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RESUME

La perception de la couleur est un attribut fondamental de la vision humaine. Au quotidien,
cela nous permet de rapidement reconnaitre de la nature de nombreux matériaux et méme
d’attirer 'attention. La couleur d’un objet peut étre modifiée en utilisant un revétement
contenant des pigments ou des colorants de la couleur souhaitée, qui préservent la morphologie
et la composition de l'objet. La modification de la composition pour induire une coloration
est tres courante pour les plastiques et les verres. Cependant, le triage et la réutilisation des
différents pigments est difficile voire impossible. Une alternative a 1'utilisation de pigments ou
de colorants, consiste a utiliser une coloration structurelle obtenue en modifiant la structure
de la surface d’'un matériau. Contrairement a la nature absorbante des colorants et des
pigments, les couleurs structurelles sont généralement générées par diffraction et interférence.

Cependant, la sensibilité angulaire peut étre indésirable pour certaines applications.

La couleur structurelle a base de matériaux plasmoniques suscite beaucoup d’intérét pour
remplacer le contrdle de la couleur d'un objet grace a leur forte absorption due a 'excitation
de plasmon de surface localisé (LSP). Ce phénomene est attribué a la présence d’électrons li-
bres qui, lorsque exposé a un champ électromagnétique (EM), i.e. la lumiére, peuvent osciller
de maniere cohérente. Jusqu’a présent, I'or et I'argent ont été au centre de la plupart des
études sur le sujet, car ils présentent un fort pic d’absorption dans le visible. De plus, ils ont
I’avantage de former des ilots isolés lors de leur croissance, supportant ainsi une résonance
localisée du plasmon de surface (LSPR) aux premiéres étapes de la croissance avec des tech-
niques de dépdt de type PVD. Malgré des travaux approfondis sur le sujet des nanoparticules
(NPs) plasmoniques, leur incorporation & des applications commerciales s’est limité princi-
palement, par exemple, a des capteurs exploitant le champ électromagnétique local renforcé
en raison de l'excitation du LSP pour augmenter la sensibilité de la spectroscopie Raman.
Cependant, leur utilisation en tant que filtre absorbant pour induire une couleur a des fins
esthétiques n’a pas encore été exploitée significativement. Certaines vitres architecturales
ont une couleur induite par la présence de NPs de métaux nobles. L’utilisation de ces NPs
métalliques pourrait aussi servir a remplacer des revétements pour lunettes ophtalmiques.
Le controle de la taille et de la forme des NPs a une incidence sur la fréquence de résonance
et le controle de la morphologie est difficile avec les méthodes de dépot industrielles clas-
siques telles que la pulvérisation magnétron et 1’évaporation. La réduction chimique de l'or
en solution permet la fabrication de différentes formes de NPs avec un contrdle de leur taille,
mais le transfert de ces particules sur de grandes surfaces est difficile. Dans le cas présent,

I'objectif est de contrdler le pic d’absorption mais aussi de disposer d’une bande d’absorption
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étroite dans le visible en utilisant la pulvérisation cathodique par magnétron en tant que
technique de dépot qui permet le revétement de grandes surfaces et est largement utilisée

pour la croissance de couches minces dans l'industrie.

En raison des nombreux parametres affectant la croissance des ilots sur une surface, l'or a été
sélectionné en raison de son inertie chimique, ce qui simplifie sa caractérisation ex-situ. Un
systeme optique fait maison a été fabriqué pour étudier I’évolution des propriétés optiques
du film pendant le dépdt afin d’obtenir des informations sur 1’évolution de la morphologie
des 1lots. En effet, ce systeme a permis de suivre différentes phases de croissance tout au long
du dépot, corroborées par une imagerie fait par microscopie électronique. Le comportement

optique est alors analysé et expliqué a I'aide de travaux antérieurs trouvés dans la littérature.

De plus, la mobilité de surface des adatomes est grandement limitée a température ambiante
et ces travaux mettent en évidence la limite de la technique de dépot pour les applications
visées. En effet, pour générer une absorption plus forte, il faut déposer davantage de matériau,
mais une limite est atteinte lorsque les iles commencent a s’allonger, ce qui entraine un élar-
gissement de la distribution de taille et, du méme coup, 1’élargissement du pic d’absorption.
L’augmentation de la température de surface permet aux I'llots de se remodeler et de rester
sphéroidiques, ce qui leur permet de s’élargir sans se toucher, entrainant leur changement
de forme. Cependant, 'augmentation de la température de surface n’est pas compatible
avec tous les substrats. Certains, comme le plastique, ne résistent pas a des températures
beaucoup plus élevées que 100°C. C’est pourquoi 'application d’une tension sur le porte
échantillon lors du dépot a été étudiée avec 'objectif de favoriser la mobilité de l'or a la

surface.
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ABSTRACT

The perception of color is a fundamental attribute to human vision. During our daily-
life it serves us to better understand our environment as we can recognize many different
materials and textures due to their color and appearance. An object’s color can be altered by
utilizing coatings containing pigments or dyes of the desired color which preserve the object’s
morphology and composition. This modification of the composition to induce a coloration
is very common for plastics and glasses but the removal of the different pigments is difficult
at the product’s end of life. An alternative to the use of pigments or dyes, which can have
poor resistance to photobleaching and pose problems for recycling, is the use of structural
coloring which is achieved by modifying the surface structure of a material. Contrary to the
absorption nature of dyes and pigments, structural colors are generally generated through
diffraction and interference. However, their inherent angular color variation (iridescence) can

be unwanted in some applications.

Plasmonic-based structural color is emerging as a substitute to control an object’s color
through absorption due to the excitation of localized surface plasmons (LSPs) when confined
free electrons are exposed to an electromagnetic (EM) field, i.e., light. So far, gold and silver
have been the center of much of the studies on the subject as they display a strong absorption
peak in the visible and generally naturally form isolated islands in their early growth stages,

supporting a localized surface plasmon resonance (LSPR).

Despite extensive work on the subject of plasmonic nanoparticles (NPs), their incorporation
into commercial applications are mostly limited to sensors exploiting the EM field enhance-
ment procured by LSP excitation to increase Raman spectroscopy sensitivity for example.
This study aims at evaluating their use as absorbing filters to induce color for aesthetic

purposes.

The size and shape controls of the NPs affect the resonance frequency and the morphology
control is difficult with conventional industrial deposition methods such as magnetron sput-
tering and evaporation. The chemical reduction of gold in solution allows the manufacturing
of various NPs shapes with control on their size but the transfer of these particles onto large
surfaces is challenging. In the present case, the aim is to control the absorption peak but also
to have a narrow absorption band in the visible using magnetron sputtering as a deposition
technique as it allows the coating of large surfaces and is widely employed in the thin-film

industry.

Due to the many parameters affecting the growth of islands on a surface, gold was selected
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due to its chemical inertness which simplifies its ez-situ characterization. An in-house optical
system was made to investigate the evolution of the optical properties of the film during
deposition to obtain information about the evolution of the morphology of the film. This
system allowed the tracking of different growth stages throughout deposition, corroborated
with electron microscopy imaging. The optical behavior is explained with the help of previous

work found in the literature.

Furthermore, this work has highlighted the limitations of the deposition technique at room
temperature, at which the surface mobility of the adatoms is limited. To generate a stronger
absorption, more material is needed but there’s a limit attained when the islands start to
become elongated causing the absorption peak to broaden. Increasing the surface temper-
ature allows the island to reshape and remain spheroidal, allowing the deposition of more
material. However, increasing the surface temperature is not compatible with every sub-
strate. For instance, plastic substrates typically do not resist at temperatures much higher
than 100°C'. It’s thus why the application of a bias during deposition has been explored in

order to promote the surface mobility of the gold atoms.
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CHAPTER 1 INTRODUCTION

Optical coating alters the way an object reflects and transmits light. Anti-reflection coatings
(ARCs) are widely used to attenuate unwanted reflection and increase the transmission of
an optical component. Modern ARCs rely on the destructive interference of reflected light
from multiple interfaces so that the reflected intensity is effectively suppressed for the visible
range (380 —700 nm). Additionally, constructive interference can instead promote reflectivity
of specific frequency to generate vivid colors. However, the performance of such coating
is dependent on light’s angle of incidence resulting in an alteration of the coated surface
appearance when looked upon from different points of view. This effect generally results in

the emergence or shift of coloration which is often undesirable.

Due to the aforementioned angle-dependent performance of interference-based optical coat-
ings, color generation is more often realized through the incorporation of pigments which
relies on the absorption of a portion of the visible spectrum to alter the reflected and trans-
mitted intensity, a process angle-insensitive [1]. Absorption of light is caused by electronic
transitions and subsequent non-radiative decay of the excited state. A radiative decay can

also follow non-radiative relaxation, which is fluorescence or phosphorescence.

Despite wide industrial use, an alternative to pigment coloration is sought due to the recy-
cling difficulty arising from the wealth of possible chemical compounds rendering the sorting
and subsequent reuse of the material challenging. Moreover, waste generation is a serious
environmental concern and a single tuneable coloring agent would greatly facilitate the recy-
cling process [2]. The foregoing environmental threat can be solved with the nanoengineering
of nanocomposite, i.e. a multiple-phase material with one phase having at least a feature
in the nanometric scale (< 100 nm) [3], to meet our needs for sustainable color generation.
The present chapter introduces the proposed solution, the research context and the targeted

application for this study.

1.1 Plasmonic color

Archaeological discoveries of potteries dating from the end of the 10th BC-century were found
with atypical colors (yellow-greenish and green-golden); and composition analysis revealed
minute silver and copper inclusions at the origin of the atypical coloration [4]. It was not
until Gustav Mie solved the Maxwell’s equations for a sphere of arbitrary size and optical
constants in 1908 [5] that this behavior could be attributed to the presence of metallic NPs



in the ceramic. Indeed, the unusual coloration of the artworks can be associated with col-
lective electron oscillations of the free electrons confined inside of the metallic nanoparticles
(NPs) [6]. The coupling of light with the free electrons of metals can generate surface plas-
mon (SP) [7] and scientific study of this light/free electrons interaction is named plasmonic.
A famous example of this phenomenon is the Lycurgus cup, an antique Roman 4th-century
dichroic glass, shown in Fig. 1.1 that exhibits distinctive color in reflection and transmission.
The composition, size, shape and surrounding media of the NPs determine a resonant fre-
quency for which light couples strongly with the electron cloud. Henceforth, electromagnetic
(EM) waves can be converted into electron oscillations leading to either light absorption or
scattering. Variation of the NPs’ size and concentration is at the origin of the broad vari-
ety of observed plasmonic colors [8]. Thus, the modification of a composite’s nanostructure
provides a way to tailor the optical properties to selectively affect light propagation, without

the need to resort to a compounds palette to generate varied colors.
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Figure 1.1 The famous Lycurgus cup illuminated from behind. Light absorption by the gold
nanoparticles generates a red (transmitted) color whereas the scattered light yields a green

(reflected) color. Adapted with permission from Novotny et al. [9].

1.2 Applications

The free-electron cloud confined within a metallic NP exhibits a resonant frequency for which
light coupling is intense, inducing localized surface plasmon resonance (LSPR) that is charge
density oscillations at the particle surface [10]. Coherently oscillating electrons are akin to a
nanoantenna, radiating an electromagnetic (EM) field [11] that is locally much more intense
than the external field that generated the LSPR. This attribute allows great sensitivity en-

hancement for Raman spectroscopy [12] to the point that the detection of a unique molecule



is now possible [13]. Moreover, the resonant condition is affected by the NP’s surrounding
media enabling refractive index sensing and detection of any changes attributed to concentra-
tion variation of compounds [14] or even the determination of contaminant content in water
such as mercury [15] and lead [16] with gold NPs. Notwithstanding their popularity for sens-
ing applications, metal NPs can improve the efficiency of solar cells due to the lengthening of
the optical path inside of the device caused by scattering [17]. Additionally, gold NPs were
found to have catalytic activity combined with TiOs [18], CeOs, ZnO and Fe3Oy4 [19].

Aside from color generation, light filtration can also block harmful radiation. Lack of blink
reflex for the near-infrared (NIR) radiation necessitates protection to prevent permanent eye
damage from laser expositions for example. Contact lenses with incorporated gold nanopar-
ticles were found to shield close to 50% of the incident intensity from dangerous NIR expo-
sitions [20]. Furthermore, one should find that new and unique optical constant generation

through plasmonic-based materials can rapidly lead to the design of novel optical filters.

1.3 Research context

In recent years, composite ophthalmic glass/plastic has been developed due to plastic’s low
cost, low weight, good optical properties and ease of manufacture. Corrective eyeglasses
for improved vision have gained in complexity to offer a better performance including high
transmission, good mechanical durability and other features such as hydrophobicity or oleo-
phobicity [21]. Such a lens is depicted in Fig. 1.2 and a plasmonic layer could be added to

the thin-film stack or to replace an existing layer.

Anti-smudge

Anti-reflection
Anti-scratch
Anti-breakage
Tinting
Material

Figure 1.2 Structure of a modern ophthalmic lens showing the thin film stack architecture to
provide high transmissivity and good mechanical durability. Adapted with permission from
D. Meslin [21].

The most popular base material used for marketed plastic lenses is known as the polymer



CR 39 which stands for Columbia Resin # 39 originally developed by the American company
Pittsburg Plate Glass (PPG). This thermosetting resin has excellent optical properties, i.e.
low refractive index (1.5) and dispersion [22]. Essilor, the leading world manufacturer of
ophthalmic lenses, is using this polymer under the brand name Orma. However, this type
of polymer has a low melting point [23] which renders the use of high temperature in the
fabrication process impossible for plastic-based ophthalmic lenses. Post-deposition annealing
or elevated surface temperature is known to favor the de-wetting of metal films, favorable
to island formation [24,25]. This process parameter is particularly important for vapor

deposition methods to improve NPs size distribution.

Some deposition methods offer mass-selected NPs deposition such as gas-phase aggregation
[26], ligand [27] along with metal salt reduction [28,29] and to some extent electrospray
deposition [30]. While these methods provide precise control over the size of the NPs, it’s
not the case for the filling factor and material composition [31], two critical parameters for
the aforesaid applications. Physical vapor deposition (PVD) has been used with great success
for sputtering [32] and evaporation [33] of gold clusters over large surfaces. Although, the
growth kinetics of the film must be understood to control the morphology and subsequently
the optical properties. Moreover, an alternative to heating must be investigated to offer a

means to control the NPs size distribution with PVD on polymers.

The work in this master’s thesis is motivated by the still unexplored applicability of plasmonic
thin-films for ophthalmic lenses in the context of light filtration and aesthetic purposes. As
such, the incorporation of a plasmonic layer could serve as a new means to generate fashion-
able colors. Although, the use and development of colored glasses and lenses is not just a
question of vanity as it has been found that color discrimination for color-blind individuals
was improved by restricting light transmission bellow 590 nm [34]. However, tinted oph-
thalmic lenses can negatively impact the wearer’s color differentiation capability if the color
exceeds 20% of excitation purity, 7.e. how much the color is filtrated [35]. Thus, tinted lenses
use is generally not advisable except for the particular forenamed case of color blindness and

aesthetic purposes.

The CR 39 polymer UV cutoff is 355 nm, insufficient to protect from UVA radiation which
requires a cutoff at 400 nm to properly protect the wearer. A tinted lens with unacceptable
UV protection exposes the wearer to even greater risk of suffering adverse effects from UV
exposition since the closing reflex of the eyelids and reduction in papillary diameter is not
triggered by UV light [21]. This drawback can be mitigated with the addition of an UV-
filter. However, these filters are relatively thick (~ 6 — 10 pm) and require post-deposition

treatment for the tinting agent to penetrate the coating which is more often done before



the anti-scratch layer is deposited [21]. Hence, the general objective of this project is to
evaluate what a plasmonic layer can achieve in term of light filtration and color to ease the
manufacturing process by offering a mean to generate a film of wanted optical properties
inside of a PVD system. Additionally, plasmonic filters have diverse and adjustable optical

properties, enabling NIR filtration but also paving the way for sustainable color generation.

Consequently, the project consists of three specific objectives:

i) Demonstration of the achievable plasmonic colors and the different means to tune them.
ii) Evaluation of the plasmonic layer durability deposited on an organic lens.

iii) Recommendations (architecture and material choice) to maximize the performance of

the plasmonic layer.

As a result, the essence of this master’s thesis is to understand how plasmonic color can be
controlled and, secondly, how the optical properties of a thin metal film are affected by the

nanostructure which in turn influences the durability of the plasmonic layer.

1.4 Scientific contribution

Optical monitoring work conducted to understand the correlation between a gold-islands
film optical properties evolution and its morphology has led to a presentation at the Optical

Interference Coating (OIC) 2019 conference.

Table 1.1 OIC proceeding paper reference.

A. Riera, B. Baloukas, O. Zabeida, L. Martinu, Optimizing the Deposition of Sputtered
Gold Island Films with Time Derivative Surface Reflectance, Optical Interference Coating,
New Mexico, United States, June 2-7, 2019.




1.5 Thesis outline

The thesis is organized in 6 chapters. In the first chapter, the subject is introduced and the
objectives defined. In the second chapter, a general introduction on the multiples subjects
ranging from the growth dynamic of island films deposited with PVD to the theory sur-
rounding their optical properties is complemented with literature on the addressed subjects.
Thereafter, the experimental methodology describes the deposition system, the characteri-
zation apparatus, and techniques used through this work to conduct the experiments. The
fourth chapter presents the color and durability of gold films deposited and how color can be
tuned with ion bombardment. The fifth chapter discusses theory and results focusing on the
in situ time-derivative reflectivity measurements. The last chapter summarizes the results

followed by a conclusion and discussion about future work.



CHAPTER 2 LITERATURE REVIEW AND THEORY

2.1 Foreword

This chapter aims at introducing the underlying principles behind sputtering and the ad-
vantages of the method compared to evaporation in the context of metal-island film deposi-
tion. Both sputtering and evaporation are popular deposition methods in the industry but
differences inherent to the process renders sputtering particularly advantageous within the

framework of this research.

Secondly, the growth kinetic of metal-island films will be thoroughly investigated. Indeed,
since this study’s objective is to exploit the film’s natural tendency to grow as an island film
to control the optical properties of a composite material, a good knowledge of the atomistic
processes of growth is mandatory. Later, the impact of ion bombardment on the growth of

metal-island films is explored.

A general introduction on the origin of metals’ optical properties is provided to better under-
stand the origin of their peculiar behavior especially as nanoparticles. Further on, details are
given concerning the various parameters that significantly affect a metal-island film’s optical
attributes. Finally, the evolution of a gold film’s optical behavior is explained according to

the underlying microstructure of the corresponding growth stage.

2.2 Physical vapor deposition

Physical vapor deposition (PVD) includes all processes characterized by thin film deposition
from a vapor phase. Materials have a vapor-pressure point characterized by the equilibrium
between their condensed and vapor phases in a closed system. The vapor phase can condense
back on the surface of the enclosing system. This principle allows the use of a source material
that is brought to a temperature where it is not in equilibrium with its vapor phase so that

atoms from it can be transferred onto a cooler surface.

Thermal evaporation and sputtering are two popular PVD methods. The former is rapidly
described in the historical context of thin gold film deposition. Sputtering is the method of

choice for this study and is extensively detailed.



2.2.1 Thin gold film deposition by evaporation

Modern evaporation systems rely on a a high vacuum to grow thin films from a source
material. Furthermore, the method allows the deposition of a broad variety of elements and
compounds. The working principle is straightforward and resides in the heating of a material

by some means that causes it to evaporate at a rate depending on its temperature.

Faraday was one of the first to experiment with evaporated films. Using the exploding wire
method, he deposited thin gold films from gold leaves with varying parameters such as the
atmosphere content and the pressure [36]. He was able to confirm that the evaporated thin
gold film was optically and chemically identical to those he had produced through chemical
methods. Indeed, gold was known to generate a variety of colors and its solubility in different
acids and solutions allowed Faraday to confirm that the deposited film was gold of a purity

comparable to that of the wire.

The impact of temperature on the deposition of gold offered a striking contrast of color due
to the nonuniform heating of the discharge. Faraday could see a ruby tint where the heat
had been the most intense. Furthermore, on that location, the gold could not be wiped off
from the surface, suggesting that it was embedded into the glass, producing a color akin to
the decorative glasses exhibited in churches. Subsequent heating of the film where the heat
generated by the wire explosion had been less intense, produced an extraordinary change
with the film’s color going from violet, blue, or green in transmission into a ruby color while

preserving metal-like reflecting behavior [36].

It was not until Mie, in 1908, solved the Maxwell equations for spherical particle inclusions in
a dielectric matrix for the extinction and scattering cross-section that the peculiar behavior

of metallic nano-particles could be explained [5].

2.2.2 DC diode sputtering

Grove was the earliest experimenter who observed metal depositing from the cathode of a glow
discharge plasma in 1852 [37]. During one of his experiments, he noticed that when two wires
of a battery terminal were put in proximity so that an arc would form, the positive end became
red incandescent while the negative end remained relatively cool. Subsequent experiments
under various atmospheres showed that he could obtain a deposition from different metal
wires but he was unable to explain precisely what was the underlying physical phenomenon.
However, he did have the intuition that the molecules in the atmosphere somehow interacted,
preferentially with the cathode and so electrically charged species had to be involved in the

phenomenon. Being one of the first to do this discovery, it still wasn’t known that it was



charged atoms that struck the cathode and ejected atoms from it [38]. This observation can
be explained considering that the positive ions are attracted to the cathode and momentum
transfer to the electrode’s surface will sputter some atoms. This deposition process is known

as DC sputtering.

Sputtering is another physical vapor deposition technique allowing to produce thin films that
relies on the kinetic energy of positively charged atoms from an ionized gas, i.e. a plasma, to
eject particles from a negatively charged target through momentum transfer, usually at room
temperature. The application of an electrical potential between two electrodes can generate
a glow discharge. The electric field will accelerate any stray electron arising by some means,
e.g. cosmic rays, toward the anode [39]. At a gas pressure of ~ 100 mtorr, the electron
is likely to have an ionizing collision with a gas atom between the electrodes. The ionized
atom and the ejected electron immediately accelerated by the electric field and additional
ionization events rapidly create new charged species. The higher mobility of the electrons
comparatively to the ions, due to the significant mass difference, causes a charge imbalance
since electrons leave the plasma at a faster rate. In turn, the plasma charges positively and
a steady state is reached when the potential of the plasma is high enough to bring down
the loss rate of electrons to that of the ions. The resulting ionized gas is a quasineutral
gas displaying collective behavior upon electromagnetic field application [38]. The ionization
fraction of the charged gas is in the range of 1075 to 10! resulting in an electron density of

10% to 10" cm ™2 depending on the process parameters [39].

Secondary electron emission from the target material is possible upon ion impact which
helps to maintain the glow discharge. The working gas used is argon due to its inertness
and abundance. The optimum operating condition for cathodic sputtering is around 100
mtorr. At this pressure, a good balance between ionization efficiency necessary to sustain
the cathode discharge and the deposition rate is met. Indeed, higher pressures increase the
likelihood that the sputtered atoms undergo collisional scattering, deflecting them toward

the chamber’s wall instead of the substrate’s surface [38].

2.2.3 RF diode sputtering

If the cathode is of an insulating material, the restricted current flow will prevent the cathodic
discharge to be generated in a conventional diode DC sputtering system [39]. To overcome
this limitation, radio-frequency (RF) power operating at 13.56 MHz (standardized frequency
for plasma processing) is applied on the electrodes. In essence, the working principle of an
RF-powered discharge remains the same as its DC counterpart. The high voltage applied

across the electrodes initiates a glow discharge except that the potential oscillates with time.
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Since the electrons can quickly respond to the alternating voltage, the change of polarity
of the electrodes will reflect them back and forth. This effect greatly reduces the need of
secondary electron emission from the target to sustain the discharge and allows the use of
lower pressures. Moreover, a proper impedance matching of the RF voltage allows to sputter

a material independently of its resistivity.

A target self-bias to a negative potential arises from the asymmetric behavior of the discharge
current-voltage curve emerging from the limited positive ion mobility [38]. During the positive
half of the cycle of the alternative current (AC) signal, a large electron current is drawn
whereas, during the second half, very little ion current flows. This results in a net current
that cannot happen and, as a result, negative charge accumulations induces a voltage shift
that compensates for the excess electron current. This self-bias acts akin to a DC voltage
and positive ions are accelerated toward the target and through momentum transfer, it is

sputtered - in the same fashion of DC sputtering.

2.2.4 Magnetron sputtering

The ionization efficiency can be further increased with the addition of permanent magnets
underneath the target that generate magnetic field lines perpendicular to the electric field.
Indeed, electrons are subjects to a force perpendicular to the magnetic field and their mo-
mentum direction, causing them to spiral. The alternating electrical field further traps the
electrons in a drifting cycloidal motion along the direction where electrical and magnetic
fields are perpendicular [39]. Furthermore, this orbital motion of the electrons increases
the ionization probability which locally densifies the plasma where the fields are orthogonal.
Consequently, the sputtering of the target is the most intense right underneath this zone and,
with time, a typical erosion track appears on the target for this deposition method called

magnetron sputtering.

2.2.5 Reactive sputtering

So far, the atmosphere considered was that of inert species. However, a plasma of reactive
gases such as nitrogen, oxygen, carbides or sulfides can react with sputtered atoms by an
inert working gas (usually Ar) from a metallic target on the substrate. The resulting film is
either a solution of the target material with the reactive element (e.g. AlOg2), & compound
(e.g. Al,O3) or a mixture [38].

One problem with reactive sputtering is the target poisoning which is attributed to the

formation of a compound directly on it. This effect alters the dynamics of the plasma and is
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accompanied by a decrease in the deposition rate and even an interruption of the discharge.
It is mitigated by adjusting the ratio of the reactive gas so that the inert ions can sputter
away the compound faster than it can form. Also, a pre-sputtering of the target with only
inert species is mandatory to bring back the target in a metallic state, i.e. free of any
compounds. Many metallic targets oxidize when exposed to the atmosphere and if no pre-
sputtering with an inert species is done before reactive sputtering deposition, one will observe
drastic differences, 7.e. hysteresis, in terms of deposition rate until the target is brought back

to a pure metal state [38].

2.2.6 Sputtering over evaporation

Emphasis has mainly been put on sputtering despite that both methods allow the deposition
of a multitude of elements and compounds. The main difference resides in the physics of
the process. Indeed, sputtered atoms are about two orders of magnitude more energetic
than their thermally evaporated counterparts [40]. Also, in a specific study of Ag thermal
evaporation, only 0.1% of the evaporated atoms were found to be positively charged which is
about one order lower than in sputtering [40]. Additionally, due to the higher kinetic energy
of the impeding sputtered atoms, it is expected that the produced film should be comparable

to a film evaporated at a higher substrate temperature.

Ag/MICA
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Figure 2.1 Evolution of the island density for sputtered (S) and evaporated (E) Ag/mica
films at 25°C and 250°C [40].
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The rapid decrease of the sputtered island density depicted in Fig. 2.1 is due to the higher
mobility of the adsorbed atoms and promotion of island coalescence. More details concern-
ing this behavior of the film growth at higher temperatures follow in the next sections. The
difference between the two deposition methods is mainly due to the rise in the substrate’s
surface temperature due to the momentum transfer of the impeding atoms with contribution
from electrons and argon ions bombardment. Lau et al. have determined that the contri-
bution of the plasma and the cathode radiation is negligible compared to the latent heat of
condensation and the electron bombardment for DC and RF sputtering. Indeed, sputtered
atoms have an energy of 10 eV and higher for 1 keV Ar ions and the AH for gold is 3.5 eV.
It’s thus estimated that 20% of the heat comes from the sputtered atoms and the remaining
80% is probably due to the bombardment of secondary electrons and argon ions [41]. The
temperature is also dependent on the deposited material’s emissivity as it is the primary heat

loss mechanism along with the heat transfer to the substrate holder.

2.3 Growth of island films

The deposition conditions such as the temperature of the substrate and the deposition rate
both have an impact on the growth of thin films. To take advantage of a film’s natural
tendency to form as islands, one must understand what drives atoms to form a thin film.
The different parameters influencing the capability of the atoms to arrange as 3D clusters are
explored. Further on, the growth of an island-film is described in terms of different regimes

associated with a specific morphology.

2.3.1 Growth modes of thin films

The main thin-film growth modes are depicted in figure 2.2. At equilibrium, the deposited
film F on the substrate S has created a new surface film-vacuum with an interface film-
substrate whereas the substrate-vacuum surface decreased [42,43]. The respective surface
energies of the interfaces are: vp vps vs. The equilibrium equation can be written as the
energy balance of the surface energies Ay = yp + ypg —vs. For Ay < 0 the growth behavior
is that of Frank-van-der Merwe mode (Fig. 2.2a: layer-by-layer growth) whereas, for Ay > 0,
the covering of the substrate is not thermodynamically favorable and the growth is of Vollmer-
Weber (Fig. 2.2c: island growth). The Stranski-Krastanov growth (Fig. 2.2b: layer plus
island) depicts the case when the interfacial energy increases after the substrate has been

covered, triggering island growth.

The presented growth models assume a thermodynamic equilibrium meaning that if allowed
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to, the system will settles for a morphology that minimizes the surface energy. However,
during deposition, the film cannot reach thermodynamic equilibrium since the material is
constantly being added. Moreover, a simple kinematic model allows one to determine that the
island density N is related to the adatom diffusion constant D = Dge~Fe/RT  surface diffusion
activation energy E, and flux of deposition F' by a proportional relation N oc (F/D)'3 [44].
Thus, under kinetic conditions (supersaturation of adatoms), a quasi-2D growth is possible
due to the high nucleation rate even in the case where Ay > 0 [45]. Also, the deposition
conditions, e.g. deposition rate and temperature, will affect the growth dynamics and in

return the resulting structure.
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Figure 2.2 The three main growth modes are schematically represented here: (a) layer-by-
layer (Frank-van der Merve), (b) layer plus island growth (Stranski-Krastanov) and (c) island
growth (Vollmer-Weber) with @ the coverage in monolayer (ML). Taken with permission from
Venables et al. [46].

2.3.2 Growth kinetics

Nucleation and crystal growth for vapor deposition can be decomposed into several atomistic
processes [46]. The condensation of vapor on the substrate generates an adatoms density n,
and these atoms diffuse on the surface until one of the processes depicted in Fig. 2.3 occurs.
For each of these processes, a characteristic time is associated that mainly depends on the

flux of condensing atoms and the surface temperature.

Venables et al. [47] have formulated the following rate equations for adatom density n; and
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Figure 2.3 The atomistic processes and energies associated with nucleation and growth on
surfaces. Taken with permission from Venables and Spiller [47].

stable cluster (of a size greater than 1 atom) n, evolution:

d
% =R(1—Z)—mr7,' — Doynin, — 2Doyn? (2.1)
dn, dz
i Doyn} — ana (2.2)
d(nyws) 5
T = RCZ + D01n1 -+ Doxnlnx (23)

with R is the rate of condensing adatoms, D is the diffusion coefficient and 7, is the charac-
teristic evaporation time of an adatom. ¢; and o, are both capture numbers of adatoms and
stable clusters respectively with the former depending on the total coverage of the atoms Z.
Do,n, can be expressed as the characteristic capture time 7.. The first term of Eq.(2.1) is
the flux of condensing atoms on the substrate. The second term is the loss of adatoms due
to re-evaporation, the third is associated with the stable cluster capture of adatoms and the
last term the nucleation of two diffusing adatoms. On Eq. (2.2)’s right-hand side, the first
term is the increase of stable clusters due to adatom capture by adatom. The second term
is the coalescence of two stable clusters. The third equation is the evolution of the amount

of atoms w,, in stable clusters n,.

Reichelt et al. [48] used previous results to determine diffusion £, and evaporation E, energies
to numerically integrate Eqgs. (2.1), (2.2) & (2.3) which highlight the temperature dependence
and deposition rate of adatoms and clusters as shown in Fig. 2.4 (impact of deposition rate
shown elsewhere [49]).

From this result, 3 regions can be identified. First, the adatom density n; rises which in-

creases the desorption term n;7. ! until this term is equivalent to the adsorption term, re-

«

sulting in a peak of adatom density. This balance is nonexistent at lower temperatures and

sustained for a significant amount of time at higher temperatures. The lower adatom density



15

ny; with increasing temperature is attributed to the smaller characteristic evaporation time

Ea/kT  Because there are less diffusing adatoms, the nucleation rate is slower. As a

To X €
consequence, the probability of adatom capture by a stable cluster is more likely (n? vs nin,).
Finally, the density of adatoms decreases as the coverage progressively increases up to a point
when the average distance between the clusters is smaller than the diffusion length of the
adatoms. Further deposition is characterized by growth only possible via direct adsorption

of impinging atoms on clusters (term RZ of Eq. 2.3).
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Figure 2.4 (a) Calculated adatom concentration n, and (b) stable cluster concentration n,
for an atom flux rate R = 1.4-10% em 257! of gold on NaCl at various surface temperatures.
Taken with permission from Reichelt et al. [49]

2.3.3 Surface diffusion

As discussed previously (section: 2.3.2), the diffusion coefficient scales with temperature but
the atomistic processes of surface diffusion are also characterized by an activation energy Fjy.
Not all diffusion steps have equal diffusion energies as illustrated in Fig. 2.5 and for an atom
(copper in this example) on the edge of a cluster, hopping onto the terrace is prevented by
the so-called Schwoebel barrier (represented by Ej) [50]. From this remarkable observation,
one can wonder how 3D growth can be favorable when atoms are systematically attracted to

the island’s edge.

Experimentally, a 2D island growth is initially observed up until a critical 2D island radius
when 3D growth becomes favored [51]. This phenomenon can be explained by considering

that it’s even more favorable for an atom to attach to the edge of a second layer [50]. This
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explanation proposed by Ernst et al. was further confirmed by considering that even at 130
K, atoms can hop onto the terrace and diffuse back toward the 2D island edge [52]. However,
as the perimeter of the cluster grows, more atoms have a chance to hop onto the terrace and
meet another diffusing atom, forming a second layer that promotes even more atoms to join
them.

Parker et al. have studied the effect of deposition rate, surface defect and temperature on
the critical island size before 3D growth is initiated. Fig. 2.6b shows the impact of surface
defects that delay the vertical growth of the islands the higher the density of surface defect

is. Interestingly, the deposition rate had no impact.

G

Figure 2.5 Side view of ZnO surface with a Cu island with a simplified energetic diagram high-
lighting the energy difference of diffusion barriers a Cu atom will encounter while diffusing.
From Campbell et al. [50].

Additionally, increasing the temperature decreases the critical coverage 6., before the 3D
growth transition [51]. In light of this study, it can be established that surface defects act as
potential traps for atoms, preventing edge diffusion onto the cluster’s terrace. Moreover, an
increase of temperature favors diffusion and consequently the density of atoms on a terrace

which accelerates the formation of a second layer, paving the way for other atoms to hop on.

Atoms are thus quite active, constantly shifting position, looking for some lower potential
site to sit on. This random motion of atoms causes the cluster to move. Indeed, an atom
detaching from the step edge can reattach to the step edge at the other side of the cluster

after diffusing on the terrace. As a result, the island has translated and this random (Brown-



Total Au Coverage (ML)

17

0.30 Lo 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
'293].( & 0_30_....l““l....l..ul.“.l.“.h...j....
1 293K ..
1 = 0254 0 =0.15ML = 3
0.25 - . = ] er . .
] .t = 0.20 3 ‘ . . 3
= . L 1 " [ ]
I a v o ] .
= = e ® 0.15 A (] -
0.20 £ o 7 r ] -
e i -« . 8 0.10 oy 3
2 R ¥ T« oottMumn] R TiO, W/ anneal-
5 s/, e = 0.19 MUmin | < o059 ., % o2 a
B A A 0.38 ML/min induced defects
,_,E_ 0.15 1 7" v 0.80MUmin [ 0.00 } 4 4 } 4 } 0.30
L v SV mn
@ v
g % 0.25 : 293K .« 025
2 010 ] [ 0.20 3 . s
. 2 0154 o4 020 ¢
I A < b
] 5 0.10 4 & of 015 @
- [==] > * L] — w
¢ 0.05 1 E L v "0,=022ML -
0.05 - A 0.10 £
1 0.00 +—— - 1 & TiO, w/ sputter- | 2
0.01 . . - 0.
1 0, ~0.09 ML " anor Frux (Mu/min) induced defects
0.00 L A A o e w 0.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Total Au Coverage (ML)

00 01 02 03 04 05 06 07 08 09 10
Total Au Coverage (ML)

(b) The critical coverage is shifted toward
greater values the more defects on the sur-
face.

Figure 2.6 Gold deposition on T%0, shows a transition from 2D to 3D growth at a critical
coverage 0,. The surface defects were induced by a thermal anneal at 900 K in O? atmosphere
with the sputter-induced defects sample having an additional surface treatment of 1 kel Ar*
plasma etch. Taken with permission from Parker et al. [51].

(a) Four different fluxes show no relation-
ship with the critical coverage.

ian) motion has been observed with scanning tunneling microscopy [53|. This island motion
can lead to coalescence, a process named Smoluchowski ripening [54]. Typically, only small
islands tend to diffuse and coalesce. Atoms can also escape an island, but the likelihood
of atom detachment is inversely proportional to the cluster’s radius due to the greater sur-
face/volume ratio [38]. Hence, the growth of larger clusters is amplified because they tend to
lose proportionally fewer atoms and the larger surface area increases the capture probability

of diffusing atoms [55]. This phenomenon is known as Ostwald ripening,.

2.3.4 Coalescence process

The metal of interest for this study is gold due to its tendency to naturally grow as an is-
land film on various oxide surfaces and its chemical stability alongside with peculiar optical
properties. The wetting of a gold island on the surface of a substrate depends on the surface
energy of the gold-substrate, gold-vacuum, and vacuum-substrate system and the minimiza-

tion of the surface energy dictates the system’s morphology, i.e., the islands’ shape. However,
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during the nucleation and growth of islands, the initial shape is not necessarily in the most
stable form due to topological and chemical constraints [56,57]. Indeed, surface inhomo-
geneity can pin the island perimeter, preventing it from relaxing as the edge atoms cannot
diffuse. This effect is particularly important during the coalescence of two islands, a surface
diffusion mechanism [58]. During the process of island fusion, one grain orientation grows
at the detriment of the other and the final island is a perfect crystal [59]. However, for this
process to complete, atoms from one grain must diffuse past the boundary, a surface diffusion
mechanism dependent on the activation energy [60] of the atomistic processes involved (see
section 2.3.3).
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Figure 2.7 Calculated surface energy of two metal islands coalescing with a grain boundary

separating them as a function of the radius of the bigger island (right). Taken with permission

from Duxbury et al. [56]

As depicted in Fig. 2.7, the surface energy curve is nearly flat for similarly sized coalesc-
ing islands and, so, any substrate irregularity or contamination can trap the cluster into
a metastable state where diffusion past the grain boundary is not favorable despite the is-
land’s surface energy not the most optimal (single crystal). This effect is amplified with other

islands attaching to a metastable pair which further stabilizes the polycrystalline cluster [56].

The phenomenon of partial coalescence was observed in detail by Sato et al. with in situ
electron microscopy of Ag and Au films on cleaved MgO and noted that for small nuclei, the
fusion is complete but as the islands grow, a critical island height is reached at which complete
coalescence is no longer possible, generating imperfect crystals attributed to elongated islands
[58]. Yu et al. have formulated an interrupted coalescence model (ICM) where they introduce
the critical island size R, to Family and Meakin’s model (FMM) [61] to incorporate the island-
to-elongated-structure transition before percolation [59] as observed after Sato et al.’s work.

In Family and Meakin’s model, islands percolate and the final island radius is given by:
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RP =RP +R? (2.4)

with D = 2 for 2D circular islands and D = 3 for spherical caps. For the ICM, where R; > R,
& Ry > R, no percolation occurs and the islands can be imagined as disks repulsing each
other. In the initial growth stage, when R < R., a constant wiping of the surface due to
smaller islands coalescing leaves clear surface gaps where smaller islands can nucleate. For
each surface wiping, islands increase in size according to Eq. 2.4 and become less mobile
which leaves gaps of a size comparable to the island radius in length. Eventually, only partial
coalescence arises and little surface wiping reduces the available clean surface for new islands
to nucleate. This transition has a considerable impact on the film’s microstructure due to
islands shifting from uniformly distributed spherical caps to elongated with low height /length

ratio islands.

In essence, the coalescence process is driven by the reduction of surface energy as the final
surface of two islands merging is lower. This can be easily deduced by finding the resulting
radius for an island having a volume equivalent to the two islands combined as formulated in
Eq. 2.4. In the case of two islands of identical radius Ry, the final radius is thus Ry = 21/3R,,.
The surface area of a spherical cap {2 depends on the square of the radius, and it is found that
the final surface area is reduced by a factor of % = 21/3. Consequently, complete coalescence
of islands should systematically be observed. However, that’s not what experimental results
show as the coalescence appears to be progressively inhibited when cluster size increases.
José-Yacaman et al. provide an interesting explanation for this phenomenon by looking at
the decrease of Helmholz’s surface energy per unit area [62]. Indeed, the difference in surface

with the constant volume for spherical caps can be expressed as such:

Q) — 20

AQ)V = 2.
v 2 x Wy (25)
27R3(2%/3 — 2)
— 2.
2 x IR} (2:6)
—0.62
— 2.
> (2.7)

The decrease of the surface area is accompanied by an energy releases in the form of heat [63].
This freed surface energy decreases proportionally with the radius of the merging islands
which indicates that coalescence is more susceptible to be interrupted in a metastable state
for bigger islands. Another effect reported by Yang et al. is the interaction between a cluster

and the substrate surface that appears to increasingly hinder the coalescence process [64].
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2.3.5 Thermal anneal and substrate’s surface temperature

Metal-island films exhibit strong absorption in the visible due to their plasmonic properties
(introduced in Section 2.4). The absorption is attributed to a resonant coupling of light with
the free electrons of the metal-islands, generating an absorption peak. It is characterized by
its position and full-width at half maximum (FWHM). The nanoparticles’ (NPs) uniformity
dictates the FWHM and tends to be broader for a larger size and shape distribution. Most
studies, including the present one, aim at controlling both the peak position and FWHM.
It was found that thermal annealing after deposition can be used to great extent to alter
the film’s microstructure [65]. Sun et al. were able to fine-tune the surface plasmon peak of
a gold film on a quartz substrate to produce a plethora of colors ranging from greenish to
yellowish-red as presented in Fig. 2.8. After about 200° C', the FWHM drastically decreases

suggesting oblate to spherical islands transition [66].
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Figure 2.8 5 nm gold island film absorption maxima (a) position and (b) FWHM depending on
the annealing temperature for 180 s treatment. Insert: optical images of the color associated

with the spectra. Adapted with permission from Sun et al. [66].

Obviously, this thermal treatment was conducted ez situ and doesn’t accurately depict the
behavior of a growing film, but it highlights the diversity of the optical properties obtainable
out of a 5 nm effective thickness gold film. One notable finding is the saturation of the
island’s aspect ratio at about 400° C' from SEM & AFM measurements.

This study was conducted for a 5 nm gold film but the result will vary for different particle
dimensions. Indeed, the melting temperature is found to have a size dependence, decreasing

for smaller particles [67]. Asoro et al. have conducted a quick investigation of silver nanopar-
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ticles melting temperature and discovered it to be in the range of ~ 450 — 600°C for particles
of size going from 4 to 20 nm [68]. Silver has a slightly lower melting temperature than gold
and it’s foreseen that gold clusters will require higher temperatures to melt [69]. Moreover,
during growth, contrarily to a deposited-then-annealed film, gold clusters increase in size and
their sensitivity to lower temperatures is thus more significant in the early growth stage. As
a result, it’s expected that lower temperatures are required to induce an effect similar to the

de-wetting from thermal annealing.

A direct comparison for a 5 nm film was not found with gold grown at various substrate
temperatures. However, Venugopal et al. have witnessed a similar temperature dependence
for a 1, 2, & 4 nm silver films with a FWHM minimum observed, respectively, at around
150, 200, & 300°C surface temperature during growth [25].

Loncaric et al. have compared 3 surface temperatures (25, 120, & 215°C) for e-beam gold and
silver deposition for a 3 nm film [70,71]. Their results for Ag are consistent with Venugopal et
al., i.e. the 215°C temperature shows a minimal shift from 120°C. In comparison, Au’s SPR
peak goes from 640 nm at 25°C to 600 nm for 120°C, and finally to 585 nm at 215°C. Hence,
the peak shift decreases and tends to reach a minimum value but at a higher temperature

than silver.

In summary, both thermal annealing and higher surface temperature during deposition are
found to significantly impact the optical properties of gold-island films. However, an ez situ
thermal treatment is expected to require higher temperatures to reach a minimum in the
FWHM peak since the particles are larger. Note that this assertion might be impacted with

different thermal anneal durations.

2.3.6 Growth regimes

Schwartzkopf et al. have extensively studied the growth of gold on various surfaces which
satisfy 3D growth thermodynamic conditions (Ay > 0 as seen in section 2.3.1) [32,72,73] and
have categorized the growth of a gold film on a dielectric into four growth regimes depicted

in Figure 2.9.
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Figure 2.9 Illustration of the four growth regimes: nucleation and growth of isolated spherical

islands (I), partial coalescence of hemispherical clusters (II), coarsening of branched domains
of flat spheroids (III), and continuous layer growth after percolation (IV). The image taken

with permission from Schwartzkopf et al. [72].

The first growth regime can be understood considering the simple kinematic model in section
2.3.2. Schwartzkopf et al. found that for a low atom flux, the island density increases before
peaking but for higher deposition rates, it appears to immediately decrease. This result is best
interpreted considering Eq. 2.1 for the case of a large adatom density n;. In this situation,

! cannot compete with the n?. Hence, for a sufficiently high deposition rate,

the term ny7,
adatoms have practically no time to diffuse before they nucleate and so the adatom density
is expected to collapse quasi-instantly. Meanwhile, the cluster density reaches right-away a
peak and steadily decreases due to the island coalescence, coherent with Schwartzkopf et al.’s

experimental data [32].

With increasing clusters size, the fusion process is gradually inhibited (sec. 2.3.4) and lateral
island growth increases rapidly, marking the onset of the partial coalescence regime (II). Past
this regime, the clusters’ shape progressively loses any resemblance with spheroids which
debuts the domain coarsening regime (III). Subsequent deposition increases the lateral size
of the worm-like elongated clusters until the branched structures form a continuous network
at the percolation threshold, 7.e. the film becomes conductive and is filled with voids. The
holes are gradually filled by the condensing atoms from the vapor until a continuous film is
obtained (IV). The previous sections of this chapter have mainly focused on the early growth
stages since past the regime II, islands form a branched domain and size or shape control is

practically impossible.

In the context of metal-island film growth, the domain coarsening regime is not desirable
for the previously cited applications necessitating NPs incorporation and having a means to
rapidly identify the effective thickness threshold before its onset is of great interest. Since

gold-island films exhibit strong localized surface plasmon resonance (LSPR), which depends
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on the island size, shape & surrounding medium, the growth dynamics can be investigated
exploiting this unique feature of plasmonic materials. In essence, the optical properties of the
film are expected to reflect the underlying microstructure. Section 2.4 provides elaborated
explanations on why this feature of plasmonic layers can be exploited to understand the

growth kinetics of a discontinuous gold film.

2.3.7 lon bombardment on metal-island films

Having seen the effect of thermal annealing and surface temperature on the film’s nanostruc-
ture, one can wonder what other options are left to overcome the limitations of deposition
at room temperature to sharpen the absorption peak for substrates which cannot withstand
temperatures much higher than 100°C. For example, polycarbonate which is a very popular
material due to its relatively low refractive index of 1.586, low Abbe value, high transparency,

strength, and toughness but cannot sustain temperature much higher than 130°C [23].

Laser [74] and flash lamp [75] annealing come to mind as potential solutions but conventional
deposition systems can’t generate in situ surface treatments so that multiple composite layers

of metallic nanoparticles would be difficult to produce without specialized equipment.

It was already demonstrated that sputtering is a lot more energetic than evaporation prin-
cipally due to the constant bombardment of species on the substrate’s surface during depo-
sition. As reported, most atoms striking the substrate are neutral but some are ionized and
typically more energetic than their neutral counterparts due to the plasma sheath accelerat-
ing them. Moreover, this kinetic energy transfer on the substrate’s surface appears favorable
to promote the diffusion of the atoms on the surface which was found to delay the partial

coalescence regime onset and also to influence the size and density of the islands [76].

For instance, the application of a negative bias on the substrate can significantly increase
the energy of the ions striking the surface. Controlling the bias voltage allows one to modify
the film’s microstructure, sputter physisorbed chamber gasses from the substrate’s surface,
resputter deposited atoms, promote adatom surface mobility, improve optical properties &
more [38,77].

The enhanced diffusion can be explained by the direct kinetic energy transfer from the ion to

the atom during ion-atom collisions. The probability for an atom to diffuse on the surface is

—Ey/kT

characterized by the diffusion constant D = Dye and, so, the probability of diffusion

~Ea/kT For an ion of energy E;, the probability

P follows the proportional relationship P ~ e
for the atom to diffuse after a collision becomes P ~ e~ (Fa=Ed/kT 78] Furthermore, the

impinging particle not only generates local heating but can also become incorporated into
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the growing film, modifying its properties in a way that cannot be reproduced simply by

heating the surface [79].

Marinov et al. have found that the impact of ion bombardment (IB) of Ag affects even the
early mechanism of growth from in situ electron microscopy diffraction pattern observations
exhibiting a preferential < 110 > orientation after IB. Furthermore, surface mobility was
found to be significantly improved to the point that island nucleation was observed under-
neath a masked zone. Moreover, IB flux at later growth stages has also shown that a depletion

zone around the larger nuclei increase of size the greater the ion flux [80].

A rise of surface temperature associated with the kinetic energy transfer of ions to the
substrate is also expected which contributes to the formation of the islands (de-wetting)
and Ostwald-ripening [81]. In addition, ion beam irradiation provides a controlled method to
remove some material with the intent to better control the size distribution of a discontinuous
island film. Paszti et al. have explored the idea and found that the size distribution could
be improved by getting rid of the smaller islands upon IB irradiation [76]. However, the ion
energy used in Paszti et al.’s study is of 1 —2 keV Ar™ which is quite high considering gold’s
sputter yield becomes linear for ion energies greater than 60 eV [82]. It is thus intriguing in

the context of a surface modification study such high ion energies.

In summary, this method appears as a double-edged sword, both promoting island film growth
and the formation of a thinner continuous film. The former is due to the added energy for the
atoms to diffuse on the surface from the ballistic process but also because of the transferred
kinetic energy that heats the surface. However, surface damage increases the number of
defects and, hence, the island density increases which is known to favor early coalescence
and percolation. This effect is amplified due to the resputtering of deposited material that
diminishes the effective deposition rate and necessitates longer deposition times which further

promotes surface defects.

Ton-assisted deposition (IAD) of 100 eV Ar™ for evaporated gold films on silica was thoroughly
investigated by Netterfield et al. with in situ transmittance, reflectance, and ellipsometry [83].
Increasing the ion energy reduces the coalescence thickness, a phenomenon explained by the
surface damage induced by the ion bombardment, increasing the nucleation site density.
Subsequent etching of the gold film after a continuous film formation showed a hysteresis
in the film’s optical properties from ellipsometry measurements as depicted in Fig. 2.10.
Indeed, the thickness of the continuous film can be reduced significantly until the progressively
thinner film becomes discontinuous once again. The authors attribute the morphology of the
discontinuous film to the surface roughness which has a height feature of about 0.7 nm for

this study, which is rather small compared to a film before percolation.
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Figure 2.10 Ellipsometric angles A and ¥ during (a) deposition of gold film and (b) sub-
sequent etching of the gold layer with 100 eV Ar* ion beam. Taken with permission from
Netterfield et al. [83].

2.4 Plasmonic

In this section, the concept of local surface charge oscillations attributed to the resonant
nature of metal-island film is defined. The dissimilar optical response of dielectric and metals
is attributed to the free-electrons present in metals that are not subject to a restorative force
when excited by an electric field. The Lorentz and Drude-Lorentz models are introduced to
define the permittivity of insulators and conductors. These models allow to simply represent
the optical behavior of matter in terms of electronic oscillations (or lack of in the Drude case).
Furthermore, a composite material’s electric permittivity can be described as a combination

of the permittivity of its constituents.

The rest of the section is dedicated to the development of the necessary physical concepts and
the introduction of the relevant literature to understand the underlying phenomena at the
origin of the peculiar optical properties of a gold-island film. The choice of the surrounding
medium along with the size and shape of the metallic inclusions in a host material all influence

the line width and amplitude of the surface plasmon resonance.

Further on, one can view spherical nanoparticles as lossy nanoantennas which scatter but
absorb electric field. The efficiency of the system to do so depends on the material used

and how well far-field radiations are converted into local field energy. Finally, the chapter
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ends on the particular structures which link the optical properties and the morphology of a

gold-island film at the different growth stages.

2.4.1 Lorentz model

The Lorentz oscillator model describes the interaction of an electron with electric fields in
the scope of classical mechanics. An applied electric field on a bound electron to the nucleus

of an atom is akin to a mass-spring system and will behave according to Hooke’s law.

From Newton’s second law of motion:

= d*r

F = me% (28)
with F the force exerted on the electron, m, the mass of the electron, and 7 the displacement.
The electron’s equation of motion can be expressed by considering all possible forces acting

upon it:

d>*r
me@ = Fspm'ng -+ Fdamping + Fdriving (29&)
d*7 ar =
ey = k=T — ¢k 2.9h
ey = T a € (2.9b)
Mew?7 = —ki" — iwl'F — eE (2.9¢)

with 7(t) = #(w)e !, T the damping factor, e the elementary charge, E the local field, k
the spring constant due to the restoring Colombian force. The first term of Eq. 2.9 is the
restoring force from the positive ionic core, the second the damping of the motion due to
scattering events and the last term generates the driving force due to the electric field which
can be written as E(f) = E(w)e ™. The model assumes that the electron’s displacement

oscillates at the same frequency as the applied electric field.
This yields:
eE

7= 2.10
" mew? +iwl — k ( )

With substitution of ( = I'/m,, the damping ratio, and wy = 1/k/m., where wy is the resonant
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frequency, one finds:

Efm,
7= % (2.11)
w? +iw( — W
If the dipole moment associated with each atoms is p'= —er’, then the polarization density
of the material as a whole (containing N, electrons) can be expressed as:
P = —N,eF (2.12)

For a linear, homogeneous and isotropic material, the polarization vector 15, which represents
the density of dipole moments induced as a result of the application of an electric field, can

be expressed as follows [84]:

— —

P(w) = eox(w)E(w) (2.13)

where ¢, is the free-space permittivity and y(w) is the electric susceptibility for a dispersive

media (frequency dependency).

The electric permittivity is defined as:
e(w) =eo(1 + x(w)) (2.14)

One obtains by combining Eq. 2.11 and 2.12:

Plw) = ;iifoi W:}% (2.15)
Inserting Eq. 2.13 and 2.14 into Eq. 2.15 renders:
ew)=1- €0<w2NfZ?i ) (2.16)
Which is more often expressed as follow:
f(w) =1 < (2.17)

w4 iwC — Wl

with w, = 4/ i\gjff, the plasma frequency.
Since the permittivity depends on the frequency, the media is said to be dispersive. In other

words, the material’s optical properties are wavelength-dependent. This attribute is at the
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origin of the color refraction observed when white light is shone through a prism.

Fig. 2.11 shows the optical behavior for a resonant media (presence of restoring force).
Three regimes are observed corresponding to low-, medium- and high-frequencies. In the
low-frequency region w << wyp, the displacement is not maximal and in phase with the
electric field. The medium-frequency region w = wy the amplitude of displacement is much
larger and it is out of phase by m/2 with the electric field. This zone is the most absorbing,
followed by the low-frequency one. At high frequency w >> wy, the electrons cannot follow
the applied force and their displacement tends to zero. The material’s polarization is out of

phase by 7 in this region.

,,,,,,,,,,,,,

displacement magnitude (m)

______________________________________________________________________

H R
1015 Wy 1015
angular frequency (rad/s)

(a) Magnitude of the displacement R{P}.

phase (rad)

i - i i
10 W 0"
angular frequency (rad/s)

(b) Phase relative to the applied electric field ${P}.
Figure 2.11 The magnitude of displacement and phase were obtained with the numerical

application of the following values: N, = 10*® cm™, w, = 1.3 x 10'% rad/s, wy = 6.077 x 10'°
rad/s and ¢ = 1.519 x 10'® rad/s. Taken with permission from Almog et al. [85].

2.4.2 Drude-Lorentz model

Metals are known for their electrical conductivity which is due to the presence of free elec-

trons, unbound to nuclei. This attribute is analogous to a restoring force of zero in the
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Lorentz model, i.e. Fp.ing = 0 that effectively yields wy = 0 and the permittivity becomes:

2
wp

- e (2.18)

e(w)=1

known as the Drude-Lorentz model.

When w < w,, the dielectric function is negative and there’s no propagation in the metal
whereas for w > w,, the metal becomes transparent. For the former regime, Eq. 2.18 provides
a simple approximation of a metal’s dielectric function, although it’s far more complex in
reality. Indeed, to this dielectric function dubbed the Drude term, other contributions from
phonon and interband transitions, for example, contribute to the dielectric function of metals
[10,55].

The metallic dielectric function is thus often expressed € = &1 + 15 for which

w2

e1(w) = €00 — ﬁpl/@ (2.19a)

£a(w) = /€

= T (2.19D)

where €4, is the long-wavelength dielectric constant attributed to interband transitions. The
plasma frequency can be understood at a frequency for which € = 0, light is neither reflected
nor transmitted [86]. At this frequency, electrons support a collective oscillation, known as
plasma oscillation or plasmon, a quasi-particle, corresponding to a quantum of plasma energy

(hw) at w = wy, [10] for the bulk plasma wavelength.

2.4.3 Effective medium approximation

Solving the Maxwell’s equations for nanoscopic structures to obtain macroscopic properties
such as the transmission requires incommensurate computational resources that renders this
approach prohibitive. Finite-difference time-domain (FDTD) method computes the propaga-
tion of an EM field in a discrete space-time where the evolution of the electrical and magnetic
fields, expressed as finite-difference, are solved in a leapfrog manner [87]. Such method has

been used to simulate 200 x 200 nm?

area of gold-island films with good precision [88] but
remains limited to simulation size comparable to the wavelength of light due to hardware

limitations [87].

Effective medium approximation (EMA) allows one to model the macroscopic optical prop-

erties of a composite material. The principle resides in describing an effective dielectric
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constant as a function of the dielectric constants of the constituents of a composite material.

Furthermore, this approach is considerably easier to compute.

A well known EMA model derived by Maxwell-Garnett (MG) [89] from the Clausius and

Mosotti theory allows to explain color changes for discontinuous noble-metal films. The MG

effective dielectric function 8%}(5 is defined as:
MG
Seff —Eh _ f Sm —Eh (2.20)
eN9 + gen Em + gEn

where ¢, is the dielectric function of the host matrix, €, the metallic spherical inclusion (see:
Fig. 2.12b), f the filling factor and g the depolarization factor that depends on the shape
of the inclusion (equal to 2 for spherical particles). Typically, 1 = g, + g, + g. and g, = g,
because the models are restricted to ellipsoidal particles. For g, = 0, the particle is flat, 7.e.

a thin film whereas for g, = 1, the inclusions are needle-like [90].

Another EMA proposed by Bruggeman [91] (Fig. 2.12a) describes the effective dielectric
constant of randomly distributed inclusions in a matrix. The Bruggeman effective dielectric

constant is obtained according to:

BM
Em — Eeff

) Ep — EGB}]\J{
em + 9l

—|—(1—fw:0 (2.21)
For a small filling factor f, both models yield equivalent effective dielectric function values
[92]. However, Bruggerman’s model is more representative of sputtered metal-island films
at higher filling factors when the islands coalescence. Maxwell-Garnett offers a simplistic
view of the effect of the size, shape and surrounding medium’s refractive index. Xu et
al. [93,94] studied the impact of modifying the surrounding refractive index which is found
to redshift the absorption peak for increased refractive index values. Furthermore, increasing

the equivalent film thickness also shifts the LSPR peak toward longer wavelengths.
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Figure 2.12 Two effective medium approximation models : (a) Bruggeman model which
calculates the effective dielectric function of a random mixture of two materials, and (b) the
Maxwell-Garnett model valid for small inclusions in a matrix. Taken with permission from
Mandal et al. [95].

The MG model supposes an interparticle distance sufficiently large so that no interaction
arises from the dipolar coupling. A plethora of models has emerged to extend the applicability
of this model to accommodate a higher filling factors [96]. However, since the fitting of the
experimental data is done via a software that does not support more complex models (as of

now), the applicability of the EMA will be restricted to the two presented models.

2.4.4 Localized Surface Plasmon

Despite no mention of plasmonic, Gustav Mie’s article published in 1908 is one of the most
cited references in the plasmonic literature [5]. Indeed, Mie’s theory allowed to find analytic
solution to Maxwell’s equations for the case of small particles with arbitrary refractive indexes
and radii. Surface plasmons were defined in 1957 by Ritchie as a plasma mode along the
interface of a metal and dielectric medium, propagating in the form of a charge density
wave [97]. This plasmon is called surface plasmon polariton (SPP) due to the presence of an
EM wave (photon) which arises from the propagation of the charge density wave as depicted
in Fig. 2.13. Since this SPP is a propagating wave, light’s wavevector must match that of the
SPP which is only possible for light incident from a higher refractive index medium than that
of the dielectric at which the SPP propagates along the metal interface [98]. However, this
unlikely condition can be generated by utilizing an attenuated total reflection (ATR) set-up.
For example, a thin metal film deposited on a dielectric, such as glass, can support SPP.
Indeed, when light illuminates the metal/glass interface at an angle that meets the condition
for total reflection, part of the light will "propagate" in the form of an evanescent wave inside
the metal film with a wavevector high enough to excite a SPP at the metal/air interface

(because ngjass > MNgir). This evanescent wave decays very rapidly and the metal film’s
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thickness is a critical parameter so that the evanescent wave is not completely attenuated at

the air/metal interface.

In the case of a metallic nanoparticle that is smaller than the wavelength of the radiation,
due to the confinement of the electrons inside the particle, the charge density oscillation is
confined and doesn’t propagate, a phenomenon called localized surface plasmon (LSP). The
momentum provision Ap of a nanoparticle of radius r can be approximated as Ap = j%’r with
j an integer [99]. LSPs support multiple discrete modes and their excitation doesn’t depend
on the irradiating light’s angle. For spheroid particles, modifying the size and their shape
will induce very different LSP signatures that can be tuned to obtain a plasmonic absorption
at the desired wavelength [10]. These modes are called localized surface plasmon resonance
(LSPR) and give rise to strong coupling between light and surface charge density oscillations.
In summary, despite being similar in nature, SPP and LSP are very different as illustrated
by Fig. 2.13.

z propagation

Y

Figure 2.13 The schematic depicts (a) the case of a SPP propagating along a dielectric/metal
interface with the decaying electric field in the metal away from the interface and (b) oscil-
lations of the electronic cloud inside metal nanoparticles excited by an electric field. Taken

with permission from F. Todescato [10].

2.4.5 Spherical nanoparticles

In essence, spherical nanoparticles convert far-field radiation into the near-field and inversely

[100], a behavior attributed to a nano-antenna. The absorbed I,,s and scattered I, power

I;_“” and absorption cross-section Cys =
wmc

can be related to the scattering cross-section Ceqy =
ﬁ“—b Due to the size smaller than the wavelength of light, the retardation effects can be

ignored and both cross-sections can be expressed as [101]:
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Cocat = k—4|47r5 a?’M|2 oc a® /2t (2.22a)
scat 6 0 55ph + 25m3d .
Cops = k%{4ﬁ50a3M} o a’ /A (2.22b)

Esph + 2€med

for k = w/\ and a the radius of the spherical NP.

Eq. 2.22 highlights the rapid rise of the scattered field (energy sent back to the far-field)
in contrast to the absorbed power (dissipated within the particle). The resonance frequency

wgpr appears at the egyp + 264 = 0 and is wgpr = % for e,,eq = 1.

As seen from the previous section, the electron density of the inclusions is directly correlated
with the plasma frequency from which the surface plasmon resonance wgpgr frequency is
derived. Another factor is the surrounding effective refractive index which can greatly shift
the resonance as demonstrated in Fig. 2.14. This result can be understood by considering
again that the resonance condition of a spherical particle is met for €5y, = —2¢.4, and so

_ wWp . . . . .
e(wspr) = ViES o which increases for a higher refractive index.
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Figure 2.14 Wavelength where the absorption is maximum for the three coinage metals (Ag,
Au and Cu) depending on the matrix dielectric constant n,, which redshifts for increasing

nm. Adapted with permission from J.M. Lamarre [102].

Absorption peak positions between Au and Ag can be achieved by varying the ratio between

the two (and any other miscible elements) [103]. Indeed, Roy et al. have found a linear



34

dependence between the concentration of Ag and Au in the alloy and the respective absorption

peak of the pure metals (~ 400 nm and 500 nm, respectively).

2.4.6 Plasmonic materials

Not every material has the same plasmonic performance and despite silver exhibiting the
best performance, it falls short when it comes to environmental stability. Gold is thus
often the material of choice for applications in more demanding environments with good
plasmonic performance (see Fig. 2.15). The quality factor ¢ = b;i—g is defined as the local-
field enhancement capability of a resonator, that is how much the incident field is amplified
in contrast to the local field [104]. The quality factors for both LSPR and SPP are shown
in Fig. 2.15 and explain why metals like silver and gold with negative ¢’ and small " are

popular plasmonic materials.

In Fig. 2.15, aside from Ag and Au, few elements can be practically used. Indeed, aluminum
typically grows as layer-by-layer and other suggested materials are too reactive (sodium and
potassium for instance) which prohibit their implementation. Due to the prohibitive cost of
noble metals, alternatives have been explored like titanium nitride with a field enhancement
comparable to gold but at a much lesser price [105]. However, like other options such as

aluminum, novel methods are required to obtain NPs as their growth mode is 2D [106].
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Figure 2.15 Tabulated values of the various quality factors associated with different plasmonic
candidate materials. The Qrspr = —¢'(w)/e”(w) differs from the Qgspp = &2(w)/el (W)
due to the possibility to tune the resonance of the LSPR peak with the geometry of the
nanoparticle with €,, the permittivity of the bulk metal. Adapted with permission from
West et al. [107].

As a consequence, gold has emerged as the material of choice to study the LSPR even despite
its weaker enhancement factor in comparison to silver. Non-radiative processes are at the
origin of the losses due to the excitation of LSPR and can lead to the decay of the surface
plasmon [108]. Indeed, poorer performance of both gold and copper is attributed to the LSPR
peak overlapping interband transitions, hindering the plasmonic performance [109,110]. This
damping broadens the absorption peak which is detrimental to many applications. Note that
the resonance peak can be adjusted with the shape of the NP to not overlap the interband
transition, a strategy that can palliate this inherent weakness of gold. Indeed, a recent
study found that gold nanorods didn’t suffer from this drawback [110] but the fabrication of

nanorods via PVD is a significant challenge.

2.4.7 Evolution of the optical properties of metal-island films

The following section offers a detailed explanation of the origin of changes in optical behavior
throughout the growth of the film which is attributed to the presence of unique resonating

structures for each growth stage.
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In a simulation study of nanobars (NBs) and nanoparticle chains (NPCs), the effect of the
junction between the nanoparticles was found to generate a transmission dip comparable to
that of a much longer NB [30]. Indeed, the resonance of a NPC is directly related to its
length and the longer it is, the further its peak is red-shifted as demonstrated in Fig. 2.16.
This effect is of particular interest considering the tendency of islands to partially percolate
which generates a neck at the junction between the islands, akin to NPCs. Moreover, this
property shows how diverse the resonance wavelength can be depending on the shape of the

clusters and could, technically, be adjusted to any wanted value [111].

Normalised Scattering Intensity (A.U)

400 500 600 700 800 900 1000
Wavelength (nm)

(a) SEM images of NPC on ITO. Particle size is (b) Normalized spectra of the NPC labeled accord-
64 nm. Scale bar = 250 nm. ing to the associated chain length.

Figure 2.16 Experimental characterization of NPCs. Taken with permission from Barrow et
al. [112].

The resonance peak can also be affected by the presence of the surrounding NPs due to inter-
particle coupling. Atay et al. generated arrays of particle pair with a variable gap in-between
and demonstrated that the inter-particle coupling allowed higher-order resonance modes to
be excited [113]. Furthermore, the strength of the interaction is inversely proportional to the
particles” distance. Higher modes only decay non-radiatively which is translated by increased

absorption arising from the NPs dipolar coupling [114].

Additionally, the decrease of the gap distance between two NPs is accompanied by a red-shift
as depicted in Fig. 2.17a. As the NPs overlap a similar behavior, shown in Fig. 2.17b, is also
observed along with the apparition of a second peak attributed to the quadrupole resonance
mode. Furthermore, the line width of the resonance peak is much broader for the overlapping

particles, indicating a larger damping of the electronic oscillations.
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Figure 2.17 Polarized transmission spectra (along the long axis of the NPs) of a 800x400 nm

periodic lattice array of nanoparticle pairs. Taken with permission from Atay et al. [113].

Lastly, for large particles ~ 50 nm, multipole contributions and surface effects are dependent
on the particle’s size, causing a broadening of the absorption peak for increasing particle
distance [115]. It was also found that the size influences the effective refractive index as the
environment around the particle over a distance comparable to the particle’s radius affects

the resonance frequency [116].

A mode splitting is observed for elongated clusters since the resonance wavelength of the
larger axis is significantly longer [117]. Around the percolation threshold, a special nanos-
tructure is formed where isolated islands are surrounded by a conductive network. The for-
mation of this structure is associated with an anomalous absorption band in the NIR [118].
Smith and Earp have modeled such structures as a ring of insulating material in a conduc-
tive medium and discovered that for an increasingly larger core, the resonant frequency was
red-shifted.

At percolation, the film exhibits a Drude-like component characterized by a rapid gain in
reflectivity in the IR for gold on silica [119]. Additionally, the authors have compared their
experimental data to the Bruggeman EMA model and have found strong deviations at high
frequencies and an overestimated conductivity. Worst, the plasmon peak is neither correctly

positioned nor the amplitude properly reproduced.
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CHAPTER 3 EXPERIMENTAL METHODOLOGY

This section presents the experimental methodology used to produce and characterize the
studied samples. First, the sputter system is presented with all of its components and and
parameters is presented. The optical apparatus used for in-situ surface reflectance spec-
troscopy is explained in more detail in the subsequent section which focuses on the optical

characterization of the samples. Finally, the surface imaging methodology is described.

3.1 Experimental apparatus

3.1.1 Deposition chamber

Depositions were performed inside an in-house sputter process chamber presented in Fig. 3.1.
The chamber configuration is of a "sputter-up' type with four magnetrons heads oriented
upward toward the substrate holder (schematic of the sample arrangement presented in Fig.
A.1). The targets’ diameter was 2” (5.08 ¢m). RF and DC power supplies can be used to
power the magnetrons. In the present context, just one RF power supply was available so all
depositions were performed with the same RF generator. Another RF generator is connected
to the substrate holder and used for biasing either as a deposition surface pre-treatment.
Argon and oxygen are controlled by MKS mass flow controllers. The films’ thickness is
measured with a quartz crystal microbalance (QCM) inside of the system. A shutter masks

the crystal when other films than gold is being deposited.

The chamber has multiple view-ports to allow for an optical system to be used during depo-
sition. Two view-ports can be used as a reflection set-up with an angle of 65°. A resistive
heating element allows one to reach temperatures of up to 200° C on the sample’s surface.
The substrate holder can rotate to increase uniformity of the deposition but, in the context
of this study, had limited use.

The base pressure was typically at 2 x 10~¢ Torr using a turbo-molecular-pump. Without a
load-lock, the chamber was systematically exposed to the atmosphere and a minimal pumping
time of 3 hours was necessary to reach a base pressure < 5 x 1076 torr. A butterfly valve

allowed one to control the chamber’s pressure upon gas insertion.

A ZnSe IR-transparent window installed on the bottom of the deposition system allowed for
a reading of the substrate temperature using an infrared camera. In order to ensure a proper
temperature reading with the camera, a thermocouple was used to validate the parameters

suggested by the manufacturer (emissivity of the substrate’s surface and background con-
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Figure 3.1 Schematic of the sputtering deposition system used for the deposition of all the
samples.
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tribution). Since the samples were relatively small, the thermocouple was not used during

deposition to prevent it from masking the surface.

3.1.2 Deposition conditions

The choice of plasmonic material was mainly restrained to the noble metals gold and silver
due to their interesting plasmonic properties (presented in Section 2.4). It is known that mid
to late transition metals as solids do not wet oxides in the absence of kinetic constraints [44].
Furthermore, gold was tested on Al,O3, TiOy and SiO,, three commonly used dielectric
materials, and showed a 3D growth mode [120-122]. Gold is the noblest transition element
and its low reactivity virtually immunize it from oxidization, an attribute that simplifies the
study and characterization of the optical properties which are affected by many parameters,

i.e. the size, shape, surrounding medium, and inter-particle coupling as detailed in Sec. 2.4.6.

The gold films were deposited by radiofrequency (RF) magnetron sputtering from a 5 cm
gold target (99.99%) in an Ar (99.999%) atmosphere at a pressure of 6 mTorr and a power
of 25 W (deposition rate of about 0.4 A/s, verified for each experiment).
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The substrates, 5 x 5 cm borosilicate glass, were ultrasonically cleaned using an alkaline solu-
tion, then bathed in isopropanol, rinsed with distilled water, and finally dried with nitrogen.
Before deposition, the surface was exposed to a plasma of argon/oxygen mixture (2:1 flow
ratio) with an RF-bias of —100 V' for 5 minutes.

For most experiments, a SiO, passivating underlayer was deposited in an argon and oxygen
(99.999%) containing atmosphere (5:1 flow ratio) at a pressure of 5 mtorr (0.21 A/s) from
a SiOy target (99.995%) at 150 W of RF power. Alumina was deposited (2.9 nm/min) via
reactive sputtering from an aluminum (99.99%) target. The target was conditioned for 5
mins using an argon flow of 25 scem (partial pressure of 3.6 mtorr) at a constant power of
150 W resulting in a self-bias voltage of 350 V. A 2 scem flow of oxygen was subsequently
introduced and the shutter kept closed for 2 mins which was determined to be long enough
for the self-bias value to stabilizes at 331 V. The butterfly valve was kept open and the total
pressure was 3.75 mtorr upon oxygen insertion. Akin to alumina, titania was deposited (2.4
nm/min) from a titanium (99.99%) target via reactive sputtering. The pre-sputtering of the
target during 5 mins with a 25 sccm Ar flow stabilized to a 205 V self-bias value at a constant
power of 150 W. The oxygen flow of 2 sccm resulted in a total pressure of 3.75 mtorr and a
self-bias of 220 V after 2 mins.

3.2 Optical characterization

The optical behavior of metal-island films can reveal information on the underlying nanos-
tructure. Indeed, the presence of LSPR is a key indicator that the film is still discontinuous
but the amplitude and bandwidth of the peak disclose information about the size and shape
distribution of the islands. Consequently, the characterization of the film in reflection and
transmission is of utmost necessity to understand the impact of growth on the thin film’s
microstructure. The following sub-section describes the optical methodology used to charac-
terize the metal-island films, but also all of the other films deposited such as silica, titania

and alumina.

3.2.1 Ellipsometry

The deposition rate during sputtering was obtained using a Drude-Lorentz model with the
ellipsometric measurements. The working principle of ellipsometry resides in the detection of
the change of state in polarization of light upon reflection or transmission. A non-polarized
beam of light can be separated into two components: one perpendicular (s-polarization) and

one parallel (p-polarization) with the optical plane. The ellipsometric parameters, ¥ and A,
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are expressed using the ratio of s- and p-polarization intensity (rs and r, respectively) from

the following equation:

p= —::—p — tan Ue'® (3.1)

U is directly related to the amplitude ratio of both polarizations and A their phase differ-
ence [123]. The ellipsometric measurements were conducted using a J.A. Woollam RC2— X1
ellipsometer and analyzed with the CompleteFEase software to extract either the refrac-
tive index of the film or determine its thickness and other parameters such as the rough-
ness/porosity. This ellipsometer is equipped with a xenon lamp allowing to probe the mate-
rial’s optical behavior from 200 nm to 2500 nm. Since the measurement is based on a ratio

of the two polarizations, it is less sensitive to source intensity fluctuation.

3.2.2 Spectrophotometry

Near-normal (6°) reflectance R and normal transmittance 7' were measured by a universal
measurement accessory (UMA) is installed on a Cary 7000 UV-Vis-NIR Universal Measure-
ment Spectrophotometer (UMS) from Agilent. Tungsten and deuterium lamps provide a
wavelength range of 250 — 2500 nm with a wavelength accuracy of +0.08 nm @ 190 — 900 nm
& +0.4 nm @ 760 — 3300 nm. The dual-beam spectrophotometer allows comparing the mea-
sured intensity from a reference beam intensity to prevent skewed data from an unstable light
source or even the detectors. The UV-Vis detector is a R928 PMT and the NIR detector is
a cooled PbS photodetector.

The reflection R and transmission 7" were obtained from sample angle measurements of 6°

and 65°. The extinction Ext is obtained from the relation:
Erxt=A+S=1-R-T (3.2)

with A the absorption and S the scattering. The latter term is often neglected. Although,
metal-island films are known to scatter and this assumption is not valid. For oblique angle
reflection measurements, the backside of the sample was covered with tape or sandblasted to

prevent any backside reflection.

3.2.3 Colorimetry

In 1675, Newton published his discovery that white light could be decomposed into multiple

colors and wvice-versa. The perception of color has been a fundamental tool in physics and
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chemistry, giving rise to spectrum analysis that fueled the discovery of new elements for
which specific color emission bands were observed. It was found that the perception of white
light could be produced from the addition of three primary colors: red, green and blue.
This attribute is due to the underlying working principle of the human eye that relies on
three types of cones with variable sensitivity to different wavelengths from 380 to 780 nm.
Moreover, the cones’ spectral sensitivity overlap and a single wavelength can excite all of
them. Thus a color can be expressed by a tristimulus value and represented by the simple
addition of three primary colors [124]. The same tristimulus values can be obtained from

different spectra, a phenomenon called metamerism.

The concept of color perception was a hotly debated topic following Newton’s work as color
perception depends on the source of light & the observer. For this reason, the Commission In-
ternationale de I’Eclairage (CIE) defined color spaces in 1931 with standardized colorimetric
specifications for controlled light sources I, and standard photometric observers represented

by Xy, Y, and z, color-matching functions.

To obtain the color from spectral data, one must compute the tristimulus values XYZ from
the spectral reflectance (or transmittance) distribution of the sample S(A) multiplied by
the reference illuminant’s I(A) spectral power distribution and the CIE 1931 color matching

function for a 2° observer as follows [125]:

X = iIZ)_(lslllA)\, Y = ;-IZ}_QSJ,A)\, and Z = iIZZS,IlA)\
; i @' (3.3)
N = 5" §hA

From the XYZ color coordinates, the conversion to RGB is done by applying a transformation

matrix for a D65 illuminant as:

R 3.2404542 —1.5371385 —0.4985314| |X
G| = [—0.9692660 1.8760108  0.0415560 | |Y (3.4)
B 0.0556434  —0.2040259 1.0572252 | (Z

The CIE L*a*b* color parameters are defined as:

L* =116f, — 16
a* = 500(f, — f,) (3.5)
b* =200(f, — f)
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where
e, if x, >¢€
fx = 1
fixe + 6, otherwise
116
N ify, > ¢
fy =\ Ky, + 16 .
————, otherwise
116 (3.6)
'z, ifz, > ¢
f= 16
Kz ¥ , otherwise
116
e = 216/24389
Kk = 24389/27

The normalized reference white x,y,z, is found from the reference white X,Y,Z, which is

computed as follows:

X, = Iilzmim, Y, = ,ﬁlzwim, &7 = ,i,ZZ'aM

(3.7)
X =X/X, ¥y =Y/Y,, and z, = Z/Z,
The saturation of a color is defined as:
*2 b*?
PR (3.8)

L*

The L*a*b* color space has the advantage of providing uniformly visual spacing and corre-
lation with color perception. The L* is for lightness where 0 is black and 100 white. a*
goes from green (negative values) to red (positive values) and b* from blue (negative values)
and yellow (positive values). The fundamental idea behind this color space is that equal
changes in numerical values of coordinates correspond to identical perceived difference of

coloration [124].

In situ transmission was obtained from a configuration as shown in Fig. 3.2.
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Figure 3.2 Schematic of the optical set-up configured for transmission monitoring to obtain

color parameters of the gold film in situ.

3.2.4 Differential spectrometry

The change in reflectance during deposition is attributed to the formation of a thin film
on the substrate. The reflectance depends on the coverage, the thickness, and the dielectric
constants of the thin film, substrate, and ambient. Since no rotating hardware is required, the
acquisition time is typically faster for reflectance spectroscopy comparatively to ellipsometry.
As seen in Fig. 3.3, such an optical system is quite straightforward and requires fewer

components than an ellipsometer.
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Figure 3.3 Schematic of a differential reflectance spectrometry system installed on the depo-
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sition system allows one to follow the evolution of reflectance during deposition.

Taking the differential of the normalized reflected signal highlights minute changes in the
reflectivity of the surface, even for just a monolayer as shown in Fig. 3.4. Thus, differential

reflectance is particularly sensitive for absorbing films.

20 a6 3 80
b, - DEGREES ¢ - DEGREES

Figure 3.4 a) Reflectivity of a dielectric substrate (solid) and the same substrate with about

one monolayer of an absorbing film (dashed) and b) the differential reflectivity AR/ R caused

by the absorbing monolayer film as a function of the angle of incidence of light and its

polarization (thickness of the thin film d is very small compared to the wavelength d/\ =

1073). Taken from McIntyre and Aspnes [126].

For this research, a xenon lamp was initially used but the collimator system was very primitive
and the lenses” AR coating affected the transmittance for wavelengths outside the range of
350 nm to 700 nm. Moreover, the lenses and the optical fiber’s aperture was difficult to
properly align as the mounting elements didn’t have any angle adjustment. As a result, to

reduce the risk that the source intensity drifted with time due to either the lamp’s instability
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or the vibration of the system, a compact super-continuum Energetiq £Q) —99X Laser Driven
Light Source was later installed with a single wide-band metal-mirror collimator. This source
is typically used to calibrate high-precision optical metrology equipment and is left constantly

running so it doesn’t require hour long pre-heating times, unlike the xenon lamp.

The silver mirror collimator from ThorLab RC02FC — P01 allows obtaining a 2 mm colli-
mated beam from a 0.40 numerical aperture (NA) optical fiber. Since the mirror is parabolic,
the focal length is constant for a broad range of wavelengths contrarily to lenses, a great
advantage. Despite being advertised as 450 nm—2 um @ 97.5% reflectance, more than
90% at 400 nm for both s- and p-polarization is still reflected.

In-situ optical measurements were carried out using a TEC5 UV-VIS-NIR spectrophotometer
with an acquisition time of 125 ms - each spectrum consisting in the average of 25 x 5-ms-
spectra. To prevent backside reflection from the sample, the rear surface was sandblasted.
Polarization was controlled via a broad-band polarizer from an old variable angle spectro-

scopic ellipsometer (VASE).

The differential reflectance is defined as:

AR R(8) — R(0)
R R(0)

(3.9)

with 0 representing the effective deposited thickness.

In this study, instead of the differential, it’s the time-derivative of the reflectivity for each
wavelength of the spectrum that is calculated. First, a reference spectrum Ry(\) is acquired
using the UMA that allows the conversion of the in situ intensity measurement I(t, \) into
reflectivity spectra R(t,A). To do so, the system is calibrated from a reference spectrum
intensity Io(A) = I(t = 0, ) which is done right before deposition. Then, a transformation

vector v is found to convert subsequent intensity measurements into reflectivity:

v =R/l (3.10)

R(tN) = I(t,\) x v (3.11)

This calibration step is crucial. Any change of alignment or fluctuation of the source intensity

will affect the measured reflectivity of the film. Furthermore, the numerical time-derivative
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is calculated by:

OR(t,\)  R(i+1,)\)— R(i,\) (3.12)
ot lit1 — L |

Note that the time can be converted into the film’s effective thickness ¢ knowing the deposition

rate (nm/s). The in situ transmission can be obtained in a similar fashion.

3.2.5 Reflection and transmission coefficients

The refractive index dictates the behavior of a material when exposed to light, i.e. how
much of it is reflected R, transmitted 7', absorbed A and scattered S from the initial incident
light. Absorption and scattering are more often combined and denoted as the extinction Fxt
because absorption and scattering are evaluated using the relation A+ S =1— R —T. The
Fresnel coefficients of a multi-layer system can be obtained by applying the matrix approach
developed by Abeles [127]. A software called Openfilters [128], developed at the FCSEL, has
implemented the method to calculate the optical coefficients at various angles, thicknesses
and for many layers of thicknesses d; and respective refractive indices N;. For each layer,
the incident light comes from a medium of refractive index Nj,. and exit medium N,, and a

matrix M; is defined as:

cosg;  (i/m;)sing;

M;= | (3.13)
; sin @; coSs @;
with
N;cosf;  s-polarisation
N = (3.14)
N,/ cosb; p-polarisation
and 5
¢i = %Nidi cos 0; (3.15)

being the phase shift of the EM wave inside the layer. 6; is the angle of incidence in the i*
layer which changes as the wave propagates in the stack of IV; refractive indexes according

to Snell-Descarte’s law N, sin 0;,. = N; sin 6;.

The product of all the i matrices yields the characteristic matrix:

M= [m“ m”] (3.16)

mo1 Ma2
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for which the Fresnel coefficients R and T' can be found according to:

R=rr" (3.17a)

R(Nex)
T = tt* 3.17b

with
incTTl — Nex + incTlex T —m
r— n 11— 22 T TincT] 12 12 (3.18a)
NineM11 + Nex™22 + NinelexM12 + M2

2 inc

t = d (3.18b)

NineM11 + Nex™M22 + NineNeaM12 + M12

Note that Eq. 3.17 don’t consider the backside reflection. However, it’s exhaustively detailed

in Larouche et al.’s article [128].

3.3 Surface imaging

3.3.1 Electron microscopy

The maximum resolution of an optical microscope is defined as [129]:

0.61\
r= (3.19)

N sin «

with A the wavelength, N the refractive index between the object and objective, and the
angle aperture a. The lowest light wavelength used in microscopy is approximately 200 nm
as anything lower would require an exotic lens system. For green light, the absolute resolution
limit is around 150 nm (for Nsina ~ 1.6) [129].

With electron microscopy, p can be asserted as unity and « is very small so that sina = a.
The wavelength is determined using the de Broglie relation A = h/p and with o = 0.1 rad
(~ 5°) and as such, the resolution limit of a 1 kV electron beam is 236 pm. However,
the magnetic lenses of an electron microscopy cause aberrations (largely due to the energy
distribution of the electrons) and the resolution is actually far from this limit, but still much

lower than that of optical microscope. For TEM, sub-atomic resolution is easily attainable.

Transmission electron microscopy (TEM) was used as the preferred imaging method since
the resolution is much higher than scanning electron microscopy (SEM) for instance. The
TEM images were obtained using a JEOL JEM — 2100F at a 200 kV working voltage on
30-nm-thick silicon nitride membranes (window size 0.25 x 0.25 mm) from Norcada. The

microscopes was equipped with a Schottky field emission gun (FEG).
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The resolution of an electron microscope is affected by the electrons’ velocity (accelerating
voltage) and the interaction volume of the electrons within the sample [130]. An SEM working
voltage is much lower to prevent electrons to penetrate too deep inside the sample which
decreases the resolution. Also, non-conductive materials suffer from charge accumulation
(electrons are trapped inside) which deflects the probing electron beam. The use of a low-

current and conductive coating helps to mitigate this latter effect.

Figure 3.5 Scanning electron micrographs showing the profile of the interaction volume of
electrons regarding the working voltage used for (a) 14.86 kV and (b) 29.5 kV beam voltages.
Taken from Herzog et al. [130].

Conversely, TEM does not suffer from any of the SEM’s drawbacks except that the sample
must be very thin (< 100 nm), a condition difficult to obtain in most studies. In the present
case, the deposition of gold was after a 10 nm SiO; seed layer on top of the 30 nm thin
membrane. However, the imaging was done on a different sample than the one where the
in-situ surface reflectance was conducted. The impact of this difference was not studied
but will be discussed further. Since the electrons are transmitted, the volume of interaction
is very small and no charges are accumulated; this allows the use of greater beam energy,

improving the resolution (smaller wavelength and interaction volume).

3.3.2 Image analysis

The images were obtained by TEM observations and were treated using an in-house thresh-
olding script combined with the ImageJ software. The first step is to smooth the image with

a median filter to reduce the noise, detrimental to the thresholding process. The median
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filter is preferred as it preserves the edges contrarily to other types of filters, e.g. Gaus-
sian blurring [131]. Then, the image brightness and contrast are modified using an ImageJ
built-in function. The insert in Fig. 3.6b shows a typical bi-modal gray-level distribution
of a gold-island film. The thresholding process aims at separating the two populations by
attributing to every object pixel the value 255 (white) and background pixel the value black
(0). As seen in Fig. 3.6a, the background is lighter than the gold islands and is set to black.

In order to help the algorithm differentiate between the two populations, the brightness
and contrast are manually adjusted in /mageJ as shown in Fig. 3.6b. Then, an adaptive
threshold function is applied to the image via a Python script from the OpenCV library and
the resulting image after this step shown in Fig. 3.6c. This function locally averages the
pixels’ intensity value of a user-set amount of pixels. To put it simply, the algorithm scans
the image and for every position, it determines an average pixel intensity value. If the current
pixel has an intensity higher than the average, it is set to a wanted value, e.g. 0 (black) in this
case. To include the islands’ edge, an offset value is set so that it’s either subtracted or added
to the mean calculated value. The pixels that don’t meet the requirement are automatically

set to white.

S
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(a) TEM image as-is. (b) After brightness and contrast (c) After local thresholding.

adjustment.

Figure 3.6 a) 6 nm effective thickness of gold deposited at 100° C on B270 substrate. b)
Intermediate step to improve ¢) the adaptive threshold accuracy algorithm. Parameters used

for the local threshold: kernel size for local mean was 143 (12 x 12) and the offset was 0.

To make sure that the threshold algorithm preserves correctly the islands’ boundaries, the
brightness and contrast step is mandatory and especially for higher deposition temperature
as the film tends to have very big islands surrounded by much smaller ones. This contrast

of size pushes the local threshold to its limit as a too large averaging area will cast the
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smaller islands as background pixels while a smaller one causes some pixels inside of the big
clusters to be in turn considered as background. Increasing the contrast make the smaller
islands stand out more, increasing their weight on the local average so they aren’t classified

as background pixels.

Once satisfied with the thresholded image, the island density, area, average distance, and
coverage can be swiftly obtained with the ImageJ integrated tools. The software can detect
the edge of the particles in the thresholded image. This step can be done via the OpenCV
function findContour as well, but since ImageJ has multiple already integrated scripts and
plugins, it was the preferred option. From the software analysis of particle count, area and

circularity are extracted. The circularity of a NP is defined as:

Circularity = 41 x Area/Perimeter? (3.20)

and is used to describe how close a 2D particle is to a true circle. The idea is very simple, a
circle’s perimeter is 27 x radius and its area m x radius®. A true circle will yield 1 whereas any

other form will tends to have a larger perimeter comparatively to the area (Circularity < 1).
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CHAPTER 4 RESULTS AND DISCUSSION

In this chapter, the results from gold deposition on two different seed layers and capping
materials are presented. To explore the available color space, a broad variety of gold films
with different effective thicknesses were produced with multiple configurations of seed and
capping layer materials. Subsequently, the adhesion in function of the gold thickness is tested

to explore the limitations of gold-island film incorporation into an ophthalmic lens coating.

Ion bombardment was identified in Sec. 2.3.7 as a potential alternative to annealing to
improve the SPR peak attributes, i.e. bandwidth and amplitude. In situ transmission
monitoring is used as a method to investigate if the addition of a substrate bias during

deposition is beneficial for color generation.

4.1 Effect of the seed layer and encapsulating material

Asseen in Fig. 4.1, increasing the effective refractive index generates a red-shift of the absorp-
tion peak, in accordance with Fig. 2.14. Silica and titania were used due to their refractive

index contrast (1.50 vs 2.65 at 550 nm respectively) and the relative ease of deposition.
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(a) SiO2 (solid) and TiO4 (dashed) seed layers for (b) Variation of the encapsulation material
different gold effective thicknesses. The FWHM for gold films uncoated (solid), SiOy overcoat
is provided to compare the impact of the change. (dashed) and TiOs overcoat (dotted). The peak
position is identified for each curve
Figure 4.1 Ex situ absorption measurements of gold films deposited at room temperature
with a) different seed layers and b) encapsulating material. Two effective thicknesses of 1.25
nm (red) and 2.5 nm (blue) were deposited on a B270 substrate and the thickness of each

dielectric layer was 16 nm.
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One can note a broadening but also an increase of the amplitude of the peak with an increase
of the surrounding refractive index. This behavior is commonly observed for redshifted SPR
peak due to the increasingly heightened free-electron damping attributed to gold’s dielectric
constant €” higher value at longer wavelengths [132] whereas &’ gets more negative which
results in a greater QQ factor (as seen in Sec. 2.4.6), explaining the increase in amplitude of
the peak.

To obtain a better idea of the resulting colors, 40 gold films were deposited with different
combinations of dielectric and gold effective thicknesses. The colors in transmission are

represented in Fig. 4.2.

Thickness [nm]

OndsteCvaa | 105 | 250 375 | 756 | 8
Si0, — Air
Si0—Si0;
Si0, — Ti0,
TiO, — Air
TiO, — Si0,
Tios— Ti0s X
E(; E Si0, — Air
g s
g 3 TiO, — Air

Figure 4.2 Corresponding transmitted colors in sSRGB (CIE 1931 2° observers, D65 illumi-
nant) of gold films with different configurations and effective thicknesses. Depositions were
done on B270 substrates and the TiO, and SiO, layer thicknesses was 16 nm. The last two
rows of gold films were annealed after deposition. Note: the missing sample detached from

the sample holder during deposition and was lost.

The 1.25 nm SiOs film at room temperature has a slight reddish hue whereas the 1.25 nm TiOq

undercoated film presents a more greenish color attributed to the redshift of the absorption
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peak. One can quickly notice that annealing is the parameter that affects the coloration the
most. The Fig. 4.3 shows the comparison of the same film before and after annealing. The
resulting colors have increased saturation (narrower absorption) and amplitude (absorption

intensity). This feature heightens the contrast between silica and titania.

30 T T T T T
—1.25 nm
— 2.5 nm
251 3.75 nm| |
20 F Ll “ i
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/ “~

Extinction (%)
&

O L 1 —
400 500 600 700 800 900 1000
A[nm]
Figure 4.3 Gold films deposited at room temperature on B270 as-deposited (dashed) and
after annealing at 400°C for 1 hr (solid).

From these results, one can conclude that the variation of the surrounding medium has a
major impact on the resonance peak location but also its amplitude. Furthermore, annealing
was found to significantly improve the color vividness of the films. Moreover, annealed films
at a high effective thickness (6 > 7.5 nm) still exhibit colors attributed to surface plasmon
excitation which effectively disappear already at 6 = 3.75 nm for films deposited at room
temperature. This effect can be explained due to the de-wetting of the continuous film,
allowing it to reorganize as islands which relax into a spheroidal shape during the annealing
treatment (see Sec. 2.3.5).

4.2 Durability

Faraday discovered that thermally evaporated gold films could easily be wiped off from the
glass surface but not where the gold had incorporated into the substrate due to the heat
of the explosion (see Sec. 2.2.1). This discovery highlights the vulnerability of metal-island

films that have poor adhesion which is a direct consequence of the 3D growth mode. Since
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the thin gold film bonding with the substrate is low, the layer integrity depends on the seed
and capping layer bond instead. To asses the applicability of plasmonic layers incorporation
on ophthalmic lenses, an in-house layer adhesion test was used that mimics a human cleaning

a lens.

Three gold films of 2, 4 and 8 nm with different colors (blue-, green- and yellowish respec-
tively) were deposited to test the impact of the gold thickness on the adhesion of the seed
and capping layer. Furthermore, a second gold layer of a 2 nm gold film was added on top
of a layer of the same film thickness (capped with SiOs) to increase the color saturation and
study the impact on the durability of the coating with an additional plasmonic layer (the

2x2 nm film). The extinction spectra of the samples are presented in Fig. 4.4.

40 T T T T T
2 nm

35

Extinction [%]
DO w
ot (e

DO
o
T

—
ot
T

10 I L I L I
400 500 600 700 800 900 1000

A [nm]

Figure 4.4 Gold films deposited at room temperature on 20 nm SiO, seed layer and capped

with another 20 nm silica layer on a borosilicate glass substrate.

Both 2 nm and 2x2 nm samples exhibit a well-defined LSPR peak, suggesting an island-film.
The anomalous absorption in the NIR for the 4 nm sample corresponds to a structure of
isolated islands surrounded by a conductive network as described in Sec. 2.4.6. Lastly, the
8 nm sample’s spectra are typical for a continuous gold film. Gold films of corresponding

thicknesses to that presented in Fig. 4.4 were deposited on curved Orma substrates.

The experimental apparatus consists of a tip of about 1”7 x 2”7 which applies 60 N load on
the sample covered by a Selvyt cloth lightly soaked in isopropanol alcohol. Every 10 times
the tip rubs the sample (which corresponds to N = 1), the operator inspects visually the
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lens. Upon visible delamination, the test stops. The delaminated gold films deposited on
the curved Orma are shown in Fig. 4.5. One can note that the adhesion decreases rapidly
as the gold film’s thickness is increased. Moreover, adding a second layer also reduces the
durability of the composite. At N = 12 which corresponds to 120 passes, the adhesion of the

film is considered good.

Figure 4.5 Photography after delamination of the gold films deposited at room temperature
on curved Orma substrates with 20 nm SiOs seed and capping layer. A fluoro-carbon top
coat ~ 5 nm was deposited by thermal evaporation usually used on ophthalmic lenses for
its anti-smudge propriety and low coefficient of friction to simulate a typical lens. The film
thicknesses are identified in the figures. Note: the 2x2 nm film consists of two 2 nm gold

films separated by a 20 nm silica layer in-between.

In light of these results, coating adhesion can be improved by reducing the gold film filling
factor. However, color saturation is stronger for thicker gold films. One can add a second
layer to increase such parameter, at the cost of lower durability. Yet, the 2x2 nm sample
fares twice as much as its 4 nm counterpart. Thus, it is possible to obtain a viable coating

by limiting the effective thickness of gold.

Color can further be adjusted for a given gold-island by modifying the surrounding medium
refractive index as demonstrated in Fig. 4.1. In fact, the LSPR peak shift is known to
have a linear dependence with the surrounding refractive index change [94]. However, the
broadening of the peak’s linewidth can be undesirable to properly tune the color. This
effect is attributed to a greater €’ value at longer wavelengths resulting in an increasingly
dampened free-electrons oscillations as the SPR peak is redshifted. Silver has considerably
less variation of this dielectric parameter and would thus be the ideal candidate to obtain a
film with a tuneable absorption peak that remains narrow. This attribute would allow one
to select a wanted color and through multiple plamonic layers deposition obtain the desired

color saturation.
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4.3 Gold film optical monitoring and effect of ion bombardment during growth

Notwithstanding the limitation of gold for the studied application, one can wonder how to
optimize the system to mitigate this downside. The first answer to that question was already
addressed, i.e., minimization of the surrounding medium refractive index. Secondly, from
the results shown in Fig. 4.1, the increase of the gold film’s effective thicknesses enlarges the
resonance peak’s linewidth. This effect can be mitigated by heating the sample. Although,
annealing temperatures are largely superior to what plastic substrates can sustain which
severely limits the margin for color tuning. Ion bombardment has been introduced in Sec.
2.3.7 as a potential alternative to the heating of the substrate’s surface to improve a metal-
island film’s optical properties. To evaluate if the addition of ion bombardment during growth
is beneficial in terms of color hue, in situ transmission monitoring is conducted through the

depositions of gold films with different bias voltages.

4.3.1 Color evolution during gold film growth

Literature on the subject of in situ color evolution and impact of ion bombardment is nonex-
istent for deposition via sputtering. To obtain transmission spectra, a new sample holder was
designed to allow light collection from the rear of the sample using an optical fiber inside of
the vacuum chamber. The light source was installed right underneath the deposition cham-
ber and an optical feed-through allowed to illuminate the sample as depicted in Fig. 3.2.
Obviously, the in situ monitoring of color is practical to rapidly explore for a given deposition
condition (seed layer, surface temperature, deposition rate, etc.) whether it improves the de-
sired color hue (¢* and b*) and luminance (L*) or not. Furthermore, this optical monitoring
system can help to understand the underlying phenomena at the origin of the change in the

evolution of the optical properties of the layer.

Alumina was selected as a seed layer due to its lower sputter yield comparatively to SiOq
(about 1:2 at 600 ¢V [133]) and a low refractive index (1.68 at 550 nm [134]). Indeed, ion
bombardment treatments are known to roughen surfaces [51], unfavorable for island growth,

an effect discussed in Sec. 2.3.7.

Figure 4.6 presents the a*b* color parameter evolution throughout gold deposition on Al,O3

for each condition.
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Figure 4.6 In situ transmission of a gold island film deposited on a 20 nm Al;O3 seed layer with
varied bias values from 0 to — 300 V. Diamond markers is the color of theoretical continuous
gold films of thicknesses from 1 to 20 nm. Inset shows a zoomed region corresponding to
the beginning of the gold deposition. The color arrows indicate toward what color hue the
numerical value leans to. Each plotted markers on the figure exhibit the corresponding
RGB value of the L*a*b* coordinates plotted. The red circled markers are attributed to the

maximal a* value on the graphic for each condition.

The saturation s, (see Eq. 3.8) refers to the color intensity and is shown in Fig. 4.7 from

the experimental transmission spectra previously presented in Fig. 4.6.

Aside from the -300 V deposition condition, all exhibits initially the same behavior of both
a* and b* value increasing followed by a decrease of b* as it goes from positive to negative
value. For this stage of growth, the color goes from orangish to reddish. Then, blue becomes
dominant (b* negative and a* decreasing) as the saturation starts to increase back again at
28, 36 and about 58 s for 0, 100 and 200 V respectively.

A shift in coloration is observed later as the a* parameter considerably increases compara-
tively to b* in Fig. 4.6, this moment is characterized by a kink in the saturation curves of

Fig. 4.7 and the color becomes greenish. The b* parameter reaches a minimum and past
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this point, subsequent deposition for 0 and 100 V conditions turns the films yellowish. Then,
a strong increase of the green hue (a* more negative) follows which is characteristic of a
continuous gold film. However, for the 200 V film, when the b* parameter starts to become
more positive for a* = 3.7, the color evolution curve deviates significantly from the 0 and 100
V ones. Additionally, The final transmission spectrum does not correspond to a continuous
gold film (see Fig. 4.8).
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Figure 4.7 Saturation s, of the gold films in function of the deposition time for each condition.
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Figure 4.8 Transmission spectrum at the end of the -200 V gold film deposition experiment

compared with the theoretical spectra of continuous gold layers at different thicknesses.

Looking at the spectra corresponding to a a* maximum, which are presented in Fig. 4.9,
the -200 V bias spectrum shows a rather selective blocking for A = 544 nm whereas the

other two conditions have a barely perceptible transmission dip around A ~ 540 nm. The
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luminosity (L*) is similar but the color hue of the -200 V spectrum is nearly purely red with
a a* parameter value twice that of the 0 and -100 V bias conditions. Surprisingly, subsequent
deposition past the reddest color parameter shows a decrease of luminance and reduction
of the a* parameter as seen from Fig. 4.9a for each condition. The final color parameters

converge to that of a continuous gold film for both 0 and -100 V bias conditions.
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(a) Transmission spectra of the maximum a* for (b) Evolution of the L* in function of a*.

each condition.

Figure 4.9 The L*a*b* parameters of the three spectra of the left figure are: [95 0.32 0.22],
[95 0.40 0.22] and [93 0.81 —0.11] for 0, —100 and — 200 V respectively. The corresponding
deposition time are: 22, 28 and 56 s (as identified on Fig. 4.6).

In essence, these results demonstrate that ion bombardment promotes a more saturated red
color to be obtained for depositions at room temperature on alumina. To obtain the color
table presented in Fig. 4.2, 5 gold films per condition had to be deposited. With the in situ
transmission monitoring method presented here, only a single experiment was necessary to
explore the available color space for a specific configuration, e.g. a seed layer of alumina and

a bias value.

From this study, it was determined that the bias value of -300 V highlights the limitation
of the proposed method as the color evolution stagnates after a minimal color shift. This
behavior is attributed to a rising sputter yield as a function of the gold coverage on the
substrate. Such a hypothesis suggests that the atom condensation and resputtering rate

must reach an equilibrium, and so the growth ceases once a critical coverage is attained.
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4.3.2 Gold-island film morphology and color evolution

The presented in situ transmission monitoring method allows one to optimize a gold-island
film color hue and saturation. Furthermore, it was determined that lower thickness films fared
better in the durability test presented in Fig. 4.5. Hence, the available colors to generate
a durable coating are limited to islands films with low filling factors to promote the bond
strength between the seed and capping layer. This section associates a morphology for each

color perceived for gold island films at different growth stages.

To obtain microstructural information of the gold-island films, TEM observations were con-
ducted at various deposition times and bias values shown in Fig. 4.10, 4.11, and 4.12. The

size and shape distributions of the islands are given in Fig. 4.13.
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Figure 4.10 TEM images of the reference gold films deposited with no bias applied for a) 25,
b) 50, ¢) 75 and d) 100 s corresponding to an effective thickness of about 1.1, 2.2, 3.3, and

4.4 nm respectively. Note: the deposition rate was 0.44 nm/s.

On the 25 s film at 0 V, many islands have already coalesced which suggests that the growth
stage II has been reached. This deposition time is close to that attributed to the maximum

in a* parameter observed at 22 s in Fig. 4.9 and confirms that round and isolated islands
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have a narrower absorption peak. For the 50 s film, all islands have coalesced and some
became worm-like which can be associated with the beginning of the growth stage III (refer
to Sec. 2.3.6). The film deposited for 75 s shows a branched structure, typical for the
domain coarsening (III) growth stage, where very few isolated islands are left accompanied
by a skyrocketing island average surface area (see Fig. 4.13). The size distribution is no longer
normal and the circularity far from that of spheroids. Lastly, the 100 s film is percolated
which corresponds to the growth stage IV.

In terms of coloration, the island film (25 s) is pinkish (some red mixed with blue) as the
LSPR peak absorbs mostly between A = {500, 600} nm. When islands coalesce (50-75
s), their shape becomes elongated and the resonance peak along the longer axis is greatly
redshifted (covered in Sec. 2.4.7). Moreover, the size distribution broadens and the redshift
of the LSPR enlarge the peak linewidth. The resulting extinction spectra (similar to the 2
nm film shown in Fig. 4.4) blocks significantly more the light above A = 500 nm and the film
is consequently blue in transmission. The 100 s film is percolated and the conductive network
couples with isolated islands and gives rise to an anomalous NIR absorption (described in
Sec. 2.4.7). The corresponding extinction spectra are shown in Fig. 4.4 for the 4 nm film
which absorbs significantly more for A > 600 nm and the film is, as a result, greenish in

transmission.

The 25 s film’s morphology at -100 V is nearly identical to the reference one at 25 s. The
average island area is similar (21 vs 18 nm?) and the circularity slightly higher for the -100 V
film (0.87 vs 0.90). The size distribution is also tighter, shown by the error bar corresponding
to the standard deviation of the distribution in Fig. 4.13. The 75 s at -100 V film is visually
similar to the 50 s at 0 V film which is confirmed by the coverage (50.25 vs 54.5%) and the
statistical analysis of the surface area that is 87 vs 90 nm? for the 0 and 100 V films in order.
Although, the standard deviation for the 100 V is smaller as well as the circularity (0.72 vs
0.76) respectively.

The higher circularity for the 100 V film suggests that the ion bombardment promotes shape
relaxation. This latter point could be proven considering islands as hemispherical caps and

finding the associated volume and contact angle satisfying the deposited volume of gold.
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Figure 4.11 TEM images of gold films deposited with a bias value of -100 V for a) 25, b) 50,

and c) 75 s.

Due to their similarities, one could make the educated guess that the 50 s at 0 V and 75

s at 100 V films effective thicknesses are close (considering the nearly identical coverage)

and conclude that the observed differences, especially the circularity, are related to the de-

wetting of the islands due to the ion bombardment. However, the measurement of irradiated

film’s effective thickness is challenging. The effective deposition rate varies as previously

discussed and the QCM is not subjected to the generator bias. The crystal could be placed

on the substrate holder but to obtain a similar growth behavior one should coat the resonator

with a dielectric. Secondly, the dielectric thickness must be sufficient to sustain the etching

during deposition to prevent the gold layer underneath to be exposed. Lastly, the etched

material from the disk has to be evaluated which is not trivial. For this hypothesis to be

verified, one should obtain an accurate value of the height of the islands. Such a feat has

been accomplished by Catin et al. who were able to determine the height of gold islands from

X-ray photoelectron spectroscopy (XPS) analysis [135]. Although, this method is limited to

only 10 nm height features due to the photoelectron’s low kinetic energy limiting the probing

depth.

A gold film was arbitrarily deposited for 75 s at a bias of -200 V which appeared to correspond

to the point when the film starts to become blue dominant after a closer look at the color

saturation curves features (see Fig. 4.7). Small kinks are visible at the start of the deposition

for 0 and -100 V especially. Right before the (b*) parameter increases rapidly, a small change
of trend is visible at 34 and 43 s for 0 and -100 V. For -200 V, this point happens to be

around ~ 75 s as well.
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Figure 4.12 TEM image of a gold film deposited with a bias value of -200 V for 75 s.

Comparing the morphology statistics of the films, the 25 s at -100 V film is evidently the
closest match to the film deposited for 75 s at -200 V (see Fig. 4.12). The circularity is the
same (0.9) with a size distribution slightly better for the -200 V than the -100 V film (0.06 vs
0.07). However, despite an average island size smaller (12 vs 18 nm?) for the -200 and -100
V films respectively, the size distribution is comparatively worse 7.9 vs 8 nm?. This latter
observation can be attributed to the formation of tiny islands that are not visible in the 25
s -100 V film. This phenomenon can be attributed to the side effect of ion bombardment:
surface roughness. Indeed, as extensively discussed and seen in Sec. 2.3.7, the surface damage

hinders the surface diffusion of the adatoms and promotes island nucleation.
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(a) Islands average area. (b) Average circularity of the islands.

Figure 4.13 Statistical representation of the size and shape distribution of the islands for
different deposition time & bias value. The circularity is defined as Circularity = 4n X
Area/Perimeter?. The standard deviation of the island distribution for 0 V at 75 s was

greater than the average island area due to a distribution no longer normal and was left out.
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One last effect to consider is the heat contribution of the ion bombardment which hasn’t
been evaluated for these experiments. Judging from the TEM images, the deposition rate at
—200 V is at least a third of the one with -100 V bias. Although, from the presented result,

no clear improvement attributed to this effect could be determined.

In summary, the film morphology could be attributed to observed color hues at different

growth stages.

4.3.3 Post-deposition ion bombardment

So far, ion bombardment has been used during deposition and it was not possible to conclude
precisely whether it is the substrate heating or the momentum transfer effect (local heating)
that contributed the most to the improvement of the film’s color parameter in terms of a
red hue. An experiment was done with reflectivity monitoring to explore the effect of post-
deposition ion bombardment on the film’s color parameters. The result of such an experiment

is shown in Fig. 4.14.
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Figure 4.14 In situ color in reflection measurements in p polarization of a gold-island film
on 20 nm Al,O3 seed layer during i) 40 s deposition, ii) interruption of the deposition and

beginning of plasma etching at a -100 V self-bias value for 8 minutes and iii) end of etching.

During the gold film deposition, the reflected color evolves from a red to blue film, which is
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expected from the previously presented experiments in this chapter. Once the deposition is
finished, RF generator ignites a plasma and is set to maintain a substrate bias of -100 V. The
etching lasted 8 mins after which the film’s color parameter went back to color coordinate
very close to what it was initially. One can notice that the color during etching exhibits a

"color hysteresis", similar to what was observed by Netterfield and Martin [83].

In the context of coloration, such means to control the film’s optical properties are particu-
larly interesting. One can adjust in situ the color parameters after each thin film deposition.
Moreover, the hue increases as the film are etched which suggests a beneficial effect in terms
of microstructure, 7.e. a more uniform size distribution. Indeed, Paszti et al. have ob-
served a narrower size distribution due to the rapid disappearance of the smaller islands [76].
No quantitative data on the circularity or the aspect ratio of the islands could be found,

unfortunately.

4.3.4 Ton bombardment and deposition on Orma

In the scope of this project, the ion bombardment and post-deposition etch can both be used
to control the film’s optical properties. The previous section has shown that the etching
of a gold-island film can help to attain larger color hue parameters. Furthermore, at each
deposition step, the optical monitoring system can track whenever the wanted parameter is
attained or missed, which can be corrected with the use of ion irradiation. Obviously, this
concept is not new but the growth of the plasmonic layers has not been in situ monitored in

the context of color nor in situ coloration tuning by etching.

In situ transmission measurement reference of gold deposition on Orma would have been the
proper way to explore the use of ion bombardment in a deposition process. This experiment

thus serves as a proof of concept for the development of a multi-layered plasmonic stack.

During the deposition of two layers gold stack, the plasma unexpectedly died on the target
(but the etching continued). This event is due to the two matching units interfering since
two RF generators necessary to simultaneously sputter the target and generate a bias on the
substrate. Notwithstanding this unfortunate occurrence, the deposition was resumed with
apparently no ill effects. The initially aimed deposition time was 120 s which happens to be
right before a kink in the saturation evolution curve (see Fig. 4.7) corresponding to a blue
hue. It is interesting to note that there’s practically no hysteresis as if a film deposited with

ion bombardment didn’t benefit from the extra ion irradiation.

The deposition of the second layer induces a substantial color shift of the sample which goes

from L*a*b* = [93.7, 0.20, —0.62] to [90.1, 1.22, —1.32).
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Figure 4.15 In situ transmission monitoring of gold deposition on a 20 nm alumina seed-layer
with -200 V bias for 1) 41 s until plasma on the target shut down and the film was 2) etched
for 69 s and deposition resumed for 3) 63 s thereafter. 4) A capping alumina layer of 20 nm

was deposited before a second gold-island layer growth for 5) 120 s.

Despite the limited work conducted on this topic, in situ transmission monitoring has proven
to be practical to rapidly explore the available color space especially considering the wealth
of possibilities offered by plasmonic composites. The proposed methods thus offers a means

to optimize a multi-layered optical film to generate a particular color.
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CHAPTER 5 REFLECTIVITY MONITORING OF GOLD FILMS

In the previous chapter, colors were associated with the different growth stages presented in
Sec. 2.3.6. In this chapter, the reflectivity of a growing gold film is studied to understand
the microstructural changes attributed to the observed optical properties of a metal-island
film. The effect of surface heating on the reflectivity evolution is explored to compare with
room temperature (RT) experiment if the expected behavior, 7.e. better surface diffusion and
island growth promotion, can be predicted from the reflectivity spectra. The observations
are confirmed with TEM imaging and the microstructural changes are linked with a shift of
trend in the evolution of the reflectance. Then, the EMA models presented in Sec. 2.4.3 are

tested. Lastly, general considerations are given to better the optical monitoring method.

5.1 Motivations

Since microstructure and optical properties are convoluted, a notable contrast of the optical
behavior is expected from gold films at different growth stages which were previously pre-
sented in Sec. 2.3.6. Schwartzkopf et al.’s growth regimes model allows one to understand the
evolution of the morphology throughout the deposition of the metal-island films. The authors
have conducted in-situ reflectance in conjunction with their study of the X-ray scattering
evolution of a gold film on polystyrene [72]. The authors have observed an initial decrease in
the reflected intensity that they attributed to an increase in the surface roughness. Then, the
average reflected light intensity increases linearly for wavelengths higher than A = 530 nm
which is reported as being around the typical SPR band of colloid gold clusters [136]. In Sec.
2.3.5, the reported SPR for hemispheric clusters found is slightly higher, around A = 575 nm
instead. Nonetheless, the authors note a localized reflectivity, associated with the SPR of

the gold-island film that redshifts attributed to the growth stage II around these frequencies.

Furthermore, an anti-reflective behavior is observed at about an effective thickness of 6 = 2.9
nm. Grompf et al. made similar observations but for an effective thickness of 6 = 3 nm on
silicon (covered by native oxide) [137]. The origin of this anomalous absorption was associated
with the emergence of a branched domain, i.e. growth stage III, and is caused by the coupling
of the smaller islands with large aggregates as explained in Sec. 2.4.7. Moreover, no clear
delimitations of the different regime transitions were observed from the surface reflectance

spectroscopy data alone.

This study aims at identifying growth stage transitions from reflectivity measurement during
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deposition solely. While in situ X-ray scattering measurement has proven to be an excellent
method to characterize the growth of metal-island films, it is not readily accessible. In
contrast, a white light source and a spectrometer are affordable and easy to install on a

deposition system.

Important morphological changes emerge as islands increase of size. The most significant one
arises from partial coalescence which causes elongated islands to form and, at a later growth
stage, a branched structure (see Sec. 2.3.4). This size-dependent effect can be delayed by

enhancing surface diffusion with increased substrate temperature (see Sec. 2.3.3).

The previous chapter has demonstrated the utility of in situ optical monitoring to rapidly
explore the color space accessible with a plasmonic layer. The scope of this work here is to
gain a deeper understanding of the processes involved in order to better optimize a future

fabrication process involving this type of film from in situ reflectivity monitoring.

5.2 Evolution of the reflectivity

To better explore the wealth of possibilities offered by plasmonic materials for color genera-
tion, an in situ optical monitoring system, previously introduced in Sec. 3.2.4, was used to
track a change in the optical behavior and understand how to optimize the surface plasmon
resonance for a given deposition condition. Reflection spectra, obtained in situ, for differ-
ent effective thicknesses, are shown in Fig. 5.1 and compared with spectra of theoretical

continuous layers of equivalent effective thicknesses (see Sec. 3.2.5).
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Reflectivity [%]
Reflectivity [%]

40

(a) s-polarization (b) p-polarization
Figure 5.1 In situ reflectivity (solid blue lines) and theoretical reflectivity curves (black dashed
lines) of gold deposited at room temperature on B270 glass with a 20 nm SiO, seed layer for

s- and p-polarization.
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One can note, as expected, that the experimental data differs widely from the theoretical
curves until the film becomes continuous. Most importantly, the high reflectivity observed
in the continuous films for wavelengths above 700 nm is absent due to the lack of conducting
electrons (Drude component). Around § = 10 nm the match between experimental and
theoretical curves is much closer indicating that a bulk-like behavior has been reached. A
simple analysis of the reflectivity is thus sufficient to highlight important changes in the film
growth. However, changes of regime before the film becomes conductive cannot be highlighted
by simply comparing the experimental curves to the theoretical ones. Although, knowing the
effect of the variation of a deposition parameter on the growth, one can associate similar

features of a reflected spectrum with a specific morphology.

5.2.1 Impact of the temperature

The same experiments were performed for a 100° and 200°C surface temperature, but only for
s-polarization, and are presented in Fig. 5.2. The choice of investigating only s-polarization
will be further explained in the following section but it can mainly be attributed to the
significantly higher reflected intensity. Indeed, at the angle of 65°, the intensity of p-pol. is
weaker due to light’s angle of incidence being close to the Brewster angle 6, of the borosilicate
substrate. This angle is defined as 6, = tan=!(ny/n,), with n; and n, the refractive indexes

of the incident medium and the substrate respectively [84].

The expected impact of raising the temperature is higher island mobility and a delayed
partial coalescence onset which favors the growth of bigger islands compared to deposition
at RT [25]. At 100°C, the theoretical curve fit with experimental data is very good for
0 = 20 nm, twice as much comparatively with the RT film. For the film deposited at 200°,
no satisfactory fit is attained and this divergence is attributed to the high surface roughness
of the film and not that of a discontinuous film which gives it the appearance of a "smoky"
mirror. The grain size of the film has is comparable with the wavelength of light, inducing
light scattering. The temperature effect on grain growth can be understood according to
Thornton’s structure zone model [138]. To briefly resume the model, a higher temperature
will promote grain boundary and dislocation mobility, 7.e. bulk diffusion. Surface faceting
is a by-product of the recrystallization and grain growth becomes increasingly important for

temperatures closer to the melting point of the magnetron sputtered material.
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(a) 100°C (b) 200°C
Figure 5.2 In situ reflectivity (solid blue lines) and theoretical reflectivity curves (dashed

black lines) of gold deposited at different temperatures on B270 glass with 20 nm SiO, seed
layer for s-polarization.

5.2.2 Reflectivity evolution trends

The evolution profile of the reflectivity at the three deposition temperature is presented in
Fig. 5.3 for just one wavelength to simplify the visualization of the films’ growth behavior.

Two kinks in the curves for RT and 100° are visible, whereas at 200°C only one is clearly
defined.
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Figure 5.3 Evolution of s-polarization reflected intensity at A = 600 nm for each temperature

condition as identified from the in situ reflectivity measurements. The dashed circles highlight
kinks in the curves.

The presence of similar trend changes in the evolution of the reflected intensity for the RT
and 100°C films is of interest to associate morphological changes from the time-resolved

reflectivity behavior. Moreover, the absence of a second change of trend for the 200°C should
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be further investigated with the help of electron microscopy in the following section.

5.3 TEM observations

The evolution at each wavelength is further presented and analyzed. For now, the objective
is to demonstrate a correlation between change of trend with the reflected intensity evolution
and growth stages. To do so, six films were deposited at RT for different deposition times.
QCM measurements were validated with in situ the measurements of the reflected intensity
as shown in Fig. 5.4. First, a gold film is deposited until a thick (> 30 nm) continuous layer
is obtained. The thickness is evaluated from ellipsometric measurements on borosilicate glass
and silicon substrates (see Fig. A.1). In situ reflectivity monitoring is done throughout the
deposition on the glass and it allows one to obtain the real deposition time down to 125 ms of
precision. Furthermore, it serves to validate that the island films deposited for TEM imaging

are of the expected effective thickness, i.e. when the spectra match.

Reflectivity [%]

100 500 600 700 800 900 1000

A [nm]
Figure 5.4 Reflectivity spectra of thin gold-film on B270 substrates with a 10 nm SiO, seed
layer at room temperature. Each spectrum of the thin film deposited (dashed black lines) are
fitted with spectra from the in situ monitoring of the think film characterized by ellipsometry
measurements (solid blue lines). The corresponding effective thicknesses of the thin-films are:

a) 0.5, b) 1.0, ¢) 1.4, d) 2.0, e) 2.9, ) 3.9, g) 4.9, and h) 5.9 nm.

The measured thicknesses from in situ reflectivity spectra are, on average, —3% lower than

the QCM measurements.
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5.3.1 Room temperature

The different regimes can be summarized as follow: (i) nucleation and growth of isolated
hemispherical islands that transition into a (ii) partial coalescence of islands until (iii) a
branched domain of large aggregates is formed and (iv) percolates before becoming continuous

as the voids are progressively filled as described in Sec. 2.3.6.

The extinction and reflectivity spectra of the deposited films at room temperature are pre-
sented in Fig. 5.5 and the corresponding TEM observation in Fig. 5.6. The arrows in Fig.
5.5a serves to guide the viewer as to what is of interest in terms of optical behavior. First, a
LSPR peak redshifting can be observed from 0.5 until 2.0 nm (arrow 1.). Past this point, the
films e)-f) exhibit the "anomalous" absorption reported in the literature as seen in Sec. 2.4.7
(arrow 2.). A maximum of absorption in the NIR is reached at the film of 2.9 nm equivalent

thickness which is consistent with Grompf et al.’s finding.

In contrast, the reflected intensity at 65° shows a preferential reflection peak, attributed
to LSPR, visible until 6 = 2.9 nm. Moreover, a rapid gain in NIR reflectivity becomes
considerable around the onset of the anomalous absorption. However, no clearly visible
changes of behavior are qualitatively observable other than the redshifting peak at the lower

effective thicknesses for the reflected spectra from Fig. 5.5b.
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(a) (b)
Figure 5.5 Ez situ a) extinction at 6° and b) reflectivity at 65° measurements of gold films

deposited with SiOs seed layer and B270 substrates at room temperature. The equivalent
thicknesses are: a) 0.5, b) 1.0, ¢) 1.4, d) 2.0, e) 2.9, f) 3.9, g) 4.9, and h) 5.9 nm.

Observation of the TEM images of the films, presented in Fig. 5.6, allows one to associate
the redshifting of the peak with isolated islands increase of size for the films a)-d). From b)

to d), nearly all islands have coalesced, suggesting that this behavior is attributable
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Figure 5.6 TEM imaging of thin gold-film on SiN membranes deposited at room temperature
for a) 0.5, b) 1.0, ¢) 1.4, d) 2.0, e) 2.9, f) 3.9, g) 4.9, and h) 5.9 nm.
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to the growth stage II. Whereas for the film a), very few partially coalesced islands are visible.
The coverage of this film is 16% and the first growth stage is expected to end for coverage of
just 25% but this reported value from Schwartzkopf et al. was attributed with an effective
thickness of 6 = 0.27 nm [32]. This growth stage basically corresponds to the presented
kinetics model in Sec. 2.3.2 where the island density rapidly rises before decreasing as the
adatom concentration plummet. One can conclude that the onset of the partial coalescence
growth regime is very close to the film a) effective thickness. Furthermore, the beginning of

this growth stage can be associated with a gain in reflectivity for A > 700 nm.

The analysis of the size and shape distribution of the films are shown in Fig. 5.7 and it is
obvious that the 2.9 nm has a morphology quite different from the other films. The significant
increase of the average island area is quite telling. This point corresponds to the coverage
threshold where islands act similarly to what’s predicted with the FMM (see Sec. 2.3.4), i.e.
close to percolation, the islands form elongated aggregates due to the complete interruption

of the coalescence process, i.e. the domain coarsening (IIT) growth stage.
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(a) Average circularity and island area. (b) Coverage and density of the islands.

Figure 5.7 Left: circularity (red) and mean area size (blue) of the island-films for ¢ from 0.5
to 3 nm (6 nm for the coverage). The 3 nm film size distribution was no longer normal and
the larger standard deviation than the mean was left out. Right: coverage of the gold on
the surface and density of the islands. The data was extracted from the analysis of the films

presented in Fig. 5.6.

Hovel et al. have associated a sharp gain in reflectivity past the percolation threshold [119].
This threshold is attributed with the formation of a continuous network and characterized
by a rapid gain of conductivity; the film transitions from an insulator to a conductor. As

a result, subsequent deposition is characterized by a rapid gain in reflectivity from the NIR
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toward shorter wavelengths as the film becomes bulk-like. In the current case, the 3.94 nm

effective thickness film is percolated.

5.3.2 High temperatures

For the higher temperatures, 4 and 3 films were deposited at 100° and 200°C respectively.
The same precautions were taken, i.e. association of each spectrum at the end of the de-
position with the in situ island-to-continuous film with one notable difference for the 200°C
for which the deposition rate was calibrated from the QCM reading instead of ellipsometry

measurements that were impossible to properly do due to the scattering.

At 100°, similar behavior is observed compared to deposition at RT, i.e. a redshifting SPR
peak transitions into an anomalously absorbing layer as shown in Fig. 5.8. TEM images of
the films, presented in Fig. 5.9, confirm that the branched structure is indeed related to the
aforementioned high absorption in the NIR. As expected, the absorption peak is narrower,
has a higher amplitude and is still well defined at 4.3 nm. Moreover, greater selectivity in
reflectivity is observed centered around 584, 630 and 664 nm for the 2.8, 4.3 and 6.4 nm films
respectively. In comparison, the RT film hardly has any selective reflectivity at 0.46 nm but
clear peaks are visible at 575, 608 and 641 nm for the 1.0, 1.4 and 2 nm films in order.
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Figure 5.8 Ez situ a) extinction at 6° and b) reflectivity at 65° measurements of gold films
deposited with SiO5 seed layer and B270 substrates at 100°C. The equivalent thicknesses are:
a) 2.8, b) 4.3, ¢) 6.4, and d) 11.4 nm.
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Figure 5.9 TEM imaging of thin gold-film on SiN membranes with SiOy seed-layer deposited
at 100°C for a) 2.8, b) 4.3, ¢) 6.4, & d) 11.4 nm.

The films deposited at 200°C have a SPR peak respectively at 566, 576 and 659 nm for the
3.0, 4.0 and 10.0 nm effective thicknesses as shown in Fig. 5.10. The corresponding TEM
images in Fig. 5.11 reveals that up to 10 nm, the film is still of isolated islands. Moreover,
the clusters are much more faceted than any other film previously observed, a clear indication

that recrystallization allows the reorganization of the coalescing islands.
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Figure 5.10 Ex situ a) extinction at 6° and b) reflectivity at 65° measurements of gold films

deposited with SiO5 seed layer and B270 substrates at 200°C. The equivalent thicknesses are:
a) 3.0, b) 4.0, and ¢) 10.0 nm.
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Figure 5.11 TEM imaging of thin gold-film on SiN membranes with SiO, seed-layer deposited
at 200°C for: a) 2.9, b) 4.0, & ¢) 9.9 nm.

From these results, one can conclude that the onset of the branched domain (III) growth
stage is significantly delayed with increased surface temperature. Each temperature condition
reveals an initially redshifting SPR peak. For the RT and 100°C conditions, the two kinks
in the evolution of the reflectivity at 600 nm (see Fig. 5.3) appear to indeed be related
with morphological changes. Not enough sample were deposited for the 200°C to observe
the structure associated with anomalous absorption in the NIR. However, from the evolution

of the reflectivity curve (Fig. 5.3¢c), it is hypothesized that this structure is never attained.
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This hypothesis is strengthened with the analysis of the island population distribution of the
films shown in Fig. 5.12. Indeed, the 100°C films exhibit a sharp increase in the average
surface area from 4.3 to 6.4 nm whereas the 200°C films do not follow the same trend as
it appears to reach a plateau. Interestingly, no dip in the average circularity is apparent at
100°C contrarily to what was observed with the RT films.
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Figure 5.12 Circularity (red) and mean island area size (blue) of the island-films for all a)
100° (except the 11.4 nm) and b) 200°C films. The 6.4 nm at 100°C and 10 nm at 200°C films
size distribution were no longer normal and the larger standard deviation than the mean was
left out. The data were extracted from the analysis of the films presented in Fig. 5.9 and
5.11.

5.4 Time derivative surface reflectance

In the context of the growth of noble metals, as the deposition progresses, the mean islands’
size increases and, in the case of Au, a well-defined absorption peak red-shifts from approx-
imately A &~ 500 nm to A &~ 600 nm [139]. Evolution of the reflectivity at 600 nm in Fig.
5.3 has revealed changes of a trend which appear related to the evolution of the film’s mor-
phology. Hence, calculating the time derivative of the reflectance can amplify these subtle

changes and hopefully, be attributed to different growth stages.

5.4.1 Room temperature

The Fig. 5.13 presents the s-polarization reflectivity rate of change (RRC), i.e. the slope of

the reflectivity intensity curve at various wavelengths.

One can note a peak for each wavelength from 400 to 1000 nm at increasingly higher effective
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thicknesses until a decrease of the RRC. Looking at the TEM images, the isolated island
structure (0.5-2 nm) coincides with a rapidly rising reflectivity of redshifting wavelengths.
Then, the 2.9 and 3.9 nm films are associated with a slowing gain of reflectivity at all
wavelengths and have a branched domain morphology. Past percolation, the growth of the

conductive film is accompanied by a sharp gain in reflectivity.
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Figure 5.13 Time derivative surface reflectance of the s-polarization reflectivity data of gold
film deposited at room temperature. TEM images of films corresponding to each deposition

time is shown to accommodate the viewer.

For the p-polarization, an initial decrease of the reflected intensity is observed. This behavior
can be understood as a plasmonic pseudo-Brewster angle [2]. Radiating dipoles can only emit
perpendicularly to their dipole moment. As such, p-polarization is preferentially transmitted
whereas a gain of reflectivity is observed for s-polarization instead. Again, a peak redshifting
toward greater effective thicknesses is coherent with islands increasing of size. Around the
percolation threshold, the change of reflectivity becomes positive. Past-percolation, a sharp

gain of reflectivity is observed, similarly to s-polarization.
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Figure 5.14 Time derivative reflectance of the p-polarization reflectivity data of gold film

deposited at room temperature.

The peak characteristics of the time derivative reflectance for both polarization are presented
in Fig. 5.15 and attributed to the isolated island morphology growth stage, based on the
TEM imaging.

During the growth of the islands, an increased size is expected to red-shift the LSPR peak.
Fig. 5.15a shows that the maximal gain of reflectivity for s-polarization is progressively higher
the longer the wavelength until it caps at around 2 nm for A > 730 nm. Similar observation
can be made for p-polarization (Fig. 5.15b) were the maximum decrease of reflected light
remains relatively constant past 730 nm. However, a minimum at 630 nm at an effective
thickness of 1.1 nm shows that both polarizations do not follow the same trend, i.e. the
absolute value of the RRC increases the longer the wavelength. This small kink in the curve
likely corresponds to a growth sub-stage of the partial coalescence (ii) regime [72] where the
island aspect ratio starts to decrease considerably. Indeed, the p-polarization field is within
the optical plane so that it’s affected by vertical and parallel characteristics of the island
film morphology. The field’s component perpendicular to the sample’s surface contributes
more weakly to the peak although [140]. This effect is absent for s-polarization since the
electric field is perpendicular to the optical plane. Hence, LSPR can only be excited in the
plane parallel to surface which provides higher sensitivity and more insight to interpret the
observed changes in the evolution of the reflectivity. Moreover, Schwartzkopf and co-workers
have found that the start of lateral growth is around 6 = 1.33 nm, close to our finding.
Lastly, the high gain transition shifting to longer wavelengths is coherent with a coalescence
driven growth regime [30,112,114].
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Figure 5.15 Extraction of the time derivative reflectance peak characteristics: (a) amplitude

and (b) corresponding effective thicknesses when it occurs.

Already at 0.5 nm, partially coalesced islands are visible but most islands are round and
isolated. Around 1 nm, a local maxima for A = 500 nm is reached (fig.5.15a) and past this
thickness, a significant island density decreases, indicating that most islands have coalesced
which results in a film exhibiting elongated clusters shape at 1.4 nm. In light of this ob-
servation, the first phase of growth ends right before the first time derivative peak effective
value, in this case, A = 500 nm at 6 = 1 nm. Subsequent deposition shows a marked increase
in island surface area and a decrease of circularity in Fig. 5.7 past 6 = 2 nm. This shift
in morphology is accompanied by a decrease of the RRC for all wavelengths as previously
discussed. The 3.9 nm film is percolated and a sudden change of trend of the RRC reflects
the onset of the third phase.

From the time derivative reflectance data, one can conclude, in conjunction with the TEM
observations, that a regime transition between ¢ = 2 and 3 nm is consistent with the onset
of the branched-domain (iii) structure. Another transition is observed at about § = 4 nm
which corresponds to the formation of a conductive network (iv). Finally, the stable RRC
at for 0 &~ 10 nm is associated with a continuous layer growth. This last assumption can be
validated by looking at the reflectivity measurements which are in good agreement with the
theoretical curves only until 6 = 10 nm, especially for the p-polarization spectra. For the
lower effective thicknesses, a rapid gain of reflectivity at 1 nm for the longer wavelengths is

synonymous with islands becoming elongated attributed to the coalescence regime (ii).

We propose a theoretical explanation for the change of RCC regime that can be understood
considering a film that is initially 2D array of resonators transitioning into a hole array film.

Nanoislands behave as resonator, concentrating far-field energy into strong locally enhanced
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field. For a structure with inversion symmetry, only the lower (dipole) mode can couple with
the external field which can decay radiatively and non-radiatively [141]. If two particles are
in close proximity it’s possible that a dipole mode couples with the other particle’s higher
modes, which can only decay non-radiatively [114] and contribute to the anomalous dubbed
absorption. Since higher mode volume is much smaller than that of the dipole one, an optimal

distance exists where the dipole mode can be out-coupled.

5.4.2 High temperatures

The analysis will be limited to s-polarization henceforth due to the higher signal intensity
and electrical field component parallel to the surface which simplifies the analysis. The time

derivative of the s-polarization reflected intensity for 100° and 200° C are shown in Fig. 5.16.

Two key differences from the room temperature reflectivity evolution can be drawn: 1. the
higher temperature has shifted the initial characteristic peaks that were previously associated
with a growth regime transition and 2. the 200°C temperature condition lacks a second peak
which was determined to arise right after the percolation of the film. The onset of partial
coalescence depends on the surface mobility of the atoms so a higher surface temperature is
expected to delay this growth stage, a satisfactory explanation for the shifted peaks position.
The lack of apparent transition from isolated islands to continuous film at 200°C can be

attributed to the absence of isolated islands surrounded by a conductive network.
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Figure 5.16 s-polarization TDSR for gold deposited at high temperature on B270 glass sub-
strate with 10 nm SiO, seed layer.
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This finding suggests that, as the islands (or crystals) touch each other at 200° C, the atoms

have enough mobility to diffuse and reorganize as a bigger crystal. Thus, the ICM is not valid

at this temperature and no coalescence interruption is observed, i.e. no branched domain.

Looking strictly at the peaks’ amplitude and position in Fig. 5.17 and 5.18 for 100° and

200°C respectively, the thickness at maximum for A = 500 nm is 1.8 and 2.2 nm respectively.
The peak redshifts until it reaches A = 1000 nm at 5.6 nm for 100° and 10 nm for 200°C.

Room temperature deposition had an interval much narrower, 7.e. 1.1 to 2.3 nm (see Fig.

5.15).
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Figure 5.17 Extraction of the time derivative s-polarization reflectance peak characteristics

for the 100°C film: (a) amplitude and (b) corresponding effective thicknesses when it occurs.
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Figure 5.18 Extraction of the time derivative s-polarization reflectance peak characteristics

for the 200°C film: (a) amplitude and (b) corresponding effective thicknesses when it occurs.
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It was determined from TEM images that a transition from the growth stage Il and III
happened between 2 and 2.9 nm. For the 100°C film, it means that the 6.4 nm film has
transitioned into a branched structure which is corroborated with the TEM imaging (see
Fig. 5.12).

In summary, studying the time derivative of in situ reflectivity measurements of a growing
gold film was associated with characteristic optical behavior. The redshifting selective re-
flectivity peak during the partial coalescence growth stage corresponded to a rapid increase
of the signal intensity at an increasingly longer wavelength and thicker effective thickness.
This stage ends at the onset of the formation of a branched structure which is known for its
high absorption in the NIR. This effect results in a decrease in the reflectivity rate of change
for the s-polarization. After the film percolates, a sharp gain in reflectivity for the longer
wavelengths is observed. This behavior could not be attributed to the 200°C deposition con-
dition. The hypothesis to explain the disparity with the lower temperature deposition is the
lack of a branched domain structure, the islands grow and percolate when the film becomes

continuous.

5.5 Modeling

Using the MG and BM models, it was not possible to extract parameters that correspond
to the expected values. Moreover, using the coverage obtained from TEM observation, the
models did not output physically coherent results which can be attributed to the fact that the
islands are hemispherical. Four gold films are presented in Fig. 5.19 to reflect this finding.
The films were selected because they exhibited in the first case (red) isolated islands with a

well defined absorption peak and the second (blue) a film at the percolation growth stage.

For the MG model (dash-dot), the low and high effective thicknesses of the fitted depolariza-
tion factor are 0.33 and 0 respectively. The 0.33 value corresponds to a spherical inclusion
whereas the 0 is of a thin film. In both cases, the model is very far from the experimental
data. The BM model fares better with a peak nearly identical for the lower effective thickness
films and transmission spectra relatively close to that of the experimental ones. However,
the model effective film thickness output is a value that is difficult to interpret. The de-
polarization factor is higher for the thicker films and corresponds to elongated particles. A
characterization technique such as XRR could provide information on the effective electron
density to corroborate with the BG model [88].
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Figure 5.19 The experimental data (solid) fit for gold films with the MG (dashed-dot) and
BM (dashed) models with filling factor provided from TEM imaging. BM fitting thick-
nesses/depolarization factor for the a) room temperature 3.31 nm / 0.627 and 6.37 nm /
0.698 for 1 and 3.94 nm respectively and the b) 100° films (2.8 and 11.4 nm in order) 7.57
nm / 0.737 and 14.07 nm / 0.865.

(a) Room temperature

5.6 General considerations

One major issue with the time derivative method shown here is that the correlation of changes
in the reflectivity evolution is only done via ex situ measurements and using the rich literature
offering a broad theoretical background surrounding the growth of metal-island films. It is
particularly problematic for heated substrates as they require multiple-hours long cool-down
before they can be safely handled. To prevent morphology of the films to change, argon
flow is introduced in the system to speed up the cooling but it is obvious that some Ostwald
ripening occurs nonetheless. To avoid this problem, one could use conductivity measurements
of the film inside of the chamber to associate optical changes of trend with the final growth
stage transition (III to IV). Hafezian et al. have used in situ conductivity measurements to
associate the extinction of p-polarization intensity with the percolation threshold using in

situ ellipsometry [142]. The same principle could be applied here.

The time derivative is very sensible to the signal noise. The high acquisition rate mitigates
to some extent this problem. However, the peaks’ amplitude are attenuated and sudden
changes in the reflectivity (when the deposition start for example) become less pronounced
after the smoothing process. Furthermore, the time derivative data becomes especially noisy
at the end of the deposition when the film is continuous. The origin of the noise contribution

has not been investigated exhaustively. Vibrations were attenuated as much as possible but
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the presence of loud and vibrating vacuum pumps in proximity contributed to low-frequency
noise. The emission from the plasma can also pollute the signal but it is expected to be

high-frequency noise and easily filtrated.

Additionally, access to modeling tools to extract quantitative structural information from
the optical properties of the gold-island film is of great interest. A simple EMA model, like
the BM one for example, must be complemented with a characterization technique such as
XPS or XRR to obtain physical meaning of the effective thickness as previously discussed.
However, these models don’t take into account the size distribution necessary to realistically

characterize the nanostructure.

Starting from the Clausius-Mossotti relation:

Ceff —m _ [ 5

—— = —a(R 5.1

S = o) (5.1)
one can express the size distribution by scaling the polarizability associated with varying
island size [143]:

geff—gm _i Rmaz

= = P(R)a(R)dR 5.2
Eerf +26m  R3 JRuin (R)a(R) (5.2)

where R, and R, are the lower and upper bounds of the size distribution P(R) of the
nanoparticles. In Battie et al.’s work, the polarizability is that of a spherical particle. The
model can be further improved by adding a shape distribution, i.e. extending to the case of
an ellipsoidal particle with varying a/b ratio with a and b being the two radii of the ellipsoid
axes [144].

In general, sputtered gold islands on a surface have the shape of truncated islands at the
low effective thickness and the used EMA models cannot account for that. The BM model
fit is good but no physical parameter could be extracted since the fit parameters are not
related to the NPs size and shape contrarily to the MG model. Lazzari et al. were able
to integrate Bedeaux’s work [145] into a software called GranFilm [146] and obtained good
agreement with experimental data regarding the size and particle inter-distance. However,
the polarizability of hemispheroids is much more complex to compute due to the loss of

symmetry for which the analytical solution is tedious to obtain.

In summary, future work should focus on integrating the size distribution into the model of

Bedeaux and coworkers using the Eq. 5.2 which would improve its accuracy.
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CHAPTER 6 GENERAL DISCUSSION, CONCLUSIONS AND
PERSPECTIVE

6.1 Foreword

The general objective of this master’s thesis was to contribute to the advancement of plasmonic-
based absorbing filters manufacturing via PVD methods. In this chapter, a discussion sum-
marizing the results and what can be concluded from the accomplished work regarding the
initial objectives for the project are exposed. Then, short recommendations follow concerning

further development of plasmonic coatings at the FCSEL for ophthalmic lens applications.

6.2 General discussion and conclusions

The work done in this study of selectively absorbing metal-island films was principally moti-
vated to explore the available color space of gold deposited with different seed and capping
layers. The mechanical integrity of the island film was found to be greater for a lower filling
factor of the gold on the substrate. Furthermore, it was concluded that a maximal perfor-
mance in coloration could also be obtained from a small coverage gold-island film, i.e. low
effective thickness. Indeed, it was found that the best strategy is to start from a selective
absorbing peak at the highest frequency possible and, with the addition of a capping layer,
for example, tinker the peak position. Moreover, past about 2.5 nm, the gold film at room

temperature only exhibits a broad absorption peak which leaves little room for adjustment.

Additionally, investigation of the impact of ion-bombardment on island films was done. This
approach has shown a promising alternative to the substrate heating in order to improve
the color parameters of a plasmonic composite. Additionally, in situ transmittance allowed
to obtain the complete color space associated with the growth of a sputtered gold film.
Colors were associated with microstructures and the positive impact of ion bombardment on
coloration assessed. The optical monitoring method presented here allows one to optimize
an absorbing filter. Furthermore, it can accelerate the development of new coating since a

single experiment is necessary to explore the accessible color space for a given configuration.

In conjunction with the work done on the color properties of gold-island films, it was demon-
strated that in situ monitoring can provide important information on the growth dynamics
throughout the deposition. Here, a simple analysis of the time derivative surface reflectance
was enough to reveal the transitions of growth regime which are not apparent otherwise. The

method applicability was confirmed by depositing the thin gold film at higher temperatures.
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A similar behavior was observed for deposition at 100° C, albeit the regime transitions were
shifted toward greater effective thicknesses. However, increasing the deposition temperature
to 200° C did not reveal the characteristic signature associated with a transition from an iso-
lated island to a continuous film which would require more resources to investigate properly.
A comparison of the experimental data with EMA models has highlighted the limited appli-
cability of these models for sputtered gold-island films. From this study, understanding the
growth kinetics from just reflectance measurement is possible with readily available equip-
ment. Finally, the limitations and potential improvement to better the optical monitoring

method were discussed.

In conclusion, a monitoring method was successfully developed and paved the way in our
understanding of the background physics involved in the optical response of complex nanos-
tructures. Characteristic changes of trend in the reflectivity was associated with resonating
structure found at specific growth stages. To provide more robustness to the analysis, a
better optical model needs to be employed to extract valid morphological parameters such
as the size and coverage of the islands to support the observations. Experiments on various
surfaces, at different deposition rates and with other plasmonic material can be conducted in
the same fashion. These choices of material will have an impact on the color parameters and

further extend our knowledge on the wealth of possible colors using plasmonic composites.

6.3 Perspectives and outlook

The idea of using silver instead of gold has been discussed throughout this work. An ex-
pertise has been developed to protect silver layers from oxidization in the FCSEL [147] and
could be applied to the development of colored filters for ophthalmic lenses. Furthermore,
the low refractive index of metal-island film allows one to realize ideal AR filters which
are thinner than conventional quarter-wave design due to the absorption inducing light de-
phasing [148,149]. The combination of absorber with plasmonic layer is of great interest for
plasmonic-based color generation. Moreover, it was found that the properties of a broadband
absorber could be greatly enhanced with the use of metal-island films [2,150]. Lastly, the
color generation quality of plasmonic material could be integrated in security devices for

anti-counterfeiting [151].
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ANNEXE A A

Figure A.1 Schematic showing the experimental arrangement of the different samples used
for the experiments: a) B7K glass with a sand blasted back zone on the back to prevent
reflection from that side, b) small piece of silicon, and ¢) TEM membrane. Two arms are
used to hold the components and a small piece of teflon tape vacuum compatible is used on
one side of the silicon piece so that it sits flush on the small metal piece used to maintain
the membrane in place. The membrane is held by a metal piece with a flange and the silicon

piece is taped on that piece.





