonance condition occurs when the denominator is minimal,
e(w) =¢p (1 — Li) (Eg. 2-50). For a prolate particle excited by an electric field

along their long axis, the relevant polarization factor is L = 0.11 and is smaller
than a sphere (L = 0.33). From the previous equation, we can see that Liis
inversely related to the permittivity, a smaller Li value corresponds to a higher
negative permittivity. Therefore, in the case of prolate nanoparticles, the lower Li
values lead to a higher negative permittivity compared to spherical nanoparticles.
The resonance for such particle requires a more negative permittivity which,
looking at Figure 2-34, will occur at longer wavelengths-the change in the shape
results in the resonance being redshifted. In other words, the increase in the
aspect ratio can be explained by reduced restoring forces between the charges
at the end-sides (i.e. reduction in the depolarization factor) of a prolate. This

causes a decrease in the resonance frequency leading to a red-shift.
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Figure 2-34 - Au dielectric permittivity for bulk gold as a function of wavelength.
Adapted from [288].

As we can see, the surface plasmon resonance frequency is affected by the
shape of the NP (through L). This changes in the particle shape led to different

resonance conditions, illustrated in Figure 2-35.
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Figure 2-35 - Absorption spectra for a sphere, oblate and prolate. The relevant
shape factors are shown. Adapted from [285].

Figure 2-36 shows the optical properties of Au nanostructures of various
sizes and shapes that are stabilized with cationic surfactants in aqueous
solutions. It is observed that Au nanospheres and nanocubes have a single
surface plasmon peak. However, Au nanobranches, nanorods, and
nanobipyramids show two significant surface plasmon peaks. One of these peaks
corresponds to electron oscillation along the transverse direction, while the other

corresponds to electron oscillation along the longitudinal direction.[287]
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Figure 2-36 — (top) TEM images of Au nanoparticles with different shape and
sizes a) Nanospheres b) nanocubes c) nanorods (AR = 2.4) d) nanorods (AR =

3.4) and e) nanorods (AR = 4.6), and (bottom) normalized extinction spectra from
the above structures. Adapted from [287].



2.5.3 Material dependence

As it was previous mentioned, the dielectric properties of the NPs also alter
their SPR. Nanoparticles with similar shapes and sizes exhibit plasmon
resonances at different wavelength positions for different materials, which is the
case of Au and Ag, for example. Both have the LSPR wavelength located in the
visible region, but they have different dielectric constants, as we can see in Figure
2-37 (Ag) and in Figure 2-34(Au).

In general, the imaginary part of the dielectric constant affects the LSPR

strength (LSPR peak intensity) and the real part the plasmon frequency (LSPR
peak position).[289,290]
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Figure 2-37 - Dielectric permittivity for silver bulk as a function of wavelength.
Adapted from [291]
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2.5.4 Effect of surrounding media

The frequency of plasmon resonance is strongly influenced by the
dielectric characteristics of the medium surrounding the NP; the presence of
electric fields around the NP surface also induces the polarization of the
surrounding medium. As evident from the equation & (w) = —2¢,,, (Eq. 2-48) if
the dielectric constant ¢, of the surrounding medium is raised, it leads to a rise
in the negative value of & (w) to satisfy the plasmon resonance requirement,
consequently resulting in a displacement towards longer wavelengths, i.e., red-
shift, of the plasmon resonance, as depicted in Figure 2-38. This means that an
increase in the dielectric constant of the medium results in a lowering of the
Coulombic restoring force on the displaced electron cloud, which causes a

decline in the plasmon resonance frequency.
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Figure 2-38 - Half-width of the dipolar resonances of different sizes of Au
nanoparticles versus the respective peak position for a refractive index of 1.5, 2.0
and 2.5. Adapted from [115].

Understanding the impact of substrate interaction on plasmon resonance
properties of nanoparticles is crucial, as nanoparticles are typically synthesized
on surfaces. However, this introduces additional complexity to electromagnetic
modelling, as the asymmetric environment (substrate-air) needs to be taken into
consideration. To investigate the interaction between a 10 nm Ag sphere and a
10 nm thick mica substrate, Lance Kelly et al.[292] employed the discrete dipole

approximation (DDA) method, which is used for isolated NPs of arbitrary shape



and complex surrounding environments. The sphere was surrounded by vacuum
until it was fully encased by mica and observed the highest SPR peak. As
depicted in Figure 2-39, the LSPR wavelength experiences a red-shift as the
sphere transitions from being free to full embedded (100%). This demonstrates
the influence of the substrate on the position of the LSPR peak, which can be
essential in tuning the wavelength. [292]
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Figure 2-39 - The DDA findings involving a sinking sphere model that examines
the displacement caused by a substrate. Specifically, a metal core is gradually
submerged into a semi-spherical piece of mica, positioned at intervals of 0, 5, 10,
and 15 nm from the edge, along the diameter of the core. Adapted from [292].
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3. Alumina coatings

In this chapter, we focus on the deposition of Al2Oz using HiIPIMS, MF, and
MF+HIPIMS power sources, while implementing a feedback control system to
regulate the O flow and mitigate target poisoning. The research investigates how
substrate temperature, sputtering power, and source type impact the properties
of Al203 thin films. The presented work has been published recently in Surface
and Coatings Technology, and it is entitled “Tuning the characteristics of
Al20O3 thin films using different pulse configurations: Mid-frequency, high-power

impulse magnetron sputtering, and their combination”.
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3.1. Deposition conditions

In the deposition of alumina two different power sources were used, namely
High-Power Impulse Magnetron Sputtering (HIPIMS), and Mid-Frequency (MF).
To achieve efficient deposition of stoichiometric Al2Os films, an active feedback
reactive sputtering controller (Speedflo, Gencoa Ltd.) was utilized, where the flow
of O2 was constantly adjusted to prevent the poisoning of the Al target and to
achieve films with a high O concentration at an ideal deposition rate. For that, the
hysteresis behaviour during HIPIMS and MF operation was recorded with plasma

emission monitoring (PEM) technology.

In Figure 3-1 shows the hysteresis curve acquired during HiPIMS process (2000
W) in an Ar atmosphere (50 sccm) with the variation of Oz from 0 to 50 and back
to 0 sccm at a constant rate. The curve can be divided into three sections:
metallic, compound, and poisoned modes. For the deposition of the alumina films,
the setpoint was adjusted to 10% on the PEM sensor, and the deposition was
carried out in the compound region. It is worth noting that this hysteresis exhibits

the same shape as the one presented in Figure 2-5 of Chapter 2.
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Figure 3-1 - Hysteresis plots (PEM signal vs O2 flow) obtained for a HIPIMS
process at 2000 W in an Ar/Oz atmosphere at 450°C.

The depositions were performed at two different temperatures, namely
450°C for HIPIMS and 200°C and 450°C for MF, with three different power



settings: 2000 and 2500 W for both HiPIMS and MF, and 3500 W for MF. During
the experimental process, the current and voltage were continuously monitored
using a Teledyne Lecroy HDO4054 oscilloscope. The discharge-current
waveforms for HIPIMS, MF, and MF+HiPIMS were obtained and are shown in
Figure 3-2. The current oscillations observed during MF operation were relatively
small in comparison to the high intensity of each peak during HiPIMS deposition.
For clarity, the MF signal (Figure 3-2b) was amplified by a factor of 10. As shown
in Figure 3-2a, one HiPIMS pulse was applied every millisecond, while 40 pulses

were applied during the same period in the case of MF (Figure 3-2b).
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Figure 3-2 - The waveforms of the target and current were recorded for different
operations. a) HiPIMS. b) MF with the current multiplied by a factor of 10. c)
shows MF+HIPIMS with 5 MF pulses. d) shows MF+HIPIMS with 10 MF pulses.
The average power for each source was set at 2500 W.

The MF+HIPIMS setups (Figure 3-2c¢ and d)) combine both sources,
operating at 2500 W each, resulting in a total power of 5000 W. To achieve this,
MF pulses (5 and 10) were alternated during the off-time between consecutive
HiPIMS pulses. Thus, the power of individual MF peaks in the MF+HIPIMS setup
is 8 and 4 times greater than in the MF alone condition, respectively (as evident
from the higher current and voltages in Figure 3-2c and d as compared to Figure
3-2b. It should be noted that in the MF+HIPIMS configuration, there is a slight
disturbance in the current of both MF and HiPIMS sources when the other source
is in operation (as shown in the lower part of Figure 3-2c and d). This is a result
of the experimental setup of the sources and the oscilloscope and does not imply
that either of the sources is supplying current to the targets when they are not in

operation.
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Table 3-1 sums up the main deposition conditions for the two power sources and several features of the Al20s3 films at different
temperatures, such as deposition rate, grain size estimated from the broadening of the (400) and (440) Al203 peaks, residual stress,
refractive index (for A = 632.8 nm) and density.

Table 3-1 — Information on the synthesis conditions and characteristics of Al2Os films, including the grain size calculation from the
broadening of the 400 and 440 diffraction peaks of Al20s.

- Grain Grain . Refractive
Source Power Voltage 'Lc\:\ﬁrri?‘? Temperature Thickness Deprc;_:,étlon size size Rstsrfsusal index Density
(W) V) A) (‘C) (nm) (nm/min) (nm) (nm) (GPa) (A=632.8 (g/cm?3)
(400) (440) nm)
MF 3500 350 9.2 200 386 6.4 - - -20+0.1 1.628 2.99 £ 0.08
MF 2000 341 5.4 450 193 7.6 6 7 -0.7+03 1.706 2.99 £ 0.08
MF 2500 349 6.8 450 185 9.8 7 7 -05+0.1 1.689 2.96 £ 0.08
MF 3500 364 8.9 450 202 12.9 7 7 -5.3+0.5 1.708 3.20 £ 0.08
HiIPIMS 2000 840 2.3 450 194 1.6 6 5 -6.9+0.2 1.706 3.38£0.09
HiPIMS 2500 931 25 450 205 1.8 5 5 -10+1.6 1.740 3.54 +0.09
MF+HiPIMS MF
2500 440 5.10
5 Pulses 450 168 4.7 5 5 -
HiPIMS 909 262 -451+1.3 -
2500 )
MF+HiPIMS MF
2500 386 5.95
450 227 9.1 6 6 - -
10 Pulses HiIPIMS 90 262 -4.10£ 0.6
2500 5 :




3.2.XRD analysis

Figure 3-3a shows grazing incidence patterns of Al2O3 films deposited at
different temperatures and powers using both sources, where the diffraction
peaks of y-Al203 reference (JCPDS Card No. 00-050-0741) are indicated by
vertical lines. All the patterns have similar backgrounds. The narrow peaks and
the hump between approximately 50° and 56° are due to forbidden diffractions of
the Si substrate. These peaks can be effectively eliminated by rotating the
samples by 45° in the holder, as shown in the patterns of the rotated samples in

Figure 3-3b.
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Figure 3-3 — XRD patterns of Al2Os films deposited by MF, HIPIMS and
MF+HIPIMS at various temperatures (450°C, except indicated otherwise) and
powers (indicated in W next to each pattern). The position of a reference of y-
Al20s is indicated by dotted lines. In the case of MF+HIPIMS an average power
of 2500 W was set for each source for both 5 and 10 pulses. a) without rotation
b) with rotation of 45°.

Except for the MF sample deposited at 200°C, which remained amorphous even
after a higher power deposition (3500 W), all the patterns display peaks that
agree with the y-phase reference. This suggests that the degree of crystallization

is greatly influenced by the substrate temperature. The (311), (400), and (440)
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planes of vy-Al2Os can be identified from the three peaks observed at
approximately 37.5°, 45.6°, and 66.6°, respectively. Zhou et al. [293] obtained
similar findings for Al20s films deposited via twin targets reactive HiPIMS.
Regardless of the source and power used, all films deposited at 450°C (cf. Table
3-1) exhibited similar grain sizes (5-7 nm) for the (400) and (440) planes,
suggesting that the influence of these parameters on the grain size is limited. This
observation aligns with the significant variation in grain size resulting from a
decrease in deposition temperature to 200°C. Moreover, the contribution of
microstrain to peak broadening is likely insignificant, as the grain size calculated
for two distinct peaks is comparable. The integrated intensity of the main peaks
of alumina and the Si hump, after background subtraction, is depicted in Figure
3-4.

T a C=- HiPIMS
30001 L L e L 3000
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Figure 3-4 — Integrated intensity of peaks of Al2O3 located at a) 37°, b) 46° and
c) 67°, and d) for the silicon peak from Figure 3-3.

The intensity of the Al2Os peaks undergoes a significant increase for films
deposited by MF at 3500 W when the deposition temperature is elevated from
200°C (green point) to 450°C (light blue line). This disparity indicates a contrast
between two films of varying characteristics (amorphous versus nanocrystalline).
The increase of MF power from 2000 to 3500 W also induces an increase of the
intensity of the diffraction peaks (cf. all blue line in Figure 3-4) for films deposited
at 450°C. Nevertheless, the effect of varying MF power on the intensity of the
Al203 peaks is less pronounced than that of temperature, underscoring the

greater influence of deposition temperature on the crystallinity of Al2O3 films



relative to deposition power. The resemblance between the intensity of peaks for
films deposited at 2000 and 2500 W suggests that the impact of magnetron power
is insignificant relative to substrate heating under those sputtering conditions.
Films deposited by HIPIMS exhibit a further increase in the intensity of all the
Al203 peaks, particularly at higher deposition power (red line in Figure 3-4).
Notably, the intensity of all Al2Os peaks evolves consistently, i.e. there is no
redistribution of intensities among peaks or nor presence of new peaks in the
patterns. This implies that the changes in Al2O3 peak intensities cannot be
attributed to effects of modified texture or preferential growth. Given that all films
possess equivalent thickness and similar grain size (i.e. peak broadening), the
most plausible explanation for this observation is that films deposited by HiIiPIMS
and/or higher deposition power exhibit a higher density of diffracting elements
(i.e. grains). Figure 3-5 provides a visual representation of this concept. It shows
two films with identical thickness and comparable texture and grain size, but with
differing grain density. This model accounts for the behaviours of the Si peak,
which declines concurrently with the growth of the Al2Os peaks (cf. Figure 3-4d).
The explanation is that the greater presence of diffracting elements in Al2Os3 films

diminishes the amount of radiation that reaches and/or leaves the Si substrate.
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Figure 3-5 — Schematics of two films with identical texture, thickness, and grain
size, but different grain density. An increase in the density of y-Al2O3 grains, from
left to right, is observed in films deposited by HIPIMS rather than MF or at higher
deposition powers. The red arrows represent the incoming and outgoing X-ray
beams. It is illustrated how increased grain density contributes to a reduction in
the amount of radiation that reaches and/or leaves the Si substrate.

The intensity of Al2O3 peaks in the MF+HIPIMS configuration (represented by
purple triangles in Figure 3-4) falls between the HIPIMS and MF at 2500 W
configurations but is closer to the MF configuration even for the Si peak.
Moreover, the sample with 5 pulses has a higher grain density when compared
to the one with 10 pulses. The XRD patterns reveal a shift of the diffraction peaks
among films, which can be attributed to the induction of residual stress during the

deposition process.[293] [294] Figure 3-6 provides an example illustrating the
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shift to lower angles of the (400) Al2O3 peak for a film deposited by HIPIMS, when
compared with one deposited by MF. This shift suggests a higher compressive
residual stress in the former sample. This phenomenon will be discussed in detalil
later.

70
1 — HiPIMS 2000 W
60 —— MF 3500 W

Intensity (CPS)

41 42 43 44 45 46 47 48 49
20 (°)

Figure 3-6 — A close-up view of the (400) peak of alumina for films deposited
under various power conditions by HIPIMS and MF.

3.3. TEM analysis

In order to conduct a more thorough investigation of the model depicted in
Figure 3-5, HRTEM and EELS analyses were performed on select samples (MF-
3500W-200°C, MF-2500W-450°C, MF-3500W-450°C, and HiPIMS-2500W-
450°C). Figure 3-7 displays HRTEM images of these films, along with the
corresponding FFT patterns. The results are consistent with those obtained from
XRD (Figure 3-3). Specifically, the film deposited at 200°C (Figure 3-7a) is found
to be amorphous, as evidenced by the presence of only a diffuse halo in the FFT
and the absence of any identifiable alumina planes. On the other hand, the other
three images indicate that the films are polycrystalline, with various planes being
directly measurable in the images (e.g. 1.98, 2.38 and 4.48 A), which correspond
well with the interplanar distances reported for the (400), (311) and (111) planes



of y-Al203 [JCPDS Card No. 00-050-0741]. In fact, the FFT patterns display
distinct points that align with the reference of y-Al2O3 (dashed red lines). However,
the number of points detected in the FFTs increases when higher deposition
power (Figure 3-7c) or HIPIMS (Figure 3-7d) is employed, in agreement with the
XRD results (Figure 3-4). In fact, for these two films, points located in diffraction
rings corresponding to the (511) plan can be identified, which are hardly
discernible in the film deposited with MF at 2500W and 450°C (Figure 3-7b).

Figure 3-7 — High resolution TEM images of selected films deposited under
varying conditions. a) MF at 3500W and 200°C. b) MF at 2500W and 450°C. c)
MF at 3500W and 450°C. d) HiIPIMS-2500W-450°C. Insets are shown in the
images, displaying FFTs from the HRTEM images and the red dashed semi-
circumferences highlight the position of the first 8 planes of y-Al2O3 reference
[JCPDS Card No. 00-050-0741]. The Miller Indexes of these planes are labelled
in (a). The scale bars in all images represent 5 nm.

103



Chapter 3

10

=

3.4.EELS analysis

In Figure 3-8, the Al-L edge of the films is compared to a reference of y-
Al203 measured by EELS. The shape of this edge is complex and influenced not
only by the Al2Os phase, [295] but also by the coordination of the Al atom
[295,296] or the presence of defects or vacancies. [296] In addition, the electron
beam can also affect alumina.[295] During the experiment, the occurrence of a
pre-peak in the O-K edge, which is commonly linked to sample damage,[297—
299] was prevented (spectra not shown). However, it should be noted that other
causes for this peak have also been reported. [300] The shape of the Al-L edge
of y-Al203 is consistent with literature reports. [296] The Al-L edge is composed
of two regions depending on the energy level of the excited electron (2p or 2s),
with the L2,3 and L1 edges located at energy losses of approximately 75 and 115
eV and approximately 115 and 130 eV, respectively. [295,301] In the L2,3region,
three peaks can be distinguished, two of which are characteristic of Al spinels
such as y-Al203 located at ca. 79 and 83 eV, as well as a broad symetric peak at
100 eV, which the position/shape is common for many alumina phases. [295] The
shape of the spectra of the films reflects the crystallization process, as interpreted

from Figure 3-4.

MF 3500

Intensity (arb. units)

MF 3500 at 200°C

70 | 8|O | 9|0 | 160 | liO | léO | 1é0 | 14|10 | 150
Energy Loss (eV)
Figure 3-8 — EELS measurement of the Al-L edge of selected films at various
temperatures (450°C, except indicated otherwise) and powers (indicated in W

next to each pattern) with a reference of y-Al203 included at the top.



3.5. SEM analysis

Cross-sectional SEM images of selected films deposited at 450°C by
HIPIMS (top) and MF (bottom) are presented in Figure 3-9.
The left-hand side displays the films deposited at the lowest power (2000 W),
while the right-hand side shows the films deposited at the highest powers (2500
W and 3500 W). Due to the low conductivity of alumina, the image quality is poor,
resulting in charging effects. Despite this, it appears that the films deposited at
2000 W (left column) exhibit a columnar growth pattern. In contrast, the images
for higher powers (right column) show a V-shaped structure, which is related to
an increase in energy provided to the films. These findings align with observations
made by Anders et al. [302] in zone T and zone 2. It is noteworthy that films
deposited at the same power using different sources exhibit similar

microstructure, which may be attributed to the high deposition temperature.

Figure 3-9 — SEM images of cross-sections of Al203 films produced by (a) HIPIMS
at 2000 W, (b) HIPIMS at 2500 W, (c) MF at 2000 W and (d) MF at 3500 W at
450°C. The scale bars for all images correspond to 200 nm.
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3.6. Additional structural properties of the coatings

Additional characteristics of the films and processes can be observed in Figure

3-10 and summarized in Table 3-1.
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Figure 3-10 — Characteristics of the deposited alumina films by MF, HiIiPIMS and
MF+HIPIMS at various temperatures and powers. a) Deposition rate. b)
compressive residual stress. c¢) density. d) refractive index. The reference value
for the density of y-Al2O3 [JCPDS Card No. 00-050-0741] is indicated by a
horizontal line in (c).

Figure 3-10a demonstrates that the deposition rates for HiPIMS-deposited
films (1.6 — 1.8 nm/min) are inferior to those deposited by MF, which progressively
increase from 7.6 to 12.9 nm/min with increasing power. This finding is consistent
with the lower deposition rates typically observed for HiPIMS, which is a
drawback of this power source. [188] Furthermore, a comparison of the films
deposited by MF at 3500 W highlights the impact of the angle amplitude during

dynamic mode deposition. Specifically, the deposition rate for the sample



deposited at 200°C is approximately half of that for the other samples (6.4 vs.
12.9 nm/min) because it was deposited at an angle amplitude of 70° instead of
15°. As a result, the lower exposure of that sample to the target results in a
reduced deposition rate. The implementation of the MF+HIPIMS setup
significantly improves the deposition rate to 4.7 nm/min (5 MF pulses) and 9.1
nm/min (10 MF pulses) compared to the HiPIMS setup (improvements by factors
of 2.6 and 5.1, respectively). It is noteworthy that a higher number of MF peaks
(i.e., lower energy per MF peak) results in a doubled improvement in deposition
rate compared to the HiPIMS-only configuration, almost approaching the values
obtained with MF alone. Since the average power used in the MF discharge is
the same in both cases, this indicates that it is more efficient to distribute the

energy among more MF peaks rather than concentrating it on a few ones.

Figure 3-10b shows that all of the samples exhibit compressive residual stress,
which in general tends to increase with deposition power. The films created using
HiPIMS have the highest values of 6.9 + 0.2 and 10 + 1.6 GPa for those deposited
at 2000 and 2500 W, respectively. On the other hand, films created by MF at the
same power range have significantly lower values of 0.5 + 0.1 GPa, which
suggests that the intrinsic contribution to stress is not significant at these MF
powers. In fact, both measurements agree well with the value that can be
calculated for thermal stress (cth=-0.61 GPa) using the following expression:
[303]

E
o = 2 [y — )T (. 3)

where Er and vr are the elastic modulus and Poisson’s ratio of the Al2O3 film (Ef=
125 GPa, vi = 0.2),[304] T1 and T2 are the initial and final temperatures (450 and
25°C), and af and as are the linear thermal expansion coefficients of y-Al2O3
(average or = 12.8x10°% K1 up to 450°C))[305] and Si substrate (as varies
between 2.6x10° K1 at 25°C and 4.1x10 K- at 450°C).[303]

The varying behaviour of MF and HIPIMS can be attributed to the characteristics
of the deposition process. HiIPIMS deposition has a higher energy and density of
ions, coupled with a low deposition rate, which results in higher compressive

stress. [306] In contrast, the MF+HIPIMS process has a higher deposition rate
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connected to the MF pulses and subsequent lower ratio of ions impinging the
surface per deposited atom, which leads to a lower compressive stress of
approximately -4 GPa (60% less than HiPIMS alone). These findings suggest that
the MF+HIPIMS configuration can mitigate the stress by balancing the ion density
and deposition rate. The film deposited with 10 MF pulses exhibits a stress level
that is comparable to the film deposited with only 5 pulses, despite a much larger
difference in deposition rate. In fact, when using MF+HIiPIMS with 10 MF pulses,
the deposition rate is similar to that of the MF film (cf. Figure 3-10a).This suggests
that there may be a limit to the reduction of compressive stress achievable
through the increase of deposition rate by incorporating a secondary power

source between HiPIMS pulses in the form of MF.

The residual stress increases from -0.5 GPa to approximately -5 GPa as
the MF deposition power increases from 2500 W to 3500 W. However,
decreasing the temperature from 450°C to 200°C under this condition reduces
the residual stress to approximately -2 GPa (green point in Figure 3-10b). It
appears that the deposition power has a greater impact on the residual stress
than the temperature, implying that the nature of the residual stress is more
intrinsic than thermal. However, it is important to note that the decrease in stress
to -2 GPa may not be solely attributed to the deposition temperature (as the
thermal contribution to stress is low), but may also be due to the lower deposition
rate of that sample caused by the wider angle amplitude during deposition (as
shown in Figure 3-10a). The findings are consistent with those reported by
Zywitzki et al. [126], who studied the compressive residual stress in alumina films
deposited on sheet steel substrates using pulsed magnetron sputtering with a
dual magnetron in the power range of 11-17 kW. The results showed a slight
decrease in compressive residual stress from 0.64 to 0.60 GPa when the
temperature was increased from 290-350°C. Additionally, for films deposited at
substrate temperatures of 550-560°C, the compressive residual stress increased
with power in the range of 2.0 to 9.4 GPa, indicating the influence of power on
residual stress. However, these findings conflict with those reported by Kohout et
al. [124], who investigated residual stress in amorphous alumina films deposited

on Si stripes using HIPIMS at 3 mTorr with an average power of 440 W and a



frequency of 10 kHz. The results showed a low compressive residual stress of
approximately 200 MPa, which may be attributed to the higher deposition rate (30
nm/min, 15 times higher than the present study), resulting in fewer ions impinging
on the substrate per unit time and thus generating lower compressive residual

stress.

In Figure 3-10c, the density of both the MF and HiPIMS films exhibits a
similar trend to the compressive stress observed before. The density of the
amorphous film is 2.99+0.08 g/cm?, which is within the range reported in literature
(between 2.66 and 3.07+0.05 g/cm?). [307] Films deposited at MF at 450°C with
2000 and 2500 W exhibit similar density values, with the y phase detected. At the
highest power, the MF film deposited at 450°C exhibits a density of 3.20+0.08
g/cm?3, indicating an increase in density. Films deposited using HiPIMS have a
higher density that increases with the sputtering power. The highest density value
(3.54 + 0.09 g/cm3) is close to the reference value of y-Al203 (represented by the
dashed horizontal line in Figure 3-10c, which is in agreement with the gradual
increase of y-Al203 grain density in the films. Finally, the refractive index values
of the films at 632.8 nm are summarized in Figure 3-10d. The amorphous films
exhibited a relatively low value of n, approximately 1.62. However, by increasing
the temperature to 450°C, higher values of n (approximately 1.675-1.708) were
obtained, as well as by changing the power source to HiPIMS, which resulted in
even higher values of n (approximately 1.706-1.740). This behaviour is likely due
to the increased crystallinity of the samples, which involves a trade-off between
the contribution of the amorphous and y phases, and the higher density of the
HiPIMS-produced films (3.54 + 0.09 g/cm?®) compared to amorphous films (2.99
+ 0.08 g/cm?), as shown in Table 3-1.[294]

The outcomes of our study are consistent with those of Houska et al., who
demonstrated that the refractive index (n) at 632 nm is dependent on the phase
of Al20s. Specifically, n values range from approximately 1.49-1.65 for
amorphous Al203, to higher values of approximately 1.46-1.69 for y-Al2O3, and up
to 1.77 for a-Al20s. [308] Notably, the maximum refractive index values obtained
in our research (n~1.740) were observed in a sample characterized as y-Al20s,

but the value is very similar to those reported for a-Al203. This finding suggests
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that films containing the y-Al2O3 phase may also achieve the refractive index

range typical of a-Al20s.

In addition, the Lorentz-Lorenz equation [309] often relates the refractive index

(n) and density (p) of a material through the follow equation:

n?-1
n2+2

=Kp (Eq.3-2)

Where K is a constant influenced by the polarizability of the material through a

relation that, for a dielectric, can be expressed as:

Nya
K =
380M

(Eg. 3-3)

The molecular weight (M) and polarizability () of a material, as well as
Avogadro's constant (Na) and the permittivity of the vacuum (o), are involved in
the given equation. For Al20s, its polarizability can be estimated as the sum of
the polarizabilities of its constituent parts, namely AlI** and O? ions. The
polarizability values for these ions are 6.0x10%? and 1.6x10%° C.m2.V1,
respectively, [310] which gives an overall polarizability for Al2O3 of 5.0x104°
C-m2VL,

Figure 3-11 illustrates the correlation between the refractive index of the
films and their measured densities. The Lorentz-Lorentz equation (Eq. 3.2), which
employs the previously mentioned value for the polarizability of alumina, is
represented by the solid orange line. This equation exhibits an approximately

linear behaviour within the given range.
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Figure 3-11 — Refractive index (n) of the films measured at a wavelength of 632.8
nm in function of the density. The back line represents a linear fitting of all the
samples, excluding the amorphous film deposited at 200°C. The orange lines
correspond to the Lorentz-Lorenz equation (Eq. 3.2), using polarizabilities of
Al203 of 5.0x104° C.m=2-V-! (solid line) and 5.14x104° C.m=2-V-! (dashed line).

To analyse our samples, a linear fitting was fitted to the observed values, with the
exception of the amorphous film that was deposited at 200°C. The trend shows
an increase in refractive index with density, consistent with the behaviour
predicted by the Lorentz-Lorenz equation. Nonetheless, the slope of that fit
(represented by the black line) is considerably lower than the anticipated trend
(orange line), indicating that the rise in refractive index should be greater in
proportion to the observed changes in density. The discrepancy between the
observed and anticipated trends could be attributed to experimental errors and/or
the non-applicability of the equation to this particular case. However, the samples
created through HiPIMS (represented by the red squares) exhibit an increase in
refractive index with density, with a slope that appears to align with the Lorentz-
Lorenz expression. In fact, a slight increase (3%) in the polarizability of alumina
(from 5.0x10° to 5.14x10° C-m2-V-1, which causes a variation of K from 0.111
to 0.114 cm®/g) causes a shift in the plot (represented by the dashed orange line),

bringing it in close agreement with the behaviour of the HiIPIMS-deposited films.

The main results of this study are illustrated in Figure 3-12, which depicts
a map of the samples. The plot consists of multiple squares, each representing a

single sample. The X axis summarizes the deposition source and temperature of
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the sample, while the Y axis displays the deposition power. The red arrows in the
plot illustrate the general trend of compressive residual stress, film density, grain
density, and refractive index, which increase simultaneously when the deposition
temperature and power are elevated or when changing the deposition source
from MF to HIPIMS. Put differently, these four parameters of the films tend to rise

with the energy level involved in the deposition process.

Source MF MF HIPIMS
Temperature 200°C 450°C 450°C

2000 —

N
a1
o
o

Power (W)

3500 [ [ —> )

v

Figure 3-12 — Map of samples influenced by the power source, power and
deposition temperature. The direction of the arrow indicates the general trend of
the increase in grain size, residual stress, film density, and refractive index. The
colour code using in this Figure is coherent with the colours employed for each
sample in previous figures.

The combined use of MF and HiPIMS can be considered as an
intermediate approach that has a significant impact on both the deposition rate

and the reduction of residual stress, in comparison to using only HiPIMS.



3.7.Conclusion

Alumina thin films were deposited onto silicon (100) substrates using
HiIPIMS and MF magnetron sources with an active feedback reactive sputtering
controller in dynamic mode at different temperatures and powers. Amorphous
alumina was obtained at 200°C for MF, even at higher power values of 3500 W.
However, raising the temperature to 450°C resulted in the formation of y-Al2O3
with similar grain sizes (5-7 nm) regardless of the source configuration and power
used. As there were no noticeable texture effects and the film thickness remained
consistent, the observed fluctuations in the intensity of the diffraction peaks were
attributed to changes in the density of y-Al203 grains within the films. The films
exhibited a columnar growth for low powers (2000 W) and a V-shaped structure
for 2500 W. However, the microstructure of films deposited using both power
sources was similar, which was attributed to the relatively high temperatures of

the deposition process.

As the energy involved in the deposition process increased (i.e., higher
deposition temperature, source power, and use of HiPIMS instead of MF), the
grain density, compressive residual stress, film density, and refractive index
increased in parallel. The films deposited at lower powers (2000 and 2500 W)
using MF demonstrated the lowest values of compressive stress (-0.5 GPa),
which were attributed to thermal effects. On the other hand, films deposited using
HiIPIMS showed significantly higher values, reaching up to -10+1.6 GPa (mostly
intrinsic), for the same deposition powers. The reason for this was attributed to
the lower deposition rate of HIPIMS (around 5 times lower) and the increased
energy and density of the ions bombarding the substrate. The hybrid MF+HIPIMS
configuration enabled the reduction of stress down to 4.10+0.6 GPa, partly due
to the increased deposition rate. It was observed that increasing the number of
MF pulses from 5 to 10 resulted in a significant improvement in the deposition
rate, approaching the values obtained with MF alone, while the residual stress
remained nearly constant. Therefore, there may be a limit to the potential
reduction of residual stress in films deposited by HIPIMS through intercalation of
pulses of other sources between HIPIMS pulses. Finally, films deposited by

HiPIMS showed the highest grain and film density, approaching values close to
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the bulk y-Al203 reference. Furthermore, the refractive index showed an increase
up to nes2.s = 1.740, which was in close proximity to the values documented for a-
Al20s3. A correlation was observed between density and refractive index in these

films, in agreement with the behaviour predicted by the Lorentz-Lorenz equation.
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4. Selection and
optimization of Au/Al.O3
deposition conditions

In the previous chapter, different approaches for alumina deposition were
presented. This chapter is devoted to set some general parameters for the
deposition of gold in alumina. In that regard, Chapter 4 bridges the connection
between Chapter 3, alumina films, with Chapter 5, influence of the surface
treatment on the Au growth on alumina. Therefore, this chapter is sub-divided
into two sections. In the first one, some considerations regarding the deposition
of Al,Oz are discussed. In the second one, a quick screening across different
deposition parameters of Au on Al,Os is carried out.



4.1 Optimization of the alumina surface properties for
Au NPs deposition

For the preparation of alumina films with Au nanoparticles on top, the first
decision is about which power source will be used for alumina deposition, either
MF or HiPIMS. As HIPIMS is a newer technology and there is limited literature
available on its use, HiIPIMS was chosen to deposit it. However, the surface of
alumina films prepared using HIPIMS shows several features which are
correlated with the HiPIMS process (see Figure 4-1). Thus, few spots are
observed in the surface of the film deposited by MF (Figure 4-1b), while the areal
density of defects in the surface of a film deposited by HIPIMS is much higher
(Figure 4-1a).

Figure 4-1 — Top-vw SEM images of a) HiPIMS film and b) MF film, both
deposited at 450°C with 200 nm of thickness. Both scales represent 100 um.

Two different types of defects can be identified in the top of the surfaces
deposited by HIiPIMS (see Figure 4-2a); in one hand, we find smaller particles
with irregular shape (pink arrow), which can be explained by the droplets
emission from the target caused by the arcing occurring during the deposition
process, even under the feedback control (cf. Figure 3-1 of the previous chapter).
In the other hand, there are larger features with regular circular shape (blue arrow
in Figure 4-2a), whose origin is connected with the high levels of residual stress
were measured for HIPIMS films (cf. Figure 3-10 of previous chapter). Figure 4-2b
shows a x-section TEM image of the same film, where a local delamination can
be identified. In these points, the residual stress overcome the adhesion of the
silicon substrate and the alumina film, and spherical ‘bubbles’ are originated as a

consequence.
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Figure 4-2 — Closer look to the surface of Alumina deposited by HIPIMS a) Top-
view SEM image with two types of features: first, irregular particles from the
discharge (indicated by the pink arrow); secondly, circles that are related to
punctual adhesion issues and large stress, resulting from a large ion
bombardemnet during HiPIMS (indicated by the blue arrow). b) TEM image
highlights this local delamination.

The high level of stress causes a large curvature of the coated substrates,
which can be appreciated in Figure 4-3a, where the profiles of the as-deposited
substrates (height as a function of the scanning length of 1 cm) by HiPIMS (red
line) and by MF (blue lines) are depicted. The stress level is much higher for
HIPIMS (- 10 £ 1.6 GPa) leading to a larger curvature compared with MF at 2000
W (- 0.7 £ 0.3 GPa). In addition, to the larger curvature of the HiIPIMS profile,
many “spikes” are detected during that scan, as a consequence of the issues
reported before. To quantify the roughness of the samples, a polynomial function
was subtracted from the raw data, leading to the profile illustrated in Figure 4-3b.
Finally, a smoothed profile (adjacent averaging of 1000 points over a profile that
contains 50 000 points for 1 cm length, black line in b) was subtracted to eliminate
the long-range oscillations still present in the profile. The overall result of this
procedure is illustrated in Figure 4-3c, where a horizontal profile can be

appreciated.
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Figure 4-3 — a) Profilometer scan on an Al203 surface produced using HiIPIMS
2500W and MF 2500W and 3500W at 450°C. b) scan after subtraction of a
polynomial function c) scan after subtraction of an average line (black line in b)).

The histogram of Figure 4-3 is illustrated in Figure 4-4, together with others
corresponding to profiles of coatings produced by both MF and MF+HIPIMS. It is
important to note that the histograms were not plotted with equal bin sizes, thus,
direct comparisons among them (e.g. areas) are not valid.

5000

Height (um) Height (um)

Figure 4-4 — Histograms of the height profiles for different depositions. a) HIPIMS
b) MF ¢) MF+HIPIMS with 5 pulses and d) MF+HIPIMS with 10 pulses. Black solid
lines represent Gaussian fittings. The histograms were displaced horizontally to
set the position of the Gaussian curves to zero. Each histogram has different bin
size.

It is observed that the histogram of the coating deposited by MF is symmetric
(Figure 4-4b), and it can be fitted nicely to a Gaussian function (black lines in
Figure 4-4). That Gaussian represents the roughness of the coating, which can
be accounted by its full width at half maximum (FWHM). In contrast, the other
histograms are clearly asymmetric, due to the presence of these features. In

these cases, Gaussian functions were also fitted to each histogram (represented
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by black solid lines), trying to reproduce the overall behaviour of the peak,
particularly the left side (i.e. valleys of the roughness, which are not affected by
particles or droplets). In order to understand better these two surface behaviours,
a schematic was drawn, Figure 4-5. The Gaussian curve represents the “natural

roughness” of the fiim and the tail of the curve corresponds to the

droplets/contaminations of the surface.

Tail

Figure 4-5 — Schematic representing the "natural roughness” given by the
Gaussian curve, as well as the effect of particles and droplets, which are
represented by the tail of the same curve.

These results indicate that the ‘natural roughness’ (i.e. excluding particles and
droplets effects) of the film deposited by MF (2.1 nm) is a factor 10 lower than the
film deposited by HiPIMS (26.3 nm). This may be connected to the lower
crystallinity of MF films, or to a different film growth. In addition, the film deposited
by MF+HIPIMS (10 pulses) shows a similar FWHM than HiPIMS (26 nm), while
it is almost doubled (45.2 nm) for the film MF+HIPIMS (5 pulses).

Other interesting features can be interpreted from the histogram plots. For
instance, the delamination of the films can also be seen in Figure 4-4c, where a
small peak at -0.2 um, corresponding to the film thickness, is present. In fact, the
% area of the histogram not covered by the Gaussian function (A%) serves as a
measurement of the presence of particles or droplets in the surface of the films.
That parameter changes from 0.51% to 29.36% when transitioning from MF to
HiPIMS. The corresponding values are even higher for MF+HIPIMS, where 5
pulses lead to 53.33% and 10 pulses to 45.50%. This suggests a lower adhesion
or a higher instability during the MF+HIPIMS deposition, where more droplets

were ejected from the target onto the substrate compared with MF and HiPIMS



alone. For a realistic comparison between all the histograms, Figure 4-6a
represents the histograms of these profiles calculated using the same bin size.
Consequently, the areas under each histogram are the same, since all the
profilometry data was scanned with the same length and number of points.
However, this cannot be appreciated in Figure 4-6, since a logarithmic scale is
used in the Y axis to gain insights from the plots. For instance, if a linear scale
would be used, the histogram of the MF sample (which is very narrow and
'intense’, max at 3x10%) would dominate the features of the others (max. at
7x103).
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Figure 4-6 — a) Histograms of Figure 4-4 re-calculated using the same bin size
and represented in a logarithmic scale b) Detailed view of the around the origin.

In this plot we can observe the MF coating (in blue) has a much sharper
peak than any of the others, indicating the much lower roughness, compared to
the HIPIMS (red) and MF+HiPIMS (purple) coatings. In addition, points are found
up to really high values of particle size (up to 4.5 um for the film deposited with
MF+HIPIMS with 5 pulses), which is remarkable considering that the thickness of
these films is about 200 nm. In fact, these values of thickness can be inferred
from the detailed view of the histograms of Figure 4-6b, where both films
deposited using the MF+HIPIMS configuration show points at x=-0.2 um, which
correspond to points where film delaminated. In that figure, the much narrower
nature of histogram of the film deposited using MF (lower surface roughness) can
be clearly appreciated. To minimize these issues detected when HIPIMS is used,

we decided to reduce the deposition time, and the thickness of the films.
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Figure 4-7 illustrates HiPIMS films produced at room temperature with a
low thickness (approximately 10 nm), where a reduced number of droplets is
observed, resulting in smoother films. In one hand, the reduction of process time
reduces the density of particles originated by target arcing. In the other hand, the
lower thickness of the films reduces the likelihood of delamination, since residual
stress operates in a lower amount of deposited material. As a result, fewer
circular features are observed in these deposits. For this reason, alumina films
will be produced at room temperature with a thickness of around 10 nm for the
deposition of gold nanopatrticles. The use of room temperature for deposition
avoids any thermal influence on the subsequent gold deposition, and at it

becomes the only viable choice when depositing Au@AIl20s multilayers.

Figure 4-7 — Top-view SEM images of a 10 nm thin film deposited by HiPIMS at
room temperature.

In any case, the presence of these particles does not have any major
influence of the deposition of Au; when depositing gold nanopatrticles on these
thin layers of alumina, we can identify three different regions, as seen in Figure
4-8. The first region is a dark area, which consists of alumina without Au NPs
(which were removed by scratching the surface). In the second region, Au NPs
can be detected. In the third region we can identify an Al2Os bubble coated with

Au NPs, and no significant difference from the previous region can be observed.



IIl. Alumina
droplet

I. Alumina IIl. Alumina
without Au with Au NPs
NPs

Figure 4-8 — Top-view SEM images with different zones I) Alumina without Au II)
Alumina with Au NPs and IIl) Au NPs in a droplet. Both scales represent 200 nm.

These droplets can also be detected when scanning the surface of the Au/Al203
films by AFM, as seen in the bottom-right corner of Figure 4-9a and b). In these
cases, the lines where the particle is located (from y=0 to y~50 in this example)

are not considered in the further analysis.
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Figure 4-9 — AFM images of Au NPs deposited on alumina. a) Topography. b)
Stiffness. The units of the x and y axes are nm. A particle or droplet can be
observed in the bottom-right corner.
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4.2 Conditions of deposition of Au nanoparticles
deposition parameters

The following chapters of this Ph.D. Thesis focus on the study of Au NPs
deposited on Al203 surfaces. Table 4-1 summarizes the deposition conditions of
Au in the samples studied in this Ph.D., and the different colours indicate the
location of each one. The influence of two major experimental conditions has
been explored, which are connected to i) the plasma treatment of the Al203
surface prior Au deposition and ii) the Au sputtering. Therefore, the three left
columns of Table 4-1 summarize the sputtering conditions of Au (source type,
power and duty cycle). The conditions of Ar+H2 plasma treatment of the Al2Os
surface prior Au deposition (H2 flow and duration of the treatment in mins) are
indicated on the fourth column and the top row of the four right columns. The
values included in these columns indicate the duration of Au deposition in
seconds (between 10 and 80 s). Au has been always deposited on Al203 films
deposited by HIPIMS at room temperature (i.e. amorphous Al203), except two
samples where a temperature of 450°C has been used (i.e. y-Al203). In these two
cases, the deposition of Au was delayed, to allow the alumina film to cool down
back to room temperature. All the coatings were deposited in dynamic mode,
which involves moving the substrates in an oscillating motion in front of the target
(with a rotation speed of 5 rpm). The amplitude of the movement was 70° and 15°
for Au and Al2Os, respectively. On the other hand, the Ar+H2 plasma treatment
was performed in static mode. Finally, the term ‘ML’ indicates the deposition of
Au@Al20s multilayers. To select the most interesting conditions, a quick
screening of different parameters was carried out. To do so, the absorbance of
the samples was compared, while trying to find conditions where a good LSPR

can be obtained.



Table 4-1 — Deposition parameters of Au explored in this Ph.D. Sputtering
conditions (source type, power and duty cycle), and characteristics of the Ar+H:>
plasma treatment of the Al2O3 surface (flow of H2 and duration). The values of
the cells represent the deposition time of Au in seconds (all between 10 to 80 s),
and the dash (-) indicates that such condition was not explored. Au was grown
on alumina deposited at room temperature in all cases, except 2 samples where
the deposition temperature was 450°C. The term ‘ML’ indicates ‘multilayer’.
Colours indicate that samples are included in Chapter 4 (Figure 4-10, Figure 4-
11, and Figure 4-12), Chapter 5 and Chapter 6.

Power | Power ([:);Ctlye flgf/v Ar+Hz plasma treatment time (min)
Source | (W) (%) (scem) 30 20 10 0
67 100 - - - - 10,20,30,40
0 - 60 -
1.5 30 30 30 60 (450°C)
DC 60 (450°C) 10,20,30,
32 100 3.0 30 10,20,30,40, 30 40,50,60
' 50,60,70,80
ML(10,30,60)
40 - 30 - 30
Pulsed 20 - 30 - 30
pc | 4398 41 3.0 - 30 - 30
15 - 30 - 30

In the next section, the effects of the following process conditions on the
deposition of gold nanoparticles will be investigated: the power at 67 and 32 W,

conditions of surface pre-treatment, and alumina produced at 450°C.

Figure 4-10 shows the influence of deposition power 67W and 32W on Au
films deposited at different deposition times from 10-40 s and 10-60 s,
respectively. This parameter is important, since it controls the deposition rate of
Au. The depositions were carried out in dynamic mode. The UV-Vis absorbance
is shown in Figure 4-10, and it is calculated with the expression A = —log T,
where A is the absorbance and T the transmittance (between 0 and 1) with the
maximum SPR peaks attributed to each deposition time.[311] For the films
deposited at 67 W (Figure 4-10a), it is observed that the LSPR peak starts to
broaden and lose the peak definition for films deposited at around ca. 20 s due
to the beginning of percolation film growth mechanism. In contrast, for films

deposited at 32 W (minimum value that the DC generator can apply),
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Figure 4-10b, this behaviour only starts to appear around 50 s. This
indicates that the percolation phenomena is delayed, and a higher control of the
NPs deposition is attained. For this reason, all the following depositions of Au in

DC will be carried out at 32 W.
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Figure 4-10 —The absorption spectra of gold clusters deposited on Al203 coatings
with two distinct powers a) 67 W and b) 32W for different deposition times
indicated in the figure. The squares indicate the SPR position of the maximum.

Figure 4-11 illustrates the influence of the deposition temperature of Al2O3
and its plasma surface treatment on the absorbance of different Au coated
samples deposited for 60 s. The plasma was generated by 3 microwave antennas

with a mixture of Ar (50 sccm) and Hz (3 or 0 sccm).

0.4 0.4
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Figure 4-11 — The absorption spectra of gold clusters on a) amorphous Al203 at
room temperature and b) y- Al2O3 at 450°C with/without Ar and H2 treatment.



The influence of the surface treatment is very relevant on amorphous
alumina, as it can be observed in Figure 4-11a. The sample deposited with a
treatment of Ar+H2z reveals a pronounced LSPR peak with even higher
absorbance (0.244) making this treatment the most suitable for the growth of Au
clusters. In contrast, no peak is present in a film grown without plasma treatment.
The film treated with Ar plasma shows a slightly better shape than the untreated
sample, although the shape of the peak is clearly less defined than when Hzis
employed in the mixture; this result reveals that the presence of Hz in the plasma
treatment is crucial to obtain optimal results. Ondok et al.[5] indicated that when
hydrogen is added up on the discharge, it favourably bonds to oxygen based on
bond enthalpy. Consequently, it will disrupt the Me-O bond by forming O-H bond.
Thus diminishes the content of oxygen atoms, which are bonded to Me atoms in
such manner that oxygen deficiencies are produced and stoichiometry of MeO

films is deteriorated.[5]

The deposition temperature of alumina controls if the film is amorphous or
crystalline (cf. Chapter 3), and it is important for the following studies on
depositing the Au NPs. Alumina deposited at 450°C lead to the formation of y-
Al20s films (Figure 4-11b), where the Ar+H2 plasma treatment has a much more
limited effect. Both samples show similar spectra, although a higher intensity is
observed for the sample that suffered the plasma treatment. It is worth mentioning
that the untreated y-Al203 shows a better spectrum than the amorphous (both red
lines Figure 4-11). However, the amorphous alumina is clearly more sensitive to
the Ar+H2 plasma treatment than y-Al20s, leading to a distinct LSPR peak (both
blue lines in Figure 4-11). This could be caused due to a higher structural stability
of the (nano)crystalline form of alumina vs. the amorphous one. Therefore,
alumina films deposited at room temperature were preferred (i.e., amorphous). In
addition, lower values of surface energy are reported for amorphous alumina
(0.97 J/m?) than crystalline alumina (1.5 to 1.7 J/m?), which is much closer to Au
(1.51 J/m?), so amorphous alumina is expected to promote the growth of
nanoparticles instead continuous films (cf. Section 2.2). Finally, the deposition of
a-Alz03 facilitates the experimental operations (particularly important for

deposition of multilayers) and reduces the thermal stress.

127



Chapter 4

=
N
Co

Finally, an optimization of the hydrogen treatment (H2 flux and treatment
length) was performed for Au films deposited for 30 s. The flux of H2 was varied
between 1.5 and 3 sccm, and the treatment time between 10 and 30 min, as it is
depicted in Figure 4-12. The results are compared with untreated surfaces with
Au deposition time of 20 s and 30 s. The objective was to find the best conditions
which shift the LSPR peak to lower wavelengths, specifically close to the sample
of 20 s, in order to obtain the smallest possible particle sizes and the most
spherical clusters.[115,312,313] The best result was obtained with 3 sccm of H2
with 20 and 30 minutes of treatment, where SPR changed from 615 nm (30 s
without treatment) to 580 nm. Therefore, 20 minutes of plasma treatment were

chosen to reduce the length of the treatment time.
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Figure 4-12 — Absorption spectra of alumina films deposited for 30 s and treated

with argon and different fluxes of hydrogen a) 1.5 sccm and b) 3 sccm during 10,

20 and 30 minutes.

In the following chapter, alumina films will be produced by HiPIMS at room
temperature with 10 nm of thickness. After, gold nanoparticles will be deposited
by DC at 32 W at room temperature with different time depositions ranging from
10 s to 80 s, depending on the pre-treatment. The treatment of Ar (50 sccm) and
H2 (3 sccm) for 20 minutes was chosen, and such samples will be referred as

treated. Samples without any surface treatment will be called untreated.



4.3 Conclusion

In this chapter, the optimal conditions for depositing gold nanoparticles
onto alumina surfaces are determined. First, it was observed that alumina films
deposited using HIPIMS at 450°C exhibited droplets, resulting in rough surface
that is not ideal to the deposition of gold NPs. On the other hand, films deposited
at room temperature (amorphous) had smoother surfaces (reduced occurrence
of droplets), lower risk of delamination, and absence of thermal effects during
subsequent gold deposition. Moreover, in the process of depositing gold
nanoparticles (Au NPs) on y-Al20s, it was observed that gold percolation occurred
more rapidly in crystalline films compared to amorphous films. For this reason,
alumina films deposited at room temperature were selected. Additionally in this
chapter, various factors were investigated during the gold deposition process on
alumina. These factors included power settings and the utilization of argon and
hydrogen pre-treatment. Regarding power settings, it was noted that lower values
(32 W) yielded superior results, as they prolonged the time required for
percolation, thereby enhancing control over the growth of gold. Regarding the
pre-treatment aspect, it was demonstrated that the utilization of a mixture of argon
and hydrogen resulted in a decrease in percolation compared to an untreated
surface (without pre-treatment) and to coatings conducted solely with argon. The

optimal parameters were chosen and studied in Chapter 5.
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5. Deposition of
AU/Al>O3 films

The objective of this chapter is to utilize the conditions selected in the previous
one to deposit Au on Al2O3 with and without plasma treatment and analyse the
growth of Au nanoparticles through the analysis of XPS spectra and AFM images
using the method of Tougaard and the Height-Height correlation function,
respectively. Finally, the optical properties of the samples are explained as a
function of their growth characteristics.

131



Chapter 5

—
W

N

For this study, two sets of samples were produced, with the only difference of
the application or not of an Ar/Hz plasma treatment on the Al2O3 coating prior to
the deposition of Au. Thus, the first set (labelled as Untreated) was prepared
without any pre-treatment on the alumina surface. In the second set (labelled as
Treated), a pre-treatment of Ar and H2 was performed before the deposition of
Au by DC.

5.1 XPS results and analysis based on Tougaard method

The analysis of the photoelectron peak shapes provides information about the
growth mode (i.e. layer-by-layer or islands, cf. Figure 2-8), the height and
coverage of the particles formed on the surface of the substrate according to the
Tougaard’s method.[271,273,314-317] The Au 4f peaks overlap with the Al 2p
and Al 2s peaks and the associated background, making the analysis unreliable.
Therefore, the Au 4d peaks were analysed instead. Figure 5-1a and b) show the
evolution of the Au 4d peak deposited on Al203 by increasing the Au deposition

time for untreated and treated surfaces, respectively.
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Figure 5-1 — Experimental Au 4d spectrum of gold deposited on a) untreated and
b) treated alumina coatings for different deposition times, which are indicated in
the figure. The black spectra represent the Au foil (reference) with the respective
units on the right axis.

These spectra clearly show that the intensity ratio between the inelastic
background (appearing at low kinetic energies, see e.g. 1050 eV) and the zero-
loss peak (located at 1149 eV) increases as the amount of deposit (i.e. higher
deposition time) increases. Further, for same deposition time, the background is

higher for treated surfaces (cf. the intensity at 1050 ev), which indicates



Counts

qualitatively that the treated samples tend to grow more ‘vertically’ (i.e, island
growth, Volmer-Weber), while the untreated samples tend to grow more
‘horizontally’ (layer-by-layer, Frank-Van der Merwe). These variations of the
spectra with increasing the deposition time is due to a change in the inelastic-
scattering processes that the Au electrons experience when they travel out of the
material. This enables assessment of the average island height (h) and the
surface coverage (c) of the deposit, as explained in Methods (Figure 2-31). The
values of height and coverage were extracted from the distribution model used to
fit the spectra (Figure 5-2). To do so, the experimental spectrum of the Au foil
reference (J(E)) is analysed first, and the single-atom-spectrum (F(E)) can be
obtained, since the Au concentration distribution is known (Figure 5-2). Then, the
island height for the sample is calculated by the creation of a background whose
subtraction from J(E) would lead to obtain a spectrum whose shape is consistent
with the F(E) obtained from the foil reference Figure 5-2b. In other words, the
background in Figure 5-2b is designed in such a way that the shape of the
subtracted spectra (black line in Figure 5-2b) is as close as possible to the shape
of the corresponding reference spectra (black line in Figure 5-2a). The coverage
can be calculated by dividing the maxima of the subtracted spectra of the sample
and the Au reference foil (i.e. a coverage of 100% would show the same
intensities of the F(E) of the reference and the sample).
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a) Au foil reference b) Sample
1.2x107 . _
—— Experimental Au 4d Reference - J(E) — Experimental Au 4d 80 s - J(E)
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0.0
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Figure 5-2 — Fitting of the experimental Au 4d spectrum with the modelled
background and the subtracted spectrum for a) Au reference foil and b) Treated
Al203 sample with Au deposited for 80 s. J(E) represents the experimental data
and F(E) the subtracted background, i.e. the single atom spectrum.
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Figure 5-3 shows the experimental spectra of the different samples and
the Au foil references together with their corresponding backgrounds. It is clear
the increase in background intensity over time. Moreover, it is evident that the
background on the treated surfaces is higher when compared to the untreated
surfaces. This observation is attributed to the greater island heights, which are
associated with increased inelastic scattering when the deposition time is
extended for the treated samples. In addition, it can be observed that the spectra
of the untreated samples are closer to the Au reference than the treated samples;
this reflects that the maximum coverage of the untreated samples is higher than

in the treated samples (higher intensity ratios sample/reference).
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Figure 5-3 — Experimental spectrum for a) untreated and b) treated surfaces with
their respective associated background. The black line represents the Au foil
(reference) with the respective units on the right axis.

From the quantitative analyses of these spectra, the values of coverage and
height are obtained, and they are plotted in Figure 5-4a depicts the amount of
substance (AOS) vs. deposition time, defined as A0S = ¢ X h (Eg. 5-1), which
represents the Au volume measured in ‘nm of full surface coverage’. It is clearly
seen that treated surfaces show a higher linear slope compared with untreated

surfaces, which reflects a higher deposition rate at longer deposition times.



=
N

€
Esqa) A
~ — 10 . 8 nn’\]\
S 4 A g 7nm
c ~ 8 u
-SE . E 6nm
A
23- . =) o
= P o 61 '
n A B P | = 4nm
=2 e . ke
) 2 , /A L % 4 3nm
+— ’ a
c o m T =
g 14 L7 ,‘// “ N - 2 108 B 2nme
£ ’f// Treated - E et
< P = Untreated e g B M
04— 0 T

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 100
Time (s) Surface coverage (%)

Figure 5-4 — Data obtained after XPS peak-shape analysis of spectra in Figure

5-3 for treated and untreated alumina surfaces. a) amount of substance (AOS)

as a function of time, where the dashed lines represent linear fittings going

through origin. b) island height vs. surface coverage. The dashed lines represent

AOS isolines.

Figure 5-4b illustrates the variation of surface height and coverage
depending on the amount of Au deposited for both surfaces. Additionally, the
series of dashed curves represent isolines for a fixed deposited (AOS). [318] A
point situated over a dashed line (e.g., 2 nm) indicates that the amount of material
is equivalent to a film of 2 nm thickness with 100% coverage, although the
distribution could be different (e.g., 4 nm height with 50% coverage or 8 mm
height with 25% coverage). The Au deposited in treated surfaces have a
tendency to grow more vertically (i.e. perpendicular to the substrate), i.e.,
stronger variation in height. In contrast, Au grown in untreated surfaces shows
lower values of height and higher values of coverage, indicating a growth more

‘horizontal’ i.e., parallel to the substrate.
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5.2 SEM results

The SEM images of the untreated and treated samples are shown in

Figure 5-5. The images indicate a growth in the cluster size with sputtering time.

Untreated

Treated

Figu 5-5 40p view SEM images of Au nanoparticles deposited on Al20s films
with depositions times from 30 s to 60 s. All the scale bars represent 50 nm.

Additionally, for deposition times less or equal than 40 s, more spherical shapes
are attained. On the contrary, when increasing the sputtering time, the Au clusters
tend to grow and coalesce between them and “worm-like” structures are
observed, approaching a continuous film. The Au clusters are spread relatively
homogeneously over all the samples. This growth is better explained by the
Volmer Weber growth mode, which occurs when the adatoms have a strong
affinity with each other instead of with the substrate, due to the high surface
energy of metals. It is also observed that the images are very noisy. The reason
is that alumina is an excellent electrical isolator, which leads to large charging
under the electron beam. As a consequence, AFM analyses were carried out to
characterize these films, and also gain information about the cluster height (Z

coordinate).



5.3 AFM results and HHCF

The surface morphology of the samples was characterized using AFM,
which allows obtaining high lateral resolution with low vertical noise.[319] Figure
5-6 represents the stiffness and topographic maps of gold clusters on treated and
untreated surfaces. For each condition, at least three images were recorded, but
only one of them was plotted after equalization (adjustment of the colour scale to
represent the actual width of the height histogram). The surfaces are composed
by rounded particles, which tend to agglomerate with deposition time, and create
wider clusters, in agreement with SEM observations. It is worth mentioning that
the colouring of the stiffness maps is inverted, with light colours representing the
low value of stiffness. This is because gold, which is located on the top of the
samples, has lower stiffness than alumina. As a consequence, it is expected that
the minimum stiffness of the samples decreases with deposition time (higher
coverage of samples with Au), which is observed. However, the maximum
stiffness is not constant, as it would be expected since it reflects the value of the
substrate. To analyse this behaviour in detail, the histograms of the stiffness

images were calculated, and plotted in Figure 5-7.
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Figure 5-6 — Selected AFM stiffness and topography maps of 200x200 nm? scan area of the Au clusters deposited on untreated
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5.3.1 Analysis of the stiffness images

In Figure 5-7, it is observed a general broadening and leftward shift in the
histograms for higher Au deposition times. Additionally, in both cases, increasing
the deposition time resulted in an increase in the right tail of the histogram, which
is particularly evident in the case of treated samples (Figure 5-7b). This is
unexpected, since the highest values of stiffness should correspond to the

alumina, and it should be constant.
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Figure 5-7 — Histograms of the stiffness images from Figure 5-6 for a) untreated
and b) treated samples.

Therefore, the right side of the histograms provided unreliable information about
the behaviour of the stiffness of the films, and it is likely an artifact of the
measurement. Therefore, to monitor the evolution of surfaces with deposition
time, we examined the left side of the histograms in detail, which represent the
contribution of Au (and not the alumina substrate). To facilitate the analysis of the
data on untreated and treated surfaces, the histograms were integrated, as
shown in Figure 5-8. It should be noted that all points converge to the same value,
as it represents the maximum number of points in an AFM image

(256x256=65536 points).
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Figure 5-8 — Integrals of histograms of Figure 5-7 for a) untreated and b) treated
samples.

To analyse the data and represent the behaviour of each curve, a threshold at
1% of accumulated counts was defined (ca. 655 counts). To determine its location
(the stiffness where the threshold of 1% counts is located, defined as Six), a
linear line (dotted black line) was created between two consecutive points of the

curve immediately below and over that threshold, as shown in Figure 5-9.

6000

4500

3000 +

Counts

1500

Stiffness (GPa)
Figure 5-9 — Detailed view of the integrated curves of the stiffness histograms of
the treated samples (Figure 5-8). The horizontal dotted line represents the
threshold of 1% counts, which is used to characterize each sample. The values
of Siu for each sample are illustrated with vertical dashed lines.



The values of Si% for each sample depending on the deposition time were
plotted in Figure 5-10. In Figure 5-10a, all measurements conducted for the
stiffness images are depicted. In general, a large dispersion of data is observed.
The hollow squares and triangles indicate samples that exhibit defects (i.e.
droplets) and/or have lack of quality of the image. Figure 5-10b displays the
average value for each condition considering all the points. Due to the dispersion
of data, the error bars are very large for some conditions. Therefore, a new plot
was created (Figure 5-10c) where the doubtful data (hollow points in Figure

5-10a) were excluded from the averaging.
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Figure 5-10 — Stiffness at 1% for untreated and treated surfaces at different
deposition times. a) Measurement of all the images. b) average of each condition,
considering all the datapoints in (a). c) average of each condition, excluding the
hollow points in (a).

It appears to be a general trend of decreasing stiffness values as deposition time
increases, following a higher amount of deposited Au. In addition, the values of
untreated samples are lower than the treated ones, in agreement with the larger
coverages observed for the untreated samples by XPS. Nonetheless, the trends

are noisy, and there are certain points that do not follow the overall trends. This
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can be explained by the influence of the AFM tip on the measurement; the
measurements were conducted using a silicon AFM tip, whose geometry was
altered due to usage, leading to a potential impact on measurement accuracy. In
this particular case, the presence of a high modulus alumina film was likely the
primary cause of this change. Since the tip was not calibrated, it resulted in an
increase in modulus values, rendering the measured data unreliable for future
analysis. Nevertheless, a similar effect is not noticeable in topography images
depicted in Figure 5-6. In fact, stiffness and topographical images reveal
equivalent microstructural details, as it can be easier observed in Figure 5-11,
which compares both type of images from untreated and treated surfaces. In both
cases, the microstructure of the films is the same regardless the image used, and
we can clearly identify any sample using any of the images (stiffness or
topographical). Therefore, the problem of the stiffness images is not a
modification of lateral resolution (i.e., the images are equivalent), but a lack of
accuracy of the values of stiffness (i.e. a doubtful colour coordinate). As a
consequence, the stiffness images will not be utilized for future analysis, and our

attention will be focused on topographical images.

Untreated Treated

Spax = 147 GPa
Sy = 30 GPa

Figure 5-11 — Stiffness and topography for untreated and treated alumina
surfaces with Au deposited for 60 s and 70 s, respectively.



5.3.2 Analysis of the topographical images using the height-
height correlation function

Figure 5-12 shows the log-log plot of H(r,t) obtained from selected
untreated and treated AFM images as a function of distance, r. In addition, the

fittings to Eq. 2-27 are illustrated.
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Figure 5-12 — log-log plot of the HHCF for gold clusters deposited on a) untreated
and b) treated alumina surfaces with deposition times from 0 s to 80 s. The solid

lines represent the fittings to Eq. 2-27.

The equilibrium value of H(r, t) increases for higher Au deposition time, indicating
the increase in the RMS roughness. The values of w, ¢ and a were obtained from
the fittings of the HHCF using Eq. 2-27, as shown in Figure 5-13. The error bars
correspond to the standard deviation of values obtained from HHCF fittings of

several AFM images (at least 3) for each condition.
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Figure 5-13 — The variation of a) roughness (w), b) correlation length (g), ¢) Hurst

parameter (a) and d) local slope with deposition time. Straight lines in (a) and (b)
represent linear fittings, and dashed lines in (c) and (d) are guides to the eye.

Figure 5-13a shows the increasing nature of w with time from 0.23 to 0.84
nm. The roughness of the untreated samples is slightly higher than the treated
samples for same deposition times. Figure 5-13b, reveals an increase of ¢ with t
for untreated samples, indicating a lateral growth of the Au clusters. In contrast,

¢ is almost constant for treated samples. The parameters w and ¢ typically show

1
a power law dependence [262],as w ~ tf and & ~ tz, where B and z are the so-
called growth and dynamic exponents, respectively. These two exponents serve
to describe the behaviour of the surface. [262] There is also a from the short-

range behaviour of the height-height correlation function. These 3 scaling

exponents can be related by z = % for a self-affine surfaces. [262] The growth

parameter 3 is similar in both cases (similar slopes), with values of § = 0.82 +

0.056 and B = 0.86 + 0.099 for untreated and treated samples, respectively. In



contrast, the behaviour of the dynamic parameter z is very different in both cases,
1/z =0.32 £0.026 and 1/z = -0.083 + 0.041.

The Hurst parameter describes the undulation, and it lies between 0 and
1, which represents a rougher and a smother local surface profile, respectively.
Figure 5-13b, shows a large increase in the Hurst parameter in the treated
samples from 0.83 at 10 s to 0.99 at 80 s. In contrast, untreated samples show a
much lower variation of o, from 0.95 at 10 s to 0.99 at 60 s. This indicates that
treated surfaces shows a ‘pointier’ growth at early stages of growth. This
observation is linked to the effect of Ar/H2 bombardment, which increases the
traveling of Au adatoms on the alumina surface and promotes a locally rougher
growth of gold compared to the untreated surface, where the a values are higher.
However, as the deposition time increases, the a value for treated surfaces
approaches unity, in agreement with the values observed for the untreated
surface. For additional characterization of the growth mode, the local slope,

1
m~ W?Ewas plotted in function of time, as illustrated in Figure 5-13d. A higher
variation on the slope with time is seen for treated surfaces. However, both set of
samples change with time, a behaviour referred as nonstationary growth.[261]
Additionally, an up-shift is seen for H(r) with increasing the deposition time,
which indicates an increase in the local slope confirming the nonstationary
growth.[260,261,320]
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Figure 5-14 — Plots of ‘vertical’ vs. ‘horizontal’ parameters by AFM and XPS. a)
w vs. ¢ from AFM. b) island height vs. surface coverage from XPS. A scheme
illustrating the growth of Au on treated and untreated Al2O3 coatings is also
included.

Surface coverage (%)

Figure 5-14a shows a log-log plot of w vs. &. The relation between both
parameters can be written as w ~ &Y, with y an exponent that predicts the
competition between lateral and vertical growth. The values of y were found to be
1.70+0.37 and -8.88+0.044 for untreated and treated surfaces, respectively. This
indicates that treated surfaces tend to have a much higher variation in w
compared with ¢, which is almost constant. In contrast, untreated samples shows
a clear variation of ¢ together with w with deposition time. In other words, Au
nanoparticles deposited on plasma treated alumina surfaces tend to grow more
vertically (perpendicular to the substrate), while Au nanoparticles deposited on
untreated alumina treated tend to grow more horizontally (parallel to the
substrate), as showed in the schematic of Figure 5-14. This conclusion is in
agreement with the previous results obtained by the Tougaard analysis of XPS
data, Figure 5-14b. Both analyses reveal the same behaviour in both growth
directions (parallel and perpendicular to the surface) but use different

characterization parameters to define them.



5.4 Geometrical models of Au growth

The parameters obtained by XPS and AFM serve not only to reach the same
conclusions about the film’s growth, but also they can be combined to create
geometrical models that represent that process. Therefore, to illustrate the
average growth of the films, 2D profiles were created using the data from ¢, h and
¢ from AFM and XPS.

Figure 5-15 shows the evolution of the growth when increasing the deposition
time for untreated and treated surfaces. The comparison of both set of samples
highlights the different growth behaviour: lateral growth with many short wide
islands for untreated samples, versus the vertical growth with less taller islands

for plasma treated surfaces.
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Figure 5-15 — Profile of a) untreated and b) treated surfaces with time depositions
from 10 s to 80 s.

This 2D model has been expanded into a 3D model for a more realistic
visualization. To do so, Au NPs were characterized using a two-dimensional

Gaussian function, as seen in Figure 5-16. This function, is denoted by f(x,y) =

ERY) N2
Aexp <— ((x *o)” 4 O=Yo) )) where x, and y, are the coordinates of the center of
20% 20y

each Gaussian, A is the height (h) given by XPS, ox and o, are the standard
deviations in x and y, respectively. In our scenario, the isotropic nature of our
surface results in the equality of the standard deviations, oy = o, = o. Itisworth
mentioning that ¢ is not the FWHM of the Gaussian function, but they are related

as: FWHM = 2+2In2 o =~ 2.355 ¢. For this model, the standard deviation of the

Gaussian functions is connected with the correlation length obtained from AFM,
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and it is calculated with the expression § = 2¢. In other words, the width of the
Gaussian is similar to the correlation length from AFM. This approach was verified
by comparing the values of ¢ with the particle sizes observed from SEM (Figure
5-5). Therefore, the shape of the Gaussian is determined using the parameters h
and &.

The distribution of these Gaussians in a surface need to comply with the surface
coverage (c) calculated by XPS. To do that, the Gaussians were distributed in the
surface using a regular hexagonal packaging. For simplicity, the Gaussian-
Gaussian distance was calculated using cylinders of radius r with the same

volume and height that the Gaussian function:

V2
chl = h'ﬂrz;VG :h'ZTfO'Z}T':\/EO'=7f

Finally, the distance (d) between two closest cylinders (or Gaussians) depends

2nr? _ né

cxV3 cx43

on the coverage as d? =

For each condition of treated and untreated samples, regular surfaces composed
by Gaussian functions were created using the average experimental values of ¢,
h and c. The roughness calculated from these modelled surfaces were in good
agreement with the experimental values from AFM, in particular for the untreated
samples. This is surprising, considering the simplicity of the geometrical model.
Segments of each of these images were extracted and plotted together to
illustrate the growth of untreated and treated surfaces depending on deposition
time, which is plotted in Figure 5-16. It is evident from this model that the size of
the NPs and coverage increase as the deposition time increases. However, the
coverage is higher for the untreated samples, while particle height is more
relevant for treated surfaces. This model allows illustrating the importance of the

pre-treatment of Ar and Hz plasma on the growth of the NPs.



Figure 5-16 — 3D geometrical model illustrating the growth of untreated and
treated surfaces for different Au deposition times.
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5.5 Optical properties

The coloration of the Au-Al203 coatings can be seen in Figure 5-17. In both
cases, increasing the deposition time of Au will lead to more absorption centres
(Au NPs) that can interact with the incident light. Consequently, the primary
impact of this factor is observed by an increase in the intensity of SPR absorption
(Figure 5-18), leading to a notable reduction in the colour’s brightness. Overly
prolonged deposition times may cause a complete extinction within the visible

spectrum, resulting in darker colours as seen in Figure 5-17.
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Figure 5-17 - Colours of Au-Al203 for untreated and treated surfaces deposited
with different deposition times of gold on glass substrates.

The optical properties of the samples were measured using UV-Vis. The
absorbance of each sample is shown in Figure 5-18 for both set of films,
calculated with the expression A = —log T, where A is the absorbance and T the
transmittance (between 0 and 1). [311] The location of the maximum of the SPR
peak is indicated with a hollow square. It is observed that the absorbance of the
peak increases with the deposition time. This is a consequence of a higher Au
content, which leads to the growth of the number and size of absorption centres
(Au clusters) which interact with the incoming light, causing an increase in the
intensity of the absorbance peak.[28] In addition, for higher deposition times, the
peak is shifted to higher wavelengths because the particle shape changes

progressively from spherical towards wormlike structure (cf. SEM images in



Figure 5-5) as well due to effects of size and local environment of the
nanoparticle.[321,322] For untreated samples, a broad peak is seen at 50 s, and
a similar optical response is obtained for 60 s. This is related with the transition
from a morphology formed by Au clusters to a continuous film (percolation).
Therefore, the plasma treatment allows to increase the range of the plasmonic
effect, making it easier to control the nanoparticle growth. As a result, Au
deposited on treated alumina show a clear LSPR peak up to 80 s of deposition,
although the shape of the peak already reveals some signs of percolation.
Nevertheless, it is worth mentioning that the deposition rate is much higher for
treated than untreated samples (cf. Figure 5-4a); in fact, the treated film at 70 s
(which shows no percolation) has ca. 2.5 more times more Au than the untreated
sample at 50 s (where percolation is already observed). In other words, the
plasma treatment allows accommodating at least 2.5 more times Au in the Al203

surface while avoiding the loss of the LSPR peak.
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Figure 5-18 — Absorption spectra of Au clusters deposited on a) untreated and b)
treated Al2O3 surfaces for different deposition times indicated in the figure. The
squares indicate the position of the SPR maxima.

As a consequence, the absorbance is higher for treated alumina, where we can
obtain a maximum of 0.28 at 650 nm compared with 0.16 at 610 nm for untreated
alumina, leading to a 75% rise. This difference is caused mainly by the height of
the Au clusters. A red shift of the maximum of the SPR peak is observed from
610 nm (untreated) to 650 nm (treated), since the nanoparticles have higher
aspect ratio due to the higher vertical growth and lower lateral size on treated

surfaces.[285] The intensity of the absorbance peak was plotted in function of its
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wavelength (coordinates of the squares from Figure 5-18) in Figure 5-19a. Two
different behaviours are observed depending on whether the surface is treated
or untreated. Initially, a linear behaviour is seen in both cases, followed by a
saturation point for each trend. The point of saturation is more pronounced in
untreated surfaces, as it initiates at approximately 40 seconds of deposition,
whereas in treated surfaces, it commences after 70 seconds. This indicates the
transition from Au clusters to a continuous film being the linear zone higher for

treated surfaces.
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Figure 5-19 — a) Values of absorbance of the SPR peak in function SPR peak
position. b) Island height as a function of surface coverage, divided into two
zones: Particle-like behaviour (blue zone) and Continuous-like behaviour (orange
zone). ¢) Absorbance of the SPR peak in function of the roughness of the
coatings (w). d) Wavelength of the SPR peak in function of roughness (w) for
untreated and treated samples. Dashed lines are guides to the eye.

The observations from absorbance are in excellent agreement with the results
from the coverage obtained by XPS. Therefore, Figure 5-4b can be divided into

two sections (cf. Figure 5-19b): the initial section corresponds to the particle-like



behaviour zone (blue zone) for lower coverages, while the second section
represents the continuous-like behaviour zone (orange region) for higher
coverages. The point of transition would be located at a surface coverage of ca.
55%. Therefore, samples with higher coverage than this threshold are already in
the percolation region (both untreated samples prepared at 50 and 60 s), and
samples near this threshold may show some effects (treated sample at 80 s).
Figure 5-19c and d represent the correlation between characteristics of the LSPR
peak (absorbance and wavelength) and roughness. In general, the absorbance
increases with roughness (i.e., vertical size of the particles), provided that
percolation is not reached. Such limit is reached for untreated samples at ca. 0.5
nm, and about 0.7 nm for treated ones, and from these values the absorbance
does not increase. In other words, absorbance increases with the vertical size of
the cluster, provided that the deposition is still ‘clustered’ and not ‘film-like’. Figure
5-19d shows that the position of the SPR peak shifts to longer wavelengths for
both surfaces with increasing the deposition time. Both sets of samples seem to
share an approximately common correlation between roughness and position of
the SPR peak. Therefore, it was observed that the increase of w, which gives
information about the cluster height, the peaks shift from 540 nm to 675 nm due
to combined effect of changes in the size, shape of Au NPs as well as in the
interparticle distance.
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5.6 Origin of the influence of the Ar/H2 plasma pre-treatment on the
film growth

So far, it has been demonstrated that the use of an Ar/Hz plasma treatment
in the alumina has a strong effect in the growth and properties of Au
nanoparticles. However, the ultimate reason behind this behaviour, i.e. the nature
of the modification induced by the Ar/Hz plasma in the alumina, has been not
discussed yet. Firstly, in section 4.2 (Figure 4-11a) it was demonstrated that the
presence of Hz in the plasma treatment was necessary to induce large changes
of the LSPR peak, since a plasma using argon alone produces less noticeable
effects.

A consequence of the plasma treatment could be a modification of the
topography of the alumina surface. To check that hypothesis, Figure 5-20
illustrates the three-dimensional images depicting the topography of untreated (w
= 0.16 nm) and treated references of Al2Os with Ar (w = 0.16 nm) and Ar/H2
plasma (w = 0.18 nm). The images and the values of roughness (w) are very
similar, indicating that the differential growth of Au nanopatrticles in the treated
samples is not attributed to a structural change.



Untreated

Topography

Treated (Ar) Treated (Ar + H,)

Figure 5-20 — Topographic 3D images for alumina surfaces with different plasma
treatments: untreated (Z = 1.3 nm), treated with Ar (Z = 1.1 nm), and Ar/H2 (Z =
1.4 nm) reference.

Therefore, the plasma may have induced a chemical change on the
surface of alumina. To evaluate such possibility, different coatings were studied
by SIMS. Thus, to elucidate the influence of the Ar/H2 bombardment on Al203, 5
alumina coatings were deposited and subjected to 5 different treatments (see
Table 5-1). Before leaving the sputtering chamber and being exposed to air, these
samples were coated with a protective Au film (50 nm) which was deposited to
‘encapsulate’ them and avoid environmental modifications. Afterwards, the

samples were rapidly transferred to a SIMS chamber for subsequent analysis.
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Table 5-1 - Samples prepared for SIMS analysis. The samples were prepared in
the sequence S1-S5.

Sample Treatment
S1 None (reference sample)
S2 Exposure to Ar/Hz during 20 min
S3 Plasma under Ar/Hz2 during 20 min
S4 Exposure to Ar/D2 during 20 min
S5 Plasma under Ar/D2 during 20 min

Before Au encapsulation and SIMS analyses, alumina coatings were
subjected to three types of treatment: no treatment, exposure to a mixture of Ar/H>
without plasma, and Ar/Hz plasma treatment. In addition, treatments were
performed twice, using conventional hydrogen (H2) and deuterium (Dz). The
reason for using D2 is that there are additional sources of hydrogen in the
sputtering chamber, such as water adsorbed in the walls, or hydrogen in the
atmosphere which is not removed by the turbomolecular pumping. In contrast, D2
cannot be confused with these contaminants, and it is chemically equivalent to
Ha.

Figure 5-21 shows the SIMS depth profiles of the samples of Table 5-1,
where 6 elements are depicted: H, D, O, Al, Si and Au. The intensity of other
monitored elements, such carbon, is negligible. The depth has been normalized
selecting as zero the point where the intensity of the Si is half of the maximum
(cf. Figure 5-21l). Three different regions can be identified in all the profiles; Au
capping layer (left), the Si substrate (right), and the alumina coating in the center
of both. In the alumina region, H (and D in S5, Fig. Figure 5-21¢) can be detected
in addition to Al and O. In fact, hydrogen is already detected in sample S1, which
was not exposed nor treated with Hz. Therefore, this H has to be incorporated
from H20 or hydrogen traces present in the deposition chamber during
deposition. Nevertheless, this ‘H trapping’ is a characteristic of alumina, since
significant H signals are not observed in the Si substrate nor in the Au capping
layer. Therefore, the signal of H observed in the alumina region for films only

exposed to Hz or D2 (S2 and S4) is caused by the same effect. In fact, film S4



does not show any presence of D in the alumina, although it was exposed to Do2.
In contrast, a small signal of deuterium in the Au layer is detected (intensity ca.
10), which is probably trapped during the deposition of the Au capping layer after
the presence of Dz in the chamber. Similar intensities of H and D signals are
observed in the Au layer in other samples, indicating that such absorption process
takes place in Au, although at a much lower extent than in alumina. Therefore,
for samples where no plasma treatment was performed (S1, S2 and S4), the
presence of H and D in the alumina and/or Au layers is caused by the presence
of these elements in the sputtering atmosphere during the alumina deposition,
and it is not a consequence of a posterior diffusion in the coatings. Coating S5 is
the only film where a distinct D signal is appreciated. Such deuterium signal
covers the whole thickness of the alumina layer, indicating that the Ar/H2 plasma

is able to introduce H species well below the surface of the alumina.

The chemical profiles of the different elements are compared in the right
column of Figure 5-21. It can be observed that the Au profiles are not aligned,
which indicates that the thickness of alumina is not constant assuming similar
sputtering rates in SIMS (from thinner to thicker: reference (S1), plasma treated
(S3 and S5), and exposed (S2 and S4)). Since the intensity is plotted in linear
scale, the distinct shape of the different peaks can be better appreciated. In
general, each element has a characteristic peak shape regardless of sample,
particularly coincident near the Si interface. H shows a sharp peak near the Si
interface (Figure 5-21i), and a lower broader peak towards the Au capping layer.
The sharp peak may be caused by a large absorption of H species at the
beginning of the alumina deposition, or due to an artifact due to the interface
effect with Si. The shape of the second broad peak divides the samples into two
groups. Thus, exposed samples (S2 and S4, red and green lines) show a
decrease of intensity in ‘two steps’ towards Au. In contrast, the reference and
treated sample (S1, S3 and S5, black, blue and purple lines) shows a simpler
peak, whose intensity decreases normally towards the Au layer. Nevertheless,
this second peak seems to show a higher broadening near the Au region for
plasma treated samples, probably due to the influence of some internal re-
arrangement process. In fact, the intensity of the H signal in sample S5 is much

lower than in the others (Figure 5-21i), which is likely a consequence of the
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replacement of H by D during Ar/D2 plasma treatment (cf. D profile in Fig. Figure
5-21K).

The O signal (Fig. Figure 5-21h) shows a plateau near the Si substrate,
and a peak next to the Au capping layer, maybe because a certain interface
effect. Nevertheless, the intensity of these maxima is lower for the films subjected
to plasma treatment (blue and purple lines). The profile of Aluminium shows a
progressive increase from the Siinterface up to a depth of ca -0.5; from this point,
untreated samples (green and red lines) show a reduction of intensity, while
treated surfaces (blue and purple lines) show the opposite behaviour. Therefore,
the results of O and Al profiles indicate that the Ar/H2 plasma treatment causes a
reduction of the O/Al ratio near the alumina surface. In other words, plasma
treatment leads to a preferential sputtering of the O atoms from the surface of the
alumina, a process that is likely facilitated by the presence of Hz. This explains
the comparatively much lower effect of the Ar plasma on alumina, since the
chemical driving force to form water molecules is not present. Such chemical
modification of the alumina surface explains the differences of Au growth between

plasma treated and untreated alumina.
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Figure 5-21 - Left: SIMS profiles of the 5 samples under study, in log scale. Right:
comparison of the SIMS profiles per element, in linear scale. The reference depth
is illustrated with a vertical black line situated in zero.
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Another process that could contribute to the chemical modification of the
alumina surface could be the formation of -OH (hydroxide) species due to the
plasma treatment. Nevertheless, this process is probably minor. Figure 5-22
shows the SIMS profiles of Al, O and D for sample S5 in linear scale. The
intensities have been modified to allow a proper comparison among profiles. It is
observed that the D signal does not increase together with the O and Al near the
Au interface, and a horizontal shift is observed instead. In other words, it seems
that there is less D near the alumina surface than in the bulk, which is the opposite
of what expected if plasma would have induced a significant hydroxide formation

in the alumina surface.
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Figure 5-22 - Detail of the SIMS profiles of sample S5.

As previous discussed in Section 4.2, amorphous alumina exhibits lower
surface energy values (0.97 J/m?) compared with Au (1.51 J/m?). As a result,
amorphous alumina is anticipated to facilitate the vertical growth of nanoparticles
(non-wetting gold-phobic behaviour) rather than the formation of continuous films.
However, when the surface is treated with Ar/Hz, it is observed that the Au
nanoparticles tend to grow more vertically than horizontally compared with
untreated surfaces. This suggests that the surface energy of the alumina surface

is further reduced when the plasma pre-treatment is applied as a consequence



of the reduction of the O/Al ratio in the surface, leading to a more significant gold-

phobic behaviour and the promotion of the growth of vertically oriented Au

nanoparticles.

5.7 Growth mechanisms of Au NPs

To understand the growth mechanisms at different deposition times, a
schematic of the growth diagram (Figure 5-23) was created to depict the Au
growth on both untreated and treated alumina surfaces. The left column illustrates
the influence of the plasma treatment on the alumina surface. The topography is
not modified (cf. Figure 5-20), and the chemical modifications on amorphous
alumina are represented on a deformed y-Al2O3 cell. As demonstrated in Figure
5-21, the surfaces treated with Ar/Hz plasma reduce the O/Al ratio, which is

represented with higher amount of O vacancies than Al vacancies.

Al,O4 surface » Nucleation » 1st growth » 2"d growth
(t>305s)

Vapor flux

T (t<105s) (10-305s)

N\ ) Vaporﬂux ° 7 Vapor flux °
\\\ ° / \ / \ /

Plasma
Treatment
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Figure 5-23 — Schematic of the growth mechanisms of Au on an untreated and
treated alumina surface at different stages of the Au deposition.

The Au nucleation stage is represented in the second column. Thus, for
deposition times below 10 seconds, adatoms tend to exhibit longer traveling
distances on the plasma pre-treated alumina surface (resulting in non-wetting
behaviour) due to its lower surface energy compared to an untreated surface.
Consequently, the adatoms create a lower density of larger nuclei with
preferential vertical growth, leading to higher local roughness i.e., lower values of

the Hurst parameter. In contrast, untreated surfaces show higher wetting the
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alumina surface, which leads to a higher density of smaller nuclei with smaller
height. In this last the NPs tend to grow horizontally, resulting in higher

coverages.

After nucleation, we can distinguish two different growth stages; thus, up
to 30 s of deposition, the deposition rate on both substrates is pretty similar
(cf.Figure 5-4), i.e. the area covered by gold particles in the 3" column of Figure
5-23 is the same regardless the treatment of the surface. In this stage, the
untreated surface growths horizontally (higher coverage), nucleating more small
islands and growing those already existing horizontally (higher correlation
lengths). In contrast, treated surfaces tend to grow vertically, increasing
roughness while keeping correlation length more or less constant. However, for
deposition times larger than 30 s, the deposition rate of treated surfaces is higher
(cf. Figure 5-4); this is likely because the topography of the deposited Au starts
to dominate over the original Al203 topography; the vertical range of the untreated
alumina is about 1 nm (Figure 5-20), which is in the range of the island height up
to ca. 30 s (Figure 5-4); from that point, the islands heights of the treated surface
would dominate the contributions to the topography, while the islands of the
untreated surface would mostly follow the topography of the surface, starting to
show coalesce processes (cf. Figure 5-18 and Figure 5-19); this is all illustrated
in the right columns of Figure 5-23; up to 30 s of growth, gold has similar
deposition probability in both cases, since the topography is similar; however,
after 30 s, both situations are no longer equivalent, and the more vertical islands
present in the treated surfaces increase the surface area available for the
deposition, leading to higher deposition rates. In contrast, due to the horizontal
growth of untreated surfaces, Au islands start touching each other and

percolation effects begin to appear (cf. particles on the right).



5.8 Application of samples for SERS

Selected Au-Al2O3 coatings were tested with Rhodamine 6G (R6G) for
Surface-enhanced Raman spectroscopy (SERS) applications. The objective of
the study was to create a specific region within the sample surface with and
without Au nanopatrticles (Au NPs) by deliberately scratching the surface, seen in
Figure 5-24 and Figure 4-8. The objective was to evaluate the presence/absence

of the SERS phenomenon in close locations of each sample.
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Figure 5-24 — Optical microscope image of Au-Al2O3 coatings with two distinct
zone: presence and absence of Au nanoparticles.

Raman Spectroscopy was used to measure the untreated and treated
samples, using a concentration of 107> mol/L R6G. In Figure 5-25a is possible to
see that untreated samples have much lower peak intensity when compared with
treated samples. This observation validates that the utilization of plasma pre-
treatment enhances R6G detection by inducing alterations in Au growth.
Additionally, another measurement was made with three Au deposition times: 30,
50, and 70 s, using a concentration of 1073 mol/L R6G. Figure 5-25b illustrates

the Raman spectra for the three different samples. In the Al203 zone, three peaks
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are observed, which correspond to the silicon peak of the substrate at 301, 520,
and between 935 and 990 cm™.[323] In contrast, the spectra of the R6G can be
clearly observed in the regions of the samples covered with Au particles, which
confirms the SERS capabilities of these samples. The results reveal that the
signal experiences enhancement as the deposition time of Au increases, with the

highest enhancement observed at 70 seconds of deposition.
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Figure 5-25 - Raman spectra of a) R6G analyte (10> M) for untreated (60 s) and
treated (80 s) surfaces. b) R6G analyte (1072 M) in treated surfaces at different
deposition times (30 s, 50 s and 70 s). A reference of an area without Au NP is
also plotted for comparison.

Another important factor is determining a robust SERS substrate its
lifetime. In our cases, all the coatings were measured more than 2 years after the
deposition of the samples. Samples were stored in boxes under air, without any
specific protection nor precaution. This indicates that samples are able to show
a strong SERS effect even after long periods of time, which is an advantage for
potential commercial applications. This is probably due to the high chemical
stability of the constituents (Alumina and Au) against oxidation and other

processes of environmental degradation.

The enhancement factor (EF) was estimated according to the following

expression:

EF = ISERS x NRaman

I Raman NSERS

Isers and Iraman denotes the intensity of the specific peak corresponding to

the analytes that are adsorbed on the surface of the coating and the conventional



Raman signal, respectively. Nraman and Nsers represent the analyte concentration
in the Raman and SERS measurements respectively. In our case, EF values

have been estimated around 104.

To ensure reproducibility, the measurements were conducted twice, and
the results depicted below exhibit consistent shape and intensity, thus confirming

excellent reproducibility, see Figure 5-26.
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Figure 5-26 — Reproducibility of SERS using a concentration of 1073 M of R6G 2
different areas of treated surfaces with Au deposition time of 70 s.
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5.9 Conclusions

Magnetron sputtering provides a flexible way of depositing various
materials into the oxide matrix. Au nanoparticles were effectively deposited

through DC sputtering in dynamic mode.

The influence of Ar/Hz plasma treatment on the growth of Au nanopatrticles
is significant, leading to a transformation from ‘horizontal’ (parallel to the Al203
surface) to ‘vertical’ growth (perpendicular to the Al2Os surface). This effect is
observed consistently through two different techniques: XPS and AFM, and
results are also supported with SEM images. Furthermore, the plasma treatment
induces a higher deposition rate of Au nanoparticles compared with untreated
surfaces. Therefore, the Ar/Hz plasma treatment induces a chemical modification
in the surface of Al2Os, which likely induces a lower surface energy of alumina
and lower wetting of Au. As a consequence, we would obtain higher traveling
distances of Au adatoms, leading to lower densities of larger islands that tend to
grow vertically. In contrast, untreated surfaces lead to higher densities of smaller
particles that tend to growth horizontally. This difference of growth with time leads
to different topographies, which ultimately explain the different deposition rates
observed for both cases at longer deposition times. Geometrical models have
been developed to illustrate the distinct growth patterns observed in each case,
providing a visual representation of the effects of plasma treatment on the
morphology of the nanoparticles.

The optical properties of treated and untreated surfaces also differ
significantly. The plasma treatment allows for a higher accommodation of Au on
the surface without percolation, approximately a factor of 2.5 times more Au
compared to untreated surfaces. The optical behaviour of the films can be
understood based on their characteristics. The saturation of the SPR peak occurs
at coverages above approximately 55%, indicating a transition from cluster-like
structures to film-like formations. Additionally, the absorbance of the films shows
a linear growth trend with roughness, reflecting an increased amount of absorbing
material. This is maintained until percolation is reached, resulting in the

degradation of the SPR behaviour.



A common trend between wavelength and roughness is observed for both sets
of samples, suggesting a correlation between the optical properties and the
surface roughness. This highlights the importance of surface morphology in
determining the optical characteristics of the films.

The variation in growth and optical properties of Au on treated and
untreated Al20s surfaces is firstly attributed to a chemical modification and at
higher deposition times to a topographical change. The formation of aluminium
hydroxide species appears to be minimal in this context. However, it was
observed that the O/Al ratio decreases on the surface of alumina following Ar/H2
plasma treatment, explaining the inefficiency of Ar plasma. The presence of H2
significantly facilitates the extraction of O from alumina, leading to the formation

of water species.

The reduction in the O/Al ratio likely results in a further decrease in the surface
energy of amorphous alumina, leading to a more Au-phobic behaviour.
Consequently, gold adatoms on the treated alumina surface can travel greater
distances, resulting in a lower density of high Au islands that tend to grow
perpendicular to the substrate. On the other hand, gold deposition on untreated
alumina surfaces leads to a higher density of small particles with lower heights,
which tend to grow more parallel to the alumina surface. A topographical
alteration becomes significant when deposition times exceed 30 seconds, as
treated surfaces, characterized by their pronounced vertical growth, develop
protrusions that enhance the attachment of additional gold adatoms. This
phenomenon contributes to higher deposition rates compared with untreated

surfaces.

Overall, this study demonstrates the profound influence of Ar/H2z plasma
treatment on the growth, morphology, and optical properties of Au nanopatrticles,
providing valuable insights into the fabrication and characterization of nanoscale
materials for various applications such as SERS. This Ph.D. Thesis achieved an
enhancement factor of 10* with excellent reproducibility, which has been

achieved even two years after the deposition of the samples.
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6. Advanced synthesis of
AU/AlO3 films

In the previous chapter, we studied the influence of Ar/H. plasma surface
treatment of Al2Os on the growth of Au islands deposited by continuous DC
magnetron sputtering. In this chapter, we will expand that knowledge into two
directions. Thus, in the first section we will compare these results with equivalent
samples where Au was sputtered using a Pulsed DC source, where the duty cycle
and frequency were varied. In the second section, a multilayer architecture (i.e.
Au-Al,O3-Au-Al>O3) instead a unique deposition of Au on Al>O3z will be studied.
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6.1. Au/Al.Oz monolayers using pulsed DC sputtering for Au

The Au clusters studied in this chapter were deposited by Pulsed DC for 30 s
onto alumina coatings deposited at room temperature. The detailed conditions
are displayed in Table 4-1 and Table 6-1.

Table 6-1 - Characteristics of Pulse DC operation for a deposition time of 30 s of
Au on treated and untreated alumina.

Frequency Average
Duty cycle (%) | Ton (us) Toff (us)
(kHz) power (W)
40 95 145 4.2 42
20 50 200 4.0 44
4.1 15 350 2.7 50
1.52 15 50 15 53

The results of these samples will be compared with the samples described in

Chapter 5, which will be used as references.



6.1.1. Tougaard analysis of XPS results
The samples with 20% and 40% of duty cycle with and without treatment were
measured by XPS. Figure 6-1a depicts a comparison of the amount of substance

between Pulsed DC and continuous DC.
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Figure 6-1 — Data obtained after XPS peak-shape Tougaard analysis for treated
and untreated alumina surfaces using Pulsed DC. a) amount of substance (AOS)
as a function of Au deposition time, where the dashed lines represent linear
fittings b) island height vs. surface coverage.

It is evident that Pulsed DC leads to a significantly higher amount Au for the
same deposition time (30 s) compared to DC. Considering that the average power
is the same as in DC, this means that the high peak power overcomes the lack
of sputtering during the off-time, leading to a higher deposition rate. Surprisingly,
all four samples (marked in blue and yellow) are closely grouped together. In
addition, all the samples appeared together in the growth map of Figure 6-1b, all
of them located in the ‘continuous-like behaviour region’. This is unexpected,
since two of them underwent plasma pre-treatment, and higher deposition rates
and island heights were expected. Nevertheless, it is worth mentioning that these
results of XPS are probably not precise due to the large surface contaminations
of these samples; thus, a large Cls peak was measured in these samples by
XPS, which was quantified between 50-54%, in contrast to <10% measured in

the samples analysed in the previous Chapter.
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6.1.2. AFM measurements

All the samples were measured by AFM, and then the HHCF analysis was
performed. Figure 6-2 shows the different parameters (w, ¢, a and m) obtained
for Pulsed and continuous DC in function of the time. In general, no clear trends

are observed with duty cycle nor application of plasma treatment.
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Figure 6-2 — The variation of a) roughness (w), b) correlation length (), c) Hurst
parameter (a) and d) local slope with deposition time for Au deposits prepared by
Pulsed and continuous DC (hollow and filled symbols, respectively) on plasma
treated and untreated alumina surfaces (triangles and squares, respectively).

Figure 6-2a shows that untreated surfaces using pulsed DC tend to have higher
roughness compared with samples prepared by continuous DC for same
deposition times. Such increase may be connected to higher deposition rates. In
fact, values of roughness are comparable with samples prepared by continuous

DC for longer deposition times. Figure 6-2b shows the main influence of the use

3

Local slope



of pulsed-DC source, since the values of correlation length are clearly higher than
those of samples grown with DC power source. Finally, the values of Hurst
parameter and local slope (Figure 6-2c and d) are basically located between the
samples prepared by continuous DC for 30 s. Therefore, the use of pulsed DC

source did not cause any major variation of these growth parameters either.

The roughness was plotted in function of the correlation length in Figure
6-3 (representing growth perpendicular vs. parallel to the substrate). All samples
prepared with p-DC appear in a separate region, grouped at higher correlation
lengths. In this group, treated samples deposited with p-DC (hollow triangles) are
closer to the corresponding samples prepared with continuous DC (solid
triangles) than the untreated samples deposited with p-DC (hollow squares) to
the corresponding samples deposited with continuous DC (solid squares).
Therefore, in general, the main morphological modification induced by the use p-
DC was the increase of correlation length, while the values of roughness are
similar. This effect could be connected to the higher deposition rate and/or to a
higher energy provided by the p-DC discharge to the adatoms traveling across
the alumina surface. These phenomena would lead to higher correlation lengths,
particularly in the case of untreated substrates, since there is more material to
grow nanoparticles parallel to the substrate, and/or higher ad-atom energy to

travel across the surface and form larger nanoparticles.
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Figure 6-3 — Roughness (w) as function of correlation length (§) for samples
prepared by Pulsed and continuous DC (hollow and solid symbols, respectively).
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Absorbance

6.1.3. Optical properties

The UV-Vis absorbance for samples deposited on untreated and treated
surfaces using Pulsed DC is shown in Figure 6-4. It is clearly observed that the
absorbance peak increases following the higher values of duty cycle, likely due

to a higher Au content in the samples.
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Figure 6-4 — UV-Vis absorption spectra of Au clusters deposited by Pulsed DC
on a) untreated and b) treated Al20s3 coatings using different deposition conditions
(duty cycles indicated in the plot). The squares indicate the position of the
maximum of the SPR peak.

A shift for higher wavelengths is also seen. As it happened with nanoparticles
deposited using continuous DC, samples deposited on plasma-treated surfaces
have higher absorbance and better peak definition than those deposited in
untreated alumina (cf. Figure 5-17). This result indicates again the significance of

Ar/Hz plasma pre-treatment in increasing the LSPR range.

Figure 6-5 plots the coordinates of the maximum of SPR peak for Au
clusters deposited with continuous and pulsed DC. It is observed that points
corresponding to samples deposited by Pulsed DC lay on top of the
corresponding trends defined in Chapter 5 for Au deposited using continuous DC.
In other words, the plasma treatment is the critical synthesis condition which
controls the characteristics and properties of the films, while the conditions of the

Au sputtering are of less importance. It is also observed that all the samples

Absorbance



deposited on untreated alumina using Pulsed DC are in percolation or close (cf.
the shapes of the peaks in Figure 6-4). This result is in agreement with the high
values of correlation length observed for these samples, and also with the

location of these films in the growth map obtained by XPS (Figure 6-1b).
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Figure 6-5 — Maximum absorbance vs. wavelength of the SPR peak for different
samples.

Figure 6-6 depicts the correlation of the characteristics of the SPR peak

(wavelength and absorbance) and the sample roughness.
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Figure 6-6 — Correlation of the characteristics of the SPR peak with the roughness

of samples. a) Absorbance. b) Wavelength.
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In general, the samples deposited using Pulsed DC follow the trends observed
by the samples prepared by continuous DC. Therefore, the use of a different
power source (Pulsed DC instead continuous DC) does not induce any major
advantage for the process. As a consequence, the sputtering of Au in the
multilayers described in the following section was carried out using conventional

continuous DC, as in Chapter 5.

6.2. Au@AIl.Os multilayers using continuous DC sputtering
for Au
To enhance the absorbance and protect the Au NPs, we embedded gold on
alumina by creating coatings with multilayer architecture. As depicted in the
schematic of Figure 6-7, these multilayers consisted of 4 alternating layers of
alumina with a 3 Ar/Hz plasma pre-treatment of 20 min in each (i.e., not performed
for the last layer of alumina), and 3 Au NPs layers deposited using continuous
DC. The deposition time of Al203 was set to 10 minutes, and it was varied
between 10, 30 and 60 s for Au.

- v\Treatment
AlLO,

Figure 6-7 — Schematic of a multilayer composed of alumina (4),Au NPs (3) layers
and 3 pre-treatments of Ar/Ha.



6.2.1  Microstructure of the multilayers evaluated by
TEM
The coatings were analysed by TEM. Figure 6-8 shows the microstructure
of the multilayer prepared with 30 s of Au deposition time. The native thin SiO2
layer (ca 6.5 nm) can be observed on top of the Si substrate in Figure 6-8a. The
Au layers show a thickness of ca. 7 nm, which is also the value of the initial Al203
layer. However, the thickness other Al2O3 layers is significantly reduced to 3.5-4
nm. This is probably because the Au layers are not continuous (actually, they are
formed by individual nanoparticles), although it is difficult to appreciate in x-
section images. As a consequence, during each Al20Os deposition, the gaps
among the Au nanoparticles need to be filled, leading to lower observed thickness

of the Al2Os3 layers.

e
of Au

St

Figure 6-8 — TEM micrographs of the Au/Al2Os3 muItiIa er with 30 s

deposition a) STEM b) HRTEM.

A cross section HRTEM micrograph of that multilayer is shown in Figure 6-8b.
This image reveals the presence of planes in the Au nanopatrticles, but also in
some areas of Al203. To evaluate the interplanar distances of these planes, a
Fourier transformation (FFT) analysis was carried out in Figure 6-9. Specifically,
the (400) plane of y-Al203 (0.198 nm), and the (111), (200) and (220) planes to
Au (0.235, 0.239, and 0.144 nm) can be identified. The detection of Al2Os planes
is noticeable, since these alumina layers are deposited at room temperature, and
their structure is mostly amorphous (cf.Figure 3-3).
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Figure 6-9 — FFT analysis of the micrograph in Figure 6-8b. Top: overall FFT of
the image. Bottom: FFT of a region where Al2O3 planes were observed. Left and
right: FFT images of the regions where planes can be observed in alumina (blue
square, left) and Au (red square, right). The distances of the different points in
the FFTs are indicated. Inverse FFT images highlighting the planes (by selecting
the diffraction points in the FFTs) are also shown. Finally, colour profiles of these
images are also depicted, where the wavelength (interplanar distance) is
indicated.

The FFT of the whole image (Figure 6-9 top) was radially integrated and
converted into a diffractogram pattern equivalent to that measured with CuKa (i.e.
a diffractogram with intensity in function of 20, Figure 6-10. There is some
overlapping of peaks corresponding to Au and Al203 references. As a
consequence, since Au peaks dominate the pattern, the peaks of Al2O3 are
difficult to identify. However, a small doublet can be observed at ca. 45°, which
corresponds to the (400) y-Al203 peak and the (200) of Au.
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Figure 6-10 — Diffractogram obtained from the radial integration of the FFT of the

whole image of Figure 6-9 top. Vertical lines represent the positions of Au and

v-Al203 references.

A chemical mapping (Figure 6-11) was also performed on the multilayer,
revealing the distribution of Si, Ar, Al, O, and Au in the multilayer. First, the Si
substrate is seen in the bottom. Additionally, the three layers of Au are easily
distinguishable, and in these regions a slightly higher concentration of trapped Ar
from the sputtering process is also detected. Finally, Al and O fill are detected in

the whole coating, since Au NPs are embedded within the alumina.

K TR T
TSR

=20 BF(frame1)

Figure 6-11 — Chemical mépping of the muItiIayef deposited at 30 s for Au. The
top-left image depicts a STEM image of the analysed area.
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6.2.2 Optical properties

The UV-Vis absorbance spectra is shown in Figure 6-12 for Au@Al203
multilayers deposited at 10, 30 and 60 s. An increase in the intensity of
absorbance and the wavelength of the maxima is seen when increasing the Au
deposition time, likely connected to the increasing number and size of Au

nanoparticles.
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Figure 6-12 —Absorption spectra of Au@AI203 multilayers with deposition times
of 10, 30 and 60 s of Au. The squares indicate the position of the maximum of
the SPR peak.

In order to compare the treated multilayer with the untreated and treated
monolayers, the coordinates of the maximum of the SPR peaks were taken and
analysed in Figure 6-13. The multilayers samples show an absorbance which is
a factor 2-3 higher than the corresponding monolayers, in agreement with the
higher amount of Au in the samples. The position of the LSPR peak of the
multilayer prepared for 30 s is very close corresponding monolayer. However,
multilayers with Au deposition time of 10 and 60 s reveal shifts to lower and higher
wavelengths, respectively. Those shifts indicate that the multilayer cannot be
simply interpreted as a ‘combination of monolayers’. At higher deposition times,
the nanoparticles are larger, but the relative surface area of contact between Au
and Al203 respect to the overall particle size decreases. These factors are

probably controlling the observed behaviour of the multilayers.
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Figure 6-13 — Absorbance of the Multilayer coatings for deposition times of 10,
30 and 60 s compared with untreated and treated samples for DC and Pulsed DC

from Figure 6-5. Dashed lines are guides to the eye.
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6.3. Conclusion

It was observed that pulsed DC leads to higher deposition rates, resulting
in increased amounts of Au material obtained compared to untreated and treated
surfaces using continuous DC. Additionally, higher correlation lengths were
observed for these samples, particularly for untreated alumina surfaces. This
could be attributed to the higher deposition rates during the pulse and/or higher
energy of the Au adatoms traveling in the Al2O3 surface. Nevertheless, no clear
trends were observed regarding the growth deposition mechanism in sputtering
parameters. This suggests that these parameters may not have a significant
impact on the deposition process under the investigated conditions. In fact, they
exhibited similar trends optical properties to those prepared using continuous DC,
indicating that the plasma pre-treatment of Al2Os surfaces plays a more crucial

role than the modification of Au sputtering conditions.

In the investigation of the multilayers, it was found both Au and Al203
planes were detected by TEM. These multilayers exhibited higher absorbance
compared to monolayers, owing to the higher nanoparticle density. Nevertheless,
the location of the LSPR peak changes respect to the corresponding monolayers,
which likely indicates the influence of other parameters in the optical behaviour

of the samples.



/. Conclusions and
perspectives

This Ph.D. dissertation is focused on the deposition of gold nanoparticles
onto alumina films using physical vapor-phase deposition. Additionally, the
dissertation includes an analysis of the film properties and the optimization of
nanoparticle growth. The Thesis was structured into several chapters that
investigate the various stages involved in the production of these coatings.

First of all, the production and optimization of alumina films using different
sputtering techniques was investigated. It was found that alumina films below
200°C are amorphous, while at temperatures around 450°C, they transition to a
crystalline phase (y-Al203). HIPIMS sputtering resulted in higher crystallite density
compared to MF sputtering due to increased ion energy and density. However,
HIPIMS films exhibited a lower deposition rate and higher residual stress. In
general, when increasing the energy put in the film (higher power, or temperature,
and using HIPIMS instead of MF), several film properties such as grain density,
refractive index, compressive stress, and film density were simultaneously

increased.

Films produced using a combination of MF and HiPIMS showed
characteristics intermediate between HiPIMS and MF alone. HiPIMS sputtering
presented some challenges like local delamination and microdroplets caused by
arcing, but these issues were minor at lower thicknesses, and they could be
identified in characterization. HiIPIMS films deposited at room temperature with
lower thickness exhibited smoother surfaces with fewer droplets. They offered
advantages such as a lower risk of delamination due to lower thermal stress, and

no thermal effects during subsequent Au deposition.

The use of an Ar/H2 plasma treatment of the alumina surface prior Au
deposition resulted in Au/Al20s3 films with an increased absorbance peak
compared to untreated surfaces, and those treated with argon only. The
enhancement of the Ar/H2 pre-treatment of the LSPR peak was similar regardless
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the hydrogen concentration and exposure time. This treatment caused a shift
from ‘horizontal' to ‘vertical’ growth (i.e., from more parallel to more perpendicular
to the surface), as observed through detailed analysis of AFM and XPS results.
On the one hand, treated surfaces showed a quite constant correlation length ()
when increasing roughness (w), but in the case of untreated surfaces showed a
remarkable variation of correlation length (horizontal growth). On the other hand,
untreated surfaces showed lower Au deposition rates, higher coverages, and
lower heights in XPS analysis, while the opposite was observed for treated
surfaces. In short, both techniques (XPS and AFM) analyses revealed similar
behaviour in terms of growth directions (parallel and perpendicular to the surface)

but employing different characterization parameters to describe them.

These growing parameters not only reveal the same growth patterns for
both set of samples, but they can be also combined into geometrical models to
illustrate the distinct growth patterns observed in each case. This analysis
provides an average visual representation of the effects of plasma treatment on

the morphology of the nanoparticles.

In terms of optical properties, two distinct trends of absorbance vs
wavelengths could be appreciated depending on the plasma treatment, which is
kept even for films with Au deposited using a pulsed source. For untreated
samples, the LSPR peak starts to vanish at a relatively low Au deposition time.
This is because the coverage of the samples reaches ca. 55%, i.e. more
continuous film than individual nanoparticles. In contrast treated surfaces
exhibited higher absorbances at higher wavelengths, demonstrating an increased
capacity for accommodation of Au before percolation, up to ca. 2.5 times more
Au compared with untreated surfaces. Multilayers exhibit even higher
absorbances due to the higher increase of surface density of Au NPs. Both
coordinates of the LSPR peaks increase with roughness; in case of absorbance,
such trend is valid until percolation. In contrast, the position of the LSPR peak
shows a common trend with roughness for both sets of samples regardless of the
percolation effect, suggesting that surface morphology plays a key role to

determine the wavelength of the LSPR. In case of multilayers, position of the



peak is shifted in comparison with the corresponding monolayers, likely due

alumina encapsulation.

The different growth and optical properties of Au on treated and untreated
Al20s is likely caused by a chemical variation of its surface, which leads to a
different Au wetting behaviour, which ultimately leads on a topographical
difference at higher depositions times (> 30 s). The formation of aluminium
hydroxide species is probably minor. In contrast, the O/Al ratio was found to
decrease in the surface of alumina after Ar/Hz plasma treatment, which explains
the inefficiency of Ar plasma; the presence of H: facilitates dramatically the O
extraction from alumina to form water species. The reduction of the O/Al ratio
probably leads to a further reduction of the surface energy of alumina, which turns
it to be more gold-phobic. As a consequence, gold adatoms can travel farther
distances in the treated alumina, leading to a lower density of high Au islands,
which tend to grow perpendicularly to the substrate. In contrast, gold deposited
in untreated alumina leads to a high density of small particles with low height,

which tend to grow more parallel to the alumina surface.

After ca. 30 seconds of deposition, the characteristics of the Au deposit
start to dominate over the initial topographical characteristics of the alumina.
From that point, the topographical differences between both types of samples
lead to the higher deposition rate observed for treated samples, as a
consequence of the higher surface area and higher aspect ratio of the Au

nanoparticles.

Switching from DC to pulsed DC Au sputtering resulted in higher
correlation lengths, particularly on untreated samples. This can be attributed to
the higher deposition rates (i.e. nanoparticles had more material to grow in
parallel to the substrate) and/or higher energy of the Au adatoms (which would
allow them to traveling farther across the Al2O3 surface). However, no clear trends

were observed regarding the influence of particular sputtering parameters.

For an application point of view, Au-Al203 coatings were tested for their
suitability in SERS applications using Rhodamine 6G dye. The coatings exhibited
an enhancement factor at least of 104, and good reproducibility was shown even

after 2 years of sample storage.
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Overall, the study demonstrated the significance of plasma pre-treatment
in controlling the growth of Au nanoparticles and optimizing the optical and
morphological properties of alumina films. The findings open up new possibilities
for practical applications, such as the detection of substances like cocaine, and

provide insights into the tunability of Au nanoparticles for SERS applications.

There are two lines areas to consider when looking at future developments
of this work: academia and entrepreneurship. In academia, the first objective
would be to expand and consolidate our understanding of how pre-treatment
affects the surface of alumina. The goal is to verify our mechanism for gold
growth. To achieve this, we need to conduct simulations, specifically atomistic
simulations, on both treated (with O vacancies) and untreated alumina surfaces.
These simulations will provide insights into the surface of alumina, and the
different behaviour of Au adatoms when travel across these surfaces. These
simulations will be performed by Hassan Ohubi and Matthias Rupp at LIST. The
second objective is to correlate semi-quantitatively the absorbance peaks (peak
position, width) with the characteristics of the films obtained from XPS and AFM
data. This will be done through simulations that estimate the absorbance of the
samples depending on their characteristics, which are currently underway with
positive results in collaboration with Nuno Figueiredo from the University of
Coimbra in Portugal. Third, it would be interesting to use another function known
as PSDF (Power Spectral Density Function) to analyze the AFM images in order
to compare with the results obtained with HHCF. The PSDF function incorporates
sensitivity to order, and the outputs would complement the results obtained from
HHCF. However, PSDF analysis and fitting is less straightforward than the HHCF-.
Finally, another interesting point would be to study the effect of hydrogen and
argon plasma on the growth of other elements in alumina (e.g. Ag) or Au on other
oxides, such as TiOz or SiOz.

In addition to academia, we have found that the use of H2/Ar plasma pre-
treatment to enhance the SERS response of Au/Al20s may have a potential
commercial application. In that regard, when this Ph.D. is being finished (July

2023), we are preparing a patent to protect these findings: characteristics of the



i) plasma treatment and ii) the obtained surfaces. Actually, a literature revision
already performed by a patent attorney found nothing close to our findings; in
fact, the closest result is an article from Costa et al. [174], which indicates that
Au/Al203 samples do not show SERS effects. The patent preparation is the main
reason behind the delay in the publication of results samples including Au

nanoparticles (the paper of alumina is already published).

The patent will allow me to prepare and submit a project to a new internal
LIST call called YES, whose intention is to promote entrepreneurship. Thus, this
is the first year, LIST will grant 200 k€ to an individual holding a PhD or Post-
doctoral position who has developed a patent or trade secret within MRT-LIST.
The person awarded will be announced by the end of October 2023. This grant
will cover all expenses associated with research, entrepreneurship courses,
conferences, salaries, and consumables required to advance the idea towards
commercialization. Some of the points to investigate/develop in the framework
of this project are e.g. i) to perform the depositions on substrates with higher
roughness (for example etched glass) since it is proven on the literature that
higher roughness leads to better enhancement factors on SERS; ii) deposition of
SERS samples in cheaper substrates (e.g. plastic). iii) design and development

of prototypes (casettes).

Finally, another direction that we would like to explore would be the
application of a JUMP project to FNR in Luxembourg, probably in any of the 2
calls in 2024. That call would be the natural continuation of the YES program,

and it is oriented to consolidate and expand the entrepreneurship activities.
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