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Résumé en français

Dans le cadre de la production de vitrages dits bas-émissifs (Low-E ) aux propriétés d’isolation
thermique renforcée, des empilements complexes de couches contenant un ou des films minces
d’Ag d’une épaisseur d’environ 12 nm sont déposés à la surface du verre plat (Figure 1). La
pulvérisation cathodique magnétron est la technique utilisée par l’industrie verrière pour leur
synthèse. La réflexion de ces films d’Ag dans l’infrarouge thermique étant liée à leur conductiv-
ité électrique, les recherches actuelles visent à trouver des stratégies pour contrôler la croissance
et la microstructure de ces films métalliques. En effet, une bonne cristallinité, un faible taux
d’impuretés, une faible rugosité et une faible densité de joints de grains sont des caractéristiques
qui favorisent une plus faible résistance électrique. L’objectif final est d’améliorer l’efficacité
d’isolation thermique de ces vitrages tout en gardant une faible épaisseur de la couche mé-
tallique, afin de garantir une bonne transmission lumineuse dans le visible.

Le dépôt de couches minces par pulvérisation cathodique magnétron est un procédé de dépôt
en phase vapeur dans lequel le dépôt d’une couche mince se fait par la condensation d’un gaz
d’atomes sur un substrat dans une enceinte fermée. Le gaz d’atomes est créé par la pulvérisation
d’une surface dite cible sous l’impact de particules ionisées d’un plasma. L’Ag étant un métal
noble, sa faible énergie d’interaction avec de surfaces telles que les oxides induit un mode de
croissance 3D ou Volmer-Weber . Celui-ci peut être décrit par une succession d’étapes com-
portant : (i) la nucléation d’îlots sur la surface, (ii) la croissance de ces îlots par incorporation
d’atomes adsorbés, (iii) leur coalescence, (iv) la formation d’un réseau conducteur (dit percolé ),
puis (v) d’une couche continue (avec un recouvrement total du substrat) et finalement (vi) la for-
mation d’une couche uniforme (en épaisseur) par remplissage des joints de grains et diminution
de la rugosité. Du fait du caractère hors-équilibre de la croissance d’une couche d’Ag déposée
par pulvérisation cathodique magnétron, une approche cinétique du mécanisme de croissance
est nécessaire pour comprendre et modéliser la croissance au travers des différents processus
atomiques élémentaires impliqués à chaque étape et des barrières énergétiques associées.

Parmi les approches mises en œuvre pour contrôler la croissance des couches minces d’Ag,
l’utilisation d’additifs gazeux dits surfactants pendant le dépôt magnétron a suscité beaucoup
d’intérêt ces dernières années auprès de la communauté scientifique et de l’industrie verrière.
Ces gaz contrebalancent la tendance naturelle de l’Ag à une croissance de type 3D en favorisant
l’ étalement du métal, et donc une croissance plus 2D. Idéalement, un surfactant devrait perme-
ttre le dépôt de films conducteurs avec une plus faible épaisseur, sans pour autant s’incorporer
dans le film et sans effet délétère sur sa conductivité. Parmi ces gaz surfactants on retrouve
notamment l’azote (N2) et l’oxygène (O2), qui ont déjà été étudiés dans la littérature dans
le cas de couches minces métalliques (Ag, Cu, Ni . . . ) élaborées par pulvérisation cathodique
magnétron. Au-delà de cette image idéale, cependant, le rôle de ces additifs ainsi que les mécan-
ismes impliqués ne sont pas encore bien compris. Même si ces travaux précédents ont montré
que l’ajout de ces gaz conduit à une percolation plus précoce et une inhibition de la coalescence
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Figure 1 (a) Illustration d’un double vitrage bas-émissif , avec un empilement de
couches minces sur une des faces internes, qui augmente la réflexion dans l’infrarouge
lointain. (b) Image de microscopie en transmission (Bright field TEM) d’un tel
empilement avec une couche d’Ag d’une épaisseur de ∼ 12 nm.

entre particules, beaucoup d’entre eux souffrent de limitations inhérentes à l’utilisation de tech-
niques de caractérisation ex situ (manque de contrôle sur l’évolution morphologique et chimique
post-dépôt, exposition à l’atmosphère et vieillissement . . . ). Dans ce contexte, les techniques de
caractérisation in situ (après dépôt et sans contact avec l’atmosphère) et en temps réel (pendant
le dépôt de la couche) apparaissent plus pertinentes pour mieux appréhender cet effet surfactant .

Dans ce travail de thèse, les effets de l’ajout de deux gaz N2 et O2 ont été étudiés à l’aide
d’une combinaison de techniques. Des mesures en temps réel de résistance électrique ont permis
de détecter le seuil de formation d’une couche conductrice (la percolation) et de caractériser
la résistivité finale du film, tandis que la spectroscopie de réflectivité différentielle UV-visible
a fourni des informations sur le mouillage des nanoparticules d’Ag dans les étapes initiales de
croissance (nucléation, croissance, coalescence). En parallèle, la composition chimique du film
a été caractérisée par spectroscopie photoélectronique in situ. En complément, des mesures ex
situ de microscopie électronique de transmission et diffraction de rayons-x ont été faites.

Une étude systématique a été réalisée en fonction de la fraction de N2 ou O2 dans le flux total
de gaz plasmagène (Ar). L’ajout de chacun des deux gaz favorise la formation d’une couche con-
ductrice à une épaisseur plus faible que lors d’un dépôt sous Ar pur en agissant sur les premières
étapes de croissance et sur la texture du film. Une oxydation complexe de l’Ag dépendante du
flux d’O2 a été observée, mais aucune formation de nitrure ni d’adsorbat azoté n’a été détectée
avec N2 par photoémission. La modification de l’énergie de surface du métal par adsorption ir-
réversible (oxyde) ou dynamique (N) augmente l’étalement des nanoparticules d’Ag, mais n’est
pas la même en fonction des facettes exposées, ce qui génère une compétition entre différentes
orientations cristallines. Par conséquent, la coalescence des particules est en partie inhibée par
cette compétition et par la présence de différentes espèces à leur surface. Cette coalescence in-
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hibée produit des formes d’îlots allongées et irrégulières, contribuant ainsi à une percolation plus
rapide du film. CCes effets, ainsi que l’oxydation du film dans le cas du O2, induisent cependant
une perte de conductivité du film continu. Les mesures ont démontré l’existence d’un gradient
d’oxydation en profondeur avec un film plus métallique près de l’interface. La compétition entre
l’agrégation métal-métal et l’oxydation de l’Ag et du substrat a été mis en avant pour l’expliquer.

Finalement, afin d’étudier l’impact du substrat sur l’effet des gaz surfactants , des dépôts d’Ag
sur une sous-couche de SiO2 et de ZnO dopé aluminium (AZO) ont été comparés. La plus faible
énergie de l’interface métal-substrat ainsi que la plus forte texturation du film de Ag déposé
sur AZO ont eu comme conséquence l’augmentation du mouillage des nanoparticules d’Ag, et la
formation de couches plus conductrices et à des épaisseurs plus faibles. Cela conduit également
à une différence nette sur le profil d’oxydation.
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General introduction

In a context of global climate change and energy transition, housing thermal insulation is a rel-
evant way of reducing our total energy consumption. For instance, the residential and tertiary
sectors represent one of the main source of greenhouse gas emissions in France, with ∼ 63 Mt
CO2 eq in 2019 [1], mostly in the form of CO2 produced by the burning of fossil fuels for heating.
64% of the energy consumption in this sector in 2017 was used for heating [2]. A non-negligible
fraction of thermal losses in buildings comes from windows, making them a prime target for
building thermal insulation. To tackle the issue, low-emissivity ("Low-E") glazings have been
continuously developed since the late 20th century as window products with enhanced thermal
insulation properties. They typically consist of double glass panes separated by a cavity, with
a complex stack of thin films deposited on one of the inside glass surfaces (Figure 2-a). While
heat transport via conduction and convection between the two panes is strongly reduced by the
presence of a low thermal conductivity gas in the cavity, thermal radiations losses are reduced
by a metallic Ag film included in the layer stack that reflects far-infrared (far-IR λ ≥ 3 µm). Its
thickness, in the range of 10-15 nm, allows for a high transmission of visible light, but is still
enough to reduce radiative heat transport across the window (Figure 2-b). Figure 3 shows an
example of a cross section image of a typical low-E stack containing a thin Ag film.

The main challenge when engineering Low-E products lies in finding the right balance between
transparency in the visible region and increased thermal-IR reflection. For a material, the Hagen-
Rubens relation [3] links the reflection in the far-IR region R and the electrical conductivity σ
via R ' 1 −

√
2ε0ω/σ; ε0 corresponds to the vacuum permittivity, ω to the light frequency

(λ = 2πc
ω ), and c to speed of light in vacuum. This relation shows that increasing the reflectivity

of a coating in the IR region involves decreasing its electrical resistivity ρ = 1/σ. This must be
performed, however, without impacting its transparency in the visible range, which effectively
rules out the strategy of increasing the film thickness. In this context, thin metallic films are
generally preferred over transparent conducting semiconductors due to their better conductiv-
ity [4–6]. Regarding the choice of the metal, noble metals such as copper, gold and silver are
all suitable candidates in terms of resistivity and chemical resistance. But silver is the only
one that does not have a distinct colour due to interband transitions and presents the highest
conductivity among all the elements (1.59 µΩ.cm [7]).

Industrially, Ag films are deposited on large (3.2×6.0 m2) glass pane surfaces as part of complex
dielectric stacks that are designed to tune the overall optics of the system, its mechanics, and
its chemical stability, in particular during thermal treatments such as glass tempering or bend-
ing that are performed above the glass transition. In the glass industry, magnetron sputtering
deposition is the technique of choice for the deposition of film stacks. Its relevance lies in its
versatility in terms of materials (from dielectric, such as oxides or nitrides, to metals), its fast
deposition rate (up to tens of nm per second), its reproducibility and its scalability. Current
research efforts aim at better understanding the growth mechanism of the Ag thin film and
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Figure 2 (a) Illustration of a Low-E double glazing with a stack containing the
Ag thin film in one of the inside faces of the double pane window. The thin Ag
film increases the reflection of thermal infrared radiation from the inside while still
remaining transparent towards visible light due to its low thickness. (b) Percentage
of transmitted (T), absorbed (A), and reflected (R) light as a function of the wave-
length (λ) for a Saint-Gobain Thermocontrol R product containing a Ag thin film
deposited on glass.

Figure 3 Transverse bright field transmission electron microscopy image of a Low-
E stack containing a 10-12 nm-thick Ag thin film.
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developing new methods and strategies for controlling it to tailor the final properties of the
products. In this context, the use of so-called "surfactant" gas additives during sputtering de-
position has garnered much attention over the last years. These gases act upon the growing Ag
film to counterbalance the 3D Volmer-Weber growth mode and to favour a more 2D-like growth.
Ideally, they should allow for the deposition of thinner conductive films without incorporating
in it and without compromising the final properties. However, beyond this ideal picture, the
exact role of these additives and the complex mechanisms involved are not yet fully understood.

In this work, the effect of two "surfactant" gases, namely N2 and O2, on the growth of Ag
films during magnetron sputtering deposition was studied using a combination of real-time (per-
formed during film deposition) and in situ measurements (performed after deposition, with no
contact with the atmosphere during sample transfer). Real-time electrical film resistance was
used to probe the percolation threshold thickness and film resistivity, while Surface Differen-
tial Reflectivity Spectroscopy (SDRS) provided information on the wetting behaviour of the Ag
nanoparticles in the initial growth stages. In parallel, film chemistry was characterized using in
situ X-Ray Photoelectron Spectroscopy (XPS). These analyses were further supplemented by
ex situ Transmission Electron Microscopy (TEM) and X-Ray Diffraction measurements (XRD).
After a first study on the effects of these gases on Ag growth on model glass surfaces, deposi-
tion on Al-doped Zinc Oxide (AZO) wetting underlayers was explored to unravel the interplay
between the substrate and the gas additive on film growth.

Structure of the manuscript

This manuscript will be structured as follows. In the first chapter, a literature review is made
covering the fundamentals on magnetron sputtering deposition and the different stages of metal-
lic film growth on weakly-interacting surfaces, especially in the case of Ag films on oxide surfaces.
Different strategies for controlling Ag film growth are then discussed, focusing especially on the
main subjects of this work, the gaseous "surfactants" and the use of a ZnO underlayer, an epitax-
ial template for Ag growth. The chapter ends with a comment on the importance of real-time
and in situ measurements for the study of thin film growth.

The second chapter describes the specificities of the "MISSTIC" experimental set-up used along
this thesis work, both for film deposition and for film characterization (real-time, in situ and
ex situ techniques). Care is taken to explain the details of data treatment, especially for the
results of real-time techniques (film electrical resistance and SDRS measurements) that are used
for detecting different stages of film growth (from nucleation to uniform film formation).

The third and fourth chapters deal with N2 and O2 gas addition, respectively, during Ag de-
position on oxidized silicon surfaces ("SiOx"). First, the results from each of the techniques are
systematically reviewed. They are then combined in the discussion to comment on the effect of
the gas on film morphology, chemistry and microstructure. While all other growth parameters
are kept constant, the main explored lever is the flow of reactive gas.

The final chapter focuses once again on the effect of the same gases, but for Ag deposition on
an AZO underlayer. The followed approach is the same as in the previous chapters, allowing a
systematic comparison to be made between deposition on AZO and on amorphous silica.
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Chapter 1
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In this chapter, a general introduction to the magnetron sputtering deposition process will be
given, followed by a description of the growth mechanisms for metallic films from a thermody-
namic and kinetic perspective, particularly in the case of weakly-interacting dielectric substrates
such as oxides. After these general premises, the discussion will focus on Ag thin films deposited
on oxide surfaces, which is a topic of interest both from a fundamental and an applicative point
of view. A brief explanation on the kinds of film microstructural properties that lead to lower
film resistivity will be given. This will be followed by the state-of-the-art regarding the different
strategies for film growth control, with an emphasis on the use of gaseous "surfactant" additives
and the effect of underlayers with epitaxial relationships with Ag, such as zinc oxide (ZnO).
Although this thesis project deals exclusively with magnetron sputtering deposition, many of
the concepts and techniques described in this chapter could also be adapted and/or applied to
other kinds of physical vapour deposition (PVD) techniques.
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1.1 Growth of metallic thin films on weakly-interacting sub-
strates by magnetron sputtering

1.1.1 The magnetron sputtering deposition process

Magnetron sputtering deposition is a physical vapour deposition (PVD) technique suitable for
metallic, semiconductor and dielectric thin films. Its main advantages include a relatively high
deposition rate (up to several tens of nanometres per second), its versatility in terms of the
choice of materials that can be deposited, its reproducibility, and its adaptability and scaling
to industrial settings. In this section, we will give a brief description of this technique. Unlike
other PVD processes which rely on thermal energy, laser pulses, or even cathodic arcs to transfer
coating precursors (generally atoms) from a crucible or a target to the gas phase, magnetron
sputtering deposition relies on the momentum transfer that occurs during collisions between
accelerated ions created in a plasma and the surface of a material, called the "target" (Figure 1.1).

Sputtered target 

atoms

Ar+

Target

Substrate

Thin film growth

Cathode (-)

Anode (+)

S SN

DC/RF

power supply

 

Sputtering 

gas

Pumping

Inlet 

e-
e-

Figure 1.1 Illustration of the magnetron sputtering deposition process. Atoms are
sputtered from the target surface to the gas phase during the collision of accelerated
Ar+ ions produced in a plasma, and then condense on the substrate surface to form
a film.
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The process occurs in a closed deposition vacuum chamber containing the target and the "sub-
strate", on which the film will grow. At the start of the deposition process, a working gas (or
"plasmagenic" gas) is inserted into the chamber (up to a working pressure of generally ≥ 1 µbar),
and a voltage difference is applied between the target (which acts as the cathode) and the sub-
strate (which acts as the anode). This polarisation is typically in the order of several hundreds of
volts, and it brings about the ionisation of a number of gas atoms near the surface of the target.
Most of the time, a noble gas (in general argon gas) is used. The ionised Ar+ ions initially form
due to energetic collisions between gas atoms and electrons emitted from the target surface by
the high potential difference. Ionisation of an Ar atom liberates another electron, which can in
turn collide with another Ar atom. As electrons are liberated in the ionisation process but also
recaptured, the process will become stabilised and self-sustained under conditions determined
by the system, the ionization energy of the gas and the pressure. At this point, the amount
of ionised Ar+ in the chamber increases and a plasma is formed near the target surface. The
collision density between Ar atoms and electrons can be further increased using a magnetic field
induced by permanent magnets (shown in Figure 1.1 as the North and South poles under the
target). This magnetic field confines the electrons near the target surface, and allows the process
to occur at lower gas pressures, lower applied voltage and higher deposition rate.
As previously mentioned, the newly-formed plasma contains a relatively large number of positively-
charged, ionised Ar+ ions. The electric field stemming from the applied potential between the
cathode (target) and the anode accelerates these positively-charged ions towards the target sur-
face, leading to an increase in their kinetic energy (acceleration), followed by collision with the
target material. The phenomena occurring during this collision will ultimately depend on the
kinetic energy of the ion before impact, its incidence angle, the target-to-ion atomic mass ratio,
and the composition and topography of the target surface. As a guide, according to Kasi et
al. [8,9] (Figure 1.2), it is for intermediate ion energies - between roughly 10−2 and 104 eV - that
the "sticking probability" (i.e probability for the ion to remain "trapped" on the surface of the
target) reaches its minimum, and other phenomena such as sputtering are most probable. Lower
kinetic energies result in sticking of the ion to the surface by physisorption or chemisorption,
while higher energies lead to implantation of the ions in the target.

Figure 1.2 Sticking probability of an incoming ion or atom on a surface as a
function of its kinetic energy. Reproduced from [8].
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Figure 1.3 Illustration of the three sputtering regimes as a function of the kinetic
energy of the colliding Ar+ ion. (a) Single knock-on at low energy, leading to
a series of sequential collisions and the sputtering of a surface atom ; (b) linear
cascade regime at intermediate energy, leading to a series of simultaneous collisions
between fixed and moving atoms ; and (c) thermal spike regime, with a large number
of collisions between moving atoms, and a local rise in temperature.

Sputtering requires sufficient energy transfer to the surface atoms, to the point where they
overcome their binding energies, escape the surface and move to the gas phase. According to
the works by Sigmund [10], the sputtering interaction between the accelerated ion and the target
surface can be divided into three regimes for increasing ion energy (as illustrated in Figure 1.3):
• Single knock-on regime: upon collision, an energy transfer occurs from accelerated Ar+

ions to surface target atoms. If enough energy is transmitted, then the target atoms can
overcome their binding energy in the material and escape from the surface to the gas phase.
The threshold energy for sputtering in this regime ranges from 5 to 40 eV, approximately.
We note that while it is commonly accepted that these threshold values for sputtering
scale with the binding energy, the exact relation is still not clear-cut in the literature [11].
• Linear cascade regime: at higher kinetic energies, the collision between Ar+ ions and
the target surface generates a "cascade" effect. The density of collisions is low enough that
most of the collisions involve a stationary atom and a moving one, and not two moving
atoms. As a consequence, an atom is eventually sputtered from the surface into the gas
phase. In the case of magnetron sputtering deposition of thin films, kinetic energies for
Ar+ ions arriving at the surface will be in the ballpark of ∼ 100 eV [9, 12], which puts us
in the linear cascade regime.
• Thermal spike regime: this regime is observed for very energetic ions (keV to MeV)
impinging on the surface of a dense material. Unlike the previous cascade regime, in which
energy tended to be transferred from a moving atom to a stationary atom, the number
of collisions in this regime is much higher and occurs indistinctly between all atoms in
the collision area. Furthermore, the temperature locally rises in this area ("temperature
spike").

After escaping the substrate surface, the sputtered target atoms will cross the deposition cham-
ber and condense on the substrate surface. Their arrival kinetic energy (Ek) will be mainly
determined by the energy gained during the sputtering process (Esputt) and by energy lost due
to collisions with gas atoms atoms in the chamber (Ecoll), as shown in Equation 1.1 (with η the
collision cross-section, µ a parameter related to the mass ratio of the gas to the particle, d the
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substrate-target distance and λ the atom mean-free path).

Ek = Esputt − Ecoll

Ek = Esputt exp
(
−µd
λ

)
Ek = Esputt exp

(
−µηPd
kBT

)
(1.1)

The number of collisions with gas atoms can be described by the mean-free path λ, which is the
average distance travelled by a sputtered atom between two collisions. This value is inversely
proportional to the gas pressure; an approximate relation between pressure and mean-free path
is λ ∼ 5

P . Even if this is an approximation for the mean-free path of nitrogen molecules, we
can still use it for a ballpark approximation of the value of λ in our system. For our working
conditions (total pressure of 2 µbar), this value will be roughly 3.3 cm [13, 14]. With a target-
substrate distance of 15 cm in our system, this results to an average number of collisions between
the target and the substrate of 4 or 5 per sputtered atom.

At the end, the flux of sputtered atoms arriving at the substrate surface will be responsible
for film growth. We will analyse this film growth process in the following section, both from a
thermodynamic and a kinetic standpoint.

One important aspect of magnetron sputtering we will mention before moving on, is reactive
sputtering deposition, which is of great relevance for the growth of compound thin films. In this
process, materials such as oxides, nitrides, borides, carbides and sulfides are deposited using a
metallic target (from the metal corresponding to the cation in the desired compound), and a
gaseous mixture of a plasmagenic gas (like Ar) with a reactive gas like O2, N2, B2H6, CH4 or
H2S, respectively for the above given examples. As the metal of the target is most of the time
not inert towards the reactive, their interaction will greatly depend on the reactive gas flow.
At very low flow value, there is no major change compared to pure Ar and the reactive gas is
simply evacuated by the vacuum pump. Above a certain flow threshold, the gas starts reacting
with the target surface, thus disturbing the sputtering dynamics with changes in voltage and
sputtering rate. A hysteresis behaviour is observed since the behaviour of the target will depend
on its history; that is to say, on whether the target surface was completely metallic at the start
of the sputtering process ("metallic regime"), or whether it had previously been covered with
compound ("poisoned regime") due to the adsorption of the reactive gas. Figure 1.4 shows an
example taken from Reference [15] for the deposition of Al2O3 from an Al target under an
Ar:O2 mixture. When the O2 flux increases from 0 to 2 sccm, the target is initially in the
metallic regime and reacts with the incoming O2 flux. The total pressure remains constant up
until ∼ 1.7 sccm, when the target finally becomes poisoned and a sudden increase in pressure
is observed. On the other hand, when the O2 flux decreases from 2 sccm down to zero, the
target is initially in its poisoned state. Reducing the O2 flux simply leads to a linear decrease in
pressure, no sudden change in the total gas pressure is observed in this case. A similar hysteresis
loop is observed on the voltage.
Later in this work, we will deal with the sputtering of an Ag target with Ar:O2 and Ar:N2 gas
mixtures. We will, however, not focus on the intricacies of the hysteresis behaviour and state of
the target in the context of this thesis, and will instead focus on the Ag film growth dynamics.
In addition to this, we note that no appreciable hysteresis was observed under all our operating
conditions with O2 or N2.
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Figure 1.4 Example for the reactive sputtering of Al2O3 from an Al target sput-
tered under an Ar:O2 mixture with increasing O2 flow. The hysteresis loop is clearly
seen in the total pressure vs O2 flow. Reproduced from [15].

1.1.2 Thermodynamic and kinetic approaches of film growth

The growth of Ag films on weakly-interacting surfaces (such as oxides) during magnetron sput-
tering deposition will be the main topics of this thesis work. As such, it is important to start by
exploring the existing mechanisms, models and literature reports, regarding the growth process
of a thin film. This will lay the foundations for our study on the growth and microstructure
control of Ag films on oxide substrates.

Thermodynamic description of film growth: Bauer’s criterium and 2D/3D growth
modes

The growth of a film on a substrate involves the formation and disappearance of different in-
terfaces. Analysing the total surface energy changes due to film growth is the basis of the
thermodynamic approach to film growth. If we take a system consisting of a film growing on a
substrate surface, then a fraction of the substrate surface will disappear with time, while a new
film surface and film-substrate interface will appear. Atoms on a surface are less bonded than
atoms in the bulk of a material, and their potential energy is therefore higher. For interfaces,
this will generally also be true, though the extent of the energy increase will depend on the
nature of the two phases in contact and their bonding. Surface energies (given in J.m−2) are a
measure of the energetic cost for the creation of a surface or interface; a lower surface energy will
be associated with a more stable surface, and systems will evolve towards equilibrium by mini-
mizing the areas of the most energetic interfaces. In this work, we will be working mostly with
"weakly-interacting surfaces", implying a poor interaction between film and substrate atoms at
the interface, and a relatively high associated interface energy.

Going back to our system with a growing film on a substrate surface, Bauer [16, 17] defined
a simple criterium based on the surface/interface energies of the different materials, that is
used for predicting the growth mode of a film on a given substrate. This purely thermody-
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namic consideration (so-called "Bauer’s criterium") is useful for predicting general trends in film
morphology during the initial growth stages, which can end up affecting the final film morphol-
ogy. It is based on the relative surface energies of the film γf , of the substrate γs, and of the
film/substrate interface γfs. For a system consisting of an "island" on a planar substrate as
shown in Figure 1.5, Young’s equations can be used to predict the contact angle θc between the
island and the substrate surface at equilibrium.

Figure 1.5 Equilibrium shape of a droplet in the initial stages of film growth as
a function of surface/interface energies: f = film, s = substrate, fs = film/substrate
interface.

It reads:
γs = γfs + γf · cos(θc). (1.2)

By definition, lower values for θc correspond to better wetting of the film. Based on Equation 1.2,
three growth modes can be predicted (Figure 1.6):
• 2D "layer-by-layer growth" (or "Frank-van der Merwe"): in this mode, γs ≥
γfs + γf , and thus θc ' 0. The film tends to spread on the substrate surface, and a 2D
morphology is obtained. This mode is typical for metal-on-metal homoepitaxy.
• 3D "island growth" (or "Volmer-Weber"): in this mode γs ≤ γfs + γf and thus
θc > 0. The film does not wet the substrate effectively, and instead tends to minimize its
exposed surface by forming "islands" on the substrate surface. This growth mode is typical
for noble metals on weakly-interacting surfaces. It is at the heart of this thesis work.
• Intermediate 2D-3D growth (or "Stranski-Krastanov"): this mode is similar to the
2D "Frank-van der Merwe" mode for the initial monolayers, but then changes to a 3D-like
growth, with islands forming on top of the initial 2D monolayers. This switch from 2D
to 3D originates from the accumulation of elastic stress in the film, usually due to lattice
mismatch between the film and the substrate in hetero-epitaxial film growth. The strain
from the mismatch adds an extra cost in the energy balance alongside surface/interface
energies, and ends up compensating the initial preference for a layer-by-layer growth [18].
It is often encountered in the case of semiconductor heteroepitaxy.

Although based only on thermodynamics arguments at equilibrium, Bauer’s criterium turns
out to be very useful for predicting the general trends of film growth for a given film-substrate
system; we will be referencing it throughout this thesis work. However, magnetron sputtering
deposition occurs in far-from-equilibrium conditions, and as such, kinetics cannot be ignored.

Kinetic description of film growth

The principle behind the growth of a film by PVD lies in the transfer of atoms from the gas
phase to the solid phase. A purely thermodynamic description of film growth would require the
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Figure 1.6 Three growth modes according to Bauer’s criterium: (left) 2D Frank-
van der Merwe or "layer-by-layer" mode; (center) 3D Volmer-Weber or "island
growth" mode; (right) 2D-3D Stranski-Krastanov mode.

system to be at equilibrium, with the chemical potential of atoms in the gas phase µg and in
the solid film phase µs being equal. In practice, PVD techniques increase the amount of film
precursor atoms in the gas phase using different methods (target sputtering, molecular or ion
beams, laser pulses . . . ) in such a way that the pressure of the gas in contact with the substrate
(p) is higher than the equilibrium vapour pressure peq of the film material. This leads to an
increase in chemical potential ∆µ = kBT · ln(S), where S = p

peq
is the system supersaturation.

Under PVD deposition, the system will not be in equilibrium. It will instead evolve through
different metastable states and cross different activation energy barriers between these states. It
is clear at this point, that in this far-from-equilibrium system, a kinetic description is required
to go further.

We will begin our kinetic description by listing the main elemental atomic events (see Figure 1.7)
that occur during film growth, before examining their dynamics and rates during different stages
of the process.

Incoming atom flux: incoming atoms arrive at the substrate surface with a given flux F and
an associated kinetic energy Ek given by Equation 1.1. Barring other energy sources such as
impingement from accelerated ions or other energetic species in the plasma, this Ek value will be
important since it will determine the energy available for other elemental processes after landing
on the substrate.

Adsorption and accommodation: for Ek values in the range of ∼ 10−4− 10−2 eV, the atom
can be adsorbed at the substrate surface (becoming an "adatom") through weak Van der Waals
interactions (also called "physisorption"), whose typical energies are ≤ 1.0 eV. At higher Ek
values, the atom can incorporate to the substrate though stronger chemical bonds (the so-called
"chemisorption"), or even implant into the bulk if Ek is too high (Figure 1.2).

Surface diffusion: the adsorption of an incoming atom (now an adatom) onto an adsorption
site, which corresponds to a local minimum in the potential energy surface, will decrease its
kinetic energy and leave it in an adsorbed state with an energy E′k < Ek that will be available
for other elemental events. E′k can help the "adatom" overcome diffusion barriers ED (activation
barriers for diffusion between neighbouring sites, usually in the order of a few tenths of eV) and
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Figure 1.7 Illustration of the typical atomic processes occurring at the substrate
surface during thin film growth.

"hop" or "jump" between different neighbouring sites of the surface (Figure 1.8, from sites A to B),
giving rise to the so-called "transient adatom mobility" after adsorption. Aside from this leftover
energy after adsorption, adatoms can also jump between sites in a stochastic process thanks to
thermal energy. This classical, thermally-activated series of jumps along different neighbouring
sites is a 2D-diffusion process characterized by a diffusion constant D = 1

4 l
2ν, where l2 denotes

the mean square displacement per atomic jump, and ν the diffusion or jump rate. This jump
rate is thermally activated and can be expressed as an Arrhenius-type law as ν = ν0 exp

(
−ED
kBT

)
,

with ν0 being the attempt frequency, kB the Boltzmann constant and T the substrate tempera-
ture. Injecting this expression into the previous equation leads to D = D0 exp

(
−ED
kBT

)
. In short,

diffusion on the surface will be more active given lower values of ED, higher initial values of E′k,
and/or higher substrate temperatures.

Adatom capture: if an adatom diffuses towards a site neighbouring another adatom, then the
two adatoms will bond and form a dimer after coming into contact. This dimer is an example
of a cluster, which we will later refer to as "nucleus". If an adatom diffuses to a site near a
pre-existing nucleus, then it will be captured by the nucleus, making it grow by adatom incor-
poration. The reverse process, detachment from a nucleus, is also possible, but the activation
energy will be higher than for a normal diffusion between unoccupied sites because the atom in
a nucleus is more bonded and therefore more stable. Bocchese et al [19] simulated the activation
energies for free surface diffusion and atomic detachment from an nucleus, and found a 5 or
6-fold increase in the activation energy for atom detachment from an island compared to free
surface diffusion. We note that this initial description of the adatom capture process applies to
homogeneous nucleation process, but on real substrates, a diffusing adatom can also bind more
strongly to a defective site of the substrate (impurities, kinks, edges . . . ) creating an initial
nucleus. This is called "heterogeneous nucleation". According to a simple broken-bond picture,
kink sites are more stable than edge sites towards adatom detachment, and edge sites are more
stable than isolated adatoms. The more stable the site, the higher the activation energy an
adatom will need to face in order to detach from a nucleus.



1.1 Growth of metallic thin films on weakly-interacting substrates by magnetron
sputtering | 11

Figure 1.8 Atomic diffusion with the associated energy barriers: ED for intra-
layer diffusion (from sites A to B) and ED + Esch (Ehrlich-Schwöbel barrier) for
inter-layer diffusion between different atomic planes (from sites B to C).

Inter-layer diffusion: given a layer of atoms on the substrate surface, an adatom can also
diffuse across different atomic layers, either downwards or upwards. In addition to the diffu-
sion barrier ED between unoccupied sites on the same layer (intra-layer diffusion), inter-layer
diffusion is also subject to an additional energy barrier, called the Ehrlich-Schwöbel barrier
Esch [20, 21]. As shown in Figure 1.8 for diffusion between sites B and C, the transition state
for interlayer diffusion is less coordinated than in the case of intralayer transfer, and thus the
energetic barrier is greater.

Desorption: given enough energy (remaining kinetic energy after adsorption, or from other
sources such as thermal energy or collisions by energetic species from the plasma), adatoms
can overcome their adsorption energy, desorb from the surface and escape, going back to the
gas phase. In our work, this particular process will be neglected, given the energies [12] and
deposition rates we will be working with, and knowing that deposition will always be made at
room temperature.

1.1.3 The growth stages

Metals tend to have relatively high surface energies, and when deposited on weakly-interacting
surfaces the interface energy γfs will also be - by definition - relatively large. For a metallic
thin film on an oxide substrate, Bauer’s criterium (Equation 1.2) predicts a 3D-like growth with
disconnected islands forming on the surface of the substrate. This growing film will continue
evolving under the flux of sputtered atoms arriving at the surface, and will go through a series
of stages: (i) nucleation and growth of isolated islands, (ii) coalescence of these islands upon
contact, (iii) formation of a percolated (and conductive) network, and finally (iv) the formation
of a continuous and then a uniform film. Figure 1.9 illustrates these growth stages.
For each stage, we will describe the main elemental atomic processes involved, as well as the
corresponding kinetic models that have been developped in the literature. These models will
be useful in later sections when discussing methods for controlling the growth of metallic thin
films.
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Figure 1.9 Illustration of the growth stages for a metallic film on a weakly-
interacting substrate.

Nucleation and growth

With the increase of atom gas pressure near the substrate surface and the onset of adatom
diffusion, it becomes inevitable that at some point some of those adatoms will end up coming
into contact and start bonding, forming dimers, trimers, and so on. The question would be,
for a given nucleus, whether it will be stable and keep on growing or whether it will instead be
unstable and shrink by losing atoms via adatom detachment.
To answer this question, we will use one of the results from the "Classical Nucleation Theory" [9,
22] model. This is a thermodynamic model for homogeneous island nucleation of atoms in the
gas phase on a flat substrate surface of the same material, where equilibrium between the two
phases is assumed (µg = µs). Upon creation of a hemispherical island (with a radius R) on the
surface, the total free energy of the system (∆GTot) increases by vertue of the surface energy
γ of the newly-created nuclei. At the same time, upon nucleation, atoms are transferred from
the gas phase to the less-energetic solid state: the difference in free energy per unit volume
associated to this process is ∆Gv = −kBT

Ω ln(1 + S) < 0, with Ω being the atomic volume.
Overall, there is balance between the a positive energy contribution from the creation of an
island surface (∝ R2) and a negative contribution from the volume (∝ R3). For very small
islands, the positive contribution from the surface of the island will predominate, and the island
will be unstable (∆GTot > 0). But for R values higher than a critical radius R∗, the negative term
will predominate and the island will be stable. This critical radius is given by to R∗ = − 2γ

∆Gv
.

In our system, however, the continuous sputtering of atoms from the target leads to a large
adatom supersaturation value S and therefore to a large ∆Gv. This means that the critical
radius R∗ → 0. Or in other words, under large supersaturation conditions, the system tends
to a limit in which dimers (i = 2) are stable nuclei. We will therefore assume that dimers are
stable nuclei, and that the detachment of adatoms from existing nuclei is suppressed. We will
also assume that only adatoms (not nuclei) can diffuse on the surface, with a diffusion constant
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D. These hypotheses correspond to the "irreversible nucleation regime".
Regarding the adatom concentration n1, we must take into account the effect of:
• the incoming atom flux F ;
• the formation of a dimer after the diffusion and aggregation of two adatoms, described by
Dσ1n

2
1 with σ1 being the "capture number" for adatoms;

• the capture of adatoms by nuclei with i > i∗ = 1 atoms, given by Dn1
∑∞
i=2 σini (with σi

being the capture number of nuclei with i atoms);
• the rate of direct atom capture on top of islands, described using κ1 for the direct cap-
ture by a monomer (Fn1κ1) and by κi for the direct capture by a nucleus with i atoms
(F
∑∞
i=2 κini).

All these factors lead to a differential equation for the change in the density of adatoms n1:

dn1
dt

= F − 2Dσ1n
2
1 −Dn1

∞∑
i=2

σini − Fκ1n1 − F
∞∑
i=2

κini. (1.3)

For nuclei growth, we will proceed in the same way and only take adatom capture and direct
capture by nuclei with i and i− 1 atoms into account. For i > i∗ (i > 1 in our case), this leads
to a series of differential equations for nuclei growth:

dni
dt

= Dσi−1n1ni−1 −Dσin1ni + F (κi−1ni−1 − κini). (1.4)

Note that developing a detailed model for nucleation would require defining "capture numbers"
for adatoms and for existing nuclei. We will not go further into detail on this vast topic which
exceeds the aim of this work, and we will instead look at the use of scaling laws to provide a
useful description of the underlying physics.

Let us now define N as the total number of nuclei (N � n1), and θ = F · t the surface coverage,
proportional to the atom flux and deposition time t. Neglecting direct impingement (κi = 0∀i),
one gets Equation 1.5 for the total number of nuclei N and Equation 1.6 for the adatoms n1.

dN

dθ
= D

F
n2

1σ1 (1.5)

dn1
dθ

= 1− D

F
n1Nσavg. (1.6)

In the latter, we used σavg as an average capture number for all nuclei with i > 1 ; we assume that
this value is independent of D

F . From these equations, it can be shown that under irreversible
nucleation conditions, the number of nuclei N will first increase (initial transition regime) and
then approach a stable value Nsat. Once in this steady-state stage, the rate for adatom increase
is compensated by their incorporation into existing nuclei. Nsat follows a scaling law [22,23]:

Nsat ∝
(
F

D

)χ
, (1.7)

where the scaling exponent χ depends on the shape (2D or 3D) of the islands and on the critical
nucleus size i∗. We see from this scaling law (Equation 1.7) that increasing the atom flux F
onto the surface leads to an increase in the number of nuclei at saturation. Increasing surface
diffusion (for instance using substrate heating) makes it more likely for an adatom to encounter
an existing nucleus and be captured by it, rather than to form a new nucleus; the number of
nuclei at saturation decreases as a consequence.
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Lastly, there is a final scenario that needs to be mentioned, the case of nucleation on a defective
substrate ("heterogeneous nucleation"). Adatoms coming into contact with these defects can
bond with them and be "captured", forming new nuclei. According to the formalism developed
by Venables and Harding [24], defects act as "traps" with a given density nt and trapping
energy Et. By introducing a Langmuir-like isotherm to treat the temperature dependence of
the occupation of these traps, one find an exponential relation for the fraction of occupied traps
Noc and the trapping energy: Noc ∝ exp

(
−Et
kBT

)
. In the limit of high surface diffusion and

high trapping energy (sensible assumptions for our deposition conditions in this work), then the
nucleation density becomes the sum of the homogeneous and heterogeneous nucleation densities
as shown in Equation 1.8 (with σt a capture number for adatoms by the traps).

dn1
dt

= F − σ1Dn
2
1 + σtDn1nt. (1.8)

For low temperature values, the adsorbed adatoms do not have enough thermal energy to es-
cape the traps. If on top of this nt is high enough, then the second term in Equation 1.8 will
predominate and the saturation density will be uniquely determined by the trap density. Exper-
imentally, a plateau for particle density at intermediate temperatures will be observed, just like
in the work by Venables and Harding [24]. Another example is given by the work of Lazzari and
Jupille [25] on Ag/Al2O3 growth by evaporation; using plasmonics to study Ag growth, they
found a constant nucleation density for low-enough temperatures (∼ 300 K or lower) where the
adatoms did not have enough energy to escape the traps and the nucleation density is dictated
by the density of surface defects acting as nucleation sites.

Island coalescence

After nucleation of the nuclei on the substrate surface, the nanoparticles keep growing by adatom
incorporation, eventually reaching a point in which average particle size is large enough that a
large number of particles will come into contact (impinge on each other). This marks to the
beginning of the coalescence stage. As illustrated in Figure 1.10, during a complete coalescence
process two "mother" islands merge together and form a single "daughter" particle.

Figure 1.10 Illustration of island coalescence during film growth.

From a thermodynamic point of view, the driving force for coalescence is the reduction of the to-
tal surface energy of the system. Atoms on the surface of smaller islands, with higher curvature
and therefore less average bonds per atoms, have higher chemical potential than atoms on the
surface of larger islands. Upon contact, this chemical potential difference generates a diffusion
from low-curvature zones towards high-curvature zones. Or in other words, atomic diffusion
from small to large islands [26]. Under "complete coalescence" conditions, the two initial islands
will end up coalescing into one and even adopt the equilibrium shape.

It is generally accepted that the two main limiting cases for coalescence are static coalescence,
and dynamic coalescence (sometimes called "Smoluchowski coalescence"). The former case oc-
curs between two islands at fixed positions via atom detachment, diffusion, and attachment on
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the new particle. It is the preferred mechanism in cases with very strong bonding between the
islands and the substrate. Dynamic coalescence, on the other hand, occurs in systems with
relatively high nanoparticle mobility (low bonding). In this case, islands can move along the
substrate, impinge on each other and coalesce by direct contact. Results from different stud-
ies on metallic film growth on weakly-interacting substrates such as oxides and graphite (for
instance, Au [27] and Sb [28]) have generally favoured dynamic coalescence involving even the
mobility of large islands, because of the incommensurability of metal/substrate interface and a
weak interaction.

Historically, the mechanism for island coalescence upon direct contact was derived from sinter-
ing theory, with isotropic atomic surface diffusion of atoms from the smaller of the two islands
towards the concave "neck" contact region between the coalescing particles [29, 30]. However,
this mechanism requires the detachment of adatoms from edge and kink sites, which should
not happen frequently for metallic film deposition at ambient temperatures. Instead, other
mechanisms have been proposed. Grammatikopoulos et al. [31] gave a fairly detailed expla-
nation of the coalescence mechanism for solid metallic nanoparticles, based on modelling and
experimental results from the last two decades. In short, the mechanism involves an initial
impingement between nanoparticles (via cluster surface diffusion or growth) leading to bonds
between surface atoms from both nanoparticles. The initial contact region between the parti-
cles is usually very energetic because of crystalline mismatch. This crystalline mismatch forces
torques on both nanoparticles, making them individually rotate until a more coherent, larger
interface area is achieved [32]. Regarding this rotation of the coalescing nanoparticles, molec-
ular dynamics simulations [26, 33] have also brought forward the effect of epitaxial relations
between nanoparticles and the substrate on the rotation of these nanoparticles, since the higher
interaction energy between the island and the substrate leads to a higher activation energy for
rotation. Epitaxy should therefore inhibit adequate crystallographic alignment in the contact
region and slow-down island coalescence compared to an amorphous substrate. Once contact is
made between the particles, bond formation releases heat, which according to some simulation
results should be enough to locally melt the nanoparticles and allow for recrystallization near the
contact zone [34]. Indeed, simulation and experimental works have shown that the melting point
of nanoparticles is lower than the melting point of bulk materials. For instance, Buesser and
Pratsinis [35] simulated the transition temperatures, from solid to metastable (Tmeta) and from
metastable to liquid (Tmelt), for Ag nanoparticles with different diameters. In accordance with
other simulation works, they found lower values for Tmeta and Tmelt for smaller nanoparticles.
For a diameter of 2 nm, in particular, they found values of Tmeta ∼ 675 K and Tmelt ∼ 800 K,
which are both lower than the respective values for bulk Ag: 974 K and 1234 K. These results
support the hypothesis of local melting in the contact region between nanoparticles, which leads
to increased surface diffusion and a crystallographic reorganization. A larger, more defined
"neck" is formed between the two nanoparticles, where atoms can migrate thanks to released
energy from bond formation. Finally, when the neck is large enough, the initial surface energy
gradient for surface diffusion (which was based on difference in size and therefore curvature) is
lost, and the particles start behaving as a single elongated object. The final evolution stage is
slower, with local heating playing only a minor role because the creation of new bonds is less
frequent. Given enough time, the particle may slowly evolve towards its equilibrium shape, to
minimize surface energy, or remain as an elongated particle.

Other works have focused on the case of island coalescence during film deposition, i.e. when a
flux of incoming atoms is present. Gervilla et al. [30] ran kinetic Monte Carlo simulations of the
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coalescence between two 3D faceted Ag islands with an initial neck formed between them on a
weakly-interacting substrate, with and without a concurrent supply of atoms from a gas phase.
Figure 1.11(from Reference [30]) shows the simulation results for the coalescence between two
nanoparticles in contact, for both a "low" and "high" flux of incoming atoms (F ).

Figure 1.11 Simulation of the coalescence between two faceted Ag nanoparti-
cles on a weakly-interacting substrate surface. Both simulations are performed at
T = 500 K, which is lower than the roughening and melting temperature of the
nanoparticles. In each case, the incoming flow of atoms from the gas phase is dif-
ferent (for reference, 1 ML' 0.2 nm). Adapted from Gervilla et al. [30].

Their simulations showed that the mechanism for Ag nanoparticle coalescence depends on the
relative flux of incoming atoms. For a relatively low atom flux, coalescence occurs by atomic
surface diffusion, with atoms from one of the particles migrating on its surface towards the
intersection of atomic planes from each particle, in the neck area. Once at the intersection,
those adatoms can nucleate and grow a new atomic plane on the other particle; this mechanism
is called "facet migration coalescence", and leads to an atom transfer from the smaller to the
larger island (shown in Figure 1.11 for 500K and 0.5 ML/s). The larger island incorporates the
smaller one, and the resulting island after coalescence reaches a more stable 3D-shape. A low
incoming atom flux speeds up this mechanism by providing extra adatoms and increasing the
nucleation probability in the intersection between particles. In contrast, when a higher incoming
atom flux F is provided, then particle coalescence occurs primarily via material deposition from
this flux. Atoms adsorb on the substrate and on both particles regardless of their size, overpow-
ering the surface diffusion mechanism. Simulation results showed that under these conditions,
an elongated particle is formed from the two initial particles, in a process they called "agglom-
eration"(shown in Figure 1.11 for 500 K and 10 ML/s). This change in coalescence behaviour
with increasing atom flux is in line with experimental results in the literature. In Q. Hérault’s
thesis work [12], for instance, he showed that for magnetron sputtering deposition of Ag on
SiO2 surfaces, increasing the deposition power led to a higher atom flux and a lower percola-
tion threshold. A transition from coalescence by "facet migration" towards an agglomeration
mechanism could explain this behaviour, since elongated particles should impinge on each other
and form a percolated, conductive network faster than round, 3D-islands. He also showed that
"intermittent sputtering deposition" of Ag on SiO2 surfaces (meaning a series of intervals where
the shutter was intermittently opened and closed) led to the formation of rounder, 3D islands
and thus a higher percolation threshold. This is also in line with results by Gervilla et al., if we
assume that during the time when the shutter was closed the coalescence mechanism reverted
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from an agglomeration mechanism to a facet migration mechanism, yielding rounder particles.
Lastly, Grachev et al. [36] also compared particle aspect ratio during evaporation and sputtering
deposition of Ag on Al2O3 surfaces, and evidenced an increased particle flattening (higher aspect
ratio) during sputter deposition compared to evaporation. Again, this is in line with the modle
of Gervilla et al. considering the much higher deposition rate of magnetron sputtering compared
to evaporation (), according to their measurements. Using the faster magnetron sputtering de-
position led to a higher flux of atoms and a transition towards an agglomeration mechanism.

Finally, as the particles get larger, the driving force for particle coalescence gets weaker. More-
over, the heat liberated during coalescence is distributed throughout a larger mass. Which means
a lower temperature rise, less effective at enhancing surface adatom diffusion. Not to mention
the increase in Tmeta and Tmelt with increasing particle size and the mass to transport. All in
all, larger particles will coalesce and evolve in shape more slowly, forming elongated particles
and grain boundaries [32].

These grain boundaries, in particular, form between large islands (called "grains" in the context
of polycristalline films) when coalescence is inefficient. The crystalline mismatch in these re-
gions makes these boundaries highly energetic and reflecting towards conduction electrons. As
described in a forthcoming section, the density of grain boundaries and their misorientation is
one of the main contributions to film electrical resistivity.

Film percolation

Looking at the growing film as a whole, the presence of isolated nanoparticles means that
electrical conduction is not possible (we neglect any eventual thermal-activated tunnelling if the
islands are close enough [37,38]). Thus in the initial stages of film growth, the film will not yet
be conductive and a high and constant value of resistivity will be measured. A sharp drop in
resistance is observed at a given threshold thickness when an electrical path is established across
the film ; this stage is called the "percolation threshold". Note that percolated films do not need
to be "continuous" as long an electrical path for the electrons exists, meaning that for a 3D-type
growth, the percolation stage occurs before the complete coverage of the substrate surface. In
addition, favouring a more 2D-like growth for the islands before percolation will lead to those
islands coming into contact and forming an electrical path at a lower deposited thickness [12].
All in all, the percolation thickness tp will strongly vary with the growth mechanism of the Ag
film. Its determination using real-time measurements will play an important role all along this
thesis work. Reducing this value of tp ideally without impacting film resistivity would give us
access to thinner and conductive metallic films [39–41].

Continuous and uniform film formation

After the percolation of the Ag film, the islands will keep on growing thanks to continued arrival
of atoms from the incoming flux. The holes between the islands will be filled by these atoms.
Once the continuous film stage is reached, the substrate is entirely covered by the film and no
more holes are present. The film will not be flat and uniform, however. It will consist of a series
of grains with varying height, separated by relatively deep grain boundary regions. The film
roughness will therefore be high.
In the final stage of film growth, new adatoms will incorporate into the grain boundary regions
and reduce roughness. Indeed, a large number of dangling bonds will be present in those
grain boundary regions - because of the lack of contact between grains - and thus incoming
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adatoms will tend to diffuse towards them [42,43], reducing their depth and the film roughness
in the process. Grain growth can also happen, but mostly in the direction perpendicular to the
substrate surface, since the areas surrounding them are already occupied. This is the last stage
of film growth, the uniform film formation stage. At this point, the film is composed mainly of
grains with a height at their center that is close to the film thickness.

1.2 Ag thin films: properties and growth

The previous sections focused on the thermodynamic and kinetic descriptions of thin film growth
during magnetron sputtering deposition and especially in the case of metallic thin films growing
on weakly-interacting substrates. We will now tackle the specific case of Ag thin films grown on
oxides, which is the main topic of this thesis work.

1.2.1 Properties of silver

Silver (Ag) is a noble metal (A = 107.87;Z = 47) that crystallizes in a cubic system, with a face
centred cubic (fcc) unit cell and a lattice parameter a = 0.408 nm (Figure 1.12). The atomic
planes with the lowest index and highest compacity (111), (001) and (101) are also shown in
Figure 1.12. Their surface energies are 1.12 J.m−2, 1.20 J.m−2 and 1.29 J.m−2, respectively [44];
this makes the most compact Ag(111) plane, energetically favoured compared to the others
although the anisotropy with (100) is not very large [45].

Figure 1.12 Unit cell for the fcc Ag lattice, and the corresponding (001), (101)
and (111) planes. The most compact (111) plane has the lowest surface energy.

The Ag melting temperature is 961.8◦C, which is the lowest among noble metals in the periodic
table. Its bulk thermal and electrical conductivity are also the largest among all the elements,
at 420 W.m−1.K−1 and 1.59 µΩ.cm [7]. The dielectric constant of Ag is dominated by a Drude
metal behaviour below ω ∼ 3.85 eV and by interband transition above. The screening induced
by d-electrons on s−electrons shifts the Drude intra-band plasmon frequency from ∼ 9 eV down
to ωp = 3.85 eV.

1.2.2 Ag thin film growth mechanism on glass surfaces

The growth of Ag thin films on glass (modelled herein as a SiO2 surface) can be tackled
from a thermodynamic point of view by comparing the surface energies involved in the pro-
cess: γs = 0.33 J.m−2 for the SiO2 substrate, γf = 1.12 J.m−2 [46] for the Ag film and
γfs = 0.21 J.m−2 [47] for the film-substrate interface. Bauer’s criterium (Equation 1.2) pre-
dicts a 3D Volmer-Weber or "island growth" mode for this system. The expected contact angle
at equilibrium is in the range of θc = 130◦. As a noble metal, silver has very weak interactions
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Table 1.1 Energy barriers (in eV) for free atomic diffusion, for a series of [deposited
atom/surface] pairs from the literature. These values correspond to atomic diffusion
between unoccupied surface sites.

[Atom/Surface] Si/Si(001) Ag/Ag(111) Ag/MgO(001) Ag/ZnO(0001)
ED (eV) 0.94 [49] 0.1 [19] 0.05 [50] 0.3 [19]

with the substrate and will tend to aggregate into 3D islands instead of growing in a 2D "layer-
by-layer" mode.

From a kinetic point of view, the same conclusion is reached. As the adsorption energy for Ag
adatoms Eads on an oxide is low in absolute value (a fraction of eV [19]), the flattened potential
energy field leads to a lower energy barrier and fast diffusion on the oxide surface. Table 1.1
compares ED values for free diffusion of different atoms on given surfaces. The much smaller
value of ED for Ag diffusion on Ag(111) compared to Si on Si(001) can simply be explained
by the difference in bond nature between a highly-directed Si-Si covalent bond and the Ag-Ag
metallic bond. The value for ED decreases by half when Ag is deposited on MgO(001), illus-
trating the increased surface diffusion of Ag on weakly-interacting surfaces. Finally, we note
the higher value of ED on a ZnO(0001) surface, which will be the subject of a further section
its role as an epitaxial template for Ag. Regarding inter-layer diffusion, the value of the Esch
barrier for interlayer diffusion between Ag(111) planes at 300 K has been estimated at a value
of ∼ 0.15 eV [18,48].

Looking at the mechanism of island coalescence in the case of Ag, just like previously shown
for other metals (Au and Sb), experiments and simulations have focused on the behaviour of
Ag [25, 26, 51] and evidenced a predominantly dynamic coalescence mechanism. Once the is-
lands are in contact, one can safely neglect generalized adatom detachment from kink and edge
sites at ambient temperature, since room-temperature growth happens well below the estimated
roughening temperature of Ag (0.4 · Tmelt ∼ 500 K [30]). A sintering-like mechanism involving
generalized detachment and surface diffusion is thus unlikely. Instead, the previously presented
work of Gervilla et al. [30] on coalescence mechanism based of surface diffusion and facet migra-
tion between coalescing particles applies.

All these considerations on the mechanism of Ag film growth leads us to the next section of this
chapter, which is the literature review on the strategies for film growth. However, we should first
ask ourselves what kind of microstructural properties we should be aiming at, before studying
the ways of controlling Ag film growth and achieving these properties. As a reminder, the use of
silver films in Low-E glazing applications requires the deposition of thin, transparent, conductive
Ag films inside complex dielectric stacks. The thermal-IR reflection properties of the Ag film is
linked to the film conductivity. We already saw how the percolation threshold thickness defines
the minimum necessary thickness for a film to become conductive. Thus we should therefore aim
at reducing the percolation threshold as much as possible, so as to be able to deposit thinner,
conductive Ag films which - ideally - will be more transparent in the visible range. Improving the
conductivity of the Ag film, however, requires controlling the film microstructure, as explained
in the next section.
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1.2.3 Impact of film microstructure on electrical resistivity

The electrical resistivity ρ of a metal such as silver can be, in principle, described using the
Sommerfeld model [52] which describes electron transport through collisions or scattering events.
In this model, the bulk resistivity ρB (the inverse of the conductivity σ), is given by Equation 1.9:

ρB = σ−1 = m∗

e2nτ
, (1.9)

where m∗ is the effective electron mass, e the electron charge, n the charge carrier density, and
τ the relaxation time for an electron between two scattering events. If we take these latter as
independent, ρ(T ) at temperature T can be split into its different contributions. This is known
as Matthiesen’s rule:

ρB(T ) = ρphonon(T ) + ρelectrons(T ) + ρdefects. (1.10)

ρphonon involves scattering of electrons by collective oscillations of the atoms around their equi-
librium position, namely phonons. This contribution is not really relevant for the present study
since all experiments were performed at room-temperature, so that we should not expect any
important variations in the contribution from the phonons between samples. Electron-electron
collisions ρelectrons(T ) are effective only at very low temperatures, and will therefore also be
neglected. The last term ρdefects, independent of temperature, involves the contribution of
electron scattering on defects. These defects can be classified according to their dimensional-
ity: 0D-point defects (impurities, vacancies...), 1D-defects (dislocations and other line defects),
2D-defects (such as interfaces and grain boundaries), and 3D-defects (such as voids, cracks, or
precipitates in the material).

In the case of a thin silver film, the thickness t as well as the lateral grain size in the film D,
which scales with t, can be of the order of the mean free path for a conducting electron (lB =
vF τ ' 38 nm with vF the Fermi velocity). Thus, as the thickness is reduced, the contributions of
electron scattering from the film surface and/or interface ρsurf become increasingly important,
as well as that of grain boundaries ρGB. For a metallic thin film, Equation 1.10 is thus modified
as follows:

ρ = ρ0 + ρf + ρGB, (1.11)

where the term ρ0 includes all other contributions from defects other than surface and grain
boundaries scattering, as well as that of phonons. Models [53] have been developed by Fuchs
and Sondheimer [54,55] to describe the surface scattering contribution ρf and by Mayadas and
Shatzkes [56] for that of grain boundaries ρGB.

The Fuchs-Sondheimer model assumes planar and identical interfaces for the metallic film,
separated by a distance t corresponding to the film thickness and characterized by a parameter
0 ≤ p ≤ 1 (Figure1.13-a). p corresponds to the fraction of electrons that are diffusively scattered
upon collision at the interface. p is somehow related to interface roughness. p =1 corresponds
to a specular reflection of electrons which keeps their momentum parallel to the layer and to
the transport direction. p =0 corresponds to a completely diffusive interface that systematically
increase the path length of electrons upon collision. In this model, for very thin films t � lB,
the resistivity contribution of film interfaces is given by:

ρf
ρB

= 4
3

1− p
1 + p

lB

d · ln
(
lB
t

) , (1.12)
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Figure 1.13 Schematic illustration of (a) electron scattering at the interfaces ac-
cording to the Fuchs-Sondheimer model and (b) electron reflection at grain bound-
aries according to the Mayadas-Shatzkes model.

where ρB is the metal bulk resistivity and lB the bulk electron mean free path according to the
Sommerfeld model.

The Mayadas-Shatzkes model assumes an array of identical grain boundary planes, perpen-
dicular to the film interfaces and separated by a distance that obeys a Gaussian distribution
centred around the mean in-plane grain size D of the polycristalline film (Figure 1.13-b). The
grain boundary is characterized by a reflection coefficient for electrons 0 ≤ R ≤ 1; R = 0
corresponds to grain boundaries that are completely transparent towards conduction electrons
while R = 1 is associated to perfectly reflecting boundaries (i.e. leading to a perfect insulator
behaviour). In the limit D � lB, ρGB in the Mayadas-Shatzkes model is given by:

ρGB = ρ0

(
1− 3

2
R

1−R ·
l0
D

)
. (1.13)

In conclusion, both models show an increase of resistivity at small thickness t (Equation 1.12)
or grain size D (Equation 1.13). Film microstructure has an impact on film resistivity. In order
to obtain films with lower resistivity without increasing the thickness (which would negatively
impact transparency in the visible region), the previous models show that we should aim at
obtaining a film with:
• high purity and crystalline quality (low density of crystalline defects);
• low grain boundary density (D−1), or in other words, with large in-plane grain sizes;
• poorly-reflecting grain boundaries (i.e. low value for R in the Mayadas-Shatzkes model)

with the lowest possible crystalline mismatch;
• low surface/interface roughness (i.e. p close to 1 in the Fuchs-Sondheimer model).

In practice, meeting these criteria involves finding ways of overcoming the 3D thermodynamic
tendency of Ag growth, and instead forcing it to grow in a more 2D-like mode. Ideally, we would
try to achieve a situation in which the film grows via a low number of flattened islands, which
will quickly percolate and form a continuous layer with low roughness and low grain boundary
density. We will keep these objectives in mind for the following chapters. As a closing thought,
provided that dewetting is avoided by encapsulation in a stack of films, we note that recrys-
tallisation upon annealing as often done in the context of Low-E coatings is an effective way to
improve film conductivity. But this is out of the scope of the present work that focuses mainly
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on as-deposited films (grown at room temperature).

1.3 Strategies for controlling the Ag film growth mode
In the previous section, we listed the main available microstructural levers we can act upon in
order to improve the conductivity of the Ag films. We will now study the different strategies
that have been developed in the literature for controlling film growth and microstructure during
magnetron sputtering deposition. Although this section will focus primarily on Ag thin-films,
examples for other metals will also be given.

Many factors in the magnetron sputtering deposition process can impact the film growth mech-
anism and eventually favour a more 2D-like growth. These include, but are not limited to:
• the energy of the species involved in film growth processes ;
• the use of the so-called "surfactants";
• the control of the substrate: composition, crystallinity, presence of impurities, "wetting"
layers and epitaxial relationships.

Let us analyze each of these factors and their impact on film growth.

1.3.1 Control of the energies of species during film growth

Most of instrumental parameters of the magnetron sputtering deposition process, such as de-
position power and mode (DC, RF, HiPIMS), gas pressure, substrate-target distance, substrate
polarisation and temperature, can have profound effects on the the kinetic energy and flux
of the sputtered atoms arriving at the substrate and on the adatoms diffusing along the substrate.

The substrate temperature plays a major role in adatom surface diffusion. Higher substrate
temperature enhances surface diffusion of adsorbed atoms (Figure 1.8), which in turn impacts
the irreversible nucleation density (Equation 1.7 and 1.8) and the evolution of film morphology.
While a higher substrate temperature reportedly increases film crystallinity and grain size [57],
this comes at the cost of increased film roughness because of the strong tendency for the Ag
nanoparticles to evolve in the out-of-plane direction towards their equilibrium shape [58]. This
evolution requires atomic inter-layer diffusion, which is thermally activated. Favouring a more
3D-shape and increasing film roughness both result in different stages of film growth (percola-
tion, continuous film, . . . ) being reached at higher thicknesses [12,59].

Both working gas pressure and deposition power can also be modified. Their effects are
less straightforward to analyze, however, because of the large number of elemental processes
they can impact. Reducing the working gas pressure increases Ek of the sputtered target atoms
arriving at the surface (Figure 1.7). Increasing deposition power also has a similar effect but
it also increases the flux of sputtered atoms by enhancing the amount of sputtering events on
the target (Figure 1.2). Separating flux and energy effects on film growth is not always simple,
as shown in the thesis work by Q. Hérault et al. [12]. In their work, for the explored condi-
tions, they found that the flux and the energy of incoming particles did not significantly impact
the nucleation, growth, and coalescence stages, which seemed to be mostly determined by the
substrate nature. They did observe, however, a reduction in the percolation and continuous
film formation thresholds, which they linked to changes in the shapes of the particles (more
elongated particles leading to earlier percolation). Other works have also reported beneficial
effects of higher deposition power and lower pressure from a film resistivity point of view. In
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general, higher Ek values for the arriving atoms leads to denser and better crystallized Ag films,
because the new adatoms will be able to overcome more diffusion barriers after being adsorbed
(higher E′k after adsorption), and thus will be able diffuse further and reach more stable sites,
increasing the crystallinity of the growing film [60–64]. This increase in crystallinity and density
leads to a lower overall film resistivity. If the power is too high, however, then it can create a
large amount of very energetic plasmagenic gas ions who are neutralized and backscattered at
the target surface, and then reach the substrate surface where they can become implanted into
the growing film [65,66]. This implantation of back-scattered gas atoms leads to defects, higher
film stress and an increase in resistivity.

All in all, changing the kinetic energy of the species involved in film growth (incoming sputtered
atoms and adatoms, especially) can impact many different elemental atomic processes, having
complex and far-reaching effects on the film growth mechanism.

1.3.2 Structure zone models of sputtered-film microstructure

In the case of sputtering deposition, "structure zone models" (SZM) have been developed in
the literature to illustrate the expected microstructure for a relatively thick film (∼ 100 nm)
deposited under given conditions. While they do not aim at explaining the effects of each pa-
rameter in detail, they are useful for illustrating trends induced by instrumental parameters.

The effects of substrate temperature and incoming atoms energies were illustrated by Thorn-
ton [67–69] in a SZM (Figure 1.14). He based his model on the initial work by Movchan and
Demchisin [70] who linked the microstructure of evaporated films with the homologous temper-
ature Th= Ts

Tm
, with Ts the substrate temperature and Tm the melting point of the material. In

the case of sputtered thin films, Thornton added the working pressure as a new parameter to
take the energy of the incoming sputtered target atoms into account.
Thornton’s model divides the expected film microstructure in different "zones". High pressure
and low substrate temperature lead to very low mobility of the adatoms on the surface and
on the grain boundary regions, leading to the Zone I microstructure, characterized by a high
density of tapered columns with voids between them. Increasing the substrate temperature dur-
ing deposition increases adatom mobility and leads to a microstructure shown in Zone II with
larger and denser column-like grains. Finally, at very high substrate temperatures, the grains
in the film become denser and larger in size (Zone III) due to recrystallization. A transition
zone exists between Zones I and II, Zone T, in which surface mobility of adatoms is suppressed
on grain boundary regions, but collisions from energetic species in the plasma activate diffusion
on the surface. Zone T is characterized by the formation of a dense series of columns with fixed
grain boundary regions, and a V-shaped "overgrowth" initial region because of the competition
in growth rate between the different orientations of the initial nuclei on the surface [71].

Sputtered atoms are not the only species impinging on the substrate surface during growth.
Fast ions (from the plasmagenic gas or from the target), can also modify the surface upon
impact by creating defects, nucleation sites, disrupting small clusters, implanting into the film,
increasing effective atomic mobility and even increasing the local temperature [72]. Strategies
for film growth control using fast ion collision with the substrate include the use of substrate
bias [73], unbalanced magnetrons [74–77], and also the use of a dedicated ion source during
film growth [78, 79] (referred to as Ion-Beam Assisted Sputtering or "IBAS"). Reportedly, film
texture can be modified by controlling the energy and flux of incident ions; a low flux of highly
energetic particles will preferentially sputter dense planes and favour a texturation with more
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Figure 1.14 Structure zone model proposed by Thornton, summarizing the effect
of Ar pressure during deposition and substrate temperature on film microstructure.
Reproduced from [67].

open planes. On the contrary, a high flux of low-energy ions promotes coalescence, and this ends
up favouring a textured film with the least-energetic atomic plane predominating [63]. Energetic
particles colliding on existing porous structures can also make these structure collapse, favouring
a denser film. Care must be taken, however, not to let the ion energy become too high so as to
avoid excessive ion implantation and stress development in the film alongside densification. The
SZM developped by Anders [80] (Figure 1.15) integrates the effect of ion energy to the basic
SZM of Thornton by adding a third "net film thickness" axis (which can become negative in the
case of ion etching). He also changed the homologous temperature Th axis by a "generalized
temperature", which adds to the homologous tempearature a temperature shift corresponding to
the potential energy of the arriving atoms, and the pressure axis by a generalized energy axis E∗,
which describes displacement and heating effects caused by the kinetic energy of bombarding
atoms.
Neutral but energetic gas atoms can also impact the growing film and affect its growth. These
atoms results from the neutralization of ions and their reflection upon the impact with the tar-
get, in a process called "backscattering". These energetic backscattered neutrals change not
only the microstructure of the film, but also the film resistivity and stress state since some of
them can penetrate the film and implant. Their kinetic energy Ek reportedly increases with
the target-to-gas atomic mass ratio [81, 82]. Ag having an atomic mass of 107.87 au, Ar gas
atoms (atomic mass 39.95 au) will be more energetically backscattered than heavier atoms such
as Kr (atomic mass 83.80 u). As such, a handful of studies on the use of Kr instead of Ar as a
plasmagenic gas for magnetron sputtering deposition of Ag films have been reported [64,83–86].
In all cases, using Kr led to a decrease in Ag film resistivity, although the explanation is not
clear-cut between the different authors. Experiments have shown that deposition under Kr is less
sensitive to changes in deposition power [83] and working gas pressure [86] than Ar. Recently,
Mizukoshi et al. reported no apparent effect of Kr on the texturation of 14 nm-thick Ag films
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Figure 1.15 Structure zone model including the effect of ion etching. T∗ = Gen-
eralized temperature. Reproduced from [80].

grown on ZnO underlayers, and only a modest increase in grain size from 55 nm to 58 nm when
going from Ar to Kr. Sagara et al. [84] showed no clear difference in grain boundary electron re-
flection (R factor as defined in the Mayadas-Shatzkes model) between both gases for thicker Ag
films (∼ 150 nm). Regarding film composition, studies using Secondary Ion Mass Spectroscopy
(SIMS) and Rutherford Backscattering Spectroscopy (RBS) have evidenced a lower implantation
of Kr in the film, which could then explain the lower resistivity. Regardless of the details of the
effect of Kr as a plasmagenic gas (which remain not yet fully understood in the literature), this
example shows how controlling the atomic weight of the atoms in the plasmagenic gas can lead to
changes in the kinetic energy of backscattered neutral atoms and in the resulting film properties.

1.3.3 "Surfactants" in magnetron sputtering deposition

According to the definition - derived from the field of soft matter and adapted to film deposi-
tion - a "surfactant" substance adsorbs on the surface of the growing film in the monolayer or
submonolayer concentration. It modifies the surface energies and the film growth mechanism,
promoting a more 2D-like growth and a lower film roughness without being incorporated into
the film itself. It should instead remain on the surface of the film ("float-out" behaviour) [18,87].
We will begin this section with an explanation of the effects of surfactants in homoepitaxial
metal-on-metal growth (i.e a metal growing on the surface of the same metal). We will then
analyse more recent studies focusing on metallic film growth on weakly-interacting substrates
by sputtering deposition.

Surfactants in metal-on-metal homoepitaxy

Many works in the 1990’s and early 2000’s focused on the homoepitaxial growth of metallic thin
films and the mechanisms by which surfactant substances manage to suppress island formation
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and induce a layer-by-layer growth. They concluded that island formation is suppressed by
inhibiting nucleation on top of pre-existing islands, and favouring the nucleation of a high
surface density of nuclei on the substrate surface instead [88–95]. Several reasons have been put
forward to explain this inhibition effect:
• increase of the activation energy for surface diffusion (ED), which increases the nucleation

density on the substrate surface (lower chance for an adatom to be captured by a pre-
existing nucleus, higher chance of nucleating on the substrate);
• easier downwards inter-layer diffusion across steps (ES), which reduces the mean adatom
lifetime on top of an island and therefore its nucleation probability on top of the island [48,
91] ;
• modification of island shape: formation of ramified, less compact islands, with a higher
fraction of step-edge sites compared to terrace sites, thus diminishing the adatom lifetime
on the island surface.

The addition of sub-monolayer amounts of Sb on Ag(111) is a case study for these three sur-
factant effects on Ag/Ag(111) homoepitaxy. It has been shown that Sb adsorption on the Ag
surface increases ED for surrounding surface sites, diminishes the Ehrlich-Schwöbel barrier for
inter-layer diffusion, and induces the growth of ramified ("dendritic") island shapes [89, 96, 97].
Similarly, Ferron et al. [91] made a detailed DFT study of the surfactant effect of Pb on Cu
on Cu(111) homoepitaxy, which showed how adsorbed Pb almost completely block "hopping"
diffusion of Cu atoms, which was the main diffusion mechanism on dense atomic planes.
With respect to the "float-out" behaviour expected in the case of a surfactant, the study by Mey-
erheim et al [92] focusing on Ni heteroepitaxy on Cu(111) surfaces with oxygen as a surfactant,
is an example in which the formation of an "oxygen-rich subsurface region" after Ni growth was
detected.

Surfactants for metallic film on weakly-interacting substrates

Metallic film growth on weakly-interacting substrates, such as oxides or 2D materials like
graphene [98], do not follow the same scenario of metal-on-metal homoepitaxy. Instead, as
previously explained, it is energetically favourable for the film to form metallic islands instead
of 2D layers, to minimize the contact area with the substrate. From a kinetic point of view,
upward inter-layer diffusion to the first atomic layer is improved by the weak interaction energy
of the adatom with the substrate [99], and thus islands will form during the initial stages of
film growth, well before the time needed for 2D monolayers to form and for nucleation on top of
those monolayers to happen. Effective surfactants in these systems will therefore act upon the
nucleation density, nanoparticle shape, and coalescence dynamics.

As previously shown, in the case of a 3D growth mode and under irreversible nucleation con-
ditions, the island saturation density scales as

(
F
D

)χ
. Increasing the nucleation density on

weakly-interacting surfaces can be achieved by decreasing surface diffusion D and increasing the
atomic flux F . Romanyuk et al. [100] showed that the introduction of sub-monolayers of Sn
before Ag deposition on Si(001) surfaces induced a roughly 8-fold increase in island density at
an equivalent thickness of three monolayers of Ag. Assuming that the island density is directly
related to nucleation density, they concluded that Sn addition led to an increase in nucleation
density, although their data did not identify whether this increase in density was related to a
decrease in surface diffusion or to an increase in the density of heterogeneous nucleation sites
thanks to the adsorption of Sn. Another study by Fukuda et al. [101] looked at Ag sputtering
deposition on Al-doped zinc oxide surfaces with pre-deposited (sub-)monolayers of a number of
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transition metals. In this study, they looked at changes in the film percolation threshold, and
found that some of the metals used (W, Mb, Zr, Ni) led to a decrease in this threshold thickness,
presumably by creating additional nucleation sites on the oxide surface. In any case, we will
note that since neither Sn nor any of the transition metals in Fukuda’s work showed a "float
out" behaviour, they do not fit our initial definition of a "surfactant".

Another important factor for the microstructural control of metallic thin films on weakly-
interacting substrates is the control of the coalescence between growing islands. Rapid coa-
lescence, which is expected for small islands during the initial stages of film growth, quickly
leads to the fusion of the two initial islands with a final particle larger both in-plane and out-of-
plane and with a shape closer to the equilibrium one. However, if island coalescence is somehow
slowed-down, then it is possible to induce a phenomenon called "partial coalescence". As for-
malised by Jeffers et al. [102], this inhibition of island coalescence corresponds to an increase
in the average time it takes for two particles to completely coalesce (τcoal). When this time is
shorter than the average time it takes for two particles to impinge on each other due to island
growth and/or island diffusion on the substrate surface (τimpinge), more and more particles will
impinge on groups of slowly-coalescing particles, thus creating irregular and elongated island
shapes. The process is illustrated in Figure 1.16, showing the formation of 3D spherical parti-
cles when τcoal < τimpinge (i.e. complete coalescence), and of elongated irregular particles due
to inhibited coalescence when τcoal > τimpinge (i.e. partial coalescence). This increase in τcoal
and the onset of partial coalescence normally occurs during film growth when the particles are
large enough that they lose much of their driving force for coalescence (this is referred to as
the "elongation transition" [102–104]), but it can also be caused by a surfactant. In practice,
the onset of partial coalescence promotes in-plane growth of islands, and elongated "worm-like"
islands that can form a percolated network at a lower thickness. Jamnig et al. [105,106] showed
how the co-sputtering of Cu, Au, Al, Ti, Cr and Mo in small quantities alongside Ag leads to
inhibition of island coalescence (i.e. higher τcoal) and thus the formation of elongated particles,
compared to pure Ag deposition at equivalent nominal thicknesses. This strategy allows for
the deposition of thinner, continuous and conductive films, but it does not meet stricto sensu
our original definition of a surfactant since the metallic impurities are incorporated into the
film, and there is no "float-out" mechanism nor way to eliminate them after deposition. Still, it
exemplifies how island coalescence play a paramount role in the evolution of film microstructure
and how inhibiting it can lead to a more 2D-like film growth.

Figure 1.16 Illustration of "complete" and "partial" coalescence phenomena.

In conclusion, the ways in which these surfactants affect film growth vary depending on the
system and the particular atomic processes they act upon, such as inter- and intra-layer surface
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diffusion or island coalescence. Still, in some of the above-mentioned examples, the strategies
do not fully meet our initial definition of a surfactant substance, since they introduce impurities
to the film. Ideally, one should aim at finding substances that manage to affect the metallic film
growth and microstructure without incorporating into the film making them more alike their
soft-matter counterparts. In this respect, gas additives are appealing candidates. They can be
easily added to the deposition chamber, left to interact - either in their fundamental state or
activated by the plasma - with the growing film by adsorption, and then desorb from the film.
We will finish this section on surfactants for magnetron sputtering deposition by examining the
existing literature on the effect of N2 and O2 on Ag growth.

Effects of N2 addition during Ag deposition

N2 gas has been extensively used as an additive, mixed with Ar, in Ag film deposition by mag-
netron sputtering. On oxide substrates, its has been shown to produce thinner and smoother
but continuous Ag films [41, 107–112]. N2 is known as a very inert gas because of the very
strong N-N triple bond in the molecule (∼ 9.8 eV, or 945 kJ/mol [113]). Also, the enthalpy of
formation of silver nitride is large and has been estimated at 314.4 kJ.mol−1 [114]. Both facts
explain the reported apparent lack of reactivity of nitrogen towards Ag when used as an additive
during magnetron sputtering deposition. For instance, Pierson et al. [107] and Kawamura et
al. [115, 116] found only diffraction peaks characteristic of metallic Ag in films when deposited
with N2 addition, even for pure N2. This begs the question, how nitrogen can even interact
with the growing film and impact its growth mechanism. Of course, species activated in the
sputtering plasma can be more reactive than the N2 molecule in its fundamental state. Studies,
mostly using optical emission spectroscopy, have shown that species present in an Ar:N2 plasma
during magnetron sputtering include excited N2 molecules (N∗2) and a relatively small quantity
of atomic N resulting from the dissociation of N2 molecules. The dissociation requires a high
electron density and energy in the plasma, which can be achieved by increasing the applied
power or by adapting the value of %N2; higher %N2 will increase the overall concentration of
all N and N∗2 species in the plasma, but will also reduce the number of electrons with sufficient
energy to dissociate N2 [117–120].

The adsorption of atomic N at the surface of Ag has been studied theoretically and experimen-
tally. Ab initio simulations have concluded at an exothermic adsorption of atomic N on Ag(111)
surfaces [121–129], with an adsorption energy at the optimal adsorption site of ∼ 2.02 eV/atom.
This positive value contrasts with the negative (and thus unfavourable) adsorption energy of
−0.02 eV for a N2 molecule [126, 128]. In addition, Yun et al. [130] have shown theoretically
that the surface energy of Ag(111) and Ag(100) decreases almost linearly with the coverage in N
(Figure 1.17). While the bare most compact surface Ag(111) is more stable than Ag(100), they
even found that N-covered Ag(100) becomes more stable than the N-covered Ag(111) at a given
coverage. N dissolution in the bulk, on the other hand, is highly unfavourable energetically [131].
Experimentally, there is only one report on N-adsorption on Ag(111) [131]. It evidenced a quite
low-recombinative desorpion temperature starting around 350 K. On the other hand, scattering
experiments of N atoms on Ag(111) [124,129] have evidenced a surprisingly very efficient Eley-
Rideal recombination mechanism between adsorbed N atoms and incoming N to form desorbing
N2 molecules [124, 127, 132]. This mechanism is even faster than the thermal recombinative
desorption as observed by Carter et al. [131]. As will be shown later (Chapter 3 and 5), this
fast and efficient desorption mechanism coupled with the very unfavourable bulk diffusion of N
atoms will be key aspects in the N2 surfactant effect during Ag magnetron sputtering deposition.
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Figure 1.17 Ab initio calculated changes in surface energies of Ag(111) and
Ag(100) as a function of the surface concentration of N atoms, which occupy
interstitial-octahedral sites at the surfaces (insets). Reproduced from Refer-
ence [130].

To explain an earlier coalescence induced by N2 addition during sputtering, the inhibition of
island coalescence have been put forward [130]. Jamnig et al. [111] also proposed a selective
deployment of N2 gas during the initial stages of Ag growth on SiO2 to avoid the observed loss
of crystallinity and the increase in resistivity in thicker films. When deposited on an amorphous
substrate (SiO2) under pure Ar, Ag thick and continuous films (above 10-20 nm in thickness)
adopt a preferentially, still not perfect, (111) texture since this corresponds to the most compact
and stable Ag orientation. We note that some works have shown a more random orientation for
Ag islands during the initial growth stages on SiO2 [133]; as shown before, the energy liberated
during coalescence drives the reorganisation towards more stable (111) orientation. The situation
appears to be different when N2 is added to the plasma. A structural study has been conducted
by Kawamura et al. [116] for Ag films deposited under pure N2 gas. They found a change
in texture with a roughly 55/45 (111)/(200) peak intensity ratio in thick deposited Ag films.
Somehow, this is in line with the simulation results of Yun et al. [130] which predicted that the
Ag(100) plane becomes energetically favoured over the (111) one upon atomic N adsorption.

Effects of O2 addition during Ag deposition

The addition of O2 during magnetron sputtering deposition of Ag [134–138] has been exten-
sively studied in the past two decades. O2 efficiently speeds up the percolation on crystalline
and amorphous oxide substrates, and even on flexible polymers. Several hypotheses have been
put forward to explain this findings.

All studies based on photoemission and diffraction agree with a complex oxidation chemistry
which depends on O2 concentration in the sputtering gas and goes from the formation of Ag sub-
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oxides to a more or less crystallized and stoichiometric Ag2O-like film [58,107,134–136,138–140].
This oxidation process requires the formation of activated oxygen species in the plasma, most
likely atomic oxygen resulting from O2 dissociation [140] (O=O bond energy: ∼ 5.5 eV, or
498 kJ/mol [113]) as shown by the increase of plasma reactivity upon radio-frequency irra-
diation [141]. By adsorbing at the surface of growing islands, oxygen could modify the sur-
face/interface energetic balance and favour wetting in the thermodynamic sense [135] as demon-
strated by the decrease of contact angle with oxygen activity in melted sessile drop measure-
ments [142,143]. One of the first works put forward a role of O2 on the nucleation via a reduction
of Ag diffusion at the substrate surface [135]. Other reports based on ex situ imaging ruled out
any impact on the island density but concluded that a change in coalescence dynamics is induced
by adsorbed oxygen [133, 137, 138, 144]. In the model of Jeffers et al [102, 145], the transition
from isolated islands to a percolated film is controlled by the balance between the growth rate
of individual particles from the incoming atomic flux, and the rate of island coalescence i.e. the
recovery of the equilibrium shape after impingement between two islands. Thus by changing
diffusion barriers, in particular at step edges (the so-called Ehrlich-Schwöbel barrier), and/or by
impacting the ratio of facet orientations [146, 147], oxygen can induce partial coalescence and
elongated object shapes that lead to a faster apparition of an interconnected network. A similar
role of oxygen produced by migration from oxygen-rich Ag [148] or ZnO [149, 150] seed layers
towards the growing film was also proposed. To avoid compromising the properties of interest
through the O incorporation at the growth front, low concentrations [135, 136, 138] or specific
strategies for O2 gas deployment at the initial stages of growth [111, 138, 148] are required just
like in the case of N2.

Despite previous studies pinpointing important effects such as earlier percolation and film oxi-
dation [134–138], the precise role of O2 addition at the various stages of growth and the actual
chemical state of oxidized species remain blurry. In fact, the well-known instability and reac-
tivity of oxidized Ag compounds with the atmosphere [151–155] cast some doubts on the ex
situ characterizations that are often used to study growth dynamics. For instance, beyond the
impact of the usual protective film capping (if any) on species adsorbed at the film surface, fine
chemical state analysis and quantification by depth profiling photoemission faces the question
of differential sputtering and mixing artefacts. This blur overlaps with the intricate landscape
of Ag 3d and O 1s core level binding energies in oxidized Ag [152–154, 156–166]. In addition,
post-deposition evolution is systematically overlooked.

1.3.4 Control of film growth using the substrate surface

One last type of strategy for film growth control comes from the substrate surface, through its
intrinsic nature and the use of "wetting" or "buffer" layers.

Wetting or buffer layers

"Wetting" or "buffer" layers are thin continuous underlayers deposited on the substrate surface
before Ag growth. These buffer layers are usually ultra-thin (in the range of a few nm). Typically
made of transition metals, their oxides, or semiconductors, they affect the interface energies of
the resulting system by replacing weak film-substrate bonds with stronger film-wetting layer and
wetting layer-substrate bonds. Therefore, they are sometimes referred to as "adhesion" layers,
to emphasize their positive impact on the mechanical properties. They give rise to an earlier
percolation as a lower interface energy will lead to better wetting for the metallic nanoparticles
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during the initial growth stages and an increased activation energy for surface diffusion. To
distinguish them from "seed" layers, which are typically in the sub-monolayer range and labelled
as part of the "surfactant" category, we will consider buffer layers as thick films for which
the contact between the substrate and the deposited film is non-existent or almost completely
avoided. Examples of wetting layers for Ag film magnetron sputtering in the literature include
Ge [167–171], W [172], Al2O3 [173], Ti [168, 174, 175], Sn [100] and Cu [176]. In particular,
Fukuda et al. [101] studied the effect of Ni, Cr, Nb, Zr, Mo, W and Ta underlayers on glass
and showed, depending on the buffer metal, a drastic impact on Ag film percolation. Although
following the same Volmer-Weber growth mode as noble metals on a thermodynamic point of
view, these metals with a high melting temperature have a large supersaturation during growth
that induces their nearly 2D growth. Nevertheless, the use of buffer layers is often limited due to
their detrimental effect on the final film properties such as optical transmittance or resistivity.

Zinc oxide (AZO) underlayers for Ag growth

One special wetting layer in Ag film deposition is zinc oxide. It is by far the most commonly used
underlayer in the production low-E glazings. This material occurs naturally as the mineral zincite
and crystallizes in a hexagonal wurtzite lattice (space group P63mc) under ambient conditions
when deposited by sputtering. Its lattice parameters are a = 3.2495 Å and c = 5.2069 Å, and
its density is 5.605 g.cm−3 [177]. As seen in Figure 1.18, the structure can be described as two
interconnecting sublattices of Zn2+ and O2−, with each Zn2+ surrounded by a tetrahedra of O2−

and vice-versa.

Figure 1.18 Unit cell hexagonal ZnO wurtzite lattice.

ZnO is a semi-conductor with a large band gap of 3.4 eV and a moderate intrinsic conductivity
(carrier density of ∼ 1016 cm−3 [178]). Doping makes it a suitable candidate for transparent
conducting electrodes. Al-doping is often used to bring the carrier concentration up to the order
of 1020 cm−3 [179, 180]. This higher conductivity allows to use DC magnetron sputtering to
deposit it. The truncation of ZnO along the c-axis leads to the appearance of polar (0001)
surface, either Zn or O-terminated. Their stabilisation mechanism remain debated, although
intrinsic defects (such as vacancies) and hydroxylation seems to play a critical role [181,182].
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The interest of ZnO (or AZO) thin films as seed underlayers for Ag film deposition lies in
the epitaxial relationship at the interface. In fact, ZnO thin films tend to be polycristalline
but with a pronounced out-of-plane texture along the c-axis direction [183–185]. On top of
the (0001) oriented grains of ZnO, Ag preferentially grows along the [111] direction. Although
the 30◦-rotated in-plane lattice orientation has the lowest lattice mismatch (3 %), only the
hexagon-hexagon epitaxy (Ag(111)[110] ‖ ZnO(0001)[100]) is observed despite a much larger
value (-11%) [53, 181, 186, 187] (see Figure 1.19). Initially explained by the existence of a coin-
cidence lattice site, Benedetti et al. [188] suggested that this specific epitaxy is driven by the
polar steps on the surface with an alignment of the dense row of Ag along them. Considering the
theoretical surface energies for ZnO(0001) and Ag(111) (1.0-3.0 J.m−2 and 1.12 J.m−2, respec-
tively [44,189]), a 2D Frank Van-der-Merwe ("layer-by-layer") growth mode is even expected. In
fact, the formation of flat-top (111) islands has been observed by small-angle x-ray scattering
during evaporation on O- and Zn-terminated ZnO(0001) surfaces [181, 186, 187]. In parallel to
strong (111) Ag film texture [190], magnetron sputtering deposition studies also reported a lower
percolation threshold, a lower film resistivity, a better crystallinity and wetting for Ag films on
ZnO underlayers than on SiO2 [12, 53,191–193].

Figure 1.19 Illustration of the in-plane epitaxy at the Ag(111)/ZnO(0001) inter-
face: (a) hexagon on hexagon and (b) 30◦-rotated orientations.

Most studies on the effect of N2 and O2 on the growth of Ag have been performed on ZnO
sublayers [39, 40, 130, 194–196]; they have mostly focused on the surfactant effect of the gas,
and not on the interplay between these latter and the beneficial role of ZnO. In this work, after
introducing the surfactant effects of N2 and O2 in the case of an amorphous substrate (Chapter 3
and 4), we will analyse, in Chapter 5, the way in which those effects translate (or not) to the
case of Ag deposition on ZnO underlayers.

1.4 In situ and real-time characterizations of film growth

Throughout this chapter, thin film growth was described as an ensemble of elemental atomic
processes occurring in response to a flux of atoms arriving at the substrate surface, with their
dynamics changing throughout the different stages of film growth (nucleation, growth, coales-
cence, percolation, continuous and uniform film formation). Studying these processes directly
would require techniques with atomic-scale resolution in real-time, such as electron microscopy
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or near-field microscopies. These techniques are, however, limited in their application for our
purpose, since they have severe limitations and are usually incompatible with magnetron sputter-
ing deposition (presence of a plasma, deposition pressure, plasmagenic gas, rate of deposition...).
Instead, the other approach is the real-time monitoring of different averaged properties of the
growing film throughout the deposition process. The idea is to link their evolution to the atom-
istic mechanisms and stages of film growth. For instance, the "film percolation" corresponds to
the formation of a non-continuous yet conductive film. Thus, real-time film resistance measure-
ments should therefore detect a more or less drastic increase in film conductivity at this stage.
This is an example of the kind of tool that we will refer (and use !) throughout this work as a
"real-time" measurement. In the literature, they are also named "in situ", although in our case
we will keep this term specifically for techniques performed after deposition but with no contact
between the film and the atmosphere between deposition and characterization.

Regarding the variety of real-time techniques reported in the literature, many of them rely
on optical monitoring. This is the case, for instance, of UV-visible ellipsometry or differential
reflectivity spectroscopy. They are quite useful for following the initial stages of film growth
(nucleation, growth, coalescence), where the growing film is composed of a series of isolated
particles, through the analysis of their plasmonic resonances [197–201]. Another example is
the monitoring of film stress via the curvature of the wafer induced by film deposition. It has
been extensively used to characterize all stages of film growth which are associated to specific
tensile/compressive evolutions of stress [42, 202–210]. For instance, zipping of grain boundaries
upon coalescence induces a rise in tensile stress in the film. Tools for film stress monitoring
and models, such as the ones developed by E. Chason [211], have rendered data analysis much
more accessible and agile. At last, x-ray synchrotron-based techniques relying on absorption or
scattering can provide access to structural and nanometre-scale informations in real-time during
growth [212–216].

1.5 Conclusion
Many strategies for the control of Ag film growth on oxide surfaces have been reported in the
literature. The use of "surfactant" substances, in particular, can promote a more 2D growth
by affecting the nucleation density, the diffusion rate, the coalescence dynamics or the particle
equilibrium shape. Ultimately, understanding the way in which these surfactants act on the
growing Ag film would be of great importance for the deposition of thinner, more conductive
films for applications such as Low-E glazing products. As shown in previous reports, the use
of gas additives, such as N2 and O2, is particularly promising to promote a more 2D growth
mode in an easy way without compromising too much film resistivity. Still, many of the pre-
vious reports suffer from the inherent limitations of ex situ characterizations that cast doubt
on some interpretations. As such, many questions still remain on the prevailing effects of gas
addition. Finally, with the use of ZnO wetting layers being widespread in industrial settings,
it would also be interesting to study the interplay between the substrate effect and the gas effect.

This thesis work will try to tackle these questions using a combination of real-time, in situ
and ex situ characterization techniques to study Ag film growth during magnetron sputtering
deposition. A comparison will be drawn between amorphous ("SiOx") and crystallized (AZO)
substrates.
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The first section of this chapter will present the technical aspects of the sputtering deposition
experiments performed throughout this thesis, providing details on the experimental setup and
the substrates. The following sections will describe the different characterization techniques,
which are divided into three categories: (i) real-time measurements, (ii) in situ measurements,
and finally (iii) ex situ measurements. No detailed reminder about the basics of each technique
will be given; instead, only details specific to the present study will be presented.

2.1 Thin film deposition

2.1.1 The MISSTIC experimental setup

Magnetron sputtering deposition was performed using the "MISSTIC" (Multilayer and Interfaces
Sputtering deposition on STructured substrates and In situ Characterization) experimental
setup at the "Surface du Verre et Interfaces" laboratory (CNRS/Saint-Gobain Research Paris,
Auvervilliers). A side-view photograph of the vessel is shown in Figure 2.1.

Figure 2.1 Side-view photograph of the MISSTIC deposition vessel. The three
main parts of the setup are: Yellow: the magnetron sputtering and real-time mea-
surement chamber; Red: the load-lock chamber; Cyan: the in situ analysis chamber
equipped with an XPS spectrometer (Phoibos 100 analyzer).

This setup consists of a magnetron sputtering deposition vessel connected under vacuum via a
load-lock chamber to an analysis chamber. Each part can be isolated from the adjacent one
using high-vacuum gate valves, which allow to vent the isolated part to insert a substrate or for
maintenance. Mechanical arms allow for sample transfer under vacuum between each chamber.

Inside the MISSTIC sputtering chamber (Figure 2.1, in yellow), a sample holder can be posi-
tioned above one of three magnetron sputtering targets using a mechanical arm which can be
moved remotely. Each position (named M1, M2 and M3 hereafter) hosts a circular target with
a diameter of ∼ 2 inches and a thickness of 3 mm. Each target is also equipped with a shutter
mechanism that can be remotely opened and closed, to control the start and the end of a depo-
sition experiment. The target-substrate holder distance was kept constant at 15 cm for M2 and
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12 cm for M1 and M3. Figure 2.2 shows a diagram of the MISSTIC deposition chamber, with the
three magnetrons and the mechanical arm that moves the substrate between the three positions.

Figure 2.2 Illustration of the MISSTIC deposition chamber. The sketch shows
the three magnetrons (M1, M2 and M3), each of them being equipped with a shutter
to control deposition duration. The mechanical arm moves the substrate above the
three positions.

The deposition chamber is pumped using both a primary oil pump and a Pfeiffer Vacuum
turbomolecular pump (HIPace 800M, capacity(N2): 790 L/s). The former can decrease the
chamber pressure down to ∼ 10−2 mbar, while the latter allows to go down to a base pressure
of < 1 × 10−8 mbar. When performing deposition experiments, the total pressure inside the
chamber was monitored using a VAT PM-5 adaptive pressure controller, and its value was set
between 1 and 25 µbar by opening or closing a throttle valve placed in front of the turbomolecu-
lar pump, modifying its pumping capacity. A second mechanical arm, opposite to the main one,
has four Cu connector pins on its end and is used for real-time film resistance measurements (see
Section 2.2.1 below for more details). Gases used in this work are research-grade Ar, O2, and N2
(> 99.999% purity), and were pumped directly into the vessel either as a pure gas or as mixture
using two PR 4000 mass flow meters (from MKS). The maximum flow value for Ar was 50 sccm,
whereas for O2 and N2 this value reached 22 sccm. Two PFC 1500 DC electrical sources from
Hüttinger provided power to the magnetron target in direct current (DC) mode and were used
for the sputtering of Ag and AZO (always set up in M2 and M1 positions, respectively). A third
PFG 600 RF source, also from Hüttinger, providing power in radio-frequency (RG) mode was
used for the sputtering of a dielectric Al2O3 target.

The load-lock chamber is located at the center of the setup (Figure 2.1, in red) and connects
the sputtering and analysis chambers. High-vacuum valves can be closed to isolate one or both
of these chambers from the load-lock, for introducing or retrieving samples after deposition.
Lastly, the analysis chamber - pumped by a combination of an ion pump and a turbo-molecular
pump down to a base pressure ∼ 10−9 mbar - hosts an XPS spectrometer for surface chemical
characterization.
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2.1.2 Substrates

Si substrates (n-doped, (100)-oriented wafers purchased from Neyco, thickness 280 µm, 2 in in
diameter, quadratic roughness < 2 nm) were used as provided without specific treatment prior
to film deposition; their native "SiOx" oxide layer (∼ 2 nm in thickness) makes them a suitable
model for silica glass, while avoiding charge effects in photoemission spectroscopy.
Fused silica wafers purchased from NEYCO (2 in in diameter, thickness ∼ 1 mm, quadratic
roughness <0.5 nm according to manufacturer) were used for XRD analysis likewise without
any specific surface treatment.
Amorphous, surface-oxidized silicon nitride (SiNx) membranes were employed for ex situ Trans-
mission Electron Microscopy experiments, since those membranes are transparent to high-energy
electrons (> 30 kV). These membranes purchased from TED PELLA Inc. consist of small circu-
lar Si wafers (∼ 3 mm in diameter) with nine 15 nm-thick amorphous silicon nitride "windows"
each. Each square window had a lateral length of 0.1 mm. These membranes were mounted
onto fused silica wafers using high-vacuum tape (Kapton) for deposition.

2.1.3 Sputter deposition conditions

Unless otherwise specified, all deposition experiments were performed under a total pressure of
2 µbar, with a total gas flux of 50 sccm. The sputtering power was kept constant at 50 W by
the electrical DC or RF source; this amounts to a power density of 2.47 W/cm2. Prior to any
deposition, a 10 min-long pre-sputtering phase was performed using the same conditions as the
subsequent experiment, but with the substrate stored in the load-lock. This pre-conditioning
stage ensures that any impurities on the target surface are sputtered before deposition, and
stabilizes its composition, especially when working with gas mixtures involving O2 or N2. For
depositions under a mixture of Ar with another reactive gas (either O2 or N2), the composition
of the gas flow will be denoted hereafter as %X2 (X = O or N) following Equation 2.1:

%X2 = flowX2

flowAr + flowX2
. (2.1)

Values for %X2 in this thesis work ranged from 0% to 40%, aside from a single exception in
which a 100%O2 deposition was performed with only 22 sccm of O2 introduced into the vessel in
order to get a photoemission reference of a highly-oxidized Ag film. Furthermore, no detectable
hysteresis was observed when increasing %O2 and %N2 from 0% to 40% and down again.

Growth rates R were systematically calibrated for each gas mixture by depositing a thick Ag
film (∼ 50 nm) on a Si wafer previously marked with an ink line (Figure 2.3). The part of
the Ag film deposited on top of the ink line was then etched ex situ in an ultrasonic ethanol
bath to reveal a trench, the height of which could later be measured by atomic force microscopy
(AFM). Five measurements at different points of the trench were performed in each case, and
the average was taken as the trench height. R was then calculated by dividing this value by the
deposition time.
By assuming a constant deposition rate over time, the nominal film thickness t, as used hereafter,
was defined by the product of R and the deposition time. We note that this "nominal film
thickness" is not equivalent to the actual film thickness measured by techniques such as AFM:
it corresponds to the thickness of a theoretical, flat and uniform Ag film with the same total
deposited mass as the deposited film. Especially for films below the percolation threshold, this
model equivalent film will be very far from reality since the actual film will be composed of
isolated particles. Still, we will use this abstract "nominal thickness" (t) notation throughout
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Figure 2.3 Illustration of the procedure for the deposition rate measurement. A
trench is created by depositing Ag on a Si wafer surface with an underlying ink line,
and then etching the Ag on top with an ethanol ultrasound bath. The height of the
trench is measured using AFM.

this work since it is widespread in the literature and easy to work with.
Values of R for different Ar:O2 and Ar:N2 mixtures are shown in Table 2.1.

Table 2.1 Deposition rate values for different Ar:O2 and Ar:N2 mixtures. All
conditions were calibrated for a total deposition pressure of 2 µbar, a total gas flux
of 50 sccm and a deposition power of 50 W.

X% value O2 (nm/s) N2 (nm/s)
0% 0.55 0.55
4% 0.54 0.54
10% 0.50 0.52
20% 0.48 0.50
25% 0.47 -
30% - 0.48
40% 0.45 0.45

2.2 Real-time film characterizations
Real-time measurements, namely electrical film resistance and reflectivity spectroscopy, were
performed simultaneously inside the MISSTIC sputtering deposition vessel during deposition.
These techniques provide valuable insights on the different growth stages of Ag films (nucleation,
growth, coalescence, percolation, continuous film formation) and thus will be widely exploited
throughout this thesis work. Since they do not interfere with each other, the two resulting data
sets (one for each real-time technique) were collected in parallel and were analysed independently.

2.2.1 Electrical film resistance

The two electrode measurement system

Real-time film resistance measurements in MISSTIC are carried out using a two-electrode
setup [12,217]. Before actual film growth, two 200 nm-thick linear Ag electrodes (size 31×2 mm2)
separated by 25 mm are deposited onto a Si wafer using a metal mask, under typical Ag sput-
tering conditions (2 µbar, 50 W, 50 sccm Ar). The wafer with the pre-deposited electrodes is
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then taken out of the vacuum chamber via the load-lock chamber and placed in a custom sub-
strate holder, with four Cu pin female connectors. The sample holder pins and the electrodes
on the surface of the wafer are wired using 0.5 mm-thick cables and conductive silver paste. A
photograph of the sample holder ready to be transferred into the sputtering chamber is shown
in Figure 2.4.

Figure 2.4 A photograph of the custom sample holder with Cu connection pins
used for real-time resistance measurements with a Si wafer with the pre-deposited
Ag electrodes. Two pins are connected to each electrode via 0.5 mm-thick cables,
whose adhesion and connection to the electrodes is obtained using conductive silver
ink.

Once inside the sputtering chamber, the mechanical arm controlling the sample holder is care-
fully maneuvered so that the female pins of the sample holder can fit into the male pins on the
second mechanical arm in the MISSTIC sputtering chamber (located opposite to the first arm).
This manoeuvre is illustrated in Figure 2.5 and the pin connectors in Figure 2.6.

The connectors are brought into contact above the M2 position, which is the magnetron holding
the Ag target. When the sample holder is in place and a proper electrical connection between
the male and female pins of the holder and the mechanical arm is established, the deposition
experiment can start and the real-time film resistance data are recorded by a custom-made
device (Alciom company) directly connected to a computer for data storage and analysis.

Film resistance data analysis

The film resistance system developed by Alciom measures the resistance Rm� of the area of the
Si wafer between the Ag electrodes by imposing a 2 kHz AC current and measuring the voltage
drop. Data in this thesis work were recorded with a sampling frequency of 10 Hz - corresponding
to one point every ∼ 0.05 nm - and were later corrected using an external calibration against an
ex situ 4-point measurement [12,217] (RT-3000/RG-80N system from Napson; see Section 2.4.3),
to obtain the corrected sheet-resistance value R� according to the following equation:

R� = 1.44×Rm� + 1.04.

This correction compensates for the geometry of the measurement [12,217].
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Figure 2.5 Illustration of the real-time measurements in the MISSTIC deposi-
tion chamber. Film resistance: we see the approach between the mechanical arm
holding the substrate, and the opposite arm for resistance measurements. The con-
tact between connectors in each mechanical arm is illustrated by the green arrows.
SDRS: the UV-vis beam enters the deposition chamber via a silica viewport, is
specularly reflected by the substrate at an angle of 45◦, then exits the chamber
by another viewport. A Wollaston prism then separates the beam into its s and
p-polarized components, and each component is collected by a lens plugged on an
optical fiber and a UV-vis spectrometer.

Figure 2.6 (a) The male Cu pin connectors located at the end of the second
mechanical arm inside the MISSTIC deposition chamber. (b) The sample holder for
real-time film resistance measurements, with the female Cu pin connectors on the
side.
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Figure 2.7 shows an example of a real-time film resistance measurement during the deposition
of Ag on a Si wafer substrate under 4%O2. The different stages of film growth are shown in the
graph to illustrate the correlation between film resistance and its morphology evolution.

Figure 2.7 Example of a typical resistance vs nominal deposited thickness curve,
measured in real-time during an Ag deposition experiment on a Si substrate and
under a 4%O2 gas mixture. Data are normalized to resistance before growth.

In a typical real-time film resistance measurements during Ag deposition, the starting value
of R� is relatively high, since the Si wafers (as well as AZO underlayers used in Chapter 5)
are poor conductors compared to metallic Ag films. This high resistance value remains nearly
constant during the initial stages of film growth, during which the film is composed of isolated
Ag nanoparticles. These initial stages correspond to nucleation, nanoparticle growth, and gen-
eralized particle coalescence. It is only when an electric path across the film is established that
the film resistance drastically and suddenly decreases. The corresponding thickness is known as
the percolation threshold thickness, and will be denoted as tp hereafter.

Film resistivity ρ(t) was obtained from the real-time data by multiplying R� by the corre-
sponding nominal film thickness ρ(t) = R�(t) × t [217]. ρ(t) is a quantity intrinsic to the film,
regardless of the amount of matter [217]. It differs from the value of the bulk of the material as it
depends on the film microstructure (contributions from film interfaces and grain boundaries, as
explained in Chapter 1). We note however, that before the formation of a continuous film t < tp,
the value for ρ is artificial and is not characteristic of the film. It even increases linearly be-
fore the percolation threshold, because of the multiplication of the constant substrate resistance
by the linearly increasing film thickness. For this reason, when comparing the film resistiv-
ity ρ between different deposition conditions, values at t = 20 nm were taken as a reference for
each experiment, to make sure that the value for every experiment corresponds to a uniform film.

Finally, instead of using R�(t) or ρ(t) vs t plots, the percolation threshold thickness is much
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more accurately determined in practice by multiplying R� by t2, yielding the resistivity-thickness
product (ρ(t) × t) [37]. Indeed, instead of a step-like decrease in resistance, the ρ(t) × t versus
t plot reaches a maximum at tp. Figure 2.8 shows an example of such a plot for a deposition
under pure Ar.
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Figure 2.8 Example of ρ(t)×t vs t evolution for a deposition under pure Ar. The
maximum of the plot corresponds to the thickness threshold tp for the formation of
a percolated Ag film.

2.2.2 Surface Differential Reflectivity Spectroscopy (SDRS)

In parallel to the real-time film resistance measurements, the initial stages of Ag growth (nu-
cleation, growth and coalescence) were probed by UV-vis Surface Differential Reflectivity Spec-
troscopy (SDRS). Through the excitation of plasmon resonances, this optical technique is es-
pecially suitable for following the initial stages of film growth, in order to obtain information
concerning the morphology of growing islands.

Experimental setup and data acquisition

The SDRS setup [199, 218] used in the MISSTIC deposition chamber can be seen in the illus-
tration in Figure 2.5. The parts involved in the real-time SDRS measurements are shown in
purple.
UV-vis light (wavelength 275-820 nm or photon energy 1.5-4.5 eV) emitted by a deuterium-
halogen lamp located outside the sputtering chamber is first collected into an optical fiber and
focused on the sample through a series of lenses and a transparent fused silica viewport at an
incidence angle of 45◦. The incident light beam and the different optical components encountered
along the optical path are shown in more detail in Figure 2.9. The specularly reflected beam
exits the chamber via a second fused silica viewport, and is split by a BaBO3 Wollaston prism
in its s (perpendicular to the incident plane) and p (parallel, respectively) polarization states.
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The two beams are then collected and analysed separately by two grating broadband UV-vis
spectrometers (from Avantes) to record the relative variation of the sample reflectivity ∆R

R with
respect to the signal recorded on the bare substrate prior to deposition. These spectra are also
corrected from source drift through an ancillary spectrometer directly connected to the lamp by
an optical fiber. Most of the beam paths are inside solarized fibers. Throughout this thesis work,
the acquisition rate for SDRS spectra was about 15 spectra.s−1, with each spectrum consisting
of an average of 25 measures with an integration time of 2.5 ms. Such a fast acquisition is fully
compatible with the Ag growth rate of about 0.5 nm.s−1 leading to one spectrum per 0.033 nm.

Figure 2.9 Illustration of the optic path and the involved optical components for a
SDRS measurement. The beam enters the deposition chamber via a silica viewport,
is specularly reflected by the substrate at an angle of 45◦, then exits the chamber by
another viewport. A Wollaston prism separates the beam into its s and p-polarized
components (perpendicular and parallel to the incidence plane, respectively), and
each component is collected by a lens plugged on an optical fiber and a UV-vis
spectrometer.

Principle of SDRS and excitation of plasmon modes

As was previously shown [199, 200], the variation of the SDRS signal during Ag deposition is
mainly driven by the excitations of the different modes of plasmon resonances in the metallic
nanoparticles present in the initial stages of film growth. The interaction of the free electrons
of the metal with the electric field of the incident electromagnetic wave of a UV-vis beam ex-
cite collective oscillations. This phenomenon is known as Localized Surface Plasmon Resonance
(LSPR), and for nanoparticles, it manifests itself as a partial extinction of the incident beam due
to absorption and scattering. For very small metallic objects i.e. with a diameter much smaller
than the wavelength of the incident light, this extinction is mainly driven by absorption, the
cross-section of which σabs(ω) is directly proportional to the imaginary part of the nanoparticle
polarizability tensor α(ω). The resonance frequencies given by the poles of α(ω) will be strongly
dependent on nanoparticle shape while their intensities will scale, not only with the volume of
the object, but also with their oscillator strength [200, 219]. This quantity scales mainly with
the aspect ratio of the object [200].

For a metal with an isotropic surface energy, the equilibrium shape of a nanoparticle on a di-
electric substrate can be approximated by a truncated sphere as given by the Yound-Dupré
approach. Compared to a sphere in an homogeneous medium, the anisotropic nature of the
truncated shape as well as the electrostatic coupling with the substrate induces a break in sym-
metry between collective electron oscillations along different directions. Two main plasmonic
modes, corresponding mainly to dipolar oscillations of the electron cloud, are then present: (i)
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one perpendicular to the substrate, and (ii) one parallel to it. Their excitations will depend on
the direction of the incident electric field and therefore on the polarization of the incident beam.
In s-polarization with an electric field perpendicular to the incident plane and parallel to the
substrate surface, only the parallel mode can be excited. In p-polarization with an electric field
in the plane of incidence, both modes can be excited by the two projections of the electric field
(perpendicular and parallel to the substrate surface). The resonance condition for each of these
modes being different, they lead to two different peaks [200] in the ∆R

R spectra. For Ag, one of
these peaks located at a lower photon energy is strictly positive and corresponds to the parallel
plasmon mode; the second peak located at higher energy and strictly negative, present only in
p-polarization, corresponds to an excitation perpendicular to the substrate.

Figure 2.10 Evolution of SDRS spectra for increasing deposited Ag thickness
under 4%O2, measured in (a) p- and (b) s-polarization. The directions of excitations
i.e. of the induced dipole are given schematically in the graphs.

Figure 2.10 shows a typical example of ∆R
R spectra measured in (a) s-polarized and (b) p-

polarization during Ag growth on SiO2. The evolution of the signal is assigned to the change
in size, density and shape of Ag nanoparticles on the substrate during the initial stages of
film growth. The aim when using SDRS measurements is thus to link these spectral features
(intensity, position and shape) to the evolution of film morphology as a function of deposition
conditions. To do so, simulations of SDRS spectra, as detailed below, are required.

SDRS dielectric simulations

SDRS experiments were supplemented by dielectric simulations with regular arrays of truncated
sphere/spheroid shapes using the GranFilm software [220,221]. Fresnel coefficients, in particular
in reflection, are calculated in the framework of the excess fields and surface susceptibilities of
Bedeaux and Vlieger [222]. For particles with a radius much smaller than the wavelength of the
incident light, these quantities depend mainly on the tensor of polarizability of the nanoparticles,
which is calculated by solving the electrostatic Laplace equation in a fixed geometry of truncated
sphere [222,223] or spheroid [224]. To do so, a multipolar expansion of the electrostatic potential
is used and boundary conditions of continuity are matched on the various interfaces using the
trick of image point expansion at the interface with the substrate. The remaining boundary con-
ditions on the sphere surface is projected onto the complete set of spherical harmonics leading
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to an infinite linear set of equations for the expansion coefficients of the potential. This set is
truncated at a high multipolar order at which potential convergence is reached [223] and solved
numerically. The first dipolar expansion coefficient is nothing else than the particle polariz-
ability. This quantity is then renormalized by particle-particle electrostatic coupling, either at
dipolar or quadrupolar order, on an ordered lattice of objects. Resonances appear as the eigen-
vectors of the matrix system when dielectric absorption is switched off [219,225]. Beyond particle
geometry, the main inputs are the tabulated dielectric constants of the various materials [226].
A similar approach was developed also to describe the case of core-shell truncated particles [227].

Without going up to a quantitative fit of SDRS spectra [145, 228–230], simulations with the
GranFilm package were performed in p-polarization for Ag truncated spheres with a 2 nm ra-
dius on a semi-infinite SiO2 or ZnO substrate (Figure 2.11), in order to pinpoint the main effects
on the optical response of changes in (i) Ag nanoparticle aspect ratio Ar (diameter/height) (Fig-
ure 2.11-a), (ii) Ag nanoparticle density ρs (Figure 2.11-b) and (iii) the formation of an "Ag2O"
shell of thickness ts (Figure 2.11-c). In the first two cases, the sphere truncation and lattice spac-
ing were varied, while in the last case the relative shell thickness was continuously increased to
mimic an oxidation process. Since the GranFilm program cannot take the presence of a thin film
between the Ag particles and the semi-infinite substrate into account, the calculated electrostatic
interaction was taken with an infinite SiO2 substrate, and then all differential reflectivity spectra
were then normalized to the reflectivity of Si so as to compare simulation and experiments. Sim-
ulations were performed at constant deposited thickness, except in Figure 2.11-c, to highlight
variations related to oscillator strength [199, 200]. To account for experimental widths due to
finite-size effects and size/shape distributions, an ad hoc broadening [227, 229] was included to
qualitatively match the experimental widths via a convolution with a Gaussian function (with
a FWHM of 0.4 eV and 0.1 eV for the parallel and perpendicular directions, respectively). Bulk
dielectric functions of Ag, SiO2, Ag2O [226,231] were used for the simulations.

In brief, as can be seen in Figure 2.11-a, and as previously described in depth [199, 200, 219,
224,225,229,230,232], particle flattening (Figure 2.11-a) induces a sizeable red-shift and inten-
sity increase of the low-energy in-plane parallel plasmon resonance peak. The effects on the
high-energy out-of-plane perpendicular plasmon resonance peak are the opposite, though less
pronounced in magnitude. Similar trends are observed with the increase of particle surface
density (Figure 2.11-b), but with a more moderate effect on the low-energy in-plane resonance
peak [225]. Lastly, thickening of the oxide shell red-shifts the position of both peaks and de-
creases their intensities [227] (Figure 2.11-c). This last effect is related to a lower fraction of
polarizable metallic Ag in the nanoparticles. Qualitativley, the trend observed here for an oxide
is the same for any dielectric material on top of a metallic core. At last, qualitative similar
results are obtained on ZnO.

These Granfilm simulations allowed for qualitative interpretation of SDRS spectra for differ-
ent deposition conditions as a consequence of a combination of effects, including changes in
nanoparticle aspect ratio, changes in particle surface density and formation of dielectric shells.

Integrated s-polarized signal

Change in morphology are often probed in plasmonics through the energy position of resonances.
But intensity also brings information of the morphology through the oscillator strength as seen
in Figure 2.11. In differential reflectivity, it can be demonstrated [200, 219] that the signal is
directly proportional to the product of the film thickness and the imaginary parts of the particle
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Figure 2.11 Simulated p-polarized SDRS spectra for Ag truncated spheres ar-
ranged in a square lattice on SiO2/Si. Effect of a change in (a) aspect ratio (diam-
eter/height), (b) particle density, (c) oxide shell thickness. In the last two cases, a
hemispherical shape was used. An ad hoc broadening was included to match with
experimental widths (see Section 2).
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polarizabilities (normalized to their volume). In other words, this means that the SDRS signal
is indeed directly proportional to absorption. As previously shown [200], the integrated SDRS
signal in s-polarization defined as

As(t) ∝
1
t

∫ ∆Rs
Rs

(ω, t)dω
ω
. (2.2)

is directly proportional to the oscillator strength of the parallel plasmon mode. This later, as
it is well-known in plasmonics, is directly proportional to the particle aspect ratio Ar (diame-
ter/heigh) nearly whatever the metal/dielectric and the particle shape. Thus As(t) ∝ Ar is a
fair and sensitive indicator of the evolution of particle wetting.

As an example for the use of As(t) as a tool to follow wetting, Figure 2.12 shows the results
during Ag deposition under 0%O2 and 4%O2 conditions. Since values for 4%O2 are consistently
higher than for 0%O2 during the whole deposition, this shows that Ag particles have improved
spreading under an oxygenated gas mixture. This will be an important result which will be
studied in more detail in Chapter 4.
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Figure 2.12 Integrated s−polarized signal As as a function of the deposited thick-
ness for Ag growth under 0% and 4%O2. Dotted lines in the linear region for As(t)
(coalescence stage) are shown as a guide for the eye.

Furthermore, the change in As(t) and therefore of aspect ratio reflects also the growth process
itself. A transition between particle growth at fixed equilibrium shape (during nucleation and
growth) and early coalescence regimes is observed at a threshold thickness tc (the coalescence
threshold thickness) corresponding to a minimum of the As(t) curve. This initial "U-shape"
evolution of As(t) is observed systematically for vapour deposition of metals on dielectrics [200],
but is often blurred in magnetron sputtering deposition by the signal/noise ratio (due to the
comparatively faster deposition rate in sputtering). After this threshold, the coalescence stage is



2.3 In situ film characterization and treatment | 49

characterized by a linear increase of As(t) with thickness, the slope of which depends on growth
conditions and the extent of the lateral spreading of nanoparticles. In Figure 2.12, at t = 1 nm,
the linear regime for As(t), characteristic of generalized coalescence, is reached. The higher
slope for 4%O2 is then associated with a faster spreading of the particules in 2D compared to
0%O2.

2.3 In situ film characterization and treatment

In situ means inside the MISSTIC experimental setup after deposition. Transfers between
the different chambers are performed under vacuum, with the advantage that any evolution
of film morphology or of chemical characteristics due to the contact with air is avoided. The
most important technique of this category that was used throughout this thesis work is X-ray
Photoemission Spectroscopy (XPS). Such an advantage is decisive when studying the effect of
adsorbates (O or N herein) at the surface of the film. It avoids (i) a step of capping to protect the
film that, for sure, modify them and (ii) the uncertainties brought by sputtering profilometry in
photoemission (preferential sputtering and mixing effects). In situ XPS was also used for study
the effect of plasma exposure during the first seconds of sputter deposition on the substrate
surface itself.

2.3.1 X-ray Photoemission Spectroscopy (XPS)

In situ X-ray Photoemission Spectroscopy (XPS) was performed in the MISSTIC analysis cham-
ber (Figure 2.1-in cyan) with a Phoibos 100 hemispherical analyser (from SPECS) equipped with
5 channeltron detectors under non-monochromatic Al Kα excitation (XR50 from SPECS). The
binding energy (BE) scale was calibrated on the Ag 3d 5/2 core level of a thick metallic Ag film
(EB = 368.1 eV). Spectra were recorded at a pass energy of 15 eV and for an emission angle of
24.5 deg. The acquired core level regions throughout this thesis work included Ag 3d, O 1s and
N 1s, which were used to obtain information on the chemical state of Ag in the deposited films
and the nature of the oxidized species that were formed during film deposition. C 1s was also
recorded, to detect the presence of other carbon impurities at the film or substrate surface, in
particular the formation of carbonates. Finally, Si 2p, Zn LMM, C 1s, O 1s and N 1s regions were
measured in the case of chemical studies of the substrate surface state (Si wafer and AZO under-
layers) and of very thin Ag films for which the substrate signal is not completely damped. It is
worth noticing thar Ar used as the main plasmagenic gas was never detected in the films by XPS.

All the measured spectra were analysed with the I4P Igor Pro package [233]. For the case
of partially oxidized films (which will be frequently encountered in Chapters 4 and 5), Ag 3d
spectra were decomposed as a sum of two peaks, one corresponding to metallic Ag, and a second
one shifted by about 0.5 eV corresponding to "oxidized Ag". No better fit could be obtained
with more components. An active Tougaard-type background [234] was used, and source satel-
lites [235] were accounted for during the fit process. A Doniach-Sunjic asymmetric line shape
was used for the metallic Ag peak, with an asymmetry parameter of 0.05, whereas a Voigt
profile was used for the oxidized one. For both peaks, the Lorentzian full-width at half maxi-
mum (FWHM) was fixed at the Al-Kα1 source emission line (0.58 eV) [235] while the Gaussian
FWHM counterpart of the profile was assigned to instrumental broadening and distribution of
chemical shifts. The branching ratio and the spin-orbit splitting of Ag 3d doublet was kept fixed
at the theoretical (2/3) and the tabulated (6 eV [236]) values, respectively. Assuming an homo-
geneous film (although not the case; see Chapters 4 and 5) with a Ag0

1−yAgδ+y composition, the
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fraction y of oxidized silver was obtained from the ratio of peak areas in the Ag 3d decomposition.

Fit of O 1s spectra, on the other hand, was used to scrutinize the nature of the oxygen species
at the surface of the film that were formed during film deposition, as well as to quantify their
relative fraction. It was performed using a series of Voigt peaks which Lorentzian FWHM was
kept at the source broadening. Due to the low resolution of the non-monochromatized x-ray
excitation, the binding energies value (EB) of each species was taken from literature and kept
constant; also a common Gaussian FWHM was used for all of them. The background was ac-
counted by an active Shirley one. More details on the nature of these oxygen species will be
given in the respective Chapters 4 and 5.

In addition to the fit of the O 1s core level, a global average stoichiometry AgOx of the analyzed
film surface region could be deduced from the ratio of the total O 1s/Ag 3d areas, assuming
a uniform film and using inelastic mean free paths in metallic silver. The quantification of
the AgOx stoichiometry was performed after correcting the corresponding areas from photo-
ionization cross section [237] and analyzer transmission function [238] using TPP2M inelastic
mean free path [239, 240] in metallic silver (λAgAg3d = 1.6 nm and λAgO1s = 1.43 nm). Both results
(oxidized Ag fraction y and the global average stoichiometry x) could then be combined to de-
duce the average charge δ transferred per Ag atom, using the balance 2x = δ.y, i.e. by assuming
an O2− charge state.

Beyond model bias, the error bars of such an analysis are of ±0.1 eV for binding energy and of
∼ 10 % for area quantification.

2.3.2 Surface plasma treatment

The impact of the exposure of the sample (wafer surface or thin metallic nanoparticle film) to a
reactive plasma in the initial deposition stages was mimicked by exposing in situ a sample to a
plasma ignited on an alumina target (M3 magnetron position) using a radio-frequency excitation
(power 50 W). The substrate holder was place above the M2 position, so not in direct line of
sight of the M3 plasma. The uptake of the sample in O or N and the decrease of its carbon
contamination were analysed by photoemission. Due to the intrinsic very low deposition rate of
alumina in these conditions (0.007 nm/s), the offset substrate position and the short exposure
time, aluminium signal was below the detection limit of XPS after plasma treatment.

2.4 Ex situ film characterizations
Finally, ex situ characterizations were performed outside the MISSTIC setup; to do so, samples
have to be exposed to the atmosphere before and during the analysis. To avoid contamination
and ageing from this exposure to air, films were systematically protected with a capping layer
previous to ventilation and extraction from MISSTIC. The choice of the capping layer was done
based on a series of tests on 20 nm-thick Ag films deposited under 25%O2 on Si wafers. Indeed,
it was noted that storage under air of these oxidized films led to a decrease in film resistance
as recently reported and discussed by Jeong et al. [151]; this phenomenon is related to the
decomposition of unstable oxides in the film (whose formation will be discussed in Chapter 4).
This decrease in resistance under air storage was used as a criterion for the choice of the capping
layer; the slower the decrease the better the capping. The following capping layers were tested:
• No capping layer (reference);
• AZO (5 nm);
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• AZO (10 nm);
• Ti (3 nm);
• AZO (10 nm) + Ti (3 nm).

After removal from MISSTIC, and thus exposure to air, the initial film resistance for each film
was quickly measured using a Napson 4-point resistance measurement (as explained below Sec-
tion :4-point-resistance). Over the following days, all films were kept in the laboratory exposed
to air, and their resistance was periodically measured. Figure 2.13 shows the evolution of the film
resistance (normalized to their respective starting value) with time as a function of the capping
layer nature. The resistance of the unprotected film consistently decreased with time. After
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Figure 2.13 Evolution of normalized sheet resistance for a series of 20 nm-thick
Ag layers deposited on Si wafers under 25%O2 for different capping layers.

roughly 24 h, its resistance value had decreased by 11% and after 15 days, by 40%. Looking at
the capped layers, the 5 nm AZO and 10 nm AZO capping films were the best-performing ones
since the resistance only decreased by 5 or 7% after 24 h and by only 14% after 15 days. Con-
sidering that vacuum conditions have been systematically used to store films for a long period
of time (more than a few hours), AZO was chosen as an effective capping layer for temporary
exposure to the atmosphere. Between the two tested thicknesses, it was deemed safer to use a
5 nm-thick films so as to avoid increasing the total thickness of the stack more than necessary
for ex situ measurements, in particular Transmission Electron Microscopy.

To conclude, a 5 nm-thick AZO layer (deposited under pure Ar at 50 W in DC mode from a
ceramic target) was then chosen as the capping layer for all ex situ characterizations.

2.4.1 Transmission electron microscopy (TEM)

In order to determine the impact of different deposition conditions on film morphology, samples
at an equivalent nominal thickness of 0.6 nm were analysed by Transmission Electron Microscopy
(TEM). The Scanning Transmission Electron Microscope acquisitions in High Angle Annular
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Dark Field (STEM-HAADF) were performed in plane-view mode on the Titan THEMIS (Ther-
moFischer Scientific) of the PANAM platform (C2N, Palaiseau, France), a part of the TEMPOS
Equipex. It features a 200 keV high-brilliance XFEG gun with a Cs corrector on the condenser
system allowing 80 pm of lateral resolution.

Films for TEM analysis were deposited on amorphous silicon nitride membranes (described in a
previous section), whose oxidized surface mimics the amorphous native oxide layer of Si (SiOx).
The selected nominal deposited Ag thickness ensures that all films, regardless of their deposi-
tion conditions, are well below tp and consist of disconnected nanoparticles. Right after Ag film
deposition, all samples were capped with a 5 nm-thick-AZO layer. Samples were synthesized as
close as possible to TEM analysis, and stored under vacuum conditions between deposition and
analysis to minimize ageing. Figure 2.14 illustrates a 0.6 nm-thick Ag film deposited on a Si3N4
membrane being analyzed by TEM.

Figure 2.14 Illustration of a 0.6 nm-thick Ag film deposited on a Si3N4 membrane
during TEM analysis. The value of t = 0.6 nm ensures that all films, regardless of
deposition conditions, are below the percolation threshold.

STEM-HAADF images were analysed with a Python image analysis script from the Scikit-image
library, coupling (i) a "Blob-Log" algorithm to detect Ag particles as bright "blobs" against a
dark background, and (ii) a watershed procedure for finding their edge and thus their in-plane
shape. Figure 2.15 shows an example for a 0.6 nm-thick Ag deposition under 0%O2, alongside
the result from the image analysis.
Information on the Ag nanoparticles such as mean radius and surface density can be extracted
from such an analysis using several STEM-HAADF images. As explained in the following
chapters, only the particle density was actually exploited since capping may change particle size
and aspect ratio.

2.4.2 X-Ray Diffraction (XRD)

Structural analysis with X-Ray Diffraction (XRD) was used to obtain information on the crys-
tallinity and texture of the polycristalline Ag films grown under different conditions. All samples
for XRD analysis had a Ag film thickness of 20 nm and were capped with a 5 nm-thick layer of
AZO to avoid ageing when exposed to air outside of MISSTIC; the exposure to air was mini-
mized and always < 24 h. Moreover, films were deposited on bulk fused silica wafers instead of
Si wafers to avoid overlap between peaks of interest and the multiple diffraction Si(100) signal
in the 2θ = 30− 35 deg range [241].

https://scikit-image.org/
https://scikit-image.org/
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Figure 2.15 Example of a STEM HAADF image of a Ag deposit made of nanopar-
ticles. Left: original STEM HAADF image. Right: after treatment with Blob-Log
and Watershed algorithms for finding the Ag nanoparticle positions and edges.

Ex situ Bragg-Brentano and in-plane grazing incidence X-Ray Diffraction (in-plane GIXRD)
analyses were performed using a Bruker D8 Advance diffractometer for the former and a Rigaku
Smartlab diffractometer for the latter. During an XRD measurement in the Bragg-Brentano
geomtery, atomic planes whose normal is perpendicular to the substrate surface will diffract the
X-Rays, whereas for GIXRD it will be atomic planes with their normal parallel to the substrate
surface (Figure 2.16 a and b). We shall therefore refer to these two geometries by their given
names, or using the terms "out-of-plane" and "in-plane" respectively in the context of this thesis
work.
The incidence angle for the in-plane GIXRD (Figure 2.16-b) was set at 0.5 deg, which is just
above the critical angle for total reflection. A copper Kα source was used, with no monochroma-
tor. Spectra were analyzed and compared to data from XRD databases (ICDD PDF4+) using
the Bruker Diffrac.Eva Suite. The coherent domain size Dcoh (the so-called "Debye-Scherrer"
size) was obtained from the FWHM of peaks after a peak fitting procedure with Voigt profiles.

2.4.3 4-point resistance measurements

Sheet resistance for different thin film stacks were measured at room temperature with a Napson
PEL 3000 apparatus. It consists of 4 in-line equidistant probes [217] that are pressed in the
stack (Figure 2.17). The two outer probes inject and collect the current, whilst the two inner
probes detect the associated voltage drop. A weight on top of the measurement head ensures
proper electrical contact between the probes and the film by pressing them down in the film.
For a very thin film with t � s (which is clearly the case for our nanometric thin-film stacks;
Figure 2.17), the value of the injected current and resulting voltage drop are linked to the film
electrical resistance by the following expression:
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Figure 2.16 Illustration of (a) Bragg-Brentano (or out-of-plane geometry), and
(b) GIXRD (or in-plane) XRD measurement geometries.

R� = π

ln 2
∆V
I

Sheet resistance was measured at different spots for each sample to calculate an average stack
resistance.

Figure 2.17 Illustration of a collinear 4-point film resistance measurement. In
the used apparatus, s = 1.5 mm.



Chapter 3

Effect of N2 addition on Ag
sputtering deposition on SiOx

substrates

The effect of N2 addition during magnetron sputtering deposition on the growth and properties
of Ag films will be studied in this chapter. Results from real-time and in situ measurements
will show the important role of N2 as a "surfactant" gas, improving the Ag nanoparticle wetting
on the substrate during the initial growth stages and inducing a lower percolation threshold
thickness.
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3.1 Deposition conditions

Throughout this chapter, all Ag deposition conditions others than gas composition (Ar:N2 mix-
ture) will be kept constant, with a power of 50 W in DC mode, a total pressure of 2 µbar and a
total gas flow of 50 sscm. Gas composition was varied between 0% and 40%N2. A 10 min-long
pre-sputtering stage was performed prior to any growth. Unless otherwise specified, all deposi-
tions in this chapter were carried out on Si wafers whose SiOx native amorphous surface oxide
mimics a glass surface. Film resistance and SDRS measurements were carried out in real-time
during deposition and in parallel.

3.2 Film morphology from real-time measurements

3.2.1 Film resistance measurements

As shown in Figure 3.1, the percolation threshold thickness tp decreases from ∼ 6 nm down to
∼ 3 nm when the N2 flow increases from 0%N2 to 40%N2.

Figure 3.1 Evolution of film sheet resistance R� during Ag deposition on SiOx/Si
substrates as a function of %N2 in the gas flow. Data are normalized to the initial
value before opening the shutter in front the target. The drop in R� corresponds to
the formation of a percolated and conductive film.

The value of tp even reaches a minimum of 2.7 nm at 30%N2 (Figure 3.2-a). Such an early
percolation is in agreement with previous observations both for N2 gas addition [110, 111, 130,
242]. This decrease in tp occurs in parallel to a 26% increase in the continuous film resistivity ρ
at t = 20 nm, from 6.7 to 8.5 µΩ.cm (Figure 3.2-b). Since the films are already continuous by
this stage, the increase in resistivity must be explained by changes in the film microstructure or
chemistry.
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Figure 3.2 (a) Percolation threshold thickness tp and (b) film resistivity ρ(t =
20nm) for different %N2 during deposition. Values correspond to an average over
several experiments and the error bars to the corresponding standard deviations.
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3.2.2 SDRS measurements

In parallel to film resistivity measurements, Ag deposition was followed using real-time SDRS
to characterize Ag nanoparticles during the initial stages of film growth. Figure 3.3 shows the
integrated signal As(t) in s-polarization for deposition under different Ar:N2 mixtures.

Figure 3.3 Integrated signal As(t) of s-polarized SDRS spectra as a function of
deposited thickness. The vertical line shows the approximate threshold for coales-
cence onset tc while the dotted lines is a guide to the eye showing the difference in
slope in As(t) evolution.

For all %N2 > 0 conditions, the value of As(t) is higher than under pure Ar (0%N2). This
quantity being a reliable reporter of the evolution of aspect ratio Ar [200], this finding indi-
cates more flattened particles when N2 is used. Despite noise in the data due to the division
of two small quantities (see Equation 2.2 in Chapter 2), this observation holds in the regime
of isolated islands, before the onset of coalescence tc that corresponds to the increase of the
integrated signal. Interestingly, with increasing %N2, As(t) reaches the constant plateau value
much faster. This plateau finds its origin in the limited integration range of the red-shifted
plasmon resonance [200] (see Figure 3.4).

Figure 3.4 shows the corresponding measurements in p-polarization at three equivalent nominal
thicknesses: 0.6 nm, 1 nm, and 2 nm. According to Figures 3.1 and 3.3, such values roughly
match the end of the isolated particles growth regime (0.6 nm), and more advanced particle
coalescence (1 nm and 2 nm). As a reminder from Chapter 2, the observed spectra are charac-
teristic of the excitation of plasmon resonances in nanoparticles with (i) a negative dip at high
photon energy associated to the dipole perpendicular to the surface and (ii) a positive feature
at low-energy associated to the dipole parallel to the surface. The latter being more sensitive
to any evolution of morphology, in particular particle density, aspect ratio and formation of a
core-shell structure, the discussion will mainly focus on this low-energy peak.

Analysing the trends for the p-polarised spectra, for very thin Ag films (0.6 and 1 nm; Figures 3.4-
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Figure 3.4 SDRS spectra in p-polarization for different %N2 during deposition,
corresponding to a nominal deposited thickness of (a) 0.6 nm, (b) 1 nm and (c)
2 nm.
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a,b) the addition of N2 leads to a red-shift, an intensity increase, and a broadening of the
low-energy resonance peak. The change is nearly already set up at 4%N2 and poorly evolves
above this value. Particle flattening can explain this shift in the SDRS spectra (as shown in
the GranFilm simulations in Chapter 2) and, in turn, the decrease in film percolation threshold
thickness tp in Figure 3.2-a, since flattened particles with a more pronounced 2D shape would
impinge on each other and form a conductive percolated network faster than more rounded, 3D
ones. Reduced metal surface energy due to atomic N adsorption as predicted by first principles
calculations [130] could be the driving force for such a better wetting of nanoparticles at the
growth stage before coalescence (see Figure 1.17 in Chapter 1).
The analysis differs somewhat at a thickness of 2 nm (Figure 3.4-c). In this case the addition of
4%N2 red-shifts and enhances the low-energy resonance, while a further increase of %N2 keeps
on shifting the peak but at the expense of its intensity and in a way nearly independent of
%N2 for values greater than 10%. According to the GranFilm simulations in Chapter 2, this
trend could be explained by the formation of a core-shell structure consisting of a metallic Ag
core and a dielectric shell. This latter may very well be the result of atomic N adsorption on
the surface of Ag nanoparticles. Also, it would explain why the peak does not shift further for
higher %N2 values, since the effect will be limited to N adsorption on the exposed Ag surface.
To illustrate this effect, Figure 3.5 shows the simulated trends for p-polarized spectra expected
for the formation of a dielectric shell on the surface of metallic Ag nanoparticles, both at the
expense of the total mass of Ag in the nanoparticle (Figure 3.5-a) and at constant total mass of
Ag (Figure 3.5-b).
Looking at the simulated spectra in Figure 3.5, we notice that while the formation of a shell
generates a red-shift of the low-energy parallel plasmon resonance in both cases, no decrease in
intensity is observed at constant Ag core size with increasing shell thickness ts. The decrease
in peak intensity is therefore related to the decrease in the Ag mass. Moreover, the effect is
quite pronounced even for minute changes in shell thickness [227] in the range of a few percent
of nanoparticle radius, a change that would correspond to an atomic thickness for nano-sized
particles. Thus, in principle, plasmonics is not only sensitive to an actual change in chemistry
- as will be shown latter for O2 (Chapter 4) - but also to the presence of adsorbates in the
monolayer range.

3.3 In situ photoemission analysis (XPS)

3.3.1 Photoemission analysis of 20 nm-thick Ag films

The potential chemical interaction between Ag and N was explored by XPS. Figure 3.6 shows
the Ag 3d, N 1s, O 1s and C 1s core-level regions [243] measured in situ on 20 nm-thick Ag films,
grown under different %N2 conditions. Unlike previous reports in the literature where a capping
layer was present [41,111,130], the use of in situ XPS gives direct access to the chemistry of the
free surface and avoids potential desorption of species induced when depositing a capping layer.
For all %N2, the Ag 3d spectra (Figure 3.6-a) perfectly overlap, with no change in peak position
or line shape that would otherwise indicate an evolution in the chemical state of the metal. In
parallel, no peak is visible in the N 1s core level range (Figure 3.6-b), ruling out the presence
of N in the film within the sensitivity of photoemission. It is worth noting that the plasmon
multiple-loss satellite of the Ag 3d core level peak at EB ' 398−400 eV should not be misinter-
preted as the signature of residual traces of trapped N as done in Reference 41. No significant
O 1s signal that could be due to gas impurities is visible (Figure 3.6-c) and only adventitious
carbon contamination at EB = 284.5 eV (Figure 3.6-d) is present, ruling out the formation of



3.3 In situ photoemission analysis (XPS) | 61

Figure 3.5 Simulated p-polarized SDRS spectra for core-shell hemispheres ar-
ranged on a square lattice on SiO2/Si. Evolution upon varying the shell thickness
ts at (a) the expense of the core size Rc and (b) at constant core size. The dielectric
function of metallic bulk Ag was used for the core while the index of refraction of
the shell was fixed arbitrarily at 2. The parallel plasmon is broadened ad hoc by
0.3 eV [229, 230] and the particles are electrostatically coupled at quadrupolar or-
der. The film thickness amounts to about 1.6 nm as in the ageing experiments of
Figure 3.8.
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Figure 3.6 XPS spectra of 20 nm-thick Ag films after growth under different %N2
conditions. Core-level regions: (a) Ag 3d, (b) N 1s, (c) O 1s, (d) C 1s. The slight
bump in Figure b corresponds to a plasmon satellite of the Ag 3d core-level. In
Figure c, reported peak positions for Ag-O moieties are shown for reference.
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any spurious compound at the film surface. Lastly, photoemission (not shown) does not evi-
dence any trace of N at the surface of a pure 20 nm-thick Ag film (deposited under pure Ar)
and exposed to a 40%N2 plasma ignited on a nearby alumina target during 90 s (i.e. more
than two times the growth duration); this rules out any role of the film growth process itself
in the observed lack of N. All these findings indicate that the addition of N2 during Ag sputter
deposition does not lead to any detectable change in film surface chemistry. This observation
confirms the conclusions from previous works on Ag deposition under similar conditions, which
reported a lack of chemical reactivity of Ag towards N [41, 111, 130]. This is also in agreement
with the lack of stable bulk silver nitride compounds [244] and the energetically unfavourable
dissolution of N in the Ag subsurface predicted by first principle atomistic simulations [130].

In the absence of chemistry, other microstructural factors should be put forward to account for
the worsening of film resistivity observed with N2 as compared to pure Ar (Figure 3.2-b). We
will come back to this point later in the chapter. Up to now, only the surface chemistry of
relatively thick and continuous Ag films (t = 20 nm) has been explored. At this point, we could
wonder whether N2 in the plasma could modify the surface chemistry of the SiOx substrates
during the initial stages of film growth, and in turn impact the resulting Ag film.

3.3.2 Effect of N2 plasma treatment on the SiOx substrate

Having a value of only a few nanometres at the studied photoelectron kinetic energies [240], the
probing depth of photoemission does not allow us to explore the film/substrate interface in the
case of the previous 20 nm-thick Ag films. To explore the chemical impact of the N2-rich plasma
on the wafer surface itself before Ag film percolation, the SiOx substrate surface was exposed
during 3 s to a plasma ignited in front of an alumina target. Such a short duration of exposure
to the plasma corresponds to an equivalent Ag deposited thickness of ∼ 1.5 nm during growth,
well below the percolation threshold.

The substrate was analysed by XPS before and after this treatment. Figure 3.7 summarizes the
evolution before and after plasma treatment, with pure Ar (0%N2) and 40%N2 in the deposition
chamber. As seen in the shifts of the Si 2p (Figure 3.7-a) or O 1s (not shown) core-levels, both
gases induce an upward band bending of about 0.4 eV. At the same time, plasma exposure
reduces the adventitious C 1s peak intensity (Figure 3.7-b). A new signal is observed in the
N 1s core-level region (Figure 3.7-c) after treatment with 40%N2. It parallels a broadening on
the low-binding energy side of the SiOx component in Si 2p; this is characteristic of silicon
nitride [243]. Quantification (see Chapter 2 for methodology) shows that both uptakes amount
to about a monolayer, i.e. an equivalent thickness of 0.2 nm. This nitridation of the wafer,
beyond the band bending observed also with pure Ar that seems characteristic of C removal,
demonstrates that activated N species are actually present in the plasma and that they strongly
interact with the substrate surface during the time scale of film growth. This finding explains
the observations in previous works of an N signal at the substrate interface by secondary ion
mass spectroscopy that escaped the sensitivity of depth-profiling ex situ photoemission [111,130].

Despite the presence of activated N species in the plasma, the lack of a N 1s fingerprint on the
Ag film surface contradicts a number of surface science experiments [131] and atomistic calcula-
tions [121–123,130,245] on the interaction of atomic N with Ag(111) and Ag(100) orientations.
These studies all agree on a favourable N adsorption, which is not observed in our case. How-
ever, a quite low recombinative desorption temperature of 350 K was found on Ag(111) [131],
suggesting that a poorly stable N adsorbate could be present only dynamically at the surface of
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Figure 3.7 Evolution of Si wafer core levels after a 3 s plasma treatment ignited
on an alumina target for the indicated gas composition: (a) Si 2p, (b) C 1s,(c) N 1s.
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Ag in the present experiments and quickly desorb as N2 after deposition. This hypothesis is in
line with a surprisingly efficient Eley-Rideal mechanism of recombinative desorption upon direct
impact of N on N-Ag(111) [124, 132]. Finally, x-ray or electron induced decomposition during
photoemission acquisition - a unmonochromated source is used in our case - as observed for gold
nitride [246] cannot be completely ruled out despite the short time scale of the measurement.
Beyond this potential spurious effect, the lack of any N 1s core level fingerprint in thick Ag
films makes the core-shell optical scenario invoked to explain a better wetting unlikely unless
adsorbed N at the Ag surface is unstable once the growth is stopped. Still, the nitridation of
the wafer surface demonstrates the presence of activated N species in the plasma, in the form of
atoms or ions that can react with the film or be implanted in it. To investigate these apparently
conflicting results, post-deposition ageing of Ag films was investigated by SDRS.

3.4 Post-deposition evolution of Ag nanoparticles by SDRS

Figure 3.8 shows the evolution of SDRS spectra in p-polarization over a time scale of an hour
under vacuum after gas evacuation (p ∼ 5.10−7 mbar). The evolution of 1.6 nm-thick Ag films
deposited under pure Ar and under 20%N2 conditions are compared. Spectra were corrected
from the drift of the light source using an ancillary spectrometer [199]. The noticeable evolution
of the SDRS signal highlights the post-deposition film instability that is often overlooked. In
addition to this, Figure 3.9 shows the evolution of the integrated SDRS signal in s-polarization,
for the same films and conditions as in Figure 3.8.

For the film grown under pure Ar, both peaks in the p-polarized spectra get closer in energy and
poorly evolve in intensity. These trends are characteristic of a slight dewetting of nanoparticles,
i.e. a decrease of Ar towards more rounded objects, although the slight intensity increase of the
low energy resonance (Figure 3.8-a) does not match fully theoretical expectations (see GranFilm
simulations in Chapter 2). Argon adsorption is obviously ruled out and an evolution of particle
density by Ostwald ripening is unlikely owing to the short time scale of most of the change
(roughly 1 min from Figure 3.8-a). In contrast, the evolution differs at 20%N2. Both peaks in the
p-polarization SDRS spectra increase in intensity and come closer in energy with time, but with
a slower evolution after the end of film deposition compared to 0%N2 (Figure 3.8-b). According
to qualitative dielectric simulations using GranFilm, such a finding can only be assigned to
the desorption of N species from the surface of the nanoparticles. Indeed, dewetting cannot
account, by any means, for the observed increase in intensity for both resonances, although its
presence cannot be fully ruled out either. This conclusion is further reinforced by the increase
of As(t) with time (Figure 3.9) for the sample deposited under 20%N2, since pure dewetting
would decrease the particle aspect ratio (and thus the value of As). Moreover, according to
Figure 3.9, the phenomenon occurs over a time scale of 15 mins. This time is longer than what
is required to transfer and analyse the sample by photoemission, potentially explaining the lack
of traces of N on the film surface after deposition. Finally, as shown by comparing the simulated
evolution of SDRS spectra caused by shell growth at the expense of the metallic core and at
constant core thickness (Figure 3.5-a and b, respectively), the change of SDRS intensity upon
N adsorption/desorption implies a charge transfer between Ag and N, or in other words, a loss
of metallic character of Ag.



66 | Chapter 3 Effect of N2 addition on Ag sputtering deposition on SiOx substrates

Figure 3.8 Post-deposition evolution under vacuum of p-polarized SDRS spectra
for 1.6 nm-thick Ag films deposited under (a) 0%N2 and (b) 20%N2. Duration after
the end of the growth is indicated in the figure.
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Figure 3.9 Post-deposition evolution of the integrated SDRS signal in s-
polarization for 1.6 nm-thick Ag films deposited under 0% and 20%N2.

3.5 Ex situ measurements

3.5.1 Ag nanoparticle STEM-HAADF imaging and particle density

Photoemission experiments revealed that exposure of the SiOx substrate to a N2-rich plasma
modifies its surface chemistry, with a decrease in carbon impurities and an uptake in N in the
form of Si-N bonds. Ex situ STEM-HAADF imaging was therefore used to further investigate
the effect of this nitrogenated plasma on the initial stages of film growth on a 0.6 nm-thick Ag
film capped with AZO (Figure 3.10). Based on the evolution of the integrated SDRS signal As(t)
(see Figure 3.9) and on the percolation thresholds (Figure 3.2-a), at such a nominal thickness
all films are still in the initial stages of growth of isolated nanoparticles before the beginning of
coalescence, which corresponds to the rise of As(t) [200].

At first sight, no clear-cut change in morphology shows up with increasing %N2, in contrast
with previous reports that focused more on late coalescence [41, 130]. Image analysis using
the BlobLog and Watershed algorithms revealed a ∼ 30% increase in particle density from
4.4 1012 cm−2 for 0%N2 to 5.7 1012 cm−2 for 40%N2 (Figure 3.11). Further interpretation of
TEM imaging, particularly the evolution of aspect ratio from average size and mean thickness,
was not pursued as it may be hindered by encapsulation and uncertainties on film thickness,
unlike particle density measurements.

3.5.2 Film structure from ex situ x-ray diffraction

XRD structural analysis was performed on 20 nm-thick Ag films deposited under different %N2
conditions on bulk fused silica wafers. For all %N2, XRD diffractograms in both the Bragg-
Brentano (out-of-plane) and GIXRD (in-plane) configuration (Figure 3.12-a and b, respectively)
only show peaks corresponding to metallic face-centred cubic Ag, wurtzite ZnO from the cap-
ping layer, and a large feature around 2θ = 22◦ assigned to the amorphous silica substrate.
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Figure 3.10 STEM-HAADF imaging of 0.6 nm-thick Ag films deposited on amor-
phous, surface-oxidized silicon nitride (SiNx) membranes at increasing %N2. The
scale bar corresponds to 5 nm.

Figure 3.11 Evolution of the nanoparticle density with the fraction of N2 in the
gas flow. Values are deduced from TEM image analysis at the same equivalent
thickness (0.6 nm).
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Despite the out-of-equilibrium conditions of sputtering deposition, no silver nitride formation is
observed [130,244].

Figure 3.12 XRD diffractograms in (a) Bragg-Brentano and (b) GIXRD geometry
of 20 nm-thick Ag films deposited under different %N2. Vertical bars indicated the
expected bulk positions of the diffraction peaks.



70 | Chapter 3 Effect of N2 addition on Ag sputtering deposition on SiOx substrates

As seen in Figure 3.12-a, the Ag films appear to be only (111)-(100) textured along the growth
direction (out-of-plane). Starting from the classical favoured (111) stacking under pure Ar char-
acterized by an intense (111) peak and a weak (200) reflection, the texture evolves with increasing
%N2 towards more [100]-oriented grains. This also reflects in the relative evolution of (220) and
(200) peaks in the grazing-incidence (in-plane) scans (Figure 3.12-b). In parallel, as expected
for an amorphous substrate, the film is not textured in-plane since all Ag allowed reflections
are present. To rationalize this, fitting all peaks with Voigt profiles gave the corresponding
Debye-Scherrer sizes from peak full-width at half-maximum (Figure 3.13-a) and the relative
crystallite volume from peak areas (Figure 3.13-b) after correction from the relative intensities
for a powder [247] (i.e. from structure factors, reflection multiplicity, Lorentz-polarization factor
and beam footprint).

Figure 3.13 (a) Debye-Scherrer sizes D = 0.9λ
cos(2θ)∆(2θ) from peak full-width at

half-maximum ∆(2θ) in the out-of-plane (Bragg-Brentano) and in-plane (GIXRD)
configurations. (b) Film texture or volume fraction from ratio of the areas of all
visible peaks after correction from intensities expected from a powder sample [247].

The out-of-plane Debye-Scherrer size (Dcoh) of [111]-oriented-crystallites decreases at the ex-
pense of [100] ones. But both are much smaller than the film thickness when N2 is used showing
a deterioration of film crystallinity. Meanwhile corresponding in-plane sizes of those domains
(derived from the widths of (220) and (200) Bragg peaks, whose normals to the corresponding
diffracting planes are perpendicular to the [111] and [100] directions) poorly evolve with %N2
(Figure 3.13-a). In passing, their similar broadening partly supports the underlying assump-
tion of correct Bragg spot integration behind the out-of-plane texture analysis through only the
Bragg-Brentano scan. In parallel to this size evolution, the film texture changes from a dominant
(111) out-of-plane orientation under pure Ar to a 40/60 % (111)/(100) mix for 40%N2 with a
minor impact in-plane (Figure 3.13-a). As grain boundaries between (111) and (100) crystallites
lead to a strong structural mismatch in the vertical direction, this explains the worsening of the
final film resistivity with %N2 despite an earlier percolation (Figure 3.2-b). To circumvent the
issue, a solution is to deploy the N2 gas in the initial stage of film growth as done in Refer-
ence [111].
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Initially suggested by Kawamura et al. [116] to achieve films with the unusual (100) Ag orien-
tation on an amorphous glass substrate by sputtering deposition, this surprising effect of N2
on continuous film texture was also reported on SiOx upon increasing (i) N2 content in the
gas flow in References 107, 242 or (ii) the film thickness at constant %N2 in Reference 130; in
Reference 111, only a loss of out-of-plane (111) texture was observed as the (200) peak is hardly
visible. Assuming the presence of adsorbed N at the surface of Ag, this change in texture with
%N2 matches the calculated reversal of surface energies between N-covered (111) and (100) Ag
surfaces with N surface concentration [130] (see Figure 1.17 in Chapter 1). Higher N2 flow
favours an enhanced N2 dissociation and higher dynamical coverage, and in turn a larger frac-
tion of (100) facets. Similarly, when N2 is present, Yun et al. [130] observed an initial increase of
the proportion of (111)/(100) oriented crystallites before a decay after the onset of percolation.
This might be explained by a kinetic competition between (i) the metal-metal aggregation by
diffusion that favours a (111) stacking for a face-centred cubic metal, (ii) the substrate decarbon-
ation and nitridation and (iii) the starting of N adsorption on Ag(111) surfaces as theoretically
expected from an energetic point of view at low coverage [130].

3.6 Discussion on the N2 surfactant effect

The addition of N2, even in small quantities, in the Ar plasma provokes an outstanding decrease
in percolation threshold thickness (51%) but at the expense of final film resistivity (Figures 3.2
-a and b).

Looking at the chemical state of the deposited films, N is not detected on the surface of as-grown
Ag films by in situ photoemission experiments. N2 adsorption being excluded owing to its filled
orbital structure and its large triple-bond energy, only species activated by the plasma can be
at the origin of the phenomenon, most probably atomic N. Indeed, other activated species such
as N2 ions would temporally implant on the Ag film surface and once neutralized, the resulting
molecule would immediately desorb. The hypothesis of atomic N adsorbates is supported by ab
initio atomistic calculations that all predict (i) an energetically stable N adsorbate at the Ag
surfaces with a adsorption energy above 2 eV/atom [121–123,130,245] and (ii) an energetically
unfavourable dissolution in the bulk [130] in line with the strong positive enthalpy of formation
of Ag nitride (314 kJ.mol−1 or 3.25 eV/atom [244]). While the nitridation of the substrate bears
witness to the presence of such activated N species, the lack of any trace of N 1s signal on thick
Ag films can be explained by a fast recombinative desorption at room temperature. This pic-
ture is supported by the large post-deposition evolution of SDRS plasmonic signal (Figure 3.8)
suggesting the disappearance of a shell on top of a metallic core. In addition, experiments by
Carter et al. [131] on N/Ag(111) showed that the recombinative desorption process, that already
starts around 350 K, is not of second order and therefore not limited by the surface diffusion
of adsorbed N, but rather by the concerted lifting of induced surface reconstruction and N2
molecule desorption. Thus, the dynamic N coverage that is present during growth is limited
first of all by the amount of dissociation of N2 in the plasma (i.e. the %N2 value), and by the
surprisingly efficient reported recombinative desorption of N upon direct impact of another N
atom [124,132] (i.e. an Eley-Rideal mechanism).

To rationalize the 51 % decrease in percolation threshold thickness when adding N2 (Figure 3.2-
a), changes in particle saturation density ρs and aspect ratio Ar can be put forward. In parallel
to a delayed coalescence upon impingement, denser or flatter initial particles all give rise to an
earlier percolation. Assuming a scaling tp ∝ tc between the electrical percolation threshold tp and
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the thickness for the onset of coalescence between nanoparticles tc, one finds: tp ∝ tc ∝ D3
cρs/Ar,

where Dc the in-plane size of particles at coalescence start. Since particles are in contact with
each other at coalescence, Dc ∝ ρ

1/2
s so that tp ∝ 1/(ρ1/2

s Ar). Thus one can estimate the
expected variation of tp from the variation of Ar and ρs:

∆tp
tp

= −∆Ar
Ar
− 1

2
∆ρs
ρs

. (3.1)

The change in density of ∆ρs

ρs
= +28 % from 0 to 40 %N2 found by TEM (Figure 3.11) ac-

counts only for roughly one third of the observed evolution of tp. Assuming equilibrium before
coalescence, particle shape can be tackled by thermodynamics of surface/interface energies.
Young-Dupré’s equation for a truncated sphere (Chapter 1) allows linking the variation of Ar
to that of the contact angle θc, of the adhesion energy Wa = γs − γfs + γf , and of the metallic
film surface energy γf through:

Wadh = γf (1 + cos(θc)
∆Ar
Ar

= − sin θc∆θc
1− cos θc

(3.2)

∆Wa

Wa
− ∆γf

γf
= − sin θc∆θc

1 + cos θc
. (3.3)

Of course, forgetting cristallographic anisotropy of Ag surface energies by assuming a truncated
sphere equilibrium shape [248] is a first approach of the problem that nevertheless grasps the
present physics. This anisotropy between (111) and (100) orientations is modest on bare surfaces
(γ(100)−γ(111)

γ(111)
' +3 %) but strongly enlarges upon N adsorption (γ(100)−γ(111)

γ(111)
' −50 %) [45,130].

Starting from an equilibrium contact angle of θc ' 130◦ for Ag/SiO2 [200,249] and assuming that
adhesion energy is not modified by the interaction of N with the substrate, the calculated drastic
decrease of surface energy [130] of ∆γf

γf
' −75 % for both (111) and (100) orientations with N

coverage (see Figure 1.17 in Chapter 1) would lead to a modest ∆θc = −20◦ (Equation 3.3) and
∆Ar
Ar

= +16 % (Equation 3.2). So −∆Ar
Ar
− 1

2
∆ρs

ρs
= −30 % accounts only for a fraction of the

observed ∆tp
tp

= −51 % (Equation 3.1). Beyond kinetic hindering of reshaping that could be
already present during the growth of isolated nanoaparticles, a delayed coalescence should be
invoked to explain the remaining part of the change in tp. Evidence of this could be found in
the much faster increase of As(t) towards a plateau value in the coalescence regime (Figure 3.3).
Beside the modification of surface Ag diffusion by a N adsorbate, a likely explanation can be
found in the competition between the growth of [111] and [100]-oriented islands as testified by
the change in film texture (Figure 3.13-b) and the increase in surface energy anisotropy with N
adsorption [130]. Their coalescence is structurally impeded.

Finally, the observed change in texture from (111) to (100) as a function of %N2 (Figure 3.13-b)
or as a function of film thickness [107,130,242] finds its origins in the crossover between (111) and
(100) surface energies with N coverage [130] (see Figure 1.17 in Chapter 1). The anisotropy goes
from a small value of a few % in favour of (111) orientation (that agrees with the experimental
microscopy observation of the Wulff-Kaischew equilibrium shape [45]) to around 50 % in favour
of (100) orientation. During the initial stages of film growth (nanoparticles), several factors
combine to yield an initial growth of [111] oriented islands on SiOx [130]: (i) the consumption
of activated N by the substrate surface itself, (ii) the more favourable (111) interfacial energy,
and (iii) the competition between metal-metal aggregation and the N adsorption at Ag surface.
As the fraction of wafer surface covered by the metal and the availability of N or potential
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(100) facets for adsorption increase, the N-covered (100) facets overcome the (111) ones. The
impingement of islands with different orientations results into an incomplete coalescence and an
earlier percolation but at the expense of poor grain boundaries for electrical transport. This
scenario shows the benefit of the strategy of gas deployment at the beginning of the growth to
benefit from earlier percolation while avoiding the detrimental transition between orientations
for resistivity. This drawback can be turned into an advantage to grow Ag films on amorphous
substrate with an unusual (100) orientation [116] or to achieve epitaxial and continuous Ag(001)
films on MgO(001) [250] at very small thickness.

To conclude, N2 appears to behave as a "surfactant" during sputtering deposition of Ag. It is
immiscible in Ag and its adsorption decreases the surface energy of the metal thus favouring flat-
tening. Nevertheless, the origin of its impact on the percolation threshold seems to results from
a interplay between a better wetting, a change in saturation density and a delayed coalescence
in which the orientation-dependent impact of N on energetics plays a role.

3.7 Conclusion
The effect of N2 during sputtering growth of Ag on an amorphous substrate was revisited using
a combination of real-time and in situ measurements. Increasing the %N2 in the gas flow led a
sizeable decrease of the percolation threshold but at the expense of film resistivity. According to
in situ photoemission, N is absent from the film and its surface. However, substrate nitridation
and decarbonation proves the presence of activated N species in the plasma, probably atomic N
that covers dynamically the metal but desorbs once the growth is stopped as seen by plasmonics.
This adsorbate decreases the surface energy of the metal, thus inducing a flattening during the
island growth. This enhanced wetting cannot explain on its own the observed decrease in
percolation threshold thickness. One should invoke a contribution from the change in particle
density and from a delayed coalescence. The latter is assigned to the competition between (111)
and (100) oriented particles that ends up in an evolution of film texture and a worsening of
film resistivity. As a result, nitrogen displays all the characteristics of a "surfactant" for Ag
growth. It is immiscible, floats at the surface, modifies the surface energy and desorbs easily but
it stabilizes (100) more than (111) orientations, which ends up increasing the film resistivity. Of
course, these specific characteristics seem to preclude the systematic use of N2 as a surfactant
for metals having a stronger chemical interaction with N.
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Chapter 4

Effect of O2 addition on Ag
sputtering on SiOx substrates

Using the knowledge acquired from the study of N2 addition during Ag sputtering on SiOx

(Chapter 3), this chapter will explore the case of O2. We will underline the similarities between
both gases as "surfactants" for Ag sputtering on an amorphous surface, as well as their differences
which stem mainly from the increased reactivity of O2 relative to N2. In this respect, in situ XPS
measurements will prove to be of great relevance to better shed light on the complex oxidation
chemistry of Ag films sputtered under oxygenated plasmas.

Table of contents

4.1 Deposition conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Film morphology from real-time measurements . . . . . . . . . . . . . . . . . . 76

4.2.1 Film resistance measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.2.2 SDRS measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3 In situ photemission analysis (XPS) . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3.1 Oxygen species on Ag surfaces: a complicated history . . . . . . . . . . . . . . . . 79
4.3.2 Photoemission analysis of 20 nm-thick Ag films . . . . . . . . . . . . . . . . . . . . 82
4.3.3 Evolution of O species and Ag stoichimoetry from XPS spectral fit . . . . . . . . . 84
4.3.4 Film composition gradients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.3.5 Effect of O2 plasma treatment on the SiOx substrate . . . . . . . . . . . . . . . . . 90

4.4 Ex situ measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.4.1 Ag nanoparticle STEM HAADF imaging and particle density . . . . . . . . . . . . 91
4.4.2 Film structure from ex situ x-ray diffraction . . . . . . . . . . . . . . . . . . . . . . 94

4.5 Discussion: the three %O2 regimes . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.5.1 The low %O2 regime: 0 ≤ %O2 ≤ 4 . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.5.2 The intermediate %O2 regime: 10 ≤ %O2 < 20 . . . . . . . . . . . . . . . . . . . . 99
4.5.3 The high %O2 regime: %O2 ≥ 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101



76 | Chapter 4 Effect of O2 addition on Ag sputtering on SiOx substrates

4.1 Deposition conditions

Deposition conditions in this chapter are analogous to those of Chapter 3, with O2 gas instead
of N2. Briefly, Ag growths were carried out under 2 µbar of total pressure in DC mode with
a power of 50 W. A 10 min-long pre-sputtering step was performed before any deposition to
clean the target. Films were deposited on as-supplied Si wafers just like in the previous chapter
without any specific surface preparation. These wafers have a layer of native amorphous oxide
on their surface, which will be referred to as "SiOx". %O2 values were varied from 0% to 40%
and an XPS reference film was deposited at 100%O2 (but at a total flow of 22 sscm).

4.2 Film morphology from real-time measurements

4.2.1 Film resistance measurements

Figure 4.1 shows the evolution of the normalized real-time resistance all along the Ag growth
for different %O2 conditions. In all cases, as for N2, a sharp drop which corresponds to the
percolation threshold thickness tp is observed between 3 and 6 nm.

Figure 4.1 Real-time film resistance during Ag deposition on a SiOx/Si wafer as
a function of the %O2 in the sputtering gas flow. Data are normalized to the value
prior to shutter opening.

From these data, the change in tp (Figure 4.2-a) and film resistivity ρ (Figure 4.2-b) at t = 20 nm
with increasing %O2 was obtained.

Values for tp decrease from 5.4 down to 3.0 nm with %O2, while ρ at t = 20 nm increases over
tenfold from 7.9 up to 84 µΩ.cm. While these findings appear to be similar to those for N2 in
terms of trends, a closer inspection of Figure 4.2 shows at least two regimes of %O2. At very
low O2 flow, between 0% and 4%, a sharp decrease of 20% in tp is observed (from 5.4 nm to
4.3 nm) without any significant impact on the final resistivity at t = 20 nm. At higher %O2
values, tp keeps decreasing while ρ rises linearly. This change in trend with %O2 seemingly
indicates a change in growth and/or oxidation regime. This first analysis of real-time resistance
measurements already points at a key difference between the two gases since the effect of N2
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Figure 4.2 (a) Percolation threshold thickness tp and (b) film resistivity ρ for
t = 20 nm obtained from real-time film resistance measurements for different %O2
conditions. Values and error bars shown correspond to the mean value and standard
deviation over several experiments.
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was more gradual and monotonous (Chapter 3).

4.2.2 SDRS measurements

Real-time SDRS measurements were systematically carried out in parallel to film resistance ac-
quisitions to scrutinize the initial stages of film growth at different %O2 conditions. Figure 4.3
shows the comparison between p-polarized spectra for different %O2 at given nominal thick-
nesses of (a) t = 0.6 nm and (b) t = 3 nm. These values were chosen based on tp (Figure 4.2-a),
so that films were not yet percolated and thus composed of a mixture of isolated and coalescing
nanoparticles.
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Figure 4.3 Evolution of the p-polarized SDRS spectra for different %O2 during
deposition at a nominal deposited film thickness of (a) 0.6 nm and (b) 3 nm.



4.3 In situ photemission analysis (XPS) | 79

The p-polarized SDRS spectra were analysed in a manner analogue to the N2 study (Chap-
ter 3), by looking at the variation in position and intensity of the low-energy plasmon peak and
comparing these trends with the Granfilm dielectric simulations.
• SDRS spectra at t = 0.6 nm: increasing %O2 from 0 to 4% leads to an increase
in intensity and a red-shift of the low-energy peak. Peaks for %O2 ≥ 10% have lower
intensities and mostly overlap.
• SDRS spectra ar t = 3 nm: the trends in the SDRS spectra at t = 3 nm are more

obvious. Increasing the value of %O2 from 0 to 4% leads once again to a red-shift and
intensity increase of the low-energy peak, and a clear trend is now observed from 10%
up to 40%O2, with the low-energy peak decreasing more and more in intensity while also
being more red-shifted.

According to the Granfilm simulations (shown in Chapter 2), the increase in intensity and red-
shift observed at low %O2 values is consistent with an increase in Ag nanoparticle aspect ratio
Ar. In other words, the Ag nanoparticles are on average "flattened" when deposition is per-
formed under 4%O2. We note that the same effect was observed for N2 over a wider range of
%N2 values (Chapter 3), but in the present case, this "flattening" effect is only observed for very
low gas flows (i.e. 4%O2). The new trend at higher %O2 (red-shift and a decrease in inten-
sity) is compatible with the formation of a core-shell structure with a metallic Ag core and an
oxidized shell. Moreover, this effect is more pronounced at higher thickness (i.e at t = 3 nm
rather than t = 0.6 nm). This point will be explored in a later section on in situ XPS chemical
characterization for increasing film thickness.

As a support to the previous observations, and to highlight the evolution of Ar [200], SDRS
signal in s-polarization was also integrated (Figure 4.4) up to late coalescence where As(t) sat-
urates because of the limited spectral integration range of the plasmon peak (> 1.5 eV) (the
proportionality between As(t) and Ar is valid only when integrating the whole plasmon width
over the available frequency windows). For all stages of growth, the larger As(t) ∝ Ar signal
clearly evidences a better nanoparticle wetting when O2 is added to the gas flow.

4.3 In situ photemission analysis (XPS)

The oxidation of Ag is one of the key factors in explaining the effects of O2 addition on the
growth and final properties of sputtered films. Thus in situ XPS was performed after deposition
in order to detect and characterize Ag-O compound formation. As we shall see, photoemision
is quite relevant in distinguishing between different kinds of Ag-O moities. Before detailing our
results, we will start with a literature review on the chemistry of oxygen at the Ag surface from
a point of view of photoemission.

4.3.1 Oxygen species on Ag surfaces: a complicated history

One important aspect to underline is that the determination of the precise chemistry of an
oxidized or partially oxidized Ag surface is no easy task in photoemission, mostly because of
the existence of different AgOx bulk compounds and the abundance of surface/subsurface O
species, the structures of which are often ill-defined or poorly known [251]. Overlap between
the spectroscopic fingerprints of the corresponding moities and instrumental limitations often
hinder the ability to distinguish or accurately detect them.
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Figure 4.4 Integrated value As(t) (Equation 2.2 in Chapter 2) of the s-polarized
SDRS spectra for 0%O2 [without (red line) and with 40%O2 wafer plasma pre-
treatment (orange line)] and 4%O2 on a native wafer. Trends similar to 4 %O2 are
found at higher oxygen flow (not shown for clarity). The vertical dotted line points
to the onset of coalescence tc.

The best documented bulk Ag oxides include Ag2O, the most stable polymorph, and the lesser
known AgO oxide [164, 165]. These compounds differ in terms of atomic structures. The cu-
bic cuprite Ag2O involves O anions in a four-fold Ag+ tetrahedral coordination, whereas the
monoclinic AgO is a mixed-valence compound, with an average Ag oxidation state of +2 but
involving a dismutation on the two Ag sites, with Ag+ in a linear coordination and Ag3+ in
square-planar one. The unstable +3 pure oxidation state of Ag has only been reported in exotic
compounds such as Ag2O3, although their syntheses require harsh oxidizing environment such
as anodic treatment or ozone exposure [152–154,162,252,253]. Spectroscopic characterization of
the bulk silver oxide compounds is blurred by the formation of carbonates at their surfaces upon
exposure to air, and by their poor thermal stability [152–154,156–158,161,165,254] that prevent
any faithful in-vacuum preparation procedure. Spectroscopic distinction between Ag+ and Ag3+

in AgO is not even clear-cut in the literature, with many reports describing a broad Ag 3d peak
that accounts for the two crystallographic sites. Binding energies for Ag0 and Ag+ oxidation
states in metallic Ag and Ag2O are reported, respectively, at EB(Ag 3d) = 368.1± 0.15 eV and
EB(Ag 3d) = 367.7 ± 0.3 eV; EB(O 1s) = 529.2 ± 0.35 eV [152–154, 156–162] [163–165]. These
reported values and standard deviations result from an average over the above quoted literature
on oxidized Ag. The negative chemical shift for Ag 3d peaks observed upon oxidation may
seem counter-intuitive at the first sight, since in principle the reduction of the density of valence
electrons upon oxidation decreases the electrostatic screening by the nucleus thus increasing the
binding energy. The explanation for the particular case of Ag stems from the lack of on-site
sensitivity to oxidation in Ag and a complex final state effect [156, 255]. The hierarchy of bulk
thermodynamic stability follows Ag > Ag2O >AgO > Ag2O3; in principle, thermodynamics
even predicts the instability of all Ag oxides in vacuum at room temperature [155, 164, 252].
Even in studies using direct photoemission from in situ oxidized Ag (a procedure that escapes
the inherent problem of surface contamination due to air exposure [159, 163, 164, 166]), the
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spectroscopist faces the formation of suboxides AgOx whose atomic structures are almost never
determined.

Several oxygen moieties with distinct stability in temperature have been reported during oxi-
dation of metallic Ag single crystal surfaces with molecular O2 at high temperature [159, 166,
254, 256–260]. Adsorbed oxygen has reportedly been produced in surface science studies also
upon NO2 adsorption and decomposition [261,262] or via a dedicated atomic-O thermal cracking
source [263]. Physisorbed O2 partly dissociates upon heating leaving behind an atomic species
labelled Oα1 that desorbs above 580 K. This species, observed at low chemical potential in
many surface science experiments, is associated with orientation-dependent p(4× 4) reconstruc-
tion [128, 264–267] at Ag(111) surface; it is associated with a relatively high charge transfer
with Ag as reported by Rocha et al. [166]. Increasing the O2 exposure and/or heating the Ag
surface leads to the migration of oxygen into the bulk and the creation of a partial equilibrium
with the surface species. This so-called Oβ subsurface species polarizes the surface Ag-O bond,
creating different moieties from a spectroscopic point of view i.e. Oα3. At even higher chem-
ical potential, in particular near-atmospheric pressure and high-temperature, the Ag surface
strongly restructures leading to a strongly-bound and thermally stable subsurface Oγ oxygen
species in conjunction with a Oα2 moiety at its surface. This Ag oxidation pathway requiring
high-pressure dosing due to the very low-sticking coefficient of O2 [140,256] can also be sped-up
by exposing the Ag surface to atomic oxygen from a dedicated source [160, 162, 263] or in the
course of reactive sputtering deposition [140].

To sum up, upon increasing oxygen chemical potential and in the course of reactive sputtering
deposition (where atomic oxygen will be present in the plasma), the formation of O moieties
follows the schematic pathway:

Oα1(s) → Oβ(b) + Oα3(s)→ Oγ(b) + Oα2(s)
→ OAg2O(b)→ OAgO(b) (4.1)

where the labels (s), (b) stand for "surface" and "bulk or subsurface", respectively. Besides
the use of their different desorption temperatures and thus bonding, these O species are of-
ten identified via their O 1s photoemission fingerprints. Often overlapped, they are reported
at [159, 166, 254, 256–260, 263]: EB(Oα1 1s) = 528.1 − 528.4 eV, EB(Oβ 1s) = 530.8 − 531.0 eV,
EB(Oα3 1s) = 530.1− 530.4 eV, EB(Oγ 1s) = 529.5− 529.7 eV, EB(Oα2 1s) = 529.1− 529.2 eV.

In our case, the Oβ and Oα3 species were observed when a metallic 15 nm-thick Ag film was
exposed to a 10%O2 gas mixture for one hour without any assistance from plasma or heating, as
shown in Figure 4.5. Exposure resulted in a very small increase of the O 1s signal in the energy
range expected for Oβ and Oα3 moities due to the very low sticking coefficient of O2 on Ag,
whilst no shift was observed for the Ag 3d spectrum. In parallel, only adventitious carbon of
aliphatic nature increased in the C 1s region (EB = 284.5 eV). This result suggests that Oβ and
Oα3 have a "molecular" origin instead of an "atomic" one, and leads to a lower charge transfer
to Ag than the previously mentioned Oα1 species as no shift of Ag 3d is observed. The fact that
these species are observed by simple exposure to molecular O2 without heating is in agreement
with the works of Campbell [254,256,268].

To conclude, exposure to O2 at low temperatures leads to a small sticking and to the formation
of the weakly-oxidizing Oβ and Oα3 species, whilst sample heating and/or the use of atomic
O sources (such as a dedicated source or a plasma) enables O2 dissociation and facilitates the
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Figure 4.5 In situ XPS spectra of (a) O 1s, (b) Ag 3d and (c) C 1s core levels, for
an as-deposited 15 nm-thick Ag film before and after a 1 hour exposure to 10%O2
gas.

formation of reconstructed Ag surfaces, leading to the highly oxidizing Oα1 species. Based on
this spectroscopic panorama of Ag bulk and surface oxide species, we can begin our analysis of
the results of in situ XPS analysis.

4.3.2 Photoemission analysis of 20 nm-thick Ag films

20 nm-thick Ag films deposited under different %O2 conditions, from 0%O2 to 40%O2, were
analysed by in situ XPS (Figure 4.6). Spectroscopic results were supplemented by an extra
deposition under pure O2 gas (100%O2-22 sscm) as a reference. The thickness value of 20 nm
ensures that the signal corresponding to the substrate is completely damped and that only the
Ag film surface composition is analysed. It also allows for direct comparison with real-time
film resistivity measurements described in the previous section. Unlike N2, it is clear that O2
addition leads to major changes in the Ag 3d core level line shape and to the emergence of new
features in the O 1s region (Figure 4.6).

For low %O2 condition, between 0 and 4%, the O 1s spectra is poorly impacted with only a very
slight increase in intensity in the binding energy region corresponding to the Oβ and Oα3 species.
These O 1s contributions cannot be entailed by a Ag2CO3-like carbonate species which is close
in binding energy (EB = 530.5± 0.3 [152,154,157,158]) since the observed C 1s binding energy
(EB = 284.5 eV) does not correspond to carbonates (EB = 287.6−288 eV [152,154,157,161,269]).
Any contribution from hydroxyl groups or adsorbed water (due to gas contamination) can also
be safely ruled out, as they peak at EB > 531.5 eV [161, 269, 270] and are not observed in the
present data. Besides, no shift is observed in the Ag 3d spectra. All these results are similar
to those for the exposure of a metallic Ag film to molecular O2 gas (Figure 4.5), where only
the weakly oxidizing Oβ and Oα3 species were detected and no Oα1 was observed. In situ XPS
results seem to suggest that at very low O2 flux, oxidation of Ag is driven by the interaction
with molecular O2 and without any significant oxide formation.

Increasing %O2 leads to sizeable changes in XPS spectra. In parallel to the increase of a new
main O 1s feature at EB ∼ 529.2 eV (Figure 4.6-a), the binding energy of the Ag 3d 5/2 peak
(Figure 4.6-b) shifts continuously from EB = 368.1 eV down to EB = 367.7 eV when going from
10%O2 to pure O2 (100%O2). Both extreme EB values are in close agreement with reported
values for Ag0 and Ag+ oxidation states in metallic Ag [EB(Ag 3d) = 368.1 ± 0.15 eV] and
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Figure 4.6 In situ XPS measurements of 20 nm-thick Ag films deposited under
different %O2, for binding energies corresponding to the (a) O 1s, (b) Ag 3d, and (c)
C 1s core levels. Vertical lines show tabulated values for different bulk oxides and
(sub)surface oxygen species (see text for explanation). The inset of figure-b zooms
on the evolution of the Ag 3d 5/2 peak. Spectra are normalized to the background
in the case of O 1s and C 1s, and to the same scale for Ag 3d.
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Ag2O [EB(Ag 3d) = 367.7 ± 0.3 eV; EB(O 1s) = 529.2 ± 0.35 eV] [152–154, 156–162] [163–165].
Furthermore, two trends appears at higher values of %O2. O 1s core level of films deposited
under 10% and 20%O2 show peaks corresponding to a mixture of Oα1 species and of the pair of
Oβ/Oα3 species. The increasing presence of Oα1 means that the film is more and more oxidized,
even if it remains mostly metallic Ag judging by how the centroid of the Ag 3d 5/2 peaks at
EB = 368.1 eV. Finally, for films deposited at %O2 > 20%, a new major component emerges at
EB ∼ 529.2 eV in the O 1s spectra. It is assigned to the formation of an Ag2O-like compound,
and not to the Oα2 moiety, since its companion Oγ peak (see Equation 4.1 is never observed
in the peak fits (see below). The film is now mostly oxidized, since the centroid for the Ag 3d
5/2 peaks shifts for %O2 > 20% towards EB = 367.7. Peak fitting of these XPS spectra will be
later discussed in order to quantify the composition of these partially oxidized Ag films.

Before going on, a comment should be made on the assignment of the peak at EB = 528.4 eV as
a Oα1 moiety. Indeed, based the spectroscopy of known and reported bulk oxidized Ag species,
this binding energy could also be linked to the formation of an AgO oxide. The problem with
this assignment is that this peak is observed for relatively low %O2 values (between 10% and
20% especially), whilst higher %O2 yield Ag2O as the major product. Since Ag is more oxi-
dized in AgO than in Ag2O as previously explained, it seems thermodynamically unlikely that
increasing the %O2 would produce AgO before Ag2O. Moreover, the spectroscopic fingerprints
of AgO found at EB(Ag 3d) = 367.5±0.4 eV and EB(O 1s) = 528.5±0.4 in the literature do not
fit our findings under pure O2 (100%O2). Based on these arguments, the peak at EB = 528.4 eV
is assigned to the Oα1 species and not to AgO bulk oxide.

At last, despite the in situ transfer, a slight carbon contamination of a fraction of Ag(111)
monolayer (∼ 0.3) was present at the surface of all samples. Its presence does not entail the
following discussion as its binding energy corresponds to adventitious hydrocarbons (EB =
284.5 eV) and not C-O bonds (EB = 286− 288 eV [243]) or even Ag carbonates (EB = 287.6−
288 eV [152,154,157,161,269]). No other contaminants, particularly implanted Ar, were detected
by XPS.

4.3.3 Evolution of O species and Ag stoichimoetry from XPS spectral fit

The procedure for the Ag 3d and O 1s peak fitting was previously explained in Chapter 2. The
identification of different oxide species was based mainly on the analysis of O 1s core level spectra.

As illustrated in the examples of Figure 4.7-a,b, for 20 nm-thick films grown under different
%O2 conditions, a consistent fit could be systematically achieved for all O 1s spectra using a
sum of Voigt peaks corresponding to all the bulk and surface species reported in the literature.
Owing to the poor resolution of the non-monochromated source and the large number of fit
parameters, the binding energies of the Voigt peaks were kept fixed (at previously discussed EB
literature values) while a common Gaussian broadening was used for all of them. Figure 4.8-a
shows the obtained evolution of the relative areas of all the fitted components as a function of
%O2 at t = 20 nm.

Regarding the analysis of the Ag 3d core level, the reported chemical shift of Ag 3d upon oxi-
dation [260], that spans from −0.35 to −0.6 eV with respect to metallic Ag, is less sensitive to
the formed species or bulk compounds (Figure 4.6-b, inset). Therefore, no attempt was made
to distinguish the contributions from Ag atoms bonded to different O species, especially those
in Ag2O and those bonded to Oα1. The Ag 3d core level was thus fitted with only two compo-
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Figure 4.7 Examples of fits of core level peaks of 20 nm-thick films grown under
different %O2: (a) O 1s (10%O2), (b) O 1s (40%O2), (c) Ag 3d (30%O2). See text
for explanation. Data (circles), fit (black line), background (grey line) and various
components (colored lines as indicated below) are shown. The residuals normalized
to error bars taken as the square-root of intensity are shown in the top scale.
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Figure 4.8 Photoemission analysis of 20 nm-thick films as a function of %O2: (a)
evolution of the relative areas of all O 1s components (see text for explanations) and
(b) changes in (i) global stoichiometry AgOx from O 1s/Ag 3d relative peak areas
(red symbols), (ii) fraction Ag0

1−yAgδ+y of oxidized Ag component from the Ag 3d
core level spectra fits (black symbols) and (iii) the charge transferred δ per Ag atom
(blue symbols). The error bars are of the order of 10 %. An uniform film hypothesis
is used for the analysis.

nents, as exemplified in Figure 4.7-c, one for metallic Ag at fixed EB(Ag0) = 368.1 eV, and a
second generic component for oxidized silver, that was found shifted by about −0.5± 0.1 eV at
EB=367.7 eV. For spectra involving a large fraction of metallic Ag, a bulk plasmon loss shifted
by about 3.85 eV had to be taken into account in the Ag 3d profile as well as a similar feature
but shifted by 12 eV for oxidized silver (see Figure 4.7-c). In addition, the global average film
stoichiometry AgOx, the fraction Ag0

1−yAgδ+y of oxidised silver Ag and the average charge per
oxidized Ag atom δ were also calculated using the procedure explained in Chapter 2. All three
quantities (y, x and δ) are displayed in Figure 4.8-b for 20 nm-thick films.

For %O2 values below 10% (Figure 4.8-a), oxidation proceeds via a mixture of Oα1 , Oβ and
Oα3 moieties, in which the main species Oβ and Oα3 evolve in parallel as expected (see Equa-
tion 4.1). The interpretation is further reinforced by the quantification of the total (Oα1+Oα3)
O 1s signal. Considering it as coming from only surface species, the total coverage is always
found well below the Ag(111) monolayer (< 0.8); on the other hand including O 1s signal at
EB = 529.1− 529.2 eV (i.e. interpreting the signal as Oα2 instead of Ag2O) leads to unphysical
coverage well above the monolayer.
The increase from 10% to 20%O2 leads to the replacement of Oβ/Oα3 moieties by Oα1 and to
a higher fraction of oxidized Ag as seen in the higher value of δ (Figure 4.8-b). Such a highly
oxidic nature of Oα1 has already been pointed out in Reference 166 which reports a Agδ+/O
value as more than 20 times higher than for Oα3-Oβ.
The sharp transition observed above 20%O2 (Figure 4.8) corresponds to the appearance of an
O 1s component at EB = 529.2 eV and a noticeable change in stoichiometry and in fraction
of oxidized Ag. The new O 1s peak is assigned to the formation of an Ag2O-like compound,
and not to the Oα2 moiety, since its companion Oγ peak is never observed (see Equation 4.1).
Interestingly, not present at lower %O2, a not- clearly assigned spin-orbit split "plasmon-like"
feature at EB = 379.6 eV, shifted by +12.3 eV from metallic Ag 3d, goes with the appearance
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of this Ag2O-like compound. In contrast, the plasmon loss in metallic Ag, shifted by +3.85 eV,
has to be accounted for only below ∼ 20 %O2.

Even for deposition under pure O2, the global stoichiometry AgOx, including all O species,
remains surprisingly well below the x = 0.5 value expected for Ag2O, while the charge trans-
ferred per Ag atom only goes up to roughly 0.6, far from the expected value of 1 for pure
Ag2O (Figure 4.8). The key to understanding this observation lies in the non-homogeneous film
composition along its thickness.

4.3.4 Film composition gradients

Figure 4.9 shows the example of XPS spectra for Ag films of different thicknesses deposited
under 10%O2. It is clear from these results that the Ag film composition varies with increasing
thickness. In particular, the shift of the Ag 3d 5/2 peak towards lower binding energy shows
how Ag is more and more oxidized with increasing film thickness.

Figure 4.9 Change in (a) O 1s and (b) Ag 3d 5/2 core level spectra for Ag films
with nominal thicknesses for films deposited under 10%O2.

To further study this phenomenon, film composition was characterized along the film thick-
ness for three representative O2 flow conditions: 4%O2, 10%O2 and 40%O2. Thickness values
were chosen in order to span the different stages of Ag film growth: (i) disconnected Ag island
growth on the surface, (ii) near the percolation threshold thickness, and (iii) a final thickness
above percolation (see Figures 4.2 and 4.4). The evolution of chemical states with increasing
film thickness was analysed by fitting core levels similarly to the 20 nm-thick films. For thick-
ness values below the photoelectron escape depth of 3λ ∼ 5 nm, an extra O 1s component at
EB = 532 eV corresponding to an SiOx peak from the substrate surface had to be accounted for,
due to the metal film discontinuity and/or to the fact that its signal is only partially damped by
the film (see example Figure 4.10). Results for the evolution of the different O 1s components
with increasing thickness are shown in Figure 4.11, and those for the fraction x− y of oxidized
Ag stemming from Ag 3d spectral analysis are shown in Figure 4.12.
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Figure 4.10 Example of O 1s core level decomposition of a 6 nm-thick Ag film
grown under 10%O2 including the signal from the SiOx substrate.

Figure 4.11 Evolution of the relative area of all O 1s components (see text for
explanations) as a function of film thickness, for depositions at (a) 4%O2, (b) 10%O2,
and (c) 40%O2. The vertical dotted line corresponds to percolation threshold. The
error bars are of the order of 10 % of the value.
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Figure 4.12 Evolution of film stoichiometry and charge per Ag atom as a func-
tion of film thickness, for depositions under(a) 4%O2, (b) 10%O2, and (c) 40%O2.
Values shown correspond to film characteristics x, y and δ as previously defined (see
Figure 4.8-b).

While no evolution of the Ag 3d spectrum with increasing thickness is observed for 4%O2, Oβ

and Oα3 moieties evolve in parallel as expected from equation 4.1. The Oα1 signal also increases
after percolation before decreasing for the 20 nm-thick film. The evolution of these species will
not be analysed in detail, since the O 1s signal for films deposited under 4%O2 is very low
thus increasing the uncertainty of the fitting procedure. We will simply conclude that the only
occurring species in these films are the Oα1 and Oβ/Oα3 moieties, with no detectable change in
the Ag 3d core level region which is consistent with our measurements for 20 nm-thick films.

In contrast, the change in film stoichiometry with increasing thickness at 10% and 40%O2 (Fig-
ure 4.12) is clearer, and showcases how a gradient in Ag oxidation state sets up during deposition.
The film is more metallic at the interface with the substrate and its oxidized fraction increases
with thickness before reaching a steady state. The phenomenon is faster and more pronounced
at 40%O2 than at 10%O2. In fact, modulo the XPS probing depth, the transition from a pre-
dominantly metallic to an oxidized film starts roughly at the film percolation thickness (see
Figure 4.11 and 4.12), and the above-mentioned plateau (steady state) is presumably reached
when a continuous film is formed. Unlike previous hypotheses on formation of Ag suboxides
in parallel to metal [58, 107, 135, 136, 138–141, 144, 155, 271], these results reflect a composition
gradient that is correlated to the film morphology. A likely explanation for this composition gra-
dient and its dependence on the percolation threshold thickness involves a competition between
favourable Ag clustering on the SiOx surface (due to the very weak substrate-metal interaction
energy and fast ad-atom diffusion) and Ag oxidation by direct impinging of activated O species
from the plasma [140,141] via an "Eley-Rideal" mechanism. Indeed, a "Langmuir-Hinshelwood"
scenario involving oxygen adsorption and surface diffusion is impeded by the competition with
substrate oxidation/decarbonation, which occurs during the initial stages of film growth when
substrate coverage by the film is still not complete (i.e. before the formation of a continuous
hole-free film). We will now look in more detail at the interaction between the Ar:O2 plasma
and the substrate surface itself, which will add another piece to the explanation of the gradual
oxidation of Ag with film thickness.
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4.3.5 Effect of O2 plasma treatment on the SiOx substrate

Oxidation of the SiOx/Si substrate during the initial stages of film growth was scrutinized using
in situ photoemission analysis (Figure 4.13) before and after Ar:O2 plasma (40%O2) exposure
in front of an alumina target (see Chapter 2 for more details).

Figure 4.13 Evolution of core levels after a plasma treatment of the Si wafer
surface in a pure Ar plasma (0%O2) and a 40%O2 mixture: (a) C 1s and (b) Si 2p.
The time scale of plasma treatment (3 s) is equivalent to a deposited thickness of
t ∼ 1.5 nm.

For the explored exposure duration (3 s corresponding to ∼ 1.5 nm during deposition), the
plasma treatment is accompanied by (i) a nearly complete reaction of plasma-activated O species
with carbonaceous contamination surface species, unlike the case of a pure Ar plasma (Fig-
ure 4.13-a), and (ii) a SiOx layer thickening of about 0.2 nm (ratio Si4+/Si0 2p), alongside a
sizeable Si upward band bending of 0.4 eV (Figure 4.13-b). Due to this competing mechanism
of surface oxidation, the oxidation rate of Ag should increase with surface coverage and reach
a stationary value at a thickness value above film percolation, in particular when no more sub-
strate surface is exposed, i.e. for a continuous film.

Lastly, the exposure of a deposit of metallic Ag nanoparticles (t = 1.5 nm) to O2 alone gives
rise to only a modest uptake of Oβ and Oα3 species, and no band bending in the wafer (Fig-
ure 4.14). On the contrary, when activated species are present in the plasma even at low %O2,
substrate and Ag particles actually oxidize as demonstrated by the increase of the Ag2O pho-
toemission fingerprints and the more sizeable shift of the Si 2p core level than after exposure
to a pure Ar plasma (Figure 4.14). After an exposure of 90 s to the plasma, the rise of the
AgOx stoichiometry up to x = 0.1 at 4%O2 and to x = 0.42 at 20%O2, which is much higher
than during growth (Figure 4.12) (even for growth under 100%O2, for which x = 0.28) and close
to the expected value of x = 0.5 for Ag2O, demonstrates that the Ag oxidation phenomenon
promoted by activated O species in the plasma is not really impeded, and that the presence
of metal during growth is a consequence of a kinetic competition. This point is confirmed by
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SDRS (Figure 4.15); while nanoparticles seem insensitive to exposure to an Ar plasma, their
plasmonic response clearly fades away with oxidation under the oxygenated plasma.

Figure 4.14 Evolution of O 1s core level of a 1.5 nm-thick Ag film deposited under
pure Ar (red line) induced by an 90 s exposure (i) to molecular O2 (green line) and
(ii) to a plasma generated on a nearby alumina target with 4%O2 (violet line) and
20%O2 (blue line). The dotted vertical lines correspond to the binding energies of
the different expected O species.

Finally, to assess the impact of substrate interaction with reactive oxygen species, the Ag growth
under pure Ar on a native oxide-covered substrate was compared to that on a wafer pre-treated
by exposure to a 40%O2 plasma for 3 s (Figure 4.16). While no difference on percolation thresh-
old tp was observed (not shown), optics does not evidence a significant change in aspect ratio,
as evidenced through the evolution of As(t) (see Figure 4.4). TEM image analysis showed no
change in particle density.

4.4 Ex situ measurements

4.4.1 Ag nanoparticle STEM HAADF imaging and particle density

In order to clarify the main impact of O2 on Ag film morphology during the nanoparticle growth
stage, films deposited on amorphous silicon nitride SiNx membranes were imaged by STEM plane
views at the same 0.6 nm thickness but for different %O2 conditions (Figure 4.17). This thickness
value ensures a deposit in the growth stage and with saturated particle density, roughly before
the generalized coalescence threshold tc as shown by the As(t) signal in Figure 4.4.
Image analysis using the BlobLog and Watershed algorithms (see Chapter 2) led to a non-linear
increase in particle density ρs (Figure 4.18) with a nearly constant lateral size of approximately
2 nm. Unfortunately, unlike particle density, uncertainties in deposited thickness and modifica-
tion of particle shape by encapsulation do not allow to comment reliably the evolution of aspect
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Figure 4.15 Same film treatment as in Figure 4.14 but followed by SDRS after
a 10 s exposure to plasma of (i) pure Ar i.e. 0%O2 (orange line) and (ii) 4%O2,
20%O2 and 40%O2 (green, brown, blue lines, respectively).

Figure 4.16 Comparison of p-polarized SDRS spectra for 1 nm-thick films de-
posited under (i) pure Ar (0%O2) without (red line) and with (orange dotted line)
3 s-long substrate plasma pre-treatment and (ii) under a gas mixture with 4%O2.
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Figure 4.17 Examples of STEM-HAADF images taken at t = 0.6 nm-thick Ag
films grown under different %O2 conditions.
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ratio from mass conservation.

Figure 4.18 Particle density as obtained from TEM image analysis of 0.6 nm-
thick Ag films grown under different %O2.

4.4.2 Film structure from ex situ x-ray diffraction

Photoemission results were supplemented by ex situ out-of-plane Bragg-Brentano and in-plane
grazing incidence XRD measurements for 20 nm-thick Ag films deposited under different %O2
conditions on bulk fused silica wafers (Figure 4.19).
Compared to bulk atomic structure expectations, all diffractograms exhibit only Ag and ZnO
wurtzite peaks, with a broad feature associated with amorphous SiO2 from the silica wafer.
The most intense (111) reflection of Ag2O, expected at 2θ ' 33◦, is absent in all diffraction
geometries and for all %O2. The fortuitous overlap between (111)Ag and (200)Ag2O reflections
cannot hide textured Ag2O grains, since the expected (220)Ag2O peak along the perpendicu-
lar diffraction direction is not observed. Thus, the formed silver oxide does not appear to be
crystalline, in agreement with similar studies of sputtering deposition [58, 150] although other
studies have observed crystallized sputtered Ag2O films [107, 134–136, 139, 271, 272]. Different
film thicknesses, deposition kinetics and substrates may explain the discrepancy.

XRD peak positions, FWHMs and areas extracted from a global fit with Voigt line shapes have
been translated into strain, coherent domain size Dcoh (or Debye-Scherrer size) and volume ratio
(Figure 4.20). The (001)-textured ZnO layer has a perpendicular Dcoh close to its film thickness
(4 nm) and shows an anisotropic distortion due to an in-plane compression stress. In comparison,
the [111]-oriented Ag grains appear to be poorly strained, unlike the [100]-oriented grains which
are in a tensile strain along both directions. Dcoh obtained from all Ag peaks decreases with
%O2 demonstrating a clear loss of crystallinity of metallic Ag. The most impacted peak is the
out-of-plane (111)Ag which Dcoh decreases from a value of ∼ 15 nm close to the film thickness at
0%O2 down to ∼ 4 nm at 40%O2. Surprisingly, a switch from out-of-plane texture from (111) to
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Figure 4.19 XRD measurements of 20 nm-thick films deposited on fused silica
bulk substrates under different %O2 conditions: (a) Bragg-Brentano out-of-plane
and (b) grazing incidence in-plane geometries. Vertical bars correspond to expected
diffraction peak positions [247] for Ag, Ag2O, ZnO and SiO2.
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(100) [58] (Figure 4.20-c) parallels the change in oxidation behaviour observed by photoemission
at 10%O2 (Figure 4.8).

Figure 4.20 (a) Coherent domain sizes D = 0.9λ
cos(2θ)∆(2θ) as deduced from the full-

width at half-maximum ∆(2θ) of the indicated peaks in the out-of-plane (Bragg-
Brentano) and in-plane (GIXRD) configurations. (b) Strain or lattice parameter
variation relative to bulk value obtained from the (2θ) position of the indicated peak.
(c) Analysis of texture from out-of-plane XRD data: volume ratio as obtained by
the fraction of (111)Ag and (200)Ag out-of-plane peak areas corrected from expected
bulk powder intensities.

4.5 Discussion: the three %O2 regimes

Based on all the results described in the previous sections, the effect of O2 addition can be
separated schematically into three regimes in terms of the % of O2 flow during deposition: (i) a
low regime (for %O2 between 0 and 4%), (ii) an intermediate regime (for %O2 between 10 and
20%), and (iii) a high regime (for %O2 higher than 20%).

4.5.1 The low %O2 regime: 0 ≤ %O2 ≤ 4

In this regime, a sizeable 20 % decrease of the percolation threshold tp (Figure 4.2-a) is observed,
from 5.4 nm at 0%O2 to 4.3 nm at 4%O2. This occurs with no significant impact on the final
resistivity at t = 20 nm (Figure 4.2-b) despite a slight film crystallinity worsening (Figure 4.19).
Regarding film composition, no clear trace of oxidation in the Ag 3d core level peak is present at
any thickness within the sensitivity of photoemission spectroscopy (Figures 4.6-a and 4.12), in
agreement with previous reports [111,140]. The same conclusion is reached with the low inten-
sity O 1s peak (Figure 4.11), its total area only leading to an AgOx stoichiometry of x = 0.02 for
4%O2. If for a 20 nm-thick continuous film, the major species are the Oβ moiety (i.e. subsurface
oxygen) and its companion surface Oα3 moiety (Figure 4.6-a), Oα1 goes through a maximum
at ∼ 12 nm in thickness (Figure 4.11-a). This behaviour, observed even at higher %O2 (Fig-
ure 4.11-b,c) seems to be related, within the probing depth of photoemission, to the percolation
of the film and the fraction of film surface available for Oα1 adsorption or for oxidation (Ag2O).
Most likely, Oα3-Oβ moities are related to the enhanced reactivity of undercoordinated sites
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present in nanoparticles with molecular oxygen [166]; indeed, their respective O 1s peaks also
appear after exposure of an Ag film grown under pure Ar (Figure 4.14 and Figure 4.5) to O2
gas without plasma.

Based on the present data, different explanations can be put forward for the decrease in percola-
tion threshold in this low %O2 regime. The first one is an increase in nucleation density [135,144].
Due to the 3D morphology, a substrate with a higher surface density of islands could in prin-
ciple lead to a percolated network at a lower deposited thickness than a substrate with less
numerous but larger islands. Assuming that tp scales with the coalescence threshold tc, at which
generalized impingement between islands occurs„ one finds: tp ∝ tc ∝ D3

cρs/Ar, where ρs is
the saturation particle density during growth stage, Ar the equilibrium aspect ratio of particles
(diameter/height) and Dc the in-plane size of particles at coalescence start. Since particles are in
contact with each other at coalescence, Dc ∝ ρ−1/2

s so that tp ∝ 1/(ρ1/2
s Ar). Thus, any variation

of Ar or ρs translates into a variation of tp as:

∆tp
tp

= −∆Ar
Ar
− 1

2
∆ρs
ρs

. (4.2)

However, TEM experiments (Figure 4.18) only show a moderate increase of ∼ 10 % in particle
density at thickness t = 0.6 nm (from 4.4 1012 cm−2 to 4.9 1012 cm−2) when introducing 4%O2,
which should give rise only to a modest decrease of ∼ 5 % for tp. This value is far from the ob-
served decrease of −20 % in tp. In addition to this, a larger density of particles should induce an
increased grain boundary density in the percolated film and thus a higher film resistivity [56,273]
which is not observed experimentally (Figure 4.1-b). Thus, a change in nucleation density fails
to fully explain by itself the observed drastic decrease in tp.

The second explanation is an improved wetting of Ag islands in the initial stage of film growth,
before coalescence. Flattened particles covering a larger fraction of the substrate surface should
start impinging on each other at a lower deposited thickness. As shown in Figure 4.4, and de-
spite noise in the measurement, the initial value of As and therefore the initial Ar in the growth
regime before coalescence is larger when 4%O2 is added. This particle flattening effect is also
clearly evidenced in the SDRS spectra (Figures 4.3-a and b) by the red-shift and the increase in
intensity of the parallel plasmon peak [200] between 0%O2 and 4%O2 at t = 0.6 nm. According
to the As(t) evolution, at such an equivalent thickness, the film is indeed in the growth regime
of isolated islands. This experimental SDRS trend is consistent with the qualitative Granfilm
simulations shown in Chapter 2, while the change in particle density through particle-particle
electrostatic coupling fails to account for the order of magnitude of the experimental red-shift
of the parallel plasmon peak. Moreover, as it will be shown below for the high %O2 regime,
a similar change in particle density is not always correlated with an earlier percolation threshold.

Particle flattening may be approached using thermodynamics through surface/interface energy
considerations. For a truncated sphere equilibrium shape (i.e. ignoring crystalline anisotropy),
the contact angle θc is driven by the balance between the particle surface energy γf , the substrate
surface energy γs and the interface energy between the two materials γfs via the Young-Dupré
equation:

Wa = γf (1 + cos θc)
Wa = γs + γf − γfs, (4.3)
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where Wa stands for the adhesion energy. The variation ∆Ar of aspect ratio:

Ar = 2
1− cos θc

(4.4)

induced by a change in contact angle ∆θc reads:

∆Ar
Ar

= − sin θc∆θc
1− cos θc

. (4.5)

Thus, starting from a contact angle of θc ' 130◦, corresponding to the energetics of Ag/SiOx [200,
249], a change in ∆tp

tp
' −20 % due to 4%O2 addition (Figure 4.2) would require a moderate

change of ∆θc ' −24◦ according to Equation 4.2 and ignoring the effect of density. Although
not directly comparable in terms of temperature, this order of magnitude matches the varia-
tion of ∆θc ' −20◦ observed in the low regime of oxygen activity on melted Ag sessile drop
measurements [142,143]. From an energetic point of view, this would require a variation of:

∆Wa

Wa
− ∆γf

γf
= − sin θc∆θc

1 + cos θc
' 90% (4.6)

which can be achieved by a decrease of γf and/or an increase in Wa. This change in interface
energetics Wa could be related to the impact of activated O species on the substrate itself, as
seen in Figure 4.13 with the decrease of the C 1s fingerprint of carbonaceous contamination.
Even if a slight increase of Ar is observed in the initial value of As(t) after plasma treatment,
neither tp (5.3 nm for a 0%O2 growth on a plasma-treated wafer instead of 5.4 nm for an as-
introduced one), nor the slope of evolution of As(t) in the coalescence regime (Figure 4.4), nor
the parallel plasmon peak (Figure 4.16) at t = 1 nm are impacted by wafer surface plasma treat-
ment before deposition. All these findings rule out a major impact on Ag wetting of a substrate
"cleaning effect" by the plasma. On the other hand, oxygen adsorption at the surface of the Ag
nanoparticles (Oα3) or in a subsurface form (Oβ) as observed by photoemission (Figure 4.6 and
Figure 4.11-a) is a likely explanation of this enhanced wetting. Nevertheless, the thermodynamic
stability diagrams of O-adsorption at the surface/subsurface of Ag(111) [274] and Ag(100) [275]
obtained by ab initio calculations show that a variation of surface energy ∆γf

γf
of at best -40%

can be achieved at the highest oxygen chemical potential, before the formation of bulk Ag2O.
This value is less than half of what is required by Equation 4.6.

Lastly, a delay in coalescence dynamics induced by oxygen adsorption could also explain the
formation of elongated and irregular-shaped clusters instead of round-shaped islands and there-
fore an earlier percolation (Figure 4.2). Previously reported in the literature only via ex situ
scanning electron microscopy imaging [150,276], the phenomenon of partial coalescence appears
clearly herein, when comparing 0%O2 and 4%O2, in the change in slope in the evolution of
As(t) (Figure 4.4) and the match between the experimental and simulated SDRS line shapes at
t = 3 nm (Figure 4.3-b) . A likely explanation lies in the observed switch of film texture from
70 % [111]-oriented to 65% [100]-oriented grains when O2 is introduced in the plasma, as shown
in Figure 4.20. Besides adsorbed O, the vertical interplanar distance mismatch between [111]
(2.35 Å) and [100] (2.045 Å) oriented grains hinders their coalescence process. At 4%O2, this
structural impediment reaches a maximum with a 50-50% balance between both types of grains,
not speaking about their random relative in-plane orientations. As predicted by first principle
calculations, such a reversal of film texture could find its origin (i) in a more favourable isolated
oxygen adsorption energy at a (100) rather than a (111) surface, associated to a much larger
O surface diffusion barrier [277] ; and (ii) in a lower O-covered surface energy of (100) [275]
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than (111) [274] surface at all O chemical potentials, which nearly compensates the difference
in compacity between the two orientations.

To conclude, the earlier percolation induced by the 4%O2 addition results from a combination of
effects: (i) change in particle density, (ii) a better wetting before coalescence and (iii) a delayed
coalescence due to oxygen adsorption. The last two mechanisms appear to be the most effective.
Substrate "cleaning" by exposure to oxygenated plasma, on the other hand, does not seem to
play a major role. The lack of clear-cut oxidation and the presence of only surface/subsurface
O moities argue in favour of a "surfactant" mechanism of O2 in this regime.

4.5.2 The intermediate %O2 regime: 10 ≤ %O2 < 20

While still being well below the measured value under pure Ar, the thickness at the percolation
threshold only slightly decreases from 10 %O2 to 20%O2 (Figure 4.2-a). Concurrently, the resis-
tivity at t = 20 nm starts rising (Figure 4.2-b). Particle flattening and delayed coalescence are
still at work just like in the low %O2 regime (Figure 4.3 and 4.4), alongside the effect of particle
density increase, although more moderate than in the low O2 regime (Figure 4.18).

Chemical analyses in the intermediate regime show a transition towards a component dominated
by Oα1 species in 20 nm-thick film (Figure 4.8). In parallel, the fractions x and y of oxidized Ag
slowly increase in this regime, even though the major fraction of the film still remains metallic
(Figure 4.8). Following this uptake in Oα1 that denotes a more "oxidative" plasma [166], a gradi-
ent of composition develops across the film thickness before reaching a plateau value of ' 8−10%
at 10 nm (Figure 4.12-b). In parallel, at intermediate thicknesses (∼ 6 nm; Figure 4.11-b), a
Ag2O (or Oα2) species is detected before completely vanishing in thicker films. These observa-
tions can be linked to a change in the oxidation behaviour of the exposed Ag surface that follows
the growth mode of the film i.e. the transition from 3D particles to a continuous, uniform film.
The case being clearer in high %O2 regime, it will be commented in the next section.

SDRS spectra at t = 0.6 nm (Figure 4.3-a) for 10%O2 start differing from those corresponding
to 4 %O2. The trend becomes clearer at t = 3 nm (Figure 4.3-b), with an overall decrease in
intensity and a red-shift of both resonances. According to dielectric simulations (Chapter 2),
these observations can be explained by the formation of a core-shell structure due to adsorbed
oxygen. A similar trend is observed later in the high %O2 regime at 40%O2 (see below). Thus,
the initial stage of deposition is mainly governed by the growth of metallic nanoparticles with
absorbed O at their surface in a core-shell like-configuration, that is the starting point for the
gradual oxidation of the film with increasing thickness.

4.5.3 The high %O2 regime: %O2 ≥ 20

The high %O2 regime is characterized by an abrupt increase of the oxide fraction AgOx in
the film stoichiometry at t = 20 nm (Figure 4.8-b), which stabilizes at x = 0.26 for 40%O2, a
value only slightly lower than for a deposition under pure O2 (x = 0.28). From the Ag 3d core
level, all Ag atoms appear to be in an oxidized state (Figure 4.8-a) at t = 20 nm. This occurs
alongside a drastic change in film chemistry; above 20%O2 at t = 20 nm, the O 1s core level is
characteristic of an Ag2O-like compound (Figure 4.8-a). Therefore, in agreement with previous
reports [140], thick films deposited in the high O2 regime appear to be mainly composed of a
highly sub-stoichiometric oxide that is not crystallized (see Figure 4.19).
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Both the percolation threshold and the film resistivity at t = 20 nm (Figure 4.2) follow a linear
evolution from the intermediate regime. The increase in resistivity is consistent with the en-
hanced film oxidation, but also with the increase in nanoparticle density (Figure 4.18) that scales
with the final grain boundary density in the percolated film. However, compared to resistivity
expected for a pure oxide (59.3 Ω.cm for AgO and 3.3 103−7 108 Ω.cm for Ag2O) [107,139,278],
the seven orders of magnitude lower value measured at 40%O2 (57 µΩ.cm) suggests that the
t = 20 nm-thick film is not homogeneous. Indeed, a composition gradient across the layer thick-
ness is clearly evidenced by the analysis of photoemission results (Figure 4.12-b,c).

Besides resistivity, SDRS and XRD measurements also raise the question of composition gradi-
ent in the film. Metal particles are required to observe a plasmon resonance at low thickness
(Figure 4.3-a). At the start of deposition in the nanoparticle growth regime, the film is mostly
metallic according to photoemission (Figure 4.12-c), thus explaining the presence of Ag metal
peaks in t = 20 nm XRD patterns (Figure 4.19). These nanoparticles form through competi-
tive mechanisms (i) of metal-metal clustering by fast Ag surface diffusion on silica and (ii) of
oxidation, probably mainly by direct impact as the substrate itself reacts with activated-oxygen
species (Figure 4.13). As the surface coverage increases, they further oxidize. Thus, the optical
signature for the formation of an oxide shell on a metallic core (red-shift for the parallel plas-
mon peak alongside a decrease in intensity) is even more apparent in SDRS spectra at higher
thickness values (Figure 4.3-b at t = 3 nm versus Figure 4.3-a at t = 0.6 nm). After percolation,
and moreso after the formation of a continuous film, the oxide fraction reaches about half of its
final value (Figure 4.12-c; 40%O2; t > 6 nm). In this thickness regime, film growth takes place
on a Ag-suboxide where Ag ad-atom diffusion is slowed down, and metallic Ag clustering is
unlikely compared to SiOx, given its higher adsorption energy. Moreover, the sticking coefficient
of activated O species [140], and probably their diffusion lengths at the surface, increase. Thus,
a change from an oxidation mechanism of "Eley-Rideal" to a "Langmuir-Hinshelwood" type due
to the evolution of the film morphology leads to an oxidation gradient with (mostly) metallic
Ag being deposited in the initial stages. This explains (i) the existence of an initial plasmonic
signal (Figure 4.3-a), (ii) a reflectivity characteristic of a percolated film at t = 3 nm with a
continuous increase in the near infrared, (iii) a low resistivity of the final film compared to a
bulk oxide and (iv) the presence of Ag metallic XRD reflections, albeit less crystalline for higher
%O2 conditions. The transition and the actual oxidation state of the film is governed by the
balance between (i) the fraction of covered substrate (and thus the film morphology), (ii) the
relative arrival rates of Ag and activated O species and (iii) their relative sticking coefficients
and diffusion lengths on SiOx and Ag-suboxide. The existence of the initial competition between
metal clustering and oxidation is confirmed by the strong reactivity observed during post-growth
exposure to a O-rich plasma (20%O2 in Figure 4.14); in principle, complete Ag oxidation is not
really impeded. On the other hand, not even the growth under pure O2 plasma is able to reach
a stoichiometry close to Ag2O (x = 0.28). Anticipated in the previous section, such a general
scenario seems to be also at work in the intermediate regime of %O2, but to a lesser extent, as
the content of activated species in the plasma is lower (Figure 4.12). The transition from metallic
to more oxidized Ag (Figure 4.12) and the switch from Oα3-Oβ to Ag2O moities (Figure 4.11)
correlate with the percolation threshold of the film.

All these observations rationalise the methodology of gas deployment in the early stages of film
growth proposed in previous studies [111,138,148] to benefit from earlier film percolation while
avoiding the deleterious impact of oxidation on film resistivity. But such a trick is not the
panacea; it requires an apparatus-dependent optimisation as it relies on a subtle kinetic balance
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between growth and oxidation rates.

4.6 Conclusion
In this chapter, the effects of O2 addition during magnetron sputtering of Ag films was explored.
It was shown that eventhough O2 shares some similarities with N2 (such as a decrease of per-
colation threshold, a loss of crystallinity, a change in texture and a resistivity increase with %
in the gas flow), the magnitudes of trends are very different. In particular, O2 differentiates
itself from N2 especially due to its higher reactivity. A rich chemistry between Ag and O was
observed depending on the %O2, from adsorbates to the formation of suboxides. The impact
of the latter on film resistivity was much more noticeable than for N2 for which no compound
is formed. Three %O2 regimes were distinguished. Firstly, at low O2 flow (0 ≤ %O2 ≤ 4), a
combined effect of (i) nanoparticle flattening and density increase in the initial stages of film
growth, (ii) a delayed coalescence and (iii) a change in film texture from [111] to [100] can ex-
plain the strong reduction in the percolation threshold thickness. Neither clear-cut Ag oxidation
nor film resistivity increase are observed. The observed change in surface/interface energy due
to the formation of adsorbed Oα1/Oα3 and subsurface Oβ moities on the growing nanoparticles
was put forward to explain these findings. In the intermediate regime (10 ≤ %O2 < 20), in ad-
dition to the particle flattening, to the onset of increase in resistivity and to a weaker decrease
in percolation threshold thickness, Oα1 moieties become the main species of adsorbed oxygen.
Finally, in the high regime (%O2 ≥ 20), actual oxidation takes places in the form of an Ag2O-
like amorphous/not-crystallized compound and has a strong impact on resistivity. The found
gradient of oxidation was explained by growth kinetics involving a complex balance between
substrate reactivity, arrival rates of Ag and of activated O species, metal-metal aggregation, O
diffusion, and film morphology.
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In previous chapters (Chapters 4 and 3), the study of the effect of N2 and O2 addition during
Ag film sputtering deposition on the amorphous, oxidized surface of a silicon wafer ("SiOx"),
revealed a number of more or less drastic consequences on the growth mechanism and the
resulting properties of the Ag film. In this chapter, a new study will be carried out with the
same gases but on a pre-deposited wurtzite c axis-oriented aluminium-doped zinc oxide (AZO)
film. The use of these kinds of underlayers for the growth of Ag is widespread all across the
glazing industry, where it is known to improve the quality of sputtered Ag films and therefore
the efficiency of different products such as Low-E glazings. The objective of this chapter is to
verify whether the previous conclusions on the effects of N2 and O2 gases on the Ag film growth
(lower percolation threshold thickness, higher resistivity, oxide formation. . . ) will be affected by
the introduction of this new substrate surface.
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5.1 The AZO underlayer: thickness and deposition conditions

In this chapter, we will be studying Al-doped Zinc Oxide (AZO) underlayers for the growth of
Ag films. As previously discussed in Chapter 1, Al-doping increases the conductivity of ZnO, so
that AZO thin films can be deposited directly using DC magnetron sputtering deposition from
ceramic AZO targets. Although Al doping can modify the unit cell parameters [183, 279, 280],
AZO films are still (0001) oriented in the out-of-plane direction and still act as an epitaxial
template for Ag growth like pure ZnO films. Finally, the use of AZO underlayer also puts our
work much closer to industrial applications in the glass industry.

AZO underlayers were deposited by DC sputtering from a ceramic target (ZnO/Al2O3, 98%/2%-
weight by Neyco) on Si wafers right before each experiment. The composition of the target was
constant for all experiments in this work as well as the deposition conditions (50 W, 2 µbar
total pressure, 50 sccm total gas flux). In order to decide on the other remaining parameters for
the AZO deposition protocol, namely film thickness and gas composition, three conditions and
thicknesses were tested:

• Condition 1: 2 nm-thick AZO layer, deposited under 50 sccm pure Ar;
• Condition 2: 5 nm-thick AZO layer, deposited under 50 sccm pure Ar;
• Condition 3: 5 nm-thick AZO layer, deposited under 50 sccm 10%O2.

The chosen thickness values are in the range that is typically used in industrial applications for
Low-E glass production. Also, we note that increasing the AZO thickness results in an increase
of roughness, a parameter which is not treated in this work [12, 281]. When comparing results
from these three conditions, the selected criteria for choosing the optimal one were the mini-
mization of the percolation threshold thickness (tp) and the final resistivity (ρ) of a 20 nm-thick
Ag film deposited on top. The procedure was as follows. For each of the three above-mentioned
conditions, an AZO underlayer was first deposited on a Si wafer substrate with pre-deposited
Ag electrodes (for the real-time resistance measurements). The sample was then stored in the
MISSTIC load-lock chamber under vacuum during the pre-sputtering stage of the Ag target, to
avoid any contact of the AZO with air. Finally, 20 nm-thick Ag films were deposited using stan-
dard conditions (2 µbar, 50 sccm pure Ar, 50 W DC), alongside real-time SDRS and resistivity
measurements.

For each condition 1-3, p-polarized SDRS spectra for thicknesses between t = 0.4 nm and
t = 1 nm are displayed in Figure 5.1, where they are compared to a direct deposition on a SiOx

surface (Si wafer surface, no underlayer) for t = 1 nm (dotted line). First of all, looking at
the low-energy in-plane plasmon peak, we see that no matter the AZO deposition conditions, a
strong red-shift coupled with an increase in intensity is observed with respect to Ag deposition
on SiOx. This is consistent with the presence of more flattened Ag nanoparticles at similar
thickness, which is a well-known effect of AZO and a consequence of the lower AZO/Ag inter-
face energy due to the epitaxial relationship between these two materials (see Chapter 1 for
more details). On the other hand, no clear energy shift or change in intensity is found when
comparing the spectra for the three AZO deposition conditions at an equivalent thickness. This
demonstrates that varying the AZO deposition protocol, at least in the explored range, does not
significantly impact the Ag nanoparticle aspect ratio or density.

Figure 5.2 reports the values of the percolation threshold thickness (tp) and film resistance (ρ)
at t = 20 nm for each of the deposition conditions. Condition 1 (2 nm-thick film, deposition
under pure Ar) is clearly less favourable from an Ag film quality perspective because of the
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Figure 5.1 SDRS spectra in p polarization for each of the three tested AZO
underlayer deposition conditions. Spectra are shown for Ag thickness values ranging
from 0.4 nm to 1 nm. Spectra are compared to deposition of t = 1 nm Ag on SiOx,
with no underlayer (dotted line).

higher values of both tp and ρ. Comparing the other two conditions, Condition 2 (5 nm-thick
film, deposition under pure Ar) has a lower tp value, but at the expense of a higher value for
ρ, whereas the opposite is observed for Condition 3 (5 nm-thick AZO film deposited under
10%O2). A similar study was done by Tsuda et al. [190] on the effect of the deposition con-
ditions for a 15 nm-thick AZO underlayer, on the electrical properties and surface roughness
of a 20 nm-thick Ag film deposited on top. This study only reported a slight variation in ρ
(∼ 0.1 µΩ.cm) with increasing %O2 (from 0% to 50%). On the contrary, film roughness was
shown to change to a greater extent with increasing %O2. In our case, however, we observed a
roughly 1.4 µΩ.cm difference in the Ag film resistivity with %O2. This sizeable difference could
be explained by the different deposition conditions for the films (pressure and power) and by
different values of film roughness, since thinner (5 nm) and therefore less rough films [281] are
used in the present work. However, as it was already said, it is outside the scope of the present
work to analyse the role of AZO film roughness in depth, and as such we will not go further into
this analysis.

Based on these results, and since one of the objectives of this study is the development of a new
strategy combining gas and substrate effects for lowering the Ag percolation threshold tp and
obtaining thinner and more conductive Ag films, it was decided to choose Condition 2 (5 nm-
thick AZO film under pure Ar) as the standard deposition condition for the AZO underlayer.
We considered this choice to be the most sensible one because this condition yielded the lower
tp value, and therefore it gave us the chance to explore the full extent to which the percolation
threshold could be decreased by reactive gas addition. Moreover, AZO deposition under pure
Ar gas avoids the problem of over-oxidation of the substrate layer and potential O diffusion to
the Ag layer from an O-rich AZO film as previously suggested by Jeong et al [150].
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Figure 5.2 Percolation threshold thickness and film resistance at t = 20 nm for
each of the tested conditions for AZO deposition.
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5.2 Ag film deposition on AZO underlayers: effect of N2 addi-
tion

The effect of N2 addition on the growth of Ag films was studied in the same way as it was for
deposition on SiOx (i.e the native oxide on the surface of a Si wafer) in previous chapters. An
AZO underlayer was deposited before each experiment using the conditions described above, and
stored under vacuum during the pre-sputtering of the metal target prior to Ag film deposition.
We will analyse the results from real-time, in situ and ex situ characterizations for Ag deposition
on the AZO underlayer with increasing %N2 conditions, and compare those results to those from
our study on SiOx in Chapter 3.

5.2.1 Film resistance measurements

Values for the percolation threshold thickness tp for increasing %N2 values are shown in Fig-
ure 5.3-a and compared to the SiOx case (from Chapter 3).

As expected, the film percolation threshold for 0%N2 is reached at a lower thickness when Ag
is deposited on an AZO underlayer rather than on SiOx. The 3.1 nm decrease in tp between the
two substrates is comparable to that measured in Q. Hérault’s thesis work [12] (3.4 nm). It is
a consequence of the improved wetting of Ag nanoparticles on AZO compared to SiOx due to
a lower interface energy, which is itself explained by the epitaxial relation between Ag(111) and
the (0001) surface of the c-axis oriented AZO crystallites. This improved wetting was already
apparent in the SDRS results of Figure 5.1 and will also be obvious later on when analysing
STEM HAADF images of Ag nanoparticles. In short, flattened particles on AZO will impinge
upon each other during film growth and form a conductive network sooner than the round and
more spherical particles observed on SiOx.

We will now look in more detail at the evolution of tp (Figure 5.3-a) for increasing %N2. A slight
increase in tp is first observed when going from 0% to 4%N2, which is followed by a decrease
in tp down to a minimum value of 1.3 nm at 30%N2, an exceptionally low thickness value for a
conductive thin Ag film. Increasing the N2 flux above ∼ 10 % decreases the value for tp for both
substrates AZO and SiOx. The slight increase in tp between 0% and 4%N2 on AZO contrasts with
the decrease of roughly 1 nm observed on SiOx. This anomalous behaviour of tp at 4%N2 will
be discussed in the following sections by combining results from SDRS, XRD and TEM analysis.

Another trend for which an interesting comparison can be made between the two substrates is the
Ag film resistivity ρ at t = 20 nm (Figure 5.3-b). For 0%N2, ρ = 5.5 µΩ.cm and ρ = 7.9 µΩ.cm
for deposition on AZO and on SiOx, respectively. The value of ρ for deposition on AZO is
in line with results from Tsuda et al. [190], who reported values between 4.0 and 6.0 µΩ.cm
for Ag films deposited on 15 nm-thick AZO underlayers grown under similar conditions. With
increasing %N2, ρ increases for both substrates, almost in parallel and with a difference that is
roughly constant and close to ∼ 1µΩ.cm. This observation lets anticipate that the origin for the
deterioration in film resistivity is the same for both substrates i.e. intrinsic to the film growth
itself, and not dictated by the interface. This hypothesis will be further developed and put to
the test with the rest of the data in later sections.
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Figure 5.3 (a) Ag percolation threshold thickness tp and (b) film resistivity ρ at
t = 20 nm measured for different %N2 conditions for deposition on AZO underlayer.
Results are compared to the SiOx case. Values and error bars shown correspond
to the mean value and the standard deviation several experiments (at least two for
each condition).
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5.2.2 SDRS measurements

p-polarized SDRS spectra for Ag films with nominal thickness values of 0.4 nm and 0.6 nm (i.e
before film percolation, which does not occur below t = 1.3 nm for any of the studied conditions)
are shown in Figure 5.4 for different values of %N2. The thickness values are chosen lower than
those used for the study on SiOx surfaces (0.6-2 nm), so as to remain in the nanoparticle regime
before percolation and to avoid the parallel plasmon peak centroid from red-shifting too far into
the infra-red region, outside the spectral range of the spectrometer. Once again, this shift is
merely a consequence of the improved nanoparticle wetting on AZO, like it was observed in
Figure 5.1 for deposition under 0%N2.

Figure 5.4 p-polarized SDRS spectra for different %N2 during deposition of
Ag/AZO at a nominal deposited film thickness of (a) t = 0.4 nm and (b) t = 0.6 nm.

Looking at the low-energy resonance peaks in the SDRS spectra of Figure 5.4, the parallel plas-
mon peak red-shifts and increases in intensity when %N2 goes from 0% up to 10%. This change
is consistent with a progressively higher particle aspect ratio (i.e. particle "flattening"), and is
observed for both thickness values t = 0.4 nm and t = 0.6 nm. We note that for deposition on
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SiOx, the low-energy feature reached an intensity maximum at 4%N2, not at 10%N2. Further
increasing the nitrogen content above 10%N2 still leads to a red-shift, but alongside a decrease in
intensity of the parallel plasmon peak, just like on SiOx. On AZO, unlike on SiOx, the decrease
in intensity for the low-energy peak is observed even for films as thin as t = 0.4 nm.

SDRS data are further supported by the integrated values As(t) of the s-polarized SDRS spectra
for different %N2 conditions (Figure 5.5). While the value of As(t) for %N2 ≥ 10% is consis-
tently higher than the value for 0%N2, the integral for 4%N2 is essentially equal to that for
0%N2 throughout the whole deposition. As(t) being a descriptor of nanoparticle aspect ratio,
this trend suggests an effect on the nanoparticle aspect ratio for %N2 above a certain threshold
of nitrogen. This could be a key factor in explaining the anomalous behaviour of tp at 4%N2
(Figure 5.3), which escaped the otherwise decreasing trend of tp with increasing %N2. In short,
since the particles are already flattened at 0%N2 because they are deposited on AZO, the effect
of N2 at low concentration (4%N2) is less impactful than it was for SiOx.
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Figure 5.5 Integrated s-polarized SDRS signal for Ag deposition on AZO under-
layers for different %N2. Due to a low signal-to-noise ratio at the very beginning of
the deposition, the minimum of the As(t) which would otherwise indicate the onset
of generalized coalescence is not visible. Dotted black lines are shown as a guide to
the eye to compare the relative evolutions.

To explain the role of N2 in the change in aspect ratio of the Ag/AZO nanoparticles, we will
look further into the presence (or lack thereof) of adsorbed N species on the Ag surface in the
next section using in situ XPS.

5.2.3 In situ XPS measurements for 20 nm-thick films

Figure 5.6 shows the in situ XPS spectra for 20 nm-thick Ag films deposited under different
%N2 conditions.
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Figure 5.6 XPS core level spectra of Ag films (t = 20 nm) deposited on an AZO
underlayer under different %N2 conditions: (a) Ag 3d, (b) N 1s, (c) O 1s and (d)
C 1s. Spectra were normalized to the same scale for Ag 3d and to background for
the other core levels.
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Results for Ag film chemistry are very similar to those observed for deposition on SiOx in Chap-
ter 3. The perfect overlap of the Ag 3d core level peaks (Figure 5.6-a) rules out any change in
the chemical state of Ag. This is further reinforced by the absence of evolving features in the
N 1s core level region, which only shows the multiple plasmon losses of Ag 3d. The visible C 1s
signal corresponds to adventitious carbon of aliphatic nature at EB = 284.5 eV, ruling out the
presence of compounds such as carbonates at the film surface. Finally, the lack of peaks in the
O 1s core level spectra excludes any significant spurious oxidation of the Ag film. The observed
step in the spectra could be due to the excitation of Ag 3p 5/2 core level by the Kβ satellite of
the Al-Kα x-ray source; however, the expected shift of 69.7 eV of the Kβ line would give rise to
a peak around 534.3 eV - slightly shifted from the present finding (Figure 5.6-c).

In conclusion, photoemission results support the presence of metallic silver and rule out the
presence of Ag-N bonds for all %N2 conditions.

5.2.4 Surface plasma treatment of AZO with N2 plasma

The effect of the exposure of the AZO underlayer to a plasma during the initial stages of film
growth was explored by XPS following the same procedure as in Chapter 3. Figure 5.7 shows
XPS spectra before and after a 3 s-long exposure of AZO to a plasma ignited on an Al2O3 target
for 0%N2 and 40%N2.
All gas compositions diminish the surface carbon contamination on the film to a similar ex-
tent (Figure 5.7-c), thus increasing the intensity of the substrate components (spectra without
rescaling not shown). In parallel, N2 (but not Ar) induces an upwards band bending as seen in
the consistent shifts of all the AZO substrate features i.e. Zn 2p, Zn LMM Auger line, and O 1s
(not shown). This is assigned to a reaction of the AZO layer with plasma-activated N species.
Its direct signature appears both as a new component in the N 1s core level region (Figure 5.7-
d), and through the disappearance of the under-oxidized Zn component (Figure 5.7-a,b). To
evidence the latter, the Zn LMM Auger line (Figure 5.7-a) is the best indicator as the energy
shift between metallic (Zn0) and oxidized (Zn2+) zinc is larger than that observed for the Zn 2p
core level [181]. The case is illustrated in Figure 5.8 with the Zn LMM region of metallic zinc
thick deposit and of a ZnO(0001) single crystal [282].
The amount of oxidation of Zn upon plasma treatment can be obtained from the ratio of areas
between the Auger line and the difference spectra before and after plasma treatment (Figure 5.7).
Accounting for the mean free path λ = 2 nm at EK = 900 eV in ZnO [239], it corresponds to a
thickness of ∼ 0.2 nm.

5.2.5 STEM-HAADF imaging analysis of Ag nanoparticles

The effect of the presence of N2 during the island stage of film growth (i.e. before percola-
tion) was studied using STEM-HAADF imaging. The analysed stacks consisted of a 5 nm-thick
AZO underlayer, a 0.6 nm-thick Ag layer (i.e well below percolation in all cases), and a final
5 nm-thick AZO capping layer, all of them deposited on amorphous SiNx TEM membranes.
Figure 5.9 displays a selection of HAADF TEM images obtained for different %N2 conditions
during Ag deposition.

Compared to images of a direct deposit on the oxidized amorphous SiNx TEM membranes
(shown in Chapter 3) in which case nanoparticles have rounded spherical shapes, one immedi-
ately sees that nanoparticles deposited on AZO are more irregular in shape. This is even more
striking at higher %N2, when particles appear more and more elongated and irregularly-shaped.
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Figure 5.7 Photoemission spectra of AZO layers after a 3 s-long plasma treatment
in front an Al2O3 target for the indicated gas composition: (a) Zn LMM Auger line;
(b) Zn 2p; (c) C 1s; (d) N 1s. In Figures a-b, peaks have been shifted and rescaled
to the same intensity while in Figures c-d, they have been aligned to the same
background. In Figures a-b, the difference with the spectrum of the as-deposited
material is shown as a dotted line at the bottom of the graph.
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Figure 5.8 LMM Auger line from references of metallic zinc (black line) and
oxidized zinc (blue line) in a ZnO(0001) single cristal.

Figure 5.9 Examples of HAADF TEM images of 0.6 nm-thick Ag films deposited
under different %N2 on AZO underlayers. A second 5 nm-thick AZO capping layer
was deposited on top right after Ag deposition.
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The development of such objects is a tell-tale sign of the onset of partial coalescence as described
by Zhao et al. [144] and formalised in the work of Jeffers [102]. Partial coalescence was already
explained in Chapter 1. As a brief reminder, this mechanism involves the inhibition of particle
coalescence leading to an increase in the average time it takes for two particles to completely
coalesce (τcoal). When this time becomes larger than the average time it takes for two particles
to impinge on each other due to particle growth (τimpinge), then more and more particles will
impinge on groups of slowly-coalescing particles, creating island clusters with irregular and elon-
gated island shapes instead of the round, 3D islands obtained in the case of complete coalescence.

Further image analysis was performed to extract the evolution of particle density for each %N2
condition. These results are shown in Figure 5.10, alongside results for deposition directly on
the SiNx membrane. Values start at 2.1 × 1012 cm−2 for deposition under 0%N2, which is al-

0 1 0 2 0 3 0 4 0
1 , 5 x 1 0 1 2

2 , 0 x 1 0 1 2

4 , 0 x 1 0 1 2

4 , 5 x 1 0 1 2

5 , 0 x 1 0 1 2

5 , 5 x 1 0 1 2

6 , 0 x 1 0 1 2

 A Z O  u n d e r l a y e r
 N o  u n d e r l a y e r

 

 

Na
no

pa
rtic

le 
de

ns
ity 

(cm
-2 )

%
 
N 2  d u r i n g  d e p o s i t i o n

Figure 5.10 Ag nanoparticle surface density from STEM image analysis of 0.6 nm-
thick Ag films deposited on AZO underlayers. Values obtained under the same
conditions but for deposition directly on the oxidized TEM SiNx membrane surface
are also shown for comparison.

ready lower than for deposition on the bare, oxidized SiNx membrane (4.4 × 1012 cm−2). As
the nucleation stage is most probably heterogeneous in these conditions, and therefore linked
to the density of surface impurities and nucleation sites [12,22], one could conclude at different
density of defects and impurities (i.e different density of nucleation sites) between AZO and the
bare TEM membrane to explain this difference in particle density between substrates. Another
likely explanation is a more advanced coalescence at such a thickness on AZO than on SiOx as
a consequence of better wetting. This is clear when comparing the evolution of As(t) on AZO
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(Figure 5.5) and on SiOx (Chapter 3) for any of the %N2 conditions. For increasing %N2, the
particle density appears to be nearly constant with %N2, with a slight initial drop at 4%N2 and
uptake at 40%N2. The initial drop in particle density could be due to the analysis algorithm
treating coalescing particles as a single object, artificially decreasing the value of particle density
in the process.

Another possible explanation for the elongated Ag nanoparticle shapes on AZO could be a
preferential nucleation and growth along the AZO grain boundaries. This should, however, be
observed under all %N2 conditions, and not uniquely at higher nitrogen fluxes. Anyway, to test
this hypothesis, a series of STEM-HAADF images were taken on samples deposited under the
same conditions but using an amorphous Al2O3 capping layer. Unfortunately, this material has a
much lower deposition rate than AZO (0.007 nm/s, compared to 0.16 nm/s for AZO). To achieve
the same final thickness for the capping layer (5 nm), the Ag nanoparticles are exposed to the
bombardment of high-energy species from the plasma for a longer time when using Al2O3, which
makes them evolve in shape and adopt a round shape, closer to equilibrium, as shown in Fig-
ure 5.11. This evolution in nanoparticle shape excludes any meaningful morphological analysis,
which was the initial goal for this experiment. The value for particle density is 1.43×1012 cm−2,
which is a value that lies in the range observed in Figure 5.10, but is still lower than the value
for 0%N2 with an AZO capping layer. Improved surface diffusion of the Ag atoms and islands
thanks to the energy transfer during collisions of energetic particles could be responsible for in-
creased dynamic coalescence and this decrease in particle density. Nonetheless, this experiment
demonstrates the difficulties of reliable ex situ TEM image analysis for such a mobile material
as Ag; on the one hand, uncapped films are prone to ageing upon atmosphere exposure, while
on the other hand capping may also impact morphology, especially when energetic species from
a plasma are present.

Figure 5.11 STEM-HAADF images taken from 0.6 nm-thick Ag films deposited
on 5 nm AZO underlayers and capped with (a) 5 nm of AZO or (b) 5 nm of Al2O3.



118 | Chapter 5 Effect of N2 and O2 addition during the sputtering growth of Ag films
on AZO underlayers

5.2.6 XRD film analysis of 20 nm-thick films

Figure 5.12 shows XRD diffractograms for 20 nm-thick Ag films deposited on 5-nm AZO under-
layers, on top of fused silica wafers. The stacks were capped with a 5 nm-thick AZO layer and the
diffractograms were measured in out-of-plane Bragg-Brentano and in-plane GIXRD geometries.
In all cases, only peaks relative to fcc metallic Ag and wurtzite AZO are observed. Contrary to
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Figure 5.12 XRD diffractograms measured in (a) Bragg-Brentano and (b) in-
plane grazing incidence geometries on 20 nm-thick Ag films deposited under different
%N2 conditions.

previous results on SiOx (Chapter 3), the initial Ag film at 0%N2 is highly textured along the
[111] direction due to the favourable epitaxy on [001]-textured AZO underlayer [53,186,187,190].
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However, the cristallinity of Ag is worsened when increasing %N2, as demonstrated by the de-
crease of the out-of-plane and in-plane coherent domain sizes (Dcoh, Figure 5.13-a). The value
for Dcoh along the normal to the film starts close to the nominal film thickness (17 nm instead
fo 20 nm), and then slightly decrease down to 14 nm for 40%N2. This is a moderate change
in Dcoh when compared to previous results, especially for O2 addition during Ag deposition on
SiOx (Chapter 4) where a decrease from 15 nm down to 4 nm was observed. In-plane Dcoh

data show a decrease from 12 nm down to 8 nm. This should directly contribute to a higher
resistivity of the Ag film (Figure 5.3-b). In short, diffraction results show that the crystallinity
of the (111)-textured Ag film on AZO worsens with increasing %N2.

Although not visible in Bragg-Brentano geometry, a new Ag(200) peak appears in GIXRD above
20%N2 (Figure 5.13-b). This is in line with observed change of texture from [111] to [100] for Ag
that was put forward in the case of SiOx and explained by a lower surface energy of a N-covered
Ag(100) surface than that of Ag(111) surface. In the case of AZO, the change in texture is
delayed compared to SiOx, probably owing to the Ag(111) epitaxy on AZO(0001) that stabilises
this orientation. In fact, such a change of orientation from [111] to [100] was observed at larger
thickness in reference [116].

To conclude, N2 addition leads to a "moderate" worsening in film crystallinity for deposition on
AZO compared to SiOx. The change in film texture, previously observed for deposition on SiOx

at much lower %N2, was practically not observed on AZO. Instead, the film maintains its (111)
out-of-plane texture throughout the entire range of %N2 used in this work. Nevertheless, traces
of (100) orientation start appearing at the highest %N2.

5.2.7 Discussion on the effects of N2 addition during Ag deposition on AZO

The use of an AZO underlayer for Ag thin film deposition is known to induce an increased wetting
of the Ag nanoparticles during the initial growth stages, leading to a decrease in the percolation
threshold thickness. Due to its role as a template for heteroepitaxial Ag growth, it also in-
duces a strong Ag(111) texture, improving film crystallinity and reducing crystalline mismatch
at the grain boundary regions of the polycristalline Ag film. The concomitant reduction of grain
boundary density (due to particle flattening) and the improvement of their crystalline quality
(due to epitaxy) reduce film resistivity [53] compared to a deposition on SiOx [190,192,283]. In
accordance with previous reports [12, 53, 190], all of the above-mentioned reported effects of an
AZO underlayer appear in our results for 0%N2. However, because of AZO, we note that these
positive effects sought with the use of a "surfactant" are already present even before any N2 is
added to the deposition chamber.

Based on these observations, we can now look in more detail at the actual impacts of N2 gas
addition. A monotonous decrease of the percolation threshold tp, all the way down to a minimum
of 1.3 nm (Figure 5.3-a), is observed for %N2 ≥ 10%. However, no decrease was measured for
low nitrogen flux (4%N2) unlike for SiOx, where a noticeable change from 5.5 nm to 4.7 nm was
found (Chapter 3). SDRS measurements showed that particles are already flattened for 0%N2
compared to SiOx (Figure 5.1) and according to the values of the integrated s-polarized SDRS
spectra As(t) (Figure 5.5), the addition of 4%N2 does not lead to a sizeable increase in aspect
ratio. STEM HAADF images showed a ∼ 13% decrease in nanoparticle surface density when
increasing %N2 from 0 to 4% instead of an increase like it had been observed for SiOx. This
decrease in density may be caused by the image analysis algorithm treating slowly-coalescing
elongated particle clusters (due to the onset of partial coalescence) as a single particle. So we will
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Figure 5.13 Diffraction from 20 nm-thick Ag films as a function of %N2 during
growth. (a) Coherent domain sizes Dcoh determined from the width of the Ag(111)
peak in Bragg-Brentano out-of-plane geometry and the Ag(220) peak in in-plane
grazing incidence geometry. (b) Volume fractions calculated from the integrated Ag
peak areas in GIXRD diffractograms.
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not use it to estimate an expected change in tp like we did in Chapter 3. In short, the anomalous
behaviour at 4%N2 for the percolation threshold on AZO could be explained considering that
Ag nanoparticles are already flattened on AZO substrates (compared to SiOx), and thus the
addition of a small flux of N2 does not lead to any sizeable particle flattening and decrease in
tp.
For higher values of %N2 (≥ 10%), experimental trends for AZO are more comparable to those
for SiOx. Values for tp decrease in both cases. But on AZO, the Ag nanoparticle surface density
images stays practically constant with increasing %N2 (Figure 5.10) as seen by STEM HAADF.
So an impact of N2 on particle aspect ratio can be put forward to explain this decrease in tp;
indeed SDRS measurements evidenced further particle flattening for 10%N2, probably due to a
more efficient N2 dissociation and N adsorption at the Ag surface. In parallel, STEM HAADF
images showed that Ag nanoparticles became more irregular and elongated (Figure 5.9) under
these conditions. The appearance of such shapes is a sign of the onset of partial coalescence
in agreement with the observations by Yun et al. [130] for Ag deposition on ZnO under similar
conditions (∼ 25%N2). Partial coalescence requires an inhibited coalescence and/or a faster rate
of particle impingement. Whereas Yun et al. claimed that the inhibited particle coalescence was
a consequence of the crystalline mismatch between coalescing (111)-oriented particles caused by
the incorporation of N2 gas, our XPS data completely ruled out the presence of N in the film. In
parallel, our XRD spectra showed only a slight change in texture at the highest %N2 conditions
with the appearance of a (200) peak in the GIXRD spectra. The difference between the two
works can be explained considering that our XRD spectra were measured at t = 20 nm, whilst
Yun et al. used much lower film thicknesses, leaving little room for texture evolution during film
growth. We can propose an alternative explanation for the onset of partial coalescence based on
the presence of adsorbed atomic N species, just like for SiOx. The lack of N in photoemission can
be linked to reversible adsorption of atomic N at the surface of the Ag nanoparticles, blocking Ag
surface diffusion and thus inhibiting particle coalescence upon contact by "facet-migration" [30].

Finally, the increase in film resistivity for Ag on AZO mimics the trend observed for SiOx,
with the film on AZO always being lower in resistivity (Figure 5.3-b). At t = 20 nm, XRD
measurements show a progressive loss of crystallinity for both substrates i.e. a decrease of
coherent domain size (Figure 5.13-a), whilst the loss of film (111) texture on SiOx with increasing
%N2 is not present on AZO up until 40%N2 (but only in the in-plane orientation; see Figure 5.13-
b). This is a consequence of the epitaxial relation of Ag with the underlying (0001)-oriented
AZO layer; the higher in-plane texturation of the Ag films on AZO leads to less reflecting grain
boundaries and thus a lower film resistivity [53].
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5.3 Ag film deposition on AZO underlayers: effect of O2 addi-
tion

The addition of O2 was already shown to have a major impact on the Ag film growth, mi-
crostructure and - especially - composition, for Ag deposition on SiOx. For AZO underlayers,
some effects will be analogous to those found for N2 while others will be completely different
and will even differ from those observed for SiOx.

5.3.1 Film resistance measurements

As shown in Figure 5.14-a, for a low O2 flux (4%O2), the addition of O2 gas seems to slightly
increase the Ag percolation threshold. However, given the size of the error bar and the general
dispersion of the data for O2 compared to N2 (see Figures 5.3-a versus 5.14-a), we will only go
as far as to conclude that there is no decrease in tp. Whatever the interpretation of the result
for 4%O2, the lack of a sharp drop in tp is in stark contrast with results for deposition on SiOx,
for which the addition of 4%O2 led to a sizeable decrease (>1 nm) in tp (the "low %O2 regime",
as explained in Chapter 4). Further increasing the O2 flux above 10% leads to a decrease in tp,
with a minimum average value of 1.8 nm being reached at 30%-40%O2. This is comparable to
the results for N2, even a lowest value was achieved for N2 (tp = 1.3 nm for 30%N2 on AZO).

With increasing oxygen flux into the deposition chamber, film resistivity at t = 20 nm increases
in a similar way to that for a deposition on SiOx (Figure 5.14-b). The total increase in film
resistivity is over tenfold, much higher than the one corresponding to N2 addition. Furthermore,
the difference between resistivity values for deposition on AZO and SiOx fluctuates around
' 2.5 µΩ.cm, with the film deposited on AZO always being lower in resistivity. It had already
been concluded for SiOx that this drastic increase of ρ was due to the contribution of Ag sub-
oxides produced during film growth (Chapter 4). But such variations in resistivity could be
linked not only to film composition, but also to structural aspects of the Ag film. Both contri-
butions will be analysed in this chapter.

5.3.2 SDRS measurements

Looking at the SDRS spectra in p-polarization for t = 0.4 nm and t = 0.6 nm (Figure 5.15-a,b)
for Ag deposition under increasing %O2 conditions, we see trends that resemble those observed
for Ag deposition on SiOx. Namely:
• Increasing %O2 from 0% to 4% first induces a red-shift coupled with an increase in intensity
of the low-energy parallel resonance peak, compatible with Ag nanoparticle "flattening"
according to Granfilm simulations (Chapter 2);
• Further increasing %O2 to 10% and higher leads to an even greater red-shift of the low-

energy peak, coupled with a decrease in intensity; this is compatible with the formation
of an oxide shell on the surface of the "flattened" Ag nanoparticles.

Interestingly enough, both effects (particle flattening and formation of an oxidized shell) are al-
ready present at very low deposited thicknesses (t = 0.4 nm and t = 0.6 nm) on AZO underlayer.
This was not quite the case on SiOx (Chapter 4). At t = 0.6 nm, the SDRS spectra showed the
effect of particle flattening for 4%O2, but it did not show the increasing effect of the oxide shell
formation for higher %O2 values; the spectra for %O2 ≥ 10% were bunched up and practically
superimposed with each other. A higher film thickness (t = 3 nm) was necessary to detect the
increasing effects of oxide shell formation in SDRS. Back in Chapter 4, this was explained by
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Figure 5.14 Evolution of (a) the percolation threshold thickness tp and (b) film
resistivity ρ at t = 20 nm for different%O2 conditions for Ag deposition on AZO
underlayer. Values and error bars correspond to the mean and standard deviation
over several experiments (at least two for each condition).
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Figure 5.15 SDRS spectra in the p-polarization for Ag films deposited on AZO
underlayers under different %O2 conditions. Spectra correspond to a deposited
nominal thickness of (a) t = 0.4 nm and (b) t = 0.6 nm.
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the presence of an "oxidation gradient" along the Ag film thickness, with the fraction of oxidized
Ag at the surface becoming higher with increasing film thickness. In the case of AZO, the fact
that we can already see the effect of nanoparticle oxidation at small thickness (t = 0.4 nm and
t = 0.6 nm) is a sign that Ag films are already more oxidized at lower thickness on this substrate.
Later in this section, we will analyse the oxidation gradient in the AZO case and compare it to
results for deposition on SiOx.

The integrated intensity of the s-polarized signal As(t) was also calculated for Ag deposition on
AZO. Unfortunately, the data shown Figure 5.16 have a low signal-to-noise ratio and thus trends
are unclear. As(t) increases with thickness at 0%, 4% and 20%O2 but is constant at 40%O2,
and the behaviour is simply unclear at 10%O2. We must keep in mind that in the case of Ag
deposition on AZO, the parallel-plasmon peak is already red-shifted compared to deposition on
SiOx, and will be even more red-shifted with increasing %O2. The peak will thus be located
very close to the integration limit of the spectrometer used for the SDRS measurements (see
Figure 5.15-c). Because of these instrumental limitations and the low signal-to-noise ratio, we
will not comment the As(t) data any further in this chapter.
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Figure 5.16 Integrated s-polarized signal from the SDRS spectra for Ag films
deposited on AZO underlayers under increasing %O2.

5.3.3 In situ XPS measurements for 20 nm-thick films

In situ XPS spectra for 20 nm-thick Ag films deposited on AZO underlayers are shown in Fig-
ure 5.17. Increasing %O2 leads to an energy shift of the Ag 3d 5/2 core level (Figure 5.17-a)
from EB ' 368.2 eV down to EB ' 367.7 eV. This shift is essentially the same as the one
observed for deposition on SiOx (Chapter 4), and corresponds to an evolution from metallic
Ag towards an increasingly oxidized film. The O 1s core level spectra (Figure 5.17-b) show
the presence of different components appearing with increasing %O2. Oα1 species are observed
for low %O2 flux values (4%O2), and a dominating peak at EB ' 529.2 eV corresponding to
Ag2O is observed at %O2 ≥ 10%. This evolution contrasts with the results of deposition on
SiOx where a "low-%O2 regime" was observed at 4%O2, with neither Ag2O nor Oα1 species
being detected by XPS, but only Oβ and Oα3 moities corresponding to surface and subsurface
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Figure 5.17 In situ photoemission core level spectra for Ag films (t = 20 nm)
deposited on AZO underlayers under different %O2 conditions: (a) Ag 3d, (b) O 1s
and (c) C 1s.
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Figure 5.17 Continued In situ XPS core level spectra for Ag films (t = 20 nm)
deposited on AZO underlayers under different %O2 conditions: (a) Ag 3d, (b) O 1s
and (c) C 1s.

adsorbed O without charge transfer with Ag. On AZO, oxide species and the related shift in the
Ag 3d spectra were detected even at 4%O2. Finally, the only peak present in the C 1s spectra
(Figure5.17-c) corresponds to an adventitious carbon uptake during sample transfer inside the
MISSTIC setup; no carbonate peak is observed under any condition.

Photoemission spectra for the Ag 3d and O 1s core levels were fitted using the same method
as for the study of Ag deposition on SiOx (see Chapter 2 for more details). As a reminder,
the Ag 3d spectra were decomposed into two components, one corresponding to metallic Ag
at EB = 368.1 eV, and a second one corresponding to oxidized Ag ("AgOx") with a EB value
shifted by −0.5± 0.1 eV. Components for the O 1s core level were fitted using Voigt peaks but
with EB fixed at tabulated values for each oxygen species.

Figure 5.18 shows the analysis for 20 nm-thick Ag films deposited on AZO underlayers. At
4%O2, the O 1s spectrum is dominated by the Oα1 species, which results in a slight increase in
the fraction y of the oxidized Ag component in the Ag 3d spectrum. For %O2 ≥ 10%, Ag2O be-
comes the major component of the O 1s spectrum with a corresponding increase in the oxidized
component y in the Ag 3d spectrum. These trends qualitatively match the previous observations
for Ag deposition on SiOx in the so-called "intermediate %O2" regime for 4%O2 on AZO, later
transitioning to the "high %O2" regime for %O2 ≥ 10% on AZO. On the other hand, the "low
%O2" regime is not present on AZO. Even at 4%O2, Oα1 species and the corresponding oxidized
Ag fraction y (albeit small) are detected.

Now that the main trends for the composition of 20 nm-thick films on AZO have been es-
tablished, we can compare these results in more detail with those for Ag deposition on SiOx.
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Figure 5.18 Results of core level fits for 20 nm-thick Ag films deposited on AZO
underlayers as a function of %O2: (a) O 1s with the relative area for each O species;
(b) Ag 3d with the values of the fraction Ag0

1−yAgδy of oxidized Ag in the film, of the
global AgOx stoichiometry from the ratio between the total O 1s and Ag 3d peak
areas and the average charge per Ag atom δ.

Figure 5.19 shows a comparison between the values of (a) y and (b) x parameters on the two
substrates, SiOx and AZO. The values for y are consistently higher for Ag films on AZO, with

Figure 5.19 Comparison between the (a) y (oxidized Ag fraction), and (b) x
(AgOx average stoichiometry) values for 20 nm-thick Ag films deposited on SiOx

and on an AZO underlayer.

the difference between the two substrates being especially large at 10%O2 and 20%O2. This can
be understood through the major species in the O 1s spectra for 10%O2 and 20%O2 on each
substrate: Oα1 (i.e a surface oxide) is the main species for Ag films on SiOx deposited under
10%O2 and 20%O2, whereas Ag2O is the main species for Ag films on AZO. Oα1 species are
reportedly unstable [151] and located at the surface of the films [284, 285], whereas Ag2O is a
more stable oxide that can accumulate in the bulk of the film. Therefore, formation of Ag2O
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contributes to a higher value of y for the film on AZO, increasing the gap between the two sub-
strates. For %O2 ≥20%O2, where Ag2O is the major component of the film for both substrates,
the gap in the y values between the two substrates narrow, particularly at 40%O2 in which case
an almost identical value of y is reached for AZO and for SiOx. The film stoichiometry AgOx

tells a similar story, with the x values for Ag films on AZO being always higher than for Ag
films on SiOx. This is especially true for 20%O2, in which case the gap in x is very large.

Films deposited under 4%O2 show an interesting behaviour. While the y value is equal to zero
for a film deposited on SiOx, the corresponding x value is higher than zero and close to that
of the film deposited on AZO. The explanation lies in the oxidizing nature of the O species in
the film. The calculation of x involves integrating the entire O 1s core level spectrum, which
includes a variety of oxygen species both "oxidizing" (i.e. Oα1) and "non-oxidizing" (i.e. Oβ and
Oα3). The latter contribute to the value of x, but not to the value of y since no charge transfer
is observed in the Ag 3d spectrum and thus the oxidized Ag fraction does not increase. The
rise in the value for x for the film deposited on SiOx is thus mostly related to the accumulation
of "non-oxidizing" species on the film; this was one of the defining properties of the so-called
"low %O2 regime" in Chapter 4. In the case of AZO, however, we observe the accumulation of
the oxidizing Oα1 species and a higher value of y even when the total x value (total O intake)
remains equal to SiOx. This is similar to what we observed in Chapter 4 for the so-called "in-
termediate %O2". Only in this case, this regime occurs at %O2 as low as 4%.

In conclusion, only the "intermediate" and "high" %O2 regimes are present when an AZO un-
derlayer is used, and the lower limits for these regimes are skewed towards lower %O2 values.
On top of this, photoemission shows that the nature of the O species on Ag during film growth
varies depending on the substrate, with a higher fraction of oxidizing species (Oα1 and Ag2O)
being formed when the AZO underlayer is used.

5.3.4 Film composition gradients

The composition gradient along the film thickness for Ag films deposited on AZO was studied
using the same procedure for Ag deposition on SiOx: 4%O2, 10%O2 and 40%O2 conditions were
analysed, with thickness values between 0 and 20 nm. Figure 5.20 shows the analysis of the
O 1s core level spectra with the relative fraction of each O species with increasing film thickness.
Figure 5.21 shows the values for y (fraction of oxidized Ag), x (global "AgOx" stoichiometry)
and the average charge transferred per Ag atom δ obtained from the analysis of the Ag 3d core
level. In all three cases, the abnormally high values of x and δ for the lowest film thickness are
simply an artefact of the O 1s peak fit due to the presence of the overwhelming contribution
from the substrate that can not be reliably accounted for during data treatment.

Values for y increase with increasing film thickness and seem to eventually reach a plateau. For
4%O2, this increase in the fraction of oxidized Ag is linked to the formation of Oα1 species,
whereas for 40%O2 it is linked to the formation of Ag2O. In the case of 10%O2, Oα1 is the
dominant species for intermediate thicknesses (t = 4− 10 nm), and then decreases in favour of
Ag2O when approaching a film thickness of 20 nm. The plateau in this case is also less defined.
One important observation we can make by looking at Figure 5.21 is that compared to the oxi-
dation gradient for films deposited on SiOx (Chapter 4), the starting values for y for very thin
films (t < 1.6 nm) are consistently higher for Ag films deposited on AZO. In other words, the
Ag films are more oxidized in the early stages of film growth when Ag is deposited on an AZO
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Figure 5.20 Results from the decomposition of O 1s core level spectra with the
relative fraction of each O species with increasing film thickness for three represen-
tative %O2 conditions.

Figure 5.21 Results from the decomposition of the Ag 3d core level spectra for
increasing film thickness and three representative %O2.
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underlayer. This is a key difference between deposition on SiOx and on AZO, and showcases
differences in the dynamics of surface oxidation of the film during Ag growth.

5.3.5 Surface plasma treatment of AZO with O2 plasma

Figure 5.22 shows the XPS spectra before and after 3 s-long exposure of a 5 nm-thick AZO layer
to a plasma ignited on an Al2O3 target, at 0%O2 and 40%O2. Results for 40%N2 plasma are
also shown for comparison.

Figure 5.22 Pphotoemission spectra of AZO underlayers after a 3 s plasma treat-
ment in front an Al2O3 target for the indicated gas composition: (a) Zn LMM Auger
line and (b) C 1s. Spectra are shifted and overlapped for Figure a and aligned to
background for Figure b. Dotted lines in Figure a corresponds to subtracted spectra
using the as-deposited spectrum as reference.

The treatment with the O2-rich plasma has similar effects to the N2-rich one, i.e. and upward
band bending (not shown), an increase of the oxidized Zn fraction at the AZO surface (Fig-
ure 5.22-a) and a decrease of carbon contamination (Figure 5.22-b). It appears that the kind
of carbon impurities present at the AZO surface are "cleaned" by the energetic/reactive species
of the plasma during the initial stages of Ag deposition regardless of the gas composition. The
remaining C 1s peak after plasma treatment may correspond to a C uptake during the sample
transfer to the XPS chamber.

5.3.6 STEM-HAADF imaging analysis of Ag nanoparticles

A selection of STEM HAADF images of 0.6 nm-thick Ag films deposited under different %O2
conditions on AZO underlayers are shown in Figure 5.23.
Ag nanoparticles are noticeably more irregular in shape and elongated at higher %O2 conditions,
which can be ascribed to partial coalescence like in the case of N2 addition. Elongated, irregular
nanoparticles should impinge on each other and form a percolated network faster than spherical,
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Figure 5.23 Examples of HAADF TEM images of 0.6 nm-thick Ag films deposited
under different %O2 on AZO underlayers.

3D-like particles, thus reducing the value for tp.

Figure 5.24 displays the corresponding change in particle density with %O2 obtained from image
analysis and compares it to the case of direct Ag deposition on an oxidized amorphous SiNx
membrane surface. The evolution of particle density on an AZO underlayer with O2 is very
similar to that observed with N2 (see Figure 5.10). After an initial drop when increasing the
oxygen flux from 0% to 4%, the surface density of the nanoparticles remains almost constant
for increasing %O2 and finally shows a small increase at 40%O2.

5.3.7 XRD film analysis of 20 nm-thick films

Figures 5.25 show the ex situ XRD diffractograms for 20 nm-thick Ag films deposited on AZO
underlayers, in the out-of-plane Bragg-Brentano and in-plane GIXRD geometries. Only peaks
corresponding to wurtzite ZnO and cubic fcc Ag are present in both configurations, in accor-
dance with results for Ag deposition on SiOx. No extra-peaks due to Ag2O are visible. Unlike
deposition on SiOx, however, there is a clear out-of-plane texture along the [111] direction which
does not change with increasing %O2. The value of Dcoh (Figure 5.26-a) for Ag(111) out-of-
plane peak starts at 0%O2 with a value close to film thickness (20 nm), and then decreases
with higher %O2 conditions down to 8 nm, showing a deterioration of film crystallinity. Like for
N2, in-plane diffractograms involve mainly a (220) peak corresponding to an (111) out-of-plane
texture. A small peak appears at 2θ ' 36◦ at high %O2 conditions, which might correspond
to a highly-strained (111) in-plane Ag peak. In parallel, the Dcoh value (Figure 5.26-a) of the
in-plane Ag(220) peak decreases from ∼ 12 nm down to ∼ 7 nm at 40%O2. The corresponding
Ag(220) volume fraction seems to decrease at higher %O2 as shown in Figure 5.26-b in favour
of (presumably) the highly-strained (111) and (200) planes, although the peak broadness and
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Figure 5.24 Change in Ag nanoparticle surface density from the image analysis
of the TEM-HAADF images of 0.6 nm-thick Ag films deposited on AZO underlay-
ers. Values for Ag nanoparticles deposited on amorphous SiNx membranes without
underlayer are shown for comparison.
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Figure 5.25 Ex situ XRD diffractograms measured in (a) the Bragg-Brentano
and (b) the in-plane grazing incidence geometries on 20 nm-thick Ag films deposited
under different %O2 conditions on AZO underlayers. A second AZO layer (t = 5 nm)
was added as a capping layer to prevent ageing.
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assignment uncertainty cast a shadow on this particular result.

5.3.8 Discussion on the effects of O2 addition during Ag deposition on AZO

Similar to the findings for N2, addition of O2 during Ag deposition on AZO led to no signif-
icant change in tp for 4%O2, followed by a decrease down to 1.8 nm in line with results for
SiOx. Nevertheless, at 4%O2, SDRS spectra in p-polarization do show signs of flattening of
the Ag nanoparticles. Unfortunately, this finding cannot be supported by integrated values of
the s-polarization SDRS signal due to the poor signal-to-noise ratio. STEM HAADF images
show a ∼ 36 % decrease in nanoparticle density at t = 0.6 nm. In this case, we can only as-
sume that the changes in aspect ratio and eventual onset of particle coalescence are not strong
enough to induce a decrease in tp for 4%O2. For higher %O2 values, tp decreases because
of inhibited coalescence by the adsorbed O species at the nanoparticle surfaces which leads to
partial coalescence. Such an adsorbate is detected by XPS, in the form of Oα1 and Ag2O species.

Film composition measurements show that the Ag films deposited on AZO are more oxidized
than their SiOx counterparts (Figure 5.19). This difference is present even for very thin films;
at t = 0.4 nm, SDRS spectra already show signs of the formation of an oxidized shell on the Ag
nanoparticles (Figure 5.15), and a higher value of y for very thin films is observed for the film
composition. The difference between the oxidation dynamics of Ag on both substrates could
be linked to their different wetting properties and an higher diffusion barriers for Ag on AZO
(Chapter 1). Assuming an "Eley-Rideal" mechanism for Ag oxidation by activated O species
in the plasma, the already flattened particle shape and the likely slower diffusion of Ag on an
AZO surface than on SiOx mean that more Ag will be exposed and subject to oxidation from
the plasma. Finally, the structure of the Ag film could also play a role; according to the lit-
erature, the formation of Oα1 species originate from an O-induced reconstruction at Ag(111)
surface. With films deposited on AZO showing a strong [111] out-of-plane orientation due to
the favourable epitaxial relation with the AZO underlayer, we can expect the fraction of Oα1
species in the films to be higher on AZO under similar exposure conditions to an oxygenated
plasma. This could explain the higher y at 4%O2 on AZO; in this case the film is highly [111]
textured out-of-plane and Oα1 are the main species, compared to SiOx for which the texture is
lost to a certain extent and Oβ and Oα3 are the main species.

Film resistivity increases with %O2 on both substrates, with a nearly constant difference of about
1 µΩ.cm, in favour of AZO. Compared to N2, the over-tenfold increase in resistivity is caused by
the oxidation of the film. Surprisingly though, it would seem like the higher fractions of oxidized
Ag y for films on AZO (Figure 5.19) do not translate into a higher value of ρ compared to SiOx.
Another explanation for this constant gap in resistivity between AZO and SiOx could involve
film crystallinity; since the Ag films on AZO are strongly textured along the [111] direction,
the lower mismatch between grains result in less-reflecting grain boundaries [53] and an overall
lower resistivity for films on AZO.

5.4 Conclusion
The main objective in this chapter was to study the effect of the superposition of two different
growth control strategies for the magnetron sputtering deposition of Ag thin films: N2 or O2
gas addition and the use of an AZO underlayer. Both, on their own, are known to affect the
growth of the Ag film, but their interaction is not yet completely understood.
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Figure 5.26 Analysis of XRD diffractograms of 20 nm-thick Ag films for increas-
ing %O2: (a) Coherent domain size obtained from the widths of Ag(111) peak in
Bragg-Brentano (out-of-plane) geometry and of the Ag(220) peak in grazing inci-
dence (in-plane) geometry. (b) Volume fraction calculated from the integrated peak
areas of the GIXRD diffractogram.
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Results for low gas flux values (4%N2 or 4%O2) showed that, since particles in the initial growth
stages are already "flattened" when using an AZO underlayer, this cancels the effects of gas
addition and thus tp barely changes. This is in contrast with the very weakly-interacting SiOx

substrate, for which particles are more rounded. For higher values of added gas flux, the ob-
served decrease in tp is much more comparable to that for SiOx. It can be assigned to an increase
in aspect ratio and the onset of partial coalescence. This latter could be the result of a loss in
particle crystallinity at the beginning stages hindering plane alignment, but also a consequence
of atomic N or O adsorption - or oxide formation - inhibiting coalescence mechanisms that rely
on surface diffusion. Finally, the worsening of film conductivity at higher gas flux on AZO is
quite comparable to the trend observed on SiOx, with an almost constant difference in film
resistivity between both substrates. An explanation purely based on the crystalline structure
of the film would imply that loss of crystallinity causes an increase in resistivity, whilst the
better texturation of the films on AZO leads to a lower value because of less-reflecting grain
boundaries. However, oxidation still plays a role, since it is the major factor explaining the much
higher increase in resistivity with O2 than with N2. Between substrates though, the oxidized
fraction (y) does not seem to play a determining role, since the difference in resistivity between
substrates does not really depend on the fraction of oxidized Ag.

In conclusion, the use of AZO underlayers for thin Ag film deposition has a series of effects on
the initial stages of film growth (nucleation, growth and coalescence) of the Ag film that affect
the resulting film properties. When used alongside a gas additive such as N2 or O2, the effect of
the substrate can interefere with that of the gas additive, and in some cases compensate it. An
example is given by the case of low gas flow (N2 or O2) being rendered ineffective at reducing
tp, since the Ag nanoparticles in the initial growth stages are already flattened on AZO. Using
higher gas flux values though can still work for decreasing tp thanks to a combination of particle
flattening by the substrate and the onset of partial coalescence, which can lead to exceptionally
low values for the percolation threshold (1.3 nm for 30%N2). At last, chemical analysis showed
differences in the Ag oxidation dynamics which could be assigned to the role of AZO substrate
on the fraction of the surface covered by the film. This leads to more oxidized Ag films on AZO
underlayers than on their SiOx counterparts, especially in the initial stages of film growth.



138 | Chapter 5 Effect of N2 and O2 addition during the sputtering growth of Ag films
on AZO underlayers



Conclusions and perspectives

Understanding the mechanisms behind Ag thin film growth during magnetron sputtering depo-
sition is of paramount importance both from a fundamental and industrial point of view, since
it can lead to the development of new ways for tailoring film growth and properties through the
process parameters. This is of great relevance in different applications for which the deposition
of thin, but still continuous and highly-conductive films is required. The case of Ag-based Low-E
glazings, where ∼ 10 nm-thick Ag films are used, is an example where a trade-off between trans-
parency in the visible and infra-red reflection has to be found. The main bottleneck to overcome
with Ag is the inherent thermodynamic trend of 3D growth of this metal on weakly-interacting
substrates such as oxides. One possible strategy to tackle this limitation is the use of so-called
"surfactant" gas additives, like N2 and O2, to force a more 2D-like growth and produce a thinner,
more conductive film.

This manuscript started out with a general overview on the fundamentals of thin film growth
during physical vapour deposition with an emphasis on magnetron sputtering. We presented
usual models describing the thermodynamic and kinetic aspects of film growth, with a focus
on metallic film growth on weakly-interacting substrates, and then on the particular case of Ag
deposition on oxides such as silica (i.e. glass surfaces). We found that thermodynamic aspects
(surface/interface energies) drive to a large extent the preference for 3D Ag growth, the so-called
"Volmer-Weber" growth mode. However, since atom gas supersaturation near the substrate sur-
face leads to "out-of-equilibrium" growth conditions, kinetic aspects of film growth are also of
great relevance. Our kinetic description involved exploring the main elementary atomic processes
happening in each of the stages of film growth (nucleation, growth, coalescence, percolation, con-
tinuous and finally uniform film formation). This led, in the second part of the chapter, to review
the literature about the levers for controlling these mechanisms and eventually inducing a more
2D-like film growth. This objective is underpinned by the common microstructural traits that
favour the highest film conductivity: (i) low density of poorly-reflecting grain boundaries, (ii)
low surface roughness and (iii) low density of defects and good crystallinity. We evidenced the
fact that most of the reported strategies for growth control have drawbacks that are hardly com-
patible with glazing applications, including a loss in transparency, a loss in infrared reflectance
and an incorporation of impurities into the film. We singled out the use of "surfactant" gas
additives, however, as a promising strategy, since they can affect film growth while also "floating
out" and remaining on the film surface, instead of incorporating into the bulk of film.
As such, through the use of a combination of real-time, in situ and ex situ characterization
techniques, the first objective of this thesis was to understand the "surfactant" effect of N2
and O2 gas additives during Ag deposition on an amorphous SiOx substrate, which was used
as a baseline "reference" substrate. This initial study helped us understand how these gases
can be used for promoting a 2D growth and producing thinner, conductive Ag films. The sec-
ond objective was to look at the interplay between this "surfactant" effect from the gas additives
and the use of an epitaxial AZO underlayer, which is widely used in both academia and industry.
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The second chapter described the experimental techniques available in the "MISSTIC" deposi-
tion set-up that were used all along this thesis. They were divided into real-time measurements
(i.e during film deposition), in situ measurements (i.e after deposition but with vacuum transfer
between deposition and analysis) and ex situ measurements (i.e outside the vacuum chamber).
In particular, it was discussed how real-time techniques, such as film electrical resistance and
SDRS, allow for the detection of the nominal thickness thresholds of the different stages of film
growth.

The third and fourth chapters were dedicated to the study of the effects of N2 and O2 addition
on the growth of Ag films on the native amorphous oxide layer of a Si wafer ("SiOx"). This
baseline substrate, compatible with photoelectron spectroscopy, was chosen as a "model" surface
for glass surface. While a low flow (4% of the total) of both gases led to a strong decrease in
percolation threshold (> 1 nm) thanks to a combination of increased particle density, increase of
particle aspect ratio in the initial stage of isolated islands and delayed coalescence, the behaviour
changes at higher gas flow and is instead mostly driven by the chemical interaction between each
gas and Ag. While SDRS results for N2 addition were consistent with the reversible adsorption
of atomic N from the plasma, in situ XPS analyses showed that the interaction with O2 follows
a complex scenario with the formation of different O-species and Ag (sub)oxides in the film
and on its surface. A gradient of composition sets up in the thickness of the film, which we
attributed to the competitive mechanisms of metal aggregation and oxidation. XRD analysis
showed that addition of either gas resulted in a loss in crystallinity (more pronounced in the
case of O2) and a progressive change in film texture from (111) to (100). In short, this study
showed that while these gas additives can have surfactant-like effects on film percolation and can
be used for the deposition of thinner conductive continuous Ag films, they also have associated
side effects that contribute to a higher film resistivity (at least when used continuously during
deposition). Specific strategies of gas deployment at the beginning of the growth as already
reported [111,138] could be a way of circumventing them, as we have already started to explore
using "flash" introduction of N2 or O2. In any case, using O2 as a surfactant gas additive should
be limited to very low O2 flow values (the "low O2 regime") lest oxide formation overcomes
the "float out" behaviour one should expect from an actual surfactant substance. N2, on the
contrary, does not incorporate into the film even at high flow, according to XPS.

The final chapter tackled the interplay between the use of gas additives (N2 and O2) and the use
of an epitaxial template for Ag, namely an AZO underlayer. Due to the Ag(111)/ZnO(0001)
epitaxial relationship intrinsically leading to more flattened particles, a lower percolation thresh-
old thickness and a stronger (111) texture compared to SiOx, our results showed that the film
growth mechanism was mostly insensitive to gas additives at low gas flow. The strong (111)
out-of-plane texture induced by the AZO underlayer decreased only slightly (if at all) with in-
creasing gas flow, even if the film crystallinity did suffer from excessive N2 and O2 addition.
The oxidation dynamics by plasma-activated O species also changed, with Ag films being more
oxidized when deposited on AZO than on SiOx. A more efficient Eley-Rideal oxidative mecha-
nism was put forward in parallel to a change in Ag surface mobility. Despite these drawbacks
at higher gas flows, it was possible to reach an unprecedented value of 1.3 nm for the perco-
lation threshold thickness using a combination of an AZO underlayer and the introduction of N2.

Regarding the perspectives for this work, other kinds of real-time measurement techniques could
be used in order to obtain further insights into the growth of Ag. Real-time stress measurement,
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in particular, is a versatile tool for monitoring and understanding film deposition through the
build-up of stress at different stages of film growth. Previous works [43,286], among which some
on our own experimental setup [12,287,288], have shown the interest of the technique, not only
during growth, but also to monitor relaxation processes that could be linked to film ageing.
In the context of gas additive, the use of in situ photoemission turned out to be decisive but
sometimes limited to the extreme surface. To avoid uncertainties brought by sputter-profiling
with energetic ion beams, the use of photoemission profiling with less-damaging ion cluster
source, preferentially in situ, could be of interest to bring more insight into the dynamics of
film oxidation. Hard X-ray Photoemission Spectroscopy (HAXPES) would be also of relevance
to characterize oxidation profile. Plasma characterization/diagnostics could help further linking
the actual nature of activated species in the plasma and their impacts on film chemistry and
growth [289]. For instance, it could be used to study the role of charged species such as O−2 and
their bombardment of the growing film during deposition at high %O2. The effect of the increase
in applied voltage with %O2 was not taken into account in this work. Finally, more advanced
structural characterization techniques, in particular x-ray diffraction at synchrotron or TEM
imaging coupled with Automatic Crystal Orientation Mapping (ACOM), could be implemented
to gain a better understanding of film microstructure and perform a comprehensive study of film
texture evolution. At last, TEM with in situ deposition capability could help understanding
whether certain sites in AZO underlayers (such as grain boundaries) act as nucleation sites for
Ag.

From an applicative point of view, this work brought us closer to elucidating the effects and
mechanisms behind some of the reported strategies for the deposition of Ag thin films with
outstanding properties. It also proved that even if the use of gas surfactants appears to be an
attractive way of tailoring metallic film growth, it is not suitable for all metals: the effect on
film growth will ultimately depend on the chemical interaction of the gas surfactant with the
metal. Finally, the use of AZO and N2 or O2 gas additives led to a change in the growth mode,
from a purely 3D growth towards a more 2D-like growth. In spite of the negative effects on film
crystallinity and conductivity, we could see our improved understanding on the mechanism of
surfactant effects being used for the production and optimization of Low-E glazing products,
to produce larger in-plane grain sizes and generally favour microstructural traits leading to a
higher film conductivity and higher thermal insulation performance.
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Etude par mesures in situ et en temps réel de l’effet d’additifs
gazeux sur la croissance de couches minces d’argent par pul-
vérisation cathodique magnétron
Dans le cadre de la production de vitrages « bas-émissifs » (« Low-E ») avec des propriétés
d’isolation thermique renforcées, des empilements diélectriques complexes contenant des
couches minces d’argent d’une épaisseur d’environ 12 nm sont déposés sur des surfaces
de verre. Pour le dépôt de ces couches, la pulvérisation cathodique magnétron est une
technique largement utilisée par l’industrie verrière. Les recherches actuelles visent à
mieux comprendre la croissance des couches minces d’Ag pendant le dépôt et à trouver
des stratégies pour contrôler leur croissance et leurs microstructures. L’objectif étant
d’améliorer l’efficacité d’isolation thermique de ces vitrages, tout en gardant une faible
épaisseur de la couche métallique et une bonne transmission dans le visible.
Parmi les différentes techniques qui ont été développées pour contrôler la croissance des
couches minces d’Ag, l’utilisation d’additifs gazeux dits « surfactants » pendant le dépôt
magnétron a suscité beaucoup d’intérêt ces dernières années auprès de la communauté sci-
entifique et l’industrie verrière. Ces gaz agissent sur les films d’argent pour contrebalancer
leur tendance naturelle à une croissance type 3D ou Volmer-Weber, forçant à la place une
croissance plus 2D. Idéalement, ils devraient permettre le dépôt de films conducteurs avec
une plus faible épaisseur, sans pour autant s’incorporer dans le film et sans effet délétère
sur sa conductivité. Au-delà de cette image idéale, cependant, le rôle de ces additifs ainsi
que les mécanismes impliqués ne sont pas encore bien compris.
Les effets de l’ajout de deux gaz « surfactants », N2 et O2, pendant le dépôt par pulvéri-
sation magnétron des couches minces d’Ag ont été étudiés à l’aide de caractérisations en
temps réel et in situ. Les mesures de résistance électrique en temps réel permettent de
détecter le seuil de formation d’une couche conductrice (percolation) et la résistivité du
film, tandis que les mesures de réflectivité différentielle fournissent des informations sur
le mouillage des nanoparticules d’Ag dans les étapes initiales de croissance (nucléation,
croissance, coalescence). En parallèle, la composition chimique du film a été caractérisée
par spectroscopie photoélectronique in situ. Des mesures ex situ de microscopie électron-
ique de transmission et diffraction de rayons-x ont été faites en complément. Une étude
systématique de l’effet de l’ajout de N2 et O2 a été réalisée en fonction de leur fraction
dans le flux total de gaz introduit dans l’enceinte de dépôt. L’ajout de chacun des deux
gaz favorise la formation d’une couche conductrice à une épaisseur plus faible que lors
d’un dépôt sous Ar pur, car les gaz agissent sur les premières étapes de croissance de la
couche d’Ag et sur la texture et cristallinité du film. Une oxydation complexe de l‘Ag a
été également observée dans le cas du O2, mais aucune formation de nitrure ni de composé
azoté n’a été détectée avec N2. La modification de l’énergie de surface du métal augmente
le mouillage des nanoparticules d’Ag et génère une compétition entre différentes orienta-
tions cristallines. Ces effets, ainsi que l’oxydation du film dans le cas du O2, entraînent
une coalescence retardée entre les nanoparticules et une perte de conductivité du film.
Finalement, pour étudier l’impact du substrat sur l’effet des gaz surfactants, des dépôts
d’Ag sur une sous-couche de SiO2 et sur une sous-couche d’oxyde de zinc dopé aluminium
(AZO) ont été comparés. La plus faible énergie de l’interface métal-substrat ainsi que
la plus forte texturation du film de Ag déposé sur AZO ont eu comme conséquence
l’augmentation du mouillage des nanoparticules d’Ag, et la formation de couches plus
conductrices et à des épaisseurs plus faibles. Des études de gradient de composition en
profondeur ont montré que l’oxydation du film d’Ag sous O2 dépend également du sub-
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strat, avec une fraction d’Ag oxydé proche de l’interface substrat-métal plus importante
dans le cas d’un film de Ag déposé sur AZO.

Mots-clés :
Couches minces métalliques, Croissance de couches minces, Pulvérisation cathodique mag-
nétron, Couches minces, Argent, Caractérisation in situ.

Study of the effect of gaseous additives on the growth of Ag
films during magnetron sputtering deposition, using in situ
and real-time measurements

Complex dielectric thin-film stacks containing Ag layers (with a thickness of roughly 12
nm) are deposited on glass surfaces to produce “Low-E” glazing products, for enhanced
thermal insulation applications. Magnetron sputtering deposition is the industrially rel-
evant technique used for their production. Current research efforts in the area aim at
finding ways of controlling the out-of-equilibrium growth of the metal film and its result-
ing microstructural properties, with the purpose of improving the insulation efficiency of
the glazing whilst maintaining a low metal thickness and high optical transmission in the
visible region. In this context, the use of so-called “surfactant” gas additives during sput-
tering deposition has garnered much attention over the last years. These gases act upon
the growing Ag film to counterbalance the 3D Volmer-Weber growth mode and force a
more 2D-like growth. Ideally, they should allow for the deposition of thinner, conductive
films without compromising their conductivity and without incorporating into the film.
However, beyond the ideal picture, the exact role of these additives and the mechanisms
involved remain unclear.
The effect of two “surfactant gases”, namely N2 and O2, on the growth of Ag films during
magnetron sputtering deposition was studied using a combination of real-time and in
situ measurements. Real-time electrical film resistance was used to probe the percolation
threshold thickness and film resistivity, while Surface Differential Reflectance Spectroscopy
provided information on the wetting behaviour of the Ag nanoparticles in the initial growth
stages. Film chemistry was characterized using in situ X-Ray Photoelectron Spectroscopy.
These analyses were further supplemented by ex situ Transmission Electron Microscopy
and X-Ray Diffraction measurements. A systematic study was performed as a function of
the fraction of O2 or N2 in the gas flow going into the deposition chamber. Both gases were
shown to promote the formation of a conductive and continuous film at a lower deposited
thickness than for deposition under pure Ar, mostly by acting upon the initial steps of film
growth (nucleation, growth and coalescence) and by affecting the texture and crystallinity
of the Ag film. A complex Ag oxidation chemistry was observed in the case of O2, but
no nitride formation could be evidenced for N2 addition. By modifying the Ag metal
surface energy, the addition of surfactant gases leads to increased nanoparticle wetting in
the initial growth stages, but also leads to competition between different crystallographic
orientations. This effect, alongside film oxidation in the case of O2, results in a delayed
coalescence between nanoparticles, and a decrease in film conductivity.
Finally, to see how the impact of these gases differs depending on the substrate, Ag de-
position on SiO2 and on aluminium-doped zinc oxide (AZO) underlayers was compared.
The lower energy of the metal-substrate interface as well as the improved (111) textura-
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tion of the Ag films on AZO led to improved nanoparticle wetting and the formation of
continuous, more conductive films at a lower thickness. The film oxidation dynamics were
also shown to depend on the substrate, with composition profiles for the Ag films showing
a higher oxide fraction near the metal-substrate interface for AZO underlayers.

Keywords:
Metallic Thin films, Thin film growth, Magnetron sputtering deposition, Metallic films,
Silver, In situ characterization.
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