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RESUME

Alors que le climat se réchauffe da a I’augmentation continue des gaz a effet de serre, il devient de
plus en plus important de réduire notre consommation d’énergie et d’efficacement contrdler la
température des immeubles. Les revétements de fenétres a basse émissivité (low-E), font
exactement cela. Cette technologie passive permet de réduire le transfert de chaleur radiatif a
travers les fenétres, 1’un des principaux points faibles de I’isolation thermique des immeubles
modernes, permettant ainsi de garder les immeubles frais en climats chauds (et vice-versa),
améliorant le confort des occupants et réduisant 1’énergie requise pour climatiser les immeubles.
Pour ce faire, ces revétements doivent intégrer des couches hautement conductives, et donc
hautement réflectives dans I’infrarouge, tout en conservant la transparence et 1’esthétique des

fenétres.

L’argent (Ag), déposé par pulvérisation magnétron, est le choix par excellence pour ce rdle, ayant
la plus haute conductivité¢ des métaux élémentaires ainsi que d’excellentes propriétés optiques, avec
peu d’absorption dans le spectre visible. Cela étant dit, la fabrication de couches d’Ag
suffisamment minces pour des applications optiques n’est pas triviale. L’Ag suit le mode de
croissance Volmer-Weber lorsque déposé sur la plupart des matériaux diélectriques : a basse
épaisseur des nanoparticules isolées se forment au lieu d’une couche continue et conductrice. Il y
a plusieurs fagcons de mitiger ce comportement (par le contrdle de la cinétique de dépdt, en réduisant
I’écart entre les énergies de surface et I’Ag et du substrat, avec 1’ajout de dopants), cependant
celles-ci menent a la formation de cristallites, ou grains, plus petits au sein de la couche. De plus,
I’Ag devient instable dans plusieurs types d’environnements, ce qui peut mettre en risque la
fonctionnalité du revétement. En plus d’étre susceptible a la présence de plusieurs contaminants,
la structure méme de I’Ag peut changer de manic¢re importante lorsque exposé a de hautes
températures, et ce, méme dans I’absence de contaminants. Ces changements peuvent étre
dramatiques, notamment menant a la séparation en ilots d’une couche continue, réduisant la
proportion couverte du substrat; ce processus est le démouillage a ’état solide. Des couches
comportant des petits grains d’Ag seront également prones a croitre a haute températures, menant

a des changements de leurs propriétés optiques et électriques.

Plusieurs couches diélectriques sont mises en place autour de la couche d’Ag pour minimiser ces

processus, mais ils causent tout de méme des problémes importants lors de la production de verre
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trempé. Dans ce cas, le verre revétu doit étre chauffé a une température de 650 °C, puis étre
rapidement refroidi afin de créer de fortes contraintes mécaniques résiduelles dans le verre. En plus
des changements intrinséques a I’Ag a haute température, tel que décrit plus haut, ceci permet aux
contaminants présents dans 1’atmosphére et le substrat de diffuser vers I’Ag beaucoup plus
rapidement. Le contrdle de ces processus est donc d’un grand intérét pour les manufacturiers de
verre low-E. Afin de ce faire sans avoir recours au dopage de 1’Ag, qui peut causer un déclin de la
performance telle-que-revétue, de nouvelles manieres de controler la microstructure de 1’Ag sont
requises. L’objectif principal de cette thése est donc d’enquéter les mécanismes par lesquels les
revétement low-E a base d’Ag se dégradent, et concevoir de nouvelles approches pour les mitiger,
basées sur le contrdle de la microstructure de I’Ag. Les résultats principaux de cette enquéte sont
présentés sous la forme de trois articles soumis a des revues scientifiques avec évaluation par les

pairs.

Le premier article se penche sur I’effet des contaminants sur la dégradation des low-E a hautes
températures. Pour ce faire, des revétements sont fabriqués avec différentes permutations de
couches protectrices et la présence de contaminants est controlée en effectuant le recuit sous
atmosphere d’argon, ainsi qu’en utilisant des substrats avec des différences de composition
importantes. Ce faisant, ’effet de différents contaminants et de combinaisons de ceux-ci peut étre
évalué pour des revétements qui sont autrement identiques. Des mesures optiques et €lectriques
révelent que la contamination par I’oxygene ou par le sodium peuvent tous les deux causer une
dégradation importante de la performance; cependant, des observations par microscopie
¢lectronique révelent que cette dégradation est causée par des mécanismes qualitativement
différents. La dégradation a haute température d’égratignures a la surface du revétement est aussi
enquétée, utilisant les mémes méthodes pour controler 1’apport de contaminants et isoler leur rdle.
Il est trouvé que des craques dans la couche protectrice du haut permettant la diffusion de
contaminants atmosphériques vers la couche d’Ag et la présence de délaminations au sein du
revétement menent aux changements les plus importants, en causant la formation de nanoparticules

hautement diffusives dans le revétement.

Le second article démontre les améliorations potentielles du niveau de durabilité qui peuvent étre
obtenues en contrdlant la microstructure de la couche d’argent, mais dans le contexte de la
résistance a la corrosion. Le dépot de couches d’ Ag minces et conductrices est effectué en utilisant

I’azote comme surfactant (Agm)). Cependant, ceci cause la formation de grains significativement
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plus petits, menant a une dégradation encore plus rapide lorsque placé dans un environnement
corrosif. Une couche d’oxide de zinc dopé a I’aluminium (ZnOay)) est ajoutée avant le dépot
d’Agm) pour promouvoir la croissance de 1’Ag en orientation (111), avec des grains plus larges et
plus uniformes, et ce, peu importe la concentration d’azote. Il est découvert que, malgré qu’ils aient
des grains de taille similaires, les revétements d’Agw) déposés avec des faibles concentrations
d’azote sont beaucoup plus résistants que ceux d’Ag pur. Cet effet est attribué a la réduction de
zones vides a I’interface entre I’ Ag et le substrat, tel que confirmé par des mesures par microscopie
a force atomique. Ces mesures révelent que les couches d’Agwn) recouvrent une beaucoup plus
grande proportion du substrat a basses épaisseurs, malgré qu’elles convergent vers une
morphologie similaire a I’Ag pur lorsque déposées sur du ZnOay. Enfin, des couches ultra-minces

d’Agn) sont utilisées pour produire des revétements anti-reflet avec une stabilité chimique accrue.

Dans le troisiéme article, une étape d’amincissement post-dépdt est étudiée comme nouvelle
méthode de fabrication, permettant le dépot de couches minces d’Ag avec des microstructures
contrdlées. Une fois qu’une couche continue est formée, 1’amincissement de la couche via une
gravure par plasma d’argon permet de réduire 1’épaisseur de la couche en gardant une morphologie
continue. Ceci d’éviter les morphologies discontinues qui découlent du mode croissance Volmer-
Weber, sans avoir recours a des méthodes qui réduisent la taille des grains. L’article se concentre
sur la dépendance des morphologies obtenues par gravure sur les conditions de dépdt et
microstructures initiales. Pour ce faire, des techniques conventionnelles d’ellipsométrie in situ avec
augmentation interférentielles sont utilisés pour identifier les épaisseurs auxquelles des couches
continues d’Ag sont formées et une méthode sans dépendance sur les propriétés interférentielles
du substrat est utilisée pour identifier les €paisseurs auxquelles les couches forment des réseaux
conducteurs. Cette étude révele que lors de la gravure, la formation de trous et le démouillage de
la couche sont contrdlés par des mécanismes différents; ceux-ci sont attribués a des processus
connus de démouillage a I’état solide, avec quelques subtilités propres a la gravure ionique. Des
résultats additionnels, non-publiés, sont aussi présentés : des rev€tements anti-reflet a haute
conductivité sont fabriqués par amincissement post-dépdt et des simulations numériques a
différences finies dans le domaine temporel sont utilisées pour identifier quelles morphologies de

trous causent les plus de pertes en transmission de la lumiére visible.

Enfin, I’amincissement post-dépot est utilisé pour tenter d’obtenir des revétements a haute stabilité

thermique. Etant donné les limitations de la méthode, identifiées dans Iarticle précédent, 1’addition
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d’une étape de recuit additionnelle est utilisée pour déposer des revétements €pais mais stables,
ajuster leur microstructure par recuit, puis sélectionner leur épaisseur finale par gravure plasma.
L’Ag est substitu¢ par de I’or pour ces expériences pour permettre de recuits rapides sous
atmosphére ambiante, mais ces résultats préliminaires démontrent néanmoins une meilleure
performance telle-que-revétue et des améliorations prometteuses en termes de stabilité optique a

hautes températures.
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ABSTRACT

As global temperatures rise due to ever-increasing greenhouse gas emissions, it is becoming ever
more important to efficiently manage building temperatures and reduce energy consumption. Low-
emissivity (low-E) window coatings, do just this. By passively reducing radiative heat transfer
through windows, one of the main weak points in the insulation of modern building envelopes,
they allow to keep buildings cool in warm climates (and vice-versa), improving comfort and
reducing the energy required to either heat or cool buildings. To do so, these coatings must integrate
highly conductive, and thus infrared reflective, layers while remaining aesthetically pleasing and

transparent.

Silver (Ag), deposited by magnetron sputtering, is the ubiquitous choice for this role, boasting the
highest conductivity of all elemental metals as well as excellent optical properties, with low
absorption in the visible spectrum. The fabrication of optically thin Ag films is not trivial, however.
Ag follows a Volmer-Weber growth mode when deposited on most dielectric materials: at low
thicknesses, isolated nanoparticles are formed instead of a continuous, conductive layer. While
there a number of methods that can mitigate this (change of deposition kinetics, reduced surface
energy mismatch with the substrate, usage of dopants) these typically result in the formation of
smaller Ag crystallites, or grains, within the continuous Ag layer. Moreover, Ag presents
environmental stability issues which present risks to coating integrity. In addition to being
susceptible to degradation when exposed to a number of contaminants, the Ag microstructure is
prone to change at high temperatures, even if isolated from said contaminants. These changes can
manifest dramatically, enabling the Ag layer to revert into discontinuous islands with low surface
coverage, in a process known as solid-state dewetting. Small Ag grains will also be prone to grow

at high temperatures, leading to changes in the optical and electrical properties of the layer.

While a host of dielectric layers are put in place around the Ag layer to minimize these issues, they
nevertheless cause significant issues in the production of tempered low-E glass. In this case, the
coated glass must be heat-treated at a temperature of 650 °C before being rapidly cooled to induce
high residual stresses in the glass. In addition to the changes intrinsic to Ag layers at high
temperatures described above, this allows rapid diffusion of contaminants from the atmosphere and
substrate. Managing these changes is thus of great interest to coated glass manufacturers. To do so

without resorting to doping the Ag layer, which can result in lesser as-coated performance, new
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methods of controlling the Ag microstructure are required. As a result, the main objective of this
thesis is thus to investigate the mechanisms by which Ag-based low-E coatings degrade and devise
new approaches to mitigate them based on microstructural control of the Ag layer. The main results

of this investigation are presented in the form of three articles in peer-reviewed journals.

The first article investigates the effect of contaminants on low-E degradation at high temperatures.
To do so, coatings are fabricated with various permutations of barrier layers, and the presence of
contaminants is externally controlled by purging the tempering furnace with argon and by using
substrates with starkly different compositions. In doing so, the effect of various contaminants and
combinations thereof can be evaluated for otherwise identical coatings. Optical and electrical
measurements reveal that exposure to oxygen or sodium both result in important degradation;
however, electron microscopy reveals qualitatively different features underpinning these changes.
The high-temperature degradation of scratches at the coating surface is also investigated, once
again controlling the availability of contaminants to isolate their impact. It’s found that cracks in
the top barrier layers allowing diffusion of atmospheric contaminants and delamination within the
low-E coating structure result in the most serious changes due to the formation of highly scattering

nanoparticles within the coating.

The second article demonstrates the potential durability increases which can be obtained from
appropriate control of the Ag microstructure, albeit in the context of corrosion resistance. The
deposition of conductive Ag films at low thicknesses is enabled using nitrogen as surfactant (Ag).
However, this comes at the price of much smaller grains, which results in accelerated degradation
in a corrosive environment. Addition of a polycrystalline aluminum-doped zinc oxide (ZnOar)
seed layer promotes (111) oriented Ag growth, with larger, more uniform grains, regardless of the
nitrogen concentration. Although they have similar grain sizes, Ag) films deposited with modest
nitrogen concentrations are found to have much higher durability than pure Ag. This is attributed
to reduced interfacial voids, on the basis of atomic force microscopy measurements. These reveal
that despite converging to similar continuous morphologies when deposited on ZnOa), Ag) films
nonetheless show much greater coverage during the early wetting phases. Finally, ultra-thin Ag)

films are used to produce highly anti-reflective coatings with superior chemical stability.

In the third article, post-deposition etching is investigated as a novel approach to fabricate thin Ag

films with tailored microstructures. Once a continuous Ag film is formed, subsequent etching via
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an argon plasma can allow one to reduce the film thickness while retaining a continuous
morphology. In turn, this allows to circumvent the discontinuous morphologies arising from the
Volmer-Weber growth mode without using deposition techniques which result in smaller grain
sizes. Thus, the article focuses on the morphological dependence of etched Ag films on the
deposition conditions and resulting microstructures. To do so, conventional interference-enhanced
in situ ellipsometry is used to monitor the thickness at which continuous Ag films are formed, and
a novel interference-agnostic method is used to monitor the thickness at which films form
conductive networks. This reveals that during etching, hole formation and dewetting are driven by
distinct mechanisms; these are attributed to known solid-state dewetting processes, with some
subtleties arising from the ion etching process. Unpublished results are also presented: highly
conductive antireflective coatings are fabricated by post-deposition etching and finite-difference
time-domain simulations are used to identify the hole morphologies that result in the most visible

transmission losses.

Finally, post-deposition etching is implemented to attempt to obtain low-E coatings with high
optical stability at high temperatures. Given the limitations of post-deposition etching identified in
the previous study, the addition of an additional annealing step is used to deposit thick, but stable
films, then tailor their microstructure by annealing, and finally select their final thickness via
etching. Although Ag is substituted with gold to enable annealing in atmosphere, the preliminary
results nevertheless show improved as-coated performance and promising improvements to optical

stability.
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CHAPTER 1 INTRODUCTION

Faced with the responsibility to address the threats imposed by climate change, modern societies
must embrace a multifaceted approach to achieve sustainability [1]. In its 2022 report on the
mitigation of climate change, the Intergovernmental Panel on Climate Change identifies key areas
where there is potential for emissions reductions and critically assesses them. Amongst these, is
the building sector: the report evaluates that in 2019, this sector was responsible for 21% of global
greenhouse gas emissions, 57% of which — roughly 10% of global emissions — were a result of
supplying electricity and heating for buildings [2]. This presents dire risks, both for energy
consumption and immediate health risks: namely, rising temperatures are expected to drive up
energy consumption where they intersect with access to active cooling technologies (i.e. air
conditioning), and to result in heatwave-related deaths where they are unavailable [2], [3].
Reducing the energy consumption required for space heating and cooling and, more broadly,
improving thermal control by passive means can, therefore, offer significant benefits in terms of

emissions reductions and human well-being.

One way of doing so is via low-emissivity, or low-E window coatings. Indeed, windows are one
of the main weak points of the thermal insulation of buildings [4]. Although improvements in the
insulation of window frames and the pursuit of vacuum-insulated glass units offer significant
potential for improvement in regard to conductive and convective heat losses, they do not address

the fundamentally weak resistance of typical window glass to radiative heat transfer [5], [6], [7].

By virtue of integrating a transparent and electrically conductive film, low-E coatings lend high
infrared reflectance to glass, correcting this issue [6], [8]. Combined with effectively designed
window assemblies, they can offer significant improvements in insulating buildings, both for

mitigating heat loss in cold climates and vice-versa [2], [5], [6], [7], [8].

As the insulating ability of these coatings is intrinsically linked to the electrical conductivity of the
materials used within them [6], [9], [10], silver (Ag) has emerged as the clear material of choice
for this application [5], [6], [11]. Indeed, Ag has the highest electrical conductivity of all elemental
metals [12], [13], in addition to presenting low visible absorption and excellent potential for their
use in antireflective filters [11], [14], [15], [16], enabling it to offer high insulating performance

while maintaining excellent transmission and aesthetics in the visible range [6], [11].
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Figure 1.1: Schematic illustrating the intended functionality of low-E coatings in different
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However, fabricating the thin (< 15 nm) Ag films required for these applications presents specific
challenges, as does imparting them with sufficient durability to maintain their performance
throughout various processing steps and decades-long use. As these challenges are situated at the
intersection of transparent, conductive, IR reflective and durable Ag-based coatings, they are of
interest to a number of other fields. Thus, this work will gain insight from (and hopefully offer
insight to) others who must contend with Ag’s specific material challenges, in more fundamental
work [17], [18], [19] or in other applications such as high durability Ag-based reflectors [20], [21],
[22] or Ag-based transparent electrodes [23], [24], [25].

1.1 Controlling the microstructure and stability of Ag films

The difficulties encountered when working with ultra-thin Ag mainly stem from its relatively high
surface energy and poor bonding to common oxide materials; as a result, surface free energy
minimization constraints drives Ag towards morphologies that minimize its surface-to-volume

ratio [26], [27].

During film deposition, this leads to a Volmer-Weber growth mode, in which Ag films form

isolated islands at low thicknesses [26], [27], as shown in Figure 1.2a. In addition to inhibiting the



longe range conductivity necessary for effective infrared reflection, isolated Ag islands can induce
significant optical absorption due to localized surface plasmon resonance [28], [29]. While these
will coalesce into a fully continuous film as film deposition continues (Figure 1.2a), achieving this
at relatively low thicknesses is required to maintain high visible transmission. As a result,
controlling film coalescence is a key element when producing Ag based-devices. In addition, the
coalescence dynamics will greatly influence the size of the grains, i.e. of areas in which consistent
crystalline alignment is maintained, formed by the combination of differently oriented Ag clusters
[19], [30]. This, in turn, will also impact coating performance, as the presence of rough external
interfaces, defects, and boundaries between grains will impact the electrical and optical

performance of Ag films [17], [31].
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Figure 1.2: a) Deposited Ag film morphology as a function of nominal thickness, showcasing the
Volmer-Weber growth mode. Adapted with permission from [23]. Copyright 2018 American
Chemical Society. b) Solid-state dewetting of a 15 nm Ag film following annealing in N> at 300
°C. Adapted with permission from [32]. Copyright 2014 American Chemical Society. c)
Backscattered electron image of a degradation feature resulting from exposure of a protected Ag
film to a flowing gas mixture (H2S, Cl2, NO; and H>O diluted in air), showing a large Ag-based
nodule is surrounded by a Ag-depleted area. Adapted with permission from [20]. Copyright 2016
Optical Society of America.



=20 nm SiN 4, Diffusion barrier, mechanical durability

=20 nm ZnOy,, Interference adjustments

=5 nm NiCrO, Ag stabilization, adhesion

=10 nm Ag Infrared reflection

RALUNUY T PromotionofAgquality
=20nm SiN, Diffusion barrier, mechanical durability

=4 mm Soda-lime glass Substrate

Figure 1.3: Schematic example of a low-E coating, presenting typical thicknesses and materials
used in this work, as well as their functional roles within the stack.

By the same token of surface energy minimization, Ag films present issues in terms of their
environmental stability: continuous layers may re-transition to discontinuous droplets, if such a
morphology decreases total free energy and sufficient energy is available for Ag to reorganize.
This is a commonly occurring issue when Ag layers are annealed at high temperature, enabled by
increased Ag mobility, and is known as dewetting, or agglomeration [33], [34], [35], exemplified
in Figure 1.2b. Finally, exposure to various contaminants can also drive Ag degradation, as
presented in Figure 1.2¢, either by forming chemical compounds [36], [37], or facilitating Ag
reorganization into clusters [34], [38]. These effects can easily compound with one another, as high
temperatures can increase the diffusivity of contaminants [39] or induce Ag microstructural
changes that increase its susceptibility to chemical degradation [21], [38]. Conversely, exposure to

oxygen is known to facilitate thermal dewetting and Ag diffusion [34], [40].

Low-E coatings manage these issues via the addition of other functional layers, as shown in Figure
1.3. Perhaps most importantly, a seed layer, i.e. a dielectric layer that promotes the formation of a
continuous and high-quality Ag, will be deposited prior to the Ag film in order to improve its
optical and electrical properties; this is commonly zinc oxide (ZnO), or a doped variation thereof
[6], [27], [41], [42], [43]. The addition of a suitable dielectric layer above the Ag layer then allows
to tune the optical response via optical interference, yielding improved visible transmission [6],
[11], [41]. The resulting dielectric-metal-dielectric, or DMD, structure is quite possibly the
simplest type of Ag-based architecture which can, nevertheless, yield high optical and electrical

performance [24], [44], and as a result is very common in literature [45], but is not necessarily



durable. To correct this, diffusion barriers can be added at either extremity of the coating (SiN(ay
in Figure 1.3) in order to prevent contaminants from the atmosphere or substrate from reaching
and degrading the Ag layer [6], [39], [41]. Finally, a protective layer which can be deposited in
mild conditions may be inserted between the Ag layer and the dielectrics above it in order to protect
Ag from more reactive or energetic deposition processes, as well as offering further stabilization
of the Ag layer [6], [20], [46]. With all this in place, we now have a quite well-rounded and robust
coating. Given the low thickness of the individual films, however, analysing their behavior can be
challenging, requiring adapting the coating architectures or testing methodologies to emphasize

specific properties.

1.2 Context of the research

Although the challenges described above can emerge for a number of applications in which thin
Ag films are used, low-E window coatings present specific issues which warrant similarly specific
investigation. This project was, therefore, performed in collaboration with Guardian Glass, one of
the world’s leading glass manufacturers, in order to ensure that it accurately addressed the

challenges typical of coated glass products.

The durability requirements of low-E window coatings are somewhat unlike those of other devices,
in that they have very little to do with the coating’s operating conditions. Rather, they’re defined
by their fabrication process. Indeed, low-E coatings will typically be positioned on one of the inner
faces of a multi-pane insulated glass unit, as shown in Figure 1.1 [5], [6], [7]. Thus, they’ll be
sealed in a non-reactive gas, and a glass pane on either side will separate them from any mechanical
contact. In addition, they’ll only be exposed to temperatures somewhere in the range between room

temperature and that of the environment they’re insulating it from.

While conventional coatings deposited by magnetron sputtering do not need to be deposited
immediately after glass fabrication, it is practical to deposit them onto standard full-size glass panes
(= 6.0 m x 3.2 m) prior to other operations as this avoids needing to optimize the placement of a
multitude of smaller panes of various shapes and sizes [6]. As a consequence, low-E coatings are
often fabricated prior to a number of storage, transport, cutting, tempering and assembly steps,
during which they can be exposed to various atmospheric contaminants, mechanical damage and

high temperatures.



Namely, in order to obtain the improved mechanical properties required for architectural and safety
applications, glass must be tempered, i.e. undergo heat treatment (HT) at = 650 °C and
subsequently quenched to induce high compressive stresses at the glass surfaces [47]. These cause
the glass to be able to support much higher mechanical loads, but also to shatter into small pieces
when broken. This latter point is useful as a safety feature but also means tempering the glass must

take place after cutting it, and therefore, after coating it.

With an appropriate design, low-E coatings can undergo the requisite HT while maintaining or
even improving their IR reflecting performance, but this nevertheless results in significant visible
optical changes, even in the best-case scenario. Glass manufacturers aim to control this, attempting
to develop “single stock” low-E coatings, meaning coatings that present the same visible and
thermal properties following HT. This allows to temper only select panes while simultaneously
obtaining uniform aesthetics and performance, all using glass from a single stock — hence the name

[6]. However, these are currently restricted to a narrow portfolio of products.

This all assumes that the coating’s protective layers are performing as intended, however. As shown
back in Figure 1.2¢, small flaws in an otherwise durable coating can lead to the formation of much
more serious degradation features when exposed to contaminants. Namely, this can cause important
production issues when defects are exposed to high temperatures. As tempered glass cannot be cut,
prior to tempering, the glass must be cut, and its edges smoothed and reworked. These handling
steps can easily result in the formation of small, barely visible scratches which, when heat-treated,
become highly visible. This was identified as an issue of high importance by the industrial partner
as these can lead to glass being discarded at the very end of the fabrication process, in turn leading
to significant waste. However, the combination of mechanical defects, high temperatures, and the
presence of multiple potential contaminants makes the explicit mechanism of scratch visibility

intensification difficult to assess.

Last but not least, these challenges must be addressed while simultaneously maintaining or
improving the as-coated performance of the coatings; a coating that is rejected by the consumers
rather than the manufacturer is not much of an improvement. Dielectric barrier layers don’t present
any major issues in this regard, but it somewhat limits the approaches which can be taken to
stabilize the Ag layer directly. Although doped Ag films can enable significant improvements in

terms of deposition dynamics as well as chemical and thermal stability [32], [36], [48], these



typically have decreased as-coated performance, and show important changes following HT [49],
[50]. The latter makes them particularly poor candidates for single-stock coatings. Thus, emphasis
must be placed on the role of the Ag microstructure in determining its optical and electrical

performance, as well as its durability.

1.3 Objectives

In order to improve the durability of low-E coatings to chemical and thermal degradation without
compositionally changing the Ag layer, this work aims to control durability via modifying the Ag
microstructure. Indeed, if Ag is susceptible to degradation because it is driven towards
morphologies that decrease its surface free energy, one way of mitigating degradation would then
be to generate Ag films presenting microstructures with less thermodynamic incentive to degrade.
However, it is first necessary to develop a robust understanding of the different stack degradation
mechanisms and assess their importance relative to purely temperature-driven changes. Given the
numerous potential mechanisms which can result in Ag instability during HT, specific approaches
allowing one to isolate the effect of different defect types, coating architectures and contaminants

are required.
In response, the objectives of this PhD project can be categorized as follows:

1. Establish causal links between specific coating features, contaminant species and optical
changes within low-E stacks during the tempering process and assess their impact on the
accentuation of coating defects at high temperatures.

2. Modify the microstructure of Ag layers without altering their chemical composition, by
using novel deposition techniques and approaches.

3. Fabricate low-E coatings with improved chemical and/or high temperature stability by

leveraging Ag layers with tailored microstructures.

1.4 Publications

The work performed in the pursuit of the above objectives has led to the writing of three
manuscripts, all of which have been published by, or submitted to, peer-reviewed scientific

journals. In the following work, each chapter dedicated to results will present an integral copy of



one of these articles, as described in the following section. While this work also led to several oral

or poster presentations at international conferences, these will not be discussed in this thesis.

1.5 Outline

With the key concepts and the specific objectives guiding this work introduced, the structure of the

remainder of this thesis can now be presented.

Chapter 2 consists of a literature review which will, in a first part, offer additional details on the
fundamental requirements of low-E coating performance, as well as further contextualise the
choice of Ag as the IR reflector in these coatings. In a second part, the basic physics leading to the
Ag layer’s Volmer-Weber growth mode will be presented. Following this, various approaches
allowing one to manipulate the film formation dynamics and resulting microstructures will be
discussed. In a third and final part, the mechanisms that drive Ag microstructural changes will be
presented starting with changes intrinsic to the Ag layer, then those resulting from the interaction

with other coating layers or external contaminants.

Chapter 3 presents the tools and methodologies used in this work. Sample fabrication is presented
first, followed by performance and durability assessment methods. Material characterization
techniques used to investigate the specific mechanisms taking place during coating fabrication and

degradation are then discussed.

Chapter 4 presents the first of three results chapters; here, the article titled “Role of atmospheric
and substrate contaminants on the degradation and defect visibility in Ag-based low-emissivity
coatings” 1s presented. In this article, the role of various contaminants on Ag degradation is
investigated, establishing how they interact with the coating alone, in combination with one
another, and with respect to modifications of the coating architecture. In particular, the role of
sodium, which is underreported, is discussed. This allows to isolate the changes intrinsic to high
temperature processing low-E coatings, which this thesis tries to mitigate in later chapters. Finally,
the effect of these contaminants on the enhancement of scratch defect visibility during tempering

is quantified and associated to distinct defect features and contaminant-driven mechanisms.

Chapter 5 presents an article titled “Enhanced Durability and Antireflective Performance of Ag-

Based Transparent Conductors Achieved via Controlled N-Doping”, in which nitrogen is used as



a surfactant to modify Ag growth dynamics without causing compositional changes, and the effect
of the resulting changes in the film morphology are investigated, correlated to corrosion durability,
and leveraged to produce highly durable films. While not addressing high temperature durability,
this is used as a proof of concept to demonstrate how microstructural control of the Ag layer can

result in improved coating stability.

In Chapter 6, post-deposition etching is explored as a method to fabricate Ag films with
unconventional microstructures by decoupling the thickness at which a continuous film can be
obtained from the microstructural features resulting from given deposition conditions. Thus, the
morphological evolution of films deposited in various conditions and subsequently plasma etched
is studied and correlated to their expected microstructural features. This is presented in an article
titled “Investigating the Morphological Evolution of Ion-thinned Ag Films via In Situ
Ellipsometry”. Subsequently, additional results are presented, in which this method is used to
produce highly conductive antireflective filters and the effect of hole formation in the Ag layers on

optical performance is investigated.

Chapter 7 offers a general discussion on the fabrication of single-stock low-E coatings. Notably,
the application of post-deposition etching towards achieving high temperature stability of the Ag
layer is studied. Some promising preliminary results are obtained, and pathways to further improve

this approach are discussed.

Finally, Chapter 8 concludes the thesis by summarizing the findings herein and their outcomes, as

well as sharing recommendations and suggestions for future work.
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CHAPTER 2 LITERATURE REVIEW

2.1 Low-E coatings

Before exploring the particularities of Ag films — what influences their formation dynamics, their
microstructures, their susceptibility or durability when exposed to given elements — it is worth
exploring the contexts they are used in. Thus, this section will first present an overview of the
functional requirements of low-E coatings used in different contexts, as well as give an overview
of the main low-E archetypes. As part of this, the benefits and drawbacks of alternative metallic
layers and Ag doping for low-E coatings are discussed, as, while this work focuses specifically on
Ag-based coatings, these present significant potential for low-E coatings and other metal-based

transparent conductors.

2.1.1 Conventional coating archetypes

The fundamental purpose of low-E window coatings is to address a problem with glass: it absorbs
IR light and, more specifically, re-emits it [5], [6], [47]. With the exception of highly engineered
non-reciprocal materials, Kirchoff’s law of radiation states that at thermodynamic equilibrium, the
absorption is equal to the emissivity (4 = ¢), spectrally and directionally [9], [S1]. Conventional
window glass is highly absorbing (¢ = 0.85) and can be taken to have null IR transmittance (7= 0)
[5], [6], [52]. Thus, if our goal is to obtain a window with low absorbance, conservation of energy

(R+ T+ A =1) demands that it have high IR reflectance (R) [6], [45], [52], [53].

The Hagen-Rubens relation, shown below, provides a relationship between a material’s IR
reflectance, R, and its conductivity, o, (which for our purposes we may take as frequency

independent), given w, the frequency of the radiation, and €o, the permittivity of vacuum [8].

2&0w

R=1-2 2.1

o

The result is that the higher the conductivity of a material, the better it will be at reflecting IR
radiation, and, following the previous discussion (4 =¢; T=<0; R+ T+ A =1~ R=1 - ¢), the better
it will perform in low-emissivity applications. While the most rudimentary requirement of a low-

emissivity window coating is, therefore, that it include a conductive layer to reflect IR radiation
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Figure 2.1: a) Comparison of the spectral dependence of the light sensitivity of the human eye
(CIE-1931 observer [55]), the irradiance of the solar spectrum (ASTM G173 [56]), and the thermal
irradiance of a blackbody at 300 K. b) Comparison of the simulated transmission curves of four
different low-E coatings on a 3-mm-thick soda-lime glass substrate, with the following
architectures: 500 nm ITO; 40 nm ZnOayy / 10 nm Ag /40 nm ZnOarn; 40 nm ZnOapy / 10 nm Au
/40 nm ZnOary; 40 nm ZnOayy / 10 nm Ag / 60 nm ZnOary / 10 nm Ag /40 nm ZnOan. Modeled
after [54].

while simultaneously maintaining sufficient transparency to fulfill its role as a window, effective

implementation requires more nuance.

Specifically, while the previous discussion did not make the distinction for the sake of simplicity,
IR radiation should in no way be considered as monolithic. Figure 2.1a, highlights the two main
categories that should be distinguished for the purposes of insulating against radiative heat transfer:
solar or near-IR (NIR) radiation, and thermal blackbody radiation, in the mid-IR (MIR). These
make for essential distinctions in application: in hot climates the priority is to reduce cooling
requirements, and thus low-E coatings will aim to reject as much heat from the sun as possible,
even reducing visible light transmission to this end; alternatively, in colder climates, benefiting
from passive solar heating while insulating against thermal radiation losses is desired [5], [6], [45],
[54]. This is particularly important as glass is actually highly transparent in the NIR, despite it
being essentially opaque in the MIR, as previously discussed [6].

As a result, the optical and IR-insulating performance of low-E coatings are typically quantified
using their visible transmittance (7v) [6], [52], [57], i.e. the transmittance weighted to the

sensitivity of the human eye , the solar heat gain coefficient (SHGC), which includes direct solar
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transmission, in a similar fashion to 7v, while also accounting for absorption and re-emission of
NIR radiation [54], [58], and the emissivity (¢), measured on a scale of one to zero, one being a
perfect blackbody and 0 a perfect reflector [45]. The sheet resistance (Rsn) can be linearly correlated
to ¢ for a given material; therefore it is frequently used as a substitute for ¢, although comparison
between different materials should be taken with appropriate reserve [59]. Finally, the U-value
goes beyond radiative considerations and offers a standardized measurement for the total heat

transfer through a window unit, including convective and conductive contributions [6], [45], [54].

While other metrics exist [6], [45], we do not need to delve into these. Currently, it suffices to
distinguish visible, NIR and MIR contributions, as well as non-radiative contributions, as this will
allow to contextualize the main performance differences between different coating types, fabricated

with different materials.

Hard low-E coatings, or pyrolytic coatings, refer to a class of coatings that are deposited by
chemical vapor deposition (CVD) processes during glass fabrication, leveraging the high
temperature of the glass to drive pyrolytic reactions [5], [45], [52]. These typically make use of a
conductive metal oxide, doped to improve its optical and electrical performance [5], [6], [45], [52].
The resulting coating is embedded in the final glass product, resulting in much higher mechanical
and chemical durability, allowing them to be used on single-pane windows as well as simplifying
post-processing [45], [52]. The downside of these coatings is that, while they provide a decent
decrease in emissivity, they display lower visible transparency than conventional coatings, as well
as a high SHGC, making them a poor choice in most hot climates [6], [45]. Moreover, the reduction
of convective and conductive heat transfer requires the usage of an insulating glass unit, a window
configuration where two panes of glass are separated by a sealed cavity filled with an insulating
gas [6], [7], [45]: in this case, more fragile coatings can be placed inside the cavity, protecting them
from damage and greatly reducing the need for increased durability. This lowered return on their
increased durability, coupled to their lower performance and tunability has, therefore, led these to

lose favor.

Conventional coatings, sometimes referred to as soft coatings, typically incorporate conductive
metal layers and are deposited by magnetron sputtering, independently from the glass fabrication
process [5], [45], [54]. The coatings fabricated and studied in this work are soft coatings. While

non-metallic transparent conductors, such as ITO [60], [61], aluminum-doped zinc oxide (AZO or
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ZnOqan) [62], or transition metal nitrides [45], [63], could also be deposited by magnetron
sputtering, these seem to run into very much the same performance limitations as hard coatings,
with some added cost and complexity. As a result, it should come as no surprise that these are

almost exclusively metal-based.

As stated previously, Ag is the main metal used for this purpose. In addition to having the highest
conductivity amongst metals [12], [13], it has the highest &/n ratio in the visible (where k and » are
the complex and real parts the refractive index, respectively) [14], [15], which has been shown to
enable greater interferential effects when integrated in an appropriate stack design [16]. Coupled
with appropriate antireflective layers, coatings using a single thin Ag layer can simultaneously
achieve lower emissivity, lower SHGC, and higher visible transmission than a pyrolytic coating
[6]. On the other hand, alternative metals like gold or copper (which will be discussed in more
detail shortly) can achieve similar results, but have interband transitions in the visible leading to
poor visible aesthetics [11], [15], as shown in Figure 2.1b. This is not to say that all Ag films are
made equal: as mentioned in Section 1.1, discontinuous Ag coatings will lack conductivity and
generate plasmonic absorption features [27], [29]. Even for continuous films, the presence of grain
boundaries, defects and roughness will all impact the electrical, and thus optical performance of
Ag films [17], [30], motivating us to search for deposition conditions with which we can obtain

smooth, large-grained films in Section 2.2.

There are limits to the conductivity of Ag films, even with tailored microstructures, of course: to
obtain a steeper transition between the visible-transmitting and NIR-reflecting portions of the
coating’s optical response, double- or triple-Ag stacks which essentially repeat a similar “unit stack
structure” are used [6], [11], [41]; an example is shown in Figure 2.1b. These stacks are obviously
significantly more complex, and require more time and resources to produce; therefore, this work
will limit itself to the investigation of single-Ag coatings, with the implicit assumption that the

results obtained will offer useful insight for coatings with multiple Ag layers as well.

It should be mentioned that there are many more design features and functionalities that can be
added to low-E coatings. For example, the addition of patterning to the Ag layers can allow the
selective transmission of network communications [64], and the addition of thermochromic or
electrochromic active coatings, which can modify their optical properties as a response to

temperature changes or an applied voltage, can allow to fit their insulating properties to current
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conditions [5], [65], [66]. We will not delve into these, however; an understanding of the standard

passive coating archetypes is sufficient to contextualize this work.

2.1.2 Alternative metals and Ag dopants

The main metallic layers employed in low-E coatings, other than Ag, tend to be copper (Cu) or
gold (Au), owing to their similar optical and electrical properties, yielding high IR reflectance [11],
[12], [13], [14], [15]. These are not simply mild downgrades from Ag in terms of performance
metrics; rather, while keeping similar overall behavior, they present specific advantages and
disadvantages. Namely, Au benefits from much higher chemical stability, making it an attractive
choice when oxidation durability is required [67], [68], [69], [70]. This advantage constitutes its
own downside, however, resulting in poor adhesion to oxide substrates, due to similarly poor
bonding between Au and oxygen, and thus Au commonly requires the implementation of adhesion
layers which may decrease coating performance [71], [72], [73]. Furthermore, Au has historically
been — and still is — significantly more expensive than Ag, with no obvious indication that this trend
will change in the foreseeable future. On the other hand, the conductivity of Cu is second only to
Ag’s while being vastly less expensive and thus presents interesting opportunities for low-cost
coatings. However, its absorption band extends well into the visible spectrum, resulting in poor
aesthetics [11], [14]. Conversely to Au, Cu readily forms oxide bonds, which results in stronger

adhesion [74], [75], [76], counterbalanced by its susceptibility to oxidation [76], [77].

While high performance devices have been fabricated with both materials, particularly when
coupled with methods such as the usage of advanced deposition techniques, dopants, adhesion
layers, seed layers, or stabilizing layers, these are (often quite literally) exactly the type of methods
one might employ with Ag [32], [71], [77], [78], [79], [80], [81], [82], [83], [84]. Indeed, they
present many of the same deposition dynamics [27], [85] and thermal instabilities [76], [86], [87],
yielding insight that is easily transferrable to Ag films, but by the same token, these don’t make
either material stand out from Ag. Consequently, studies on these metals are relevant to this work
and will be referred to in the following sections, but the properties distinguishing Au or Cu from

Ag are insufficient to justify their widespread adoption in the experimental work.

Perhaps a more interesting option than substituting the Ag layer entirely is to dope it, in order to

tune some of its properties while maintaining its overall character. This approach has elicited
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enormous interest, with a wide variety of dopants being tested, including O [49], [84], Al [32],
[50], [88], [89], Cu [44], [48], [90], Au [91], Ni [92], and more [36]. These can drastically improve
the formation of well-coalesced films at low thickness [32], [48], [84], [89], and impart improved
mechanical [90], chemical [32], [36], [49], [50], [90], [91], or thermal stability [32], [49], [50],
[84], [89], [92], [93]. Very low concentrations result in minimal degradation of the optical
properties, allowing excellent performance, particularly when using dopants with good optical and
electrical properties, and when leveraging the improved film coalescence [44], [48], [50]. However,
not only does increasing their concentration result in decreasing optoelectronic performance (at
least when compared with films with comparable degrees of coalescence), their optical and
electrical properties tend to change significantly during HT, making them a poor fit for an attempt
at single-stock coatings [49], [50], [79], [89], [92]. These nevertheless constitute a tool with
exceptional potential for improving Ag-based devices, including low-E coatings; their omission
from the experimental part of this work should not be misconstrued as believing otherwise. Rather,
an attempt will be made to identify the key beneficial changes these dopants induce and recreate
them without said dopants. Before this can be discussed in more detail however, some more

fundamental aspects of Ag film formation and stability must be introduced.
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2.2 Ag film formation and deposition strategies

Now that we’ve established the importance of Ag in obtaining performant low-E coatings, we can
turn to the challenges it presents. In this section, we will first address how to obtain continuous
silver films, and how the used methods define the morphological features of the resulting coatings,

before moving on to their durability.

Section 2.2.1 will begin by presenting the basic physics leading to the Volmer-Weber (VW) growth
mode of Ag, in which discontinuous clusters form on the substrate surface rather than forming a
continuous layer outright. This is fundamentally due to thermodynamic considerations, i.e. surface
free energy minimization, and thus we can start by looking at things from a thermodynamic
equilibrium perspective. While this is enlightening and helps intuitive understanding, film
condensation from the vapor phase is very much not an equilibrium process; therefore, their
competition with more kinetic processes will be explored. As such, the mechanisms by which we

can control film formation will be highlighted.

The following subsections will discuss the practical embodiments by which this is achieved,
separated as a function of the different implemented tools. Following the previous discussion on
kinetic aspects of film deposition, a few straightforwardly leverageable parameters will be
highlighted, followed by less conventional multi-step processes. Then, additional tools allowing to
influence the deposition dynamics will be discussed, for example, selecting an appropriate
substrate, and adding surfactants or dopants. Throughout these discussions, the effect on the grain
size and roughness will be highlighted, as these will be important in defining performance and

durability.

2.2.1 Physics of Ag film formation

The capillary model of film nucleation and its extensions are an intuitive way to approach the VW
growth mode while nevertheless describing its relevant behaviors; as pointed out by Greene, this
model is inexact is a number of ways, relying on convenient approximations, but it is just that —
intuitive, descriptive and convenient [26]. Thus, while it should be taken with appropriate reserve,

it will be extremely useful in the interpretation of experimental results.
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If we ignore the tensorial properties of a crystalline material such as Ag, the Gibbs surface free
energy, 7, is equivalent to the surface tension and can be seen as a force per unit length (1 J/m? =
1 N/m) [94]. We can then treat deposited atoms forming 3-D islands on a substrate the same way
Young’s equation describes liquid droplets beading up on a surface, with y replacing the surface
tension [26], [94], [95]. The contact angle ¢ between the film material and the substrate can then
be predicted by the balance of the surface free energies of the deposited film material, the substrate,

and their interface (yr, vs, Vi, respectively).
YFCOSQ =Ys — Vi 2.2

Liith goes on to add another term accounting for the free energy change resulting from
condensation into a solid from the gas phase [94], but for the illustrative purposes here, the current
form suffices; more nuance will be added later. Indeed, this expression is enough to describe the
basic criteria defining VW growth. If yr is larger than (ys — i), to satisfy equation 2.2, ¢ must be
larger than zero. Thus, the film material will form into clusters rather than lying flat against the
substrate. In the complete opposite case, if ys is dominant, there is a null contact angle, and the film
“wets” the surface, growing layer by layer [26], [94]. This is known as Frank—van der Merwe
growth. As imaged in Figure 2.2, the degree of wetting can manifest itself in a much wider range
than simply 2-D growth or 3-D growth; not all VW growth is equivalent, and for practical purposes,

simply decreasing the contact angle is a tangible improvement.

It should be noted that the image of rounded caps shown here isn’t quite accurate at small scales;
indeed, individual clusters will form as single-crystals with defined facets, which will grow rounder
as they grow [19], [30]. However, the truncation of these crystals and their height to width ratios
can vary in such a way that the image of the droplets remains representative, as shown by the
‘crystal’ shapes shown with dashed red lines in Figure 2.2. Indeed, the crystal shapes will
nonetheless obey surface energy minimization, with low y facets tending to occupy up a larger
surface area. Assuming a smooth substrate that doesn’t promote a specific crystal orientation, we
could then expect Ag islands to present low-surface energy (111) facets parallel to the substrate

surface [96].

Thus, the image of the rounded caps will be kept, regardless of scale, as it allows us to easily
represent different film morphologies and identify mechanisms that can be used to control the

Volmer-Weber growth mode: an appropriate substrate might have higher surface energy ys and/or
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Figure 2.2: Schematic representation of film material forming clusters in the capillary model,
following equation 2.2. Different degrees of film wetting resulting from higher or lower degrees
of mismatch between yr and ys - i, are shown. ¢, yr, s, yi are respectively the contact angle and the
surface free energies of the deposited film material, the substrate, and their interface. Dashed red
lines offer an approximation of the representative shapes of truncated single crystals for each
wetting angle.

increase the interface binding energy, reducing yi,; this type of approach will be discussed in
Section 2.2.4. Similarly, doping can be seen as a tool to decrease yr [18], which will be discussed

in Section 2.2.5.

However, it is insufficient to only consider the geometry of the Ag clusters (or clusters of any other
material growing in VW mode) at thermodynamic equilibrium; the factors determining how these

clusters form, grow, and coalesce into a continuous film must also be discussed.

The formation of clusters is largely driven by the supersaturation, { = p/po, where p and po are the
pressure of the deposited material in the vapor phase and its equilibrium pressure, respectively [26],
[94]. This can also be expressed as a ratio between the flux of particles and an equivalent
equilibrium value [26]; essentially, (" is a measure of how far out of equilibrium the fluxes of
material arriving from the vapor phase and desorbing from the surface are. This changes how
thermodynamically advantageous it is for Ag in the vapor phase to condense into a solid, with
supersaturation values above unity generating a decrease in free energy per atom condensed [94].
Assuming a constant atomic density, the net change in free energy AG associated to the formation

of a spherical cluster of film material is then given by the following equation, where 7 is the radius
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of the spherical cluster, ks is Boltzmann’s constant, 7k is the temperature and Q is the atomic

volume [26], [94].

4r3 kgTy

AG = 4nriy, —
L )

In¢ = AGs + AGy 2.3

Of course, the formation of a spherical cluster in vacuum is not what interests us, but it provides
simplicity while illustrating the point well; if we average the different surface energies in a more
complex geometry, we likewise get a positive terms scaling in 72 associated to the surface, AGs,
and a negative term scaling in 7 associated to the volume AGy [26]. As AG must be negative for
a process to take place, there is a critical cluster radius, 7, that much be reached for a cluster to be
stable. Note here, that 7 is not defined as the radius at which AG becomes negative for increasing
cluster size, but at the maximum of AG, the point at which further growth of the cluster decreases
its total free energy. This can be found by setting the first derivative in respect to » of equation 2.3
to zero, then isolating 7, yielding equation 2.4 below.

Q 1
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This shows, as imaged in Figure 2.3, that modifications to yror { can increase or decrease both the
activation barrier for nucleation, AG", and the critical radius. For a non-spherical cluster forming
on a substrate it can still be understood without going into any detailed equations that similar
increases or decreases in 7 can be obtained by modifying the overall change in surface energy:
thus, as previously discussed, increasing the interfacial binding or substrate surface energy will
have an effect similar to decreasing yr[26]. Thus, modifying the effective surface energy mismatch
of increasing the flux of impinging film atoms (in turn increasing {) can decrease the critical radius

of film clusters and promote their nucleation.

Now that we understand what controls the equilibrium shape of a cluster forming at the surface of
a substrate and whether one will nucleate there, we simply need to piece together how kinetically
competing processes and multiple clusters developing side-by-side will evolve throughout
deposition. Indeed, if we kept ourselves to a single cluster, it would simply continue scaling up in
size without appreciably changing its shape, with kinetics mainly limiting how close to an

equilibrium structure that shape would be [97].
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Figure 2.3: Qualitative figure showing the total free energy AG of a spherical cluster of radius 7,
highlighting in a) the individual contributions from the surface and volume free energies, AGs and
AGy, and the critical cluster radius *, and in b) the effect of modifying the cluster surface free
energy, yr, and the supersaturation, { on AG. Modelled after a combination of [26] and [94].

Categorizing the main competing mechanisms at different qualitative coverage levels allows for a
simpler exposition; thus, we can start at the early stages of film growth, at which only a few clusters
have formed at the surface. In such a case, the amount of film atoms impinging directly onto
existing clusters is negligible, leaving adatoms to diffuse on the substrate surface, following

equation 2.5 [19], [98].
D = Dye~Ep/ksTi) 2.5

Here, D is the diffusivity, in which Dy is a prefactor that includes (amongst others) the average
jump length and the frequency of jump attempts. Ep is the activation barrier for diffusion, which is
found to be roughly one-tenth of the adatom binding energy [98]. Tk is the temperature, as
previously, but given adatoms will quickly thermalize to the substrate, this can effectively be taken

as the substrate temperature.

In the previous discussion, it was established that there was a critical size below which a cluster
would not be stable. Thus, there can only be two scenarios in which the adatom remains stable on
the surface: one where it encounters other adatoms and nucleates to form a new cluster, and one
where it joins an existing one. The competition between these illustrates a general trend of non-
equilibrium and equilibrium-seeking processes being in competition. As mentioned previously,

increasing the flux of impinging film atoms, and therefore moving further away from equilibrium,
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will increase the supersaturation; this will decrease the critical radius size and facilitate cluster
nucleation, as can be seen from equation 2.4 and Figure 2.3. Alternatively, increasing the substrate
temperature will allow particles (or clusters) to diffuse further, enabling them to reach positions
that bring them closer to equilibrium, such as joining large existing clusters [19], [98], [99]. A

schematic example is shown in the top row of Figure 2.4.

This competition self-limits itself to an extent: as the density of clusters increases, the chance of an
adatom participating in the growth of existing clusters increases relative to its chance of nucleating

anew one, leading to a saturation in the island density N, given by the expression below [19], [100].

i
Ngqr & (F/D)i+2 2.6

Here, Nsa is the saturated island density, F is the flux of impinging film atoms, and i is the critical
cluster size, in number of atoms [19], [100]. While there are more dependencies to Nsa [100], and
the exponent can change with the dimensionality of growth [101], the current expression is
sufficient; indeed, the entire exponent can be replaced with a known ratio, under appropriate
conditions [19]. It suffices that this equation illustrates the previous point (increasing F will lead
to a higher island density, while increasing 7, and thus D, will lead to a lower one), as well as

indicating that the critical cluster size, will also affect Nsat.

As coverage increases and the island density approaches saturation, the nucleation of new islands
becomes much less important, and the coalescence of existing islands takes over [19]. Upon
contact, two clusters with equilibrium-defined shapes will begin to coalesce into a singular, larger,

island with the same shape [19], [102]. The critical time 7coa in Which this happens is given by:

kp Ty
Tcoal = T4W 2.7

Where 7 is the radius of the smaller of the two clusters and v is the density of diffusing atoms per
surface area [102], [103]. Here, D is specifically the self-diffusion of the film atoms on cluster
surfaces, i.e. it neglects externally driven diffusion such as electromigration, but as we will almost

exclusively consider self-diffusion in this this work, we keep the previous notation.

As shown in Figure 2.4, this can again be characterized as a competition between a non-
equilibrium (clusters connecting to form flatter, more worm-like structure) and equilibrium-

seeking (connected clusters coalescing into a single cluster with equilibrium geometry)
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Kinetic, non-equilibrium Thermodynamic, equilibrium
processes driven processes

Low coverage:
Nucleation vs. growth
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Medium coverage: . ..

Worm-like vs. droplet-like _ m

coalescence

High coverage:
Trench filling rate and

resulting shapes

Figure 2.4: Schematic overview of VW film formation processes, broken down in terms of the
main competing processes taking place at a given coverage, and categorized under the two main
banners of kinetic, non equilibrium processes, and thermodynamic, equilibrium driven processes.

mechanism, which inevitably encounters a limit [19], [102]. Indeed, even if contacting clusters
coalesce quickly at first, as the clusters increase in size, 7coal Will increase at a quartic rate,
increasingly slowing the coalescence. The nominal thickness at which the connection of existing
clusters leads to the onset of elongated worm-like islands across the substrate is referred to as the

elongation thickness, felong; for a continuous flux of imping atoms, it has been found to scale as
[19], [101], [104]:

1/3
1Dy, Q%
telongz< Y ) 28
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Here, the flux plays a similar role as for the saturated density of islands (see equation 2.6),
promoting a high density of clusters, which makes them naturally more prone to undergo multiple
connections and create a worm-like structure before coalescence into a droplet structure can take
place. The second fraction is often simplified by defining it as a new variable, B, such that fejong =
(B/ F)"* and tcoa = #*/B [19], [101], [102], [103], [104], but it can be worth it to investigate the

components within. Namely, there is the surface (self-)diffusivity of the cluster material, which
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will vary with temperature (see equation 2.5), and above its activation energy, this term will vary
much more quickly than the denominator, highlighting the impact not only of the temperature, but
of surface diffusion on cluster coalescence into droplet shapes. Surface energy factors in, of course,
being the thermodynamic driving force between droplet shapes in the first place. Finally, v is
sometimes described as the planar density of atoms [102]; however it was originally described as
the surface density of diffusing atoms [103]. This might not be a meaningful distinction; however,
it has been found that for equal flux, leading to equal nucleation density, alloyed Ag films show
much lower thicknesses for the elongation threshold [105], [106]. There is not a clearly defined
reason for this, however diffusion of dopants or surfactants to the outer surfaces of Ag films has
been reported [18], [32], [107]; thus, in addition to the reduction of the surface energy [18], [106],
control of the atoms available for surface diffusion may play a role. This would be consistent with
the observation that immiscible elements have the best performance for this purpose, as they would

more readily diffuse to the surface [105].

Taking the next step along the stages of film formation, once cluster elongation has settled in, films
will begin to percolate, i.e. to form large-scale conductive networks of interconnected islands
without forming a fully continuous film [19], [27], [85]. This is a key point in Ag film deposition,
as it enables Ag to conduct across the plane of the coating, and the formation of these paths results
in suppression of localized plasmon resonances which otherwise severely degrade optical
transmission [27], [85], [108]. The thickness at which this process takes place, fperc, as well as the
thickness at which a fully continuous Ag film is formed, #cont, are found to be linearly related to the
elongation thickness [19]; thus the main factors appear to mostly be the same as which contribute

to elongation.

It is, however, worth noting the behaviors in the presence of trenches formed between worm-like
clusters; these have been shown to be surprisingly stable during deposition, and can perdure at
quite high thicknesses [30]. Whereas in the early stages of deposition, where nucleation of new
clusters was competing with the growth of existing ones, film adatoms were almost guaranteed to
impinge on the substrate surface, here the opposite is true — by virtue of their limited area, only a
small amount of adatoms will be deposited into the trenches. Unless the flux of incoming atoms is
quite high or their diffusivity quite low, these will most likely diffuse to the trench edges and
incorporate into larger islands before more deposited atoms incorporate them into a more stable

structure [30]. Assuming these trenches are occurring close to coalescence, we can assume the



24

surrounding islands are well out of equilibrium, creating a thermodynamic pressure for diffusion
up to the island centers [30]; an issue that is expected to be compounded by faceted sidewalls,
which facilitate upwards diffusion [97]. Thus, yr and D remain important factors, consistent with
equation 2.8, and the observation that feiong scales with the continuous film formation thickness.
Closure of trenches can be partially attributed to a phenomenon known as grain boundary zipping,
in which closely separated clusters can elastically deform themselves to reduce the surface energy
associated to the exposed trench sidewalls; to reduce the total film energy, the reduction in free

energy must outweigh the increase in strain energy induced by the deformation [30], [109].

With this, we have reached a continuous film at last; the microstructure can continue to evolve as
the thickness increases, as has been described in various structure-zone models (SZM) [26], [110],
but the films that are of interest to this work should rarely get so far beyond continuous film
formation that we would need to go over these in detail. It suffices to say that at typical deposition
temperatures (room temperature and a few tens of kelvins above), cluster nucleation on existing
Ag facets should be limited [97], leading to columnar growth starting from existing grains [26],
[110].

Finally, some thought should be given to the crystalline microstructure resulting from these
different processes. As discussed earlier, individual clusters will evolve as single-crystals; so when
these coalesce into worm-like islands, these will form distinct grains in the resulting structures [19],
[30]. Grain boundaries (GB) have their own associated embodied energy, and their formation is
associated to film stresses, which carry their own strain energy; as a result, energy minimization
constraints will shift and remove grains, and these will evolve throughout deposition [19], [30],
[109]. Nevertheless, it’s fairly easy to intuit, especially with Figure 2.4 as a visual aid, that a larger
density of clusters increases the odds of worm-like clusters with multiple grain boundaries forming,
the presence of more initial grain boundaries will, in spite of surface energy minimization, result
in more grain boundaries by the end of deposition, and the dynamics of filling trenches and grain
reshaping will affect the film morphology around these grain boundaries. Thus, processes that
promote earlier continuous film formation often intrinsically promote smaller grains, and vice-
versa [26], [32], [92], [99], [105], [108], [111], [112], [113], [114], [115], [116], [117]. In the
following subsections, particular attention will be given to the grain structures resulting from
different deposition approaches: their initial structure will have important impacts on how they

evolve at high temperatures, given the energy to seek out equilibrium structures.
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2.2.2 Controlled deposition kinetics

At this point, it goes without saying that controlling the kinetics of deposition offers ways to control
film growth. In fact, after the previous discussion, two controllable parameters should stand out

readily: the flux of incident film-forming atoms and the diffusivity.

Increasing the deposition rate, i.e. F, straightforwardly decreases fperc and fcont as this promotes
cluster nucleation and elongation [85], [99]. The atomic force microscopy (AFM) measurements
on Ag and Cu films presented by Jamnig et al., as well as the grazing incidence small-angle X-ray
scattering (GISAXS) measurements on Au films by Schwartzkopf et al., indeed show that this
results in smoother film surfaces, although at the cost of forming smaller grains and/or clusters,
which will reduce film conductivity [31], [99], [111]. Pulsed deposition can allow additional
control via the deposition rate; low frequency pulses appear to result in more regular grains in
Elofsson ef al.’s AFM images, but z.ont is delayed and the grains are not appreciably larger [104].
As a result, deposition rates should be increased enough to obtain a continuous film at the

thicknesses of interest, but no more.

Increasing the diffusivity can be achieved in different ways. In the simplest case, one can increase
the substrate temperature: adatoms will become thermalized shortly after deposition, resulting in
all the opposite behaviors that were described for increasing deposition rates; higher roughness,
higher #cont, larger grains. Indeed, this is what is observed [85], [99], [112]. While some interesting
features are obtained, such as highly regular clusters in the early stages of deposition, or large, flat
topped grains, these are only observed at temperatures well beyond those for which a continuous
film can be obtained at a reasonable thickness (e.g. for Ag films deposited on substrates heated to
600 °C, which remain discontinuous at thicknesses exceeding 100 nm) [112]; ways to leverage
these features will be addressed in the following subsection. In principle, active cooling of the
substrate can yield interesting results in decreasing the substrate diffusivity [97], [118], but as
similar changes could be obtained by increasing F relative to the diffusivity instead, this isn’t

sufficient to justify trying to implement it into a production setting.

Additional control of the diffusivity can be achieved by controlling the energy of the deposited
particles; whereas the previous discussion only considered thermally activated diffusion, other

techniques can be used to increase adatom mobility, including, but not limited to, ion beam
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assistance [113], [118], [119], [120], substrate biasing [85], [121], and energetic deposition
techniques such as high-power impulse magnetron sputtering (HiPIMS) [85], [121].

Supplying additional energy to adatoms via ionic means distinguishes itself from thermal processes
in a few major ways. First, the magnitude of the involved energies is radically different: average
thermal energies (= kg7T) will remain below 0.1 eV even at temperatures surpassing 500 K. On the
other hand, ions can easily be accelerated to energies between a few eV and a few hundred eV,
allowing to easily provoke diffusion and even penetrate the bulk of the underlying films [26], [110].
Second, this energy is temporary: as discussed earlier, adatoms will quickly thermalize to the
substrate temperature, and thus additional energy imparted to adatoms will dissipate just as quickly.
This can enable temporarily increased diffusivity, which does not result in long-term film
reorganization [118]. Finally, this energy can be imparted to adatoms in different doses and at
different stages of the film formation process: incident film atoms will benefit from higher initial
diffusivity but quickly be thermalized, while irradiation of the substrate with an external ion beam
can impart mobility to atoms that are already arranged in stable clusters and prompt their
reorganization [118], [119]. This can be further tuned by changing the flux of ions relative to the

flux of film atoms, as well as their angle of incidence, mass, and energy [26], [122].

Increasing the incident energy of film-forming atoms, which can be achieved via accelerating
charged species or reducing operating pressures to increase the mean-free-path and decrease
collisions [85], [110], [123], has been shown to reduce z.ont by promoting cluster nucleation and

facilitating elongation [85], [121].

Control of film properties by irradiation with external ions has more parameters, which results both
in higher complexity, but also the potential for more control. High energy incident ions (in the
order of 100 eV) can cause film densification and implantation of the ion species, as well as
generate compressive stress and coating defects; but this is not a monotonous trend, as local heating
caused by the thermalization of high energy ions can induce localized annealing [26], [110], [113],
[123]. Using lower energy ions (in the order of 20 eV) at higher fluxes (keeping a constant product
of energy per ion and flux) has been shown to alleviate many of these issues, enabling higher
density, control of the preferential grain orientation and more [26], [123]. Interconnectedness of
these parameters (e.g. increased pressure decreases incident energies, but also changes the range

of incident angles [123], different sputtering gases can lead to kinetic changes, but also changes in
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gas incorporation [124]), as well as their interactions with other parameters (e.g. biasing during
magnetron sputtering causes different effects on different substrates [121]) make it non-trivial to
select optimal conditions for a given process. Thus, despite following relatively simple physical
models, the kinetic parameters available to control film coalescence can lead to quite some

complexity.

2.2.3 Multi-step approaches

The processes described in the previous subsection have been overarchingly uniform; fixed
deposition rates, powers, temperatures — even pulsed depositions typically use fixed frequencies.
Additional methods exist, however, in which characteristically different behaviors can be leveraged

subsequently to obtain new results.

Although it concerns much thicker films, and is performed on substrates allowing epitaxial growth
of Ag, the work of Rodionov et al. offers an excellent demonstration of this concept [17].
Previously, it was described that at high deposition temperatures, large, single-crystal Ag islands
with smooth, flat tops could be obtained [112]. However, the deposition conditions that yield these
features do not allow formation of a continuous film at reasonable thicknesses. The answer to this
problem is to separate the deposition process into two steps: one in which these desirable features
are obtained, and one in which the film is made continuous. Evaporation onto a high temperature
substrate (350 °C) provides the first half, following which the substrate is cooled to room
temperature and deposition resumes at a much lower rate. As highlighted by Lii ef al., one of the
key energetic barriers in Ag deposition is at the transition between Ag facets, at which there is
significantly lower coordination [97]. Adatoms diffusing from the substrate towards Ag sidewalls
also face an energetic barrier at its edge, where they have significantly higher coordination. This is
shown schematically in Figure 2.5: at the sites (iii) and (v) an adatom respectively has more or less
direct neighbors, creating important activation barriers for diffusion. Thus, adjusting the
temperature to provide sufficient energy to bypass the low-coordination barrier at the island tops,
but not enough to bypass the high-coordination barrier at their base allows to promote diffusion
selectively to the sidewalls [17]; in the example of Figure 2.5, the temperature must be such that
E> < ksT < E\. Note that this relies on the substrate properties to obtain a large enough barrier at

the substrate-sidewall barrier; for instance, it fails on quartz substrates, a typical weakly-interacting
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b)

Figure 2.5: a) Schematic representation of an Ag adatom diffusing across a substrate and onto a
Ag cluster, following a path x, with key locations shown by dotted outlined and numbers (i) through
(vii). b) Qualitative graph of the adatom energy along the path x. The sites (i)-(vii) are marked with
black circles. The diffusion activation barrier for diffusion on the substrate and on the Ag cluster
(considered identical for both facets) are respectively denoted as Ep:.suw and Ep.ag. The energy
barriers encountered by an Ag adatom arriving to the cluster facet from the substrate and from the
top of the facet are respectively denoted as £ and E>. Modelled after [97].

substrate for Ag, consistent with other results [17], [97]. Coupled with the decreased deposition
rate, which inhibits nucleation, this leads to something akin to a coalescence-free growth regime
with atomistic island growth [101]. Following annealing to relax the intrinsic stresses developed
during the high temperature deposition and cooling, the grains align themselves, and a singe-
crystalline film is achieved, at much lower thicknesses than other epitaxial Ag depositions [17],

[125].

While this technique is unsuitable for the applications of interest in this work (requiring specific
substrates, requiring extended heating and cooling periods, producing optically thick Ag films), it
highlights how previously explicited concepts can be combined in novel ways to break from their
individual limitations. Moreover, it gives an example of how film microstructures can be tailored

in different ways, at the expense of other metrics, such as fcont.

Another way of segmenting Ag film fabrication into distinct steps, which could allow decoupling
critical film formation thicknesses from the microstructure, is post-deposition ion etching. Indeed,
once Ag clusters have begun to coalesce, their re-separation entails an increase in surface energy,
as their GBs have much lower surface energy than exposed Ag surfaces [96], [126]. The result is
that continuous films are metastable, and thus retain continuous morphologies at lower thicknesses

than are achieved during deposition, when subsequently etched [82], [83], [127], [128]. Moreover,
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tetch=rr+rb

Figure 2.6: Schematic representation of the model proposed by Netterfield and Martin, describing
the minimum thicknesses achievable via post-deposition etching. a) As-coated Ag film with
roughnesses 7; and 7, at its top and bottom interfaces. b) Etched Ag film, with a minimum
continuous thickness equal to the sum of the film roughnesses. Reproduced based on [127].

even once these films breakdown, the resulting island structures are qualitatively different than

discontinuous films of the same equivalent thickness achieved by direct deposition [82], [128].

In principle, this could allow to deposit Ag films in such a manner to optimize the microstructure;
the thickness at which it would be achieved would be irrelevant, if it could subsequently be etched
to a desired value. However, the functional limitations of this method are unclear. While they
produce extremely thin continuous Ag layer, Ma et al. leverage films with extremely fine grains to
do so; thus, it offers an advantage in obtaining very thin films, but not necessarily in obtaining thin
films with large grains [82]. Moreover, they attribute the stability of their films during etching to
its partial implantation in the dielectric substrate layer. This seems highly unlikely, as the energy-
dispersive X-ray spectroscopy (EDS) measurements they use to justify this hypothesis shows
minimal overlap between Ag and the substrate material, which could be entirely attributable to
electron beam broadening [129]; to make matters worse, they do not include the signal from the
caping layer deposited above Ag, which could have provided a point of reference [82]. In addition
to all this, other works report similar critical thicknesses via etching, despite using deposition
techniques that could not reasonably cause implantation [83]. Thus, the simple model proposed by
Netterfield and Martin in 1986, shown in Figure 2.6, appears to be the most consistent with the
results of other works: this model straightforwardly supposes that the continuous film thickness
obtainable during etching is limited by the total interfacial roughness, as this creates locally thinner

areas in the coating which form holes at low enough thickness [127].
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2.2.4 Seed layers and metallic seeding

So far, we have discussed approaches to obtain thin continuous Ag films that use clever kinetics or
thermodynamic tricks but have only briefly touched upon the most fundamental approach: i.e.,
using substrates that alleviate the surface energy mismatch which causes the Volmer-Weber growth

mode in the first place, commonly referred to as seed layers.

Equation 2.2, visually represented in Figure 2.2, allows to easily intuit two main properties with
which we could base a selection of suitable substrates: a high surface energy, ys, and strong binding
to Ag (meaning a highly negative y;). In addition to this, a crystal structure that is commensurate
with that of Ag will promote the formation of well-ordered Ag crystals and reduce strain [43],
[130]. Naturally, for the purpose of fabricating durable transparent conductors, this layer must also

have appropriate mechanical and optical properties.

Despite the poor adhesion of Ag to most oxides, this nonetheless leaves a host of available
materials, including ZnO (and doped variations thereof), titanium oxide (Ti0O3), tin oxide (SnO»),
zirconium oxide (ZrOy), ITO, and many more [27], [39], [43], [45]. Indeed, there are too many
potential materials to discuss them all. Moreover, the functionality of a given material is dependant
on its stoichiometry [43], [131], [132], composition [27], [132], and structure [43], [130], [133],
making experimental comparison between materials tricky at best; differences in the optimization

of the deposition conditions can easily be interpreted as differences in the material quality.

As a result, computational comparison can be quite advantageous. Cornil et al. compare the work
of separation for various oxides, with different structures and Ag arrangements; while they also
evaluate the commensurability of the different structures with Ag (111), they use supercell
structures to alleviate important size mismatches between the unit cell sizes of Ag and of the
different dielectric materials studied, in order to better focus on work of separation [43]. Thus, the
strain induced by the lattice mismatch will depend on the chosen supercells, which does not

guarantee that these will be representative of experimentally obtained structures.

They find that (001)-oriented ZnO — the common surface orientation for sputtered films of this
material [134] — displays strong adhesion for multiple Ag configurations and relatively strong
adhesion even in other orientations [43]. Its mismatch strain is dependant on the Ag configuration
relative to ZnO, as reported elsewhere [43], [130]. Despite having a relatively high mismatch, low

strain in Ag islands is found experimentally for Ag on (001)-oriented ZnO, which is attributed to
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the formation of superstructures larger than those simulated by Cornil et al. [43], [130]. TiO; is
found to have excellent lattice matching to Ag, but very poor adhesion which can be greatly
improved by decreasing the surface oxidation [43], consistent with its frequent deposition as a sub-
stoichiometric layer [82], [135], [136]. SnO2 shows weak dependence of its work of separation on
crystalline orientation; both of those evaluated, as well as those of TiO., are well below those of
(001)-oriented ZnO [43]. It shows meaningful mismatch strain, but this is a bit of a moot point;
SnO, films are frequently amorphous in their as-coated state, even at high thicknesses [137].
Finally, while ZrO, can show excellent adhesion given proper (100) orientation, its (111)

orientation shows extremely weak adhesion [43].

While ITO layers are frequently employed to enable electrical contact with the metal layer without
leaving it exposed [69], [138], [139], doped or sub-stoichiometric ZnO can also fulfill this role
[140], [141]; moreover, in the context of low-E coatings, this is not a requirement. Thus, it should
come as no surprise that (doped) ZnO is commonly chosen as a seed layer in a wide range of
applications [6], [23], [25], [27], [41], [142], including this work. Accordingly, methods to improve
seed layer performance will largely be discussed in the context of ZnO, although these could

ostensibly be used to improve other layers.

Structural improvements can be made, in turn, by using appropriate growth templates for ZnO;
deposition of thin ZnO layers on sapphire substrates, which are an epitaxial growth substrate for
Ag, has been shown to enable nearly GB free Ag films despite said ZnO layers being highly
polycrystalline [143]. Thus, it can be assumed that the ZnO lattice is deformed, and its grain
boundaries defined, by its mismatch with the sapphire substrate, improving its commensurability
with Ag. Additionally, it is proposed that this alleviates strain that would otherwise be accumulated
during Ag heteroepitaxy directly on sapphire [143]. While using epitaxial substrates in the context
of window coatings could not be realistically implemented, similar results can be achieved by
depositing ZnO on a surface which nevertheless promotes the growth of a structure more
commensurate with Ag; namely, the high commensurability of TiO> and Ag, discussed earlier, can
be leveraged to this end [144], [145]. While this is not commonly seen in academic research, as
simple designs minimizing the number of materials are often used [45], more technologically
mature designs will typically integrate interlayers between the bottom barrier layers and the seed

layer [142].
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Modifying the composition of the seed layers offers another interesting route; as this will change
the adhesion between Ag and the substrate [43], [132], and as the energy barrier for adatom
diffusion is proportional to it [98], this can decrease Ag diffusion in addition to modifying the
shape of equilibrium structures. Simulations of Ag-ZrO; interfaces found that modifying the
stoichiometry of the ZrO, surface resulted in improved adhesion regardless of whether Zr or O>
vacancies are introduced; in fact, as long as they are not in a stoichiometric ratio, a combination of
both types results in improved adhesion [132]. This is consistent with other works, which show
(apparent) contradictions: Lee et al. report worse Ag wetting when ZnO is exposed to an oxygen
plasma [131], whereas Li et al. achieve improved Ag wetting by treating their ZnO seed layer with
an oxygen plasma treatment[146]. In simulation, work of separation does not increase
monotonously with increasing concentration of oxygen vacancies [132], and ostensibly the same
could be true for metal vacancies. Thus, excessive oxygen treatment may be at cause. This is not
to say that they are equivalent: simulation results show that metal vacancies increase the adhesion
more strongly than oxygen vacancies. Analogously, substitutional metal dopants of both p- and n-
type improve adhesion as well, with p-type dopants yielding the higher adhesion increase of the
two [132]. For instance, aluminum doping is found to mildly reduce the ZnOay) lattice parameters,
consistent with its smaller atomic radius, although not enough to appreciably reduce its mismatch
with Ag; moreover, elevated dopant concentrations are found to result in rougher, less crystalline
films [147]. As a result, increase of the binding energy level is probably best controlled by

manipulating the film stoichiometry rather than its level of doping.

Finally, seed layers may be improved with further surface functionalization. Self-assembled
monolayers (SAM) with strong adhesion to metals and their respective substrates have been shown
to significantly improve wetting [27], [148], [149], [150]; as described earlier, increased adhesion
has the dual benefit of suppressing diffusion in addition to promoting flatter equilibrium structures
[26], [94], [98]. While these have been shown to offer benefit when self-assembled on glass, SiN,
and ZnO substrates in separate studies, direct comparison of Ag deposited on self-assembled
monolayerss with and without an underlying ZnO layer is not reported [148], [150]. Thus, it is not
clear whether these can benefit from a templating effect of the crystalline structure of the
underlying layer, as discussed previously. However, best results are reported for films applied via
solution-based approaches rather than vapor-based ones, hindering industrial scale implementation

[148], [150].
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Metallic seeding offers a far simpler implementation; in this case, metallic films with nominal
thicknesses of a few monolayers are deposited on the substrate prior to Ag deposition, which is
straightforwardly implementable at larger scale [27], [114], [151]. To function appropriately,
however, they must be deposited with appropriate control of the nominal thickness, as their benefit
is both highly dependant on said thickness and does not scale with it monotonously [114], [151].
For example, Fukuda et al. find that metallic Ni seeding on ZnOar will promote coalescence for a
nominal thickness of 0.2 nm, but significantly hinder it for 0.5 nm [151]. In addition to the
sensitivity to the nominal thickness of the metallic seed, important wetting improvements present
commensurate decreases in the grain size [114], [115], [116], [117]. Finally, addition of metals
with undesirable optical properties will decrease overall performance, similarly to doping, thus
limiting the relevant candidates [105]; notably, Al and Au have been used to minimize such losses

[27].

2.2.5 Dopants and surfactants

Modifying Ag film growth via the addition of metallic dopants presents significant overlap with
the usage of metallic seeds; in the case of doping, the additional metal is simply deposited during
Ag deposition rather than prior to it. That being said, studies that present the effect of varying the
dopant concentration on film coalescence suggest that this process is less sensitive to the dopant
concentration than metal seeds are to the nominal thickness. Indeed, once a certain concentration
threshold is met, film coalescence appears to remains stable, with negative impact on coalescence

only taking place at high concentrations [48], [88], [152].

Beyond this, however, many of the issues remain the same, with evidenced decreases in grain size
[32], [48], [92], [105], as well as decreased optical and electrical properties [48], [50], [89], [90].
While Ewald et al. claim that films alloyed with Au present extended lateral grains, they support
this on the basis of smooth areas being observed in very large AFM images; it seems more likely

that these are in fact areas with very fine grains, consistent with the rest of the literature [91].

Two methods may alleviate the performance burdens placed by film dopants, however. The first is
to use selective deployment of the dopants, i.e. only doping during the first steps of Ag deposition
[48], [105], [108]. This approach yields significant improvements, wherein similar decreases of

feont are obtained as during continuous doping, but film resistivity changes are decreased; in the
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best cases, continuous film resistivity is even lower than that of pure Ag within certain thickness
windows [105]. This can be attributed to changes in grain boundary reorganization speed [48],
leading to earlier Zeiong, Which in turn is expected to determine later stages of film coalescence [19].
This is not to say that early growth stages are all-defining: beginning deposition with pure Ag and
adding dopants later on still shows an effect on coalescence, albeit a less good one, and in some
cases it delays coalescence significantly [48], [105]. Moreover, these all show higher resistivity
than pure Ag films, highlighting that dopants must be used in a focused way to control growth, and

otherwise avoided to achieve optimal optical and electrical performance [105].

The other method is to use a dopant that does not permanently modify the Ag chemistry, i.e. an
immiscible material which does not remain in the Ag film following deposition; this may also be
referred to as a surfactant. While metallic dopants with lower miscibility (Cu, Cr, Mo) may show
better performance as dopants, these nonetheless remain in the film following deposition [105].
Alternatively, gaseous dopants could be used, then pumped out following deposition. Oxygen has
shown strong potential in altering Ag growth; however as it can form an oxide with Ag, it is
expected to remain in the film [84], [93], [106]. Nitrogen (N)-doped Ag (Agw)) has been shown to
enable such an effect however, strongly altering Ag coalescence with minimal residual N> detected
in the resulting films [18], [23], [93], [108], [153]. In computational experiments, N is found to
only remain stable when in the first nanometer of depth into Ag; thus, as deposition continues and
the N becomes buried within the layer, it becomes unstable, leading it to “float out” and leaving
pure Ag in the bulk of the film. The same simulations show that, increasing N surface concentration
reduces the surface energy of Ag’s different facets at different rates, which leads to (100) becoming
the preferred Ag orientation at high N concentrations [18]. Together, these results explain much of
the behavior observed for Ag) coatings. Deposition of Agn) with a constant N> addition will lead
to increasing N concentration at the Ag surface, as N floats out to the surface from previous
deposition in addition to impinging from the sputtering gas, promoting (100) surface orientation
[18], [23]. This also explains the observation that the nitrogen concentration is highest at film
interfaces, with other residual N likely being trapped at grain boundaries [18], [23], [108].
Resistivity of Agw) films deposited on silica (SiO) is significantly higher than pure Ag, although
selective N> deployment during the start of deposition alleviates this effect while preserving
improvements in continuous film formation, and vice versa, just as for metallic dopants [108]. As

the amount of residual N> is so low, this appears to be almost entirely attributable to smaller grain
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sizes observed for Agay) [108]. Although selective deployment is not as evident for a gaseous
dopant due to pumping speed limitations [105], crystallographic measurements suggest that

deposition of Agn) on ZnO may offer an alternative route to influencing their crystal structure [23].

It should be noted that the exact mechanisms taking place during improvement of Ag coalescence
via doping remain unclear. Changes in surface energy as a function of the dopant concentration
have similarly been found for Ag films with non-immiscible dopants [106], suggesting similar
mechanisms as for N>. While this is coherent with the observation that immiscible metal dopants
also perform very well in reducing 7cont [105], the float out behavior found for N, and the resulting
increase of surface concentration during deposition, does not explain how late introduction of
dopants causes such negative effect in the electrical properties, worse than that of continuous
deposition [105], [108]. Rather, this seems due to dopants changing how hole and trench filling
proceeds during the later stages of continuous film formation, as suggested by Jamnig ef al. [105].
Although there may be multiple competing interpretations, as previously, the measurable outcomes

remain the same.

While the film microstructure will continue to change beyond continuous film formation, this
concludes the overview of qualitative morphological changes specific to film deposition. How film
morphologies will evolve beyond this point, especially at high temperatures, with ample energy
available to reorganize, becomes a key factor for coating durability and this discussion will thus

continue in the context of film stability.
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2.3 Mechanisms of Ag film instability and their mitigation

The methods with which one can control the deposition dynamics and resulting microstructures of
thing Ag films have been well-explicited; we can now proceed to the mechanisms by which this
structure evolves, when exposed to high temperatures and or chemical contaminants. It bears
repeating that these processes may very well occur during deposition as well, if sufficient energy
is available, and thus they contribute not only to the evolution of the film during tempering, but

also to the evolution of the microstructure throughout deposition.

While the changes taking place in a Ag film during annealing follow the familiar concept of seeking
a thermodynamically advantageous state, the plethora of ways a film may reorganize to do this
means we must still contend with different competing mechanisms. Thus, these will be categorized
based on the main participant actors, and this section will be separated accordingly, discussing the

mechanisms at play and the means of controlling them.

In Section 2.3.1 we will begin with changes intrinsic to the Ag layer, wherein thermal energy
supplied to the Ag film allows it to reorganize into structures closer to equilibrium without
significantly interacting with any other materials. Section 2.3.2 will present means to manage these
changes. Following this, in Section 2.3.3, diffusion processes involving other film layers and
external contaminants, will be discussed, and then Section 2.3.4 will once again address their
mitigation. Throughout each section, an attempt will be made to discuss changes that do not

explicitly involve the Ag layer, but which are relevant to the overall stability of low-E coatings.

2.3.1 Intrinsic Ag changes

As stated, we begin by studying the mechanisms that cause Ag microstructural changes by
considering changes that are intrinsic to Ag. As discussed, these are changes which are the logical
conclusion of the Ag film not having a structure that minimizes its free energy, and, at high
temperatures, being given the energy to move towards one. Thus, we can start by considering the
total energy embodied in a Ag film, Er, given by equation 2.9 below:

E¢ Ep Egp
PN —_— e
Er = apyr + asys + a;yi + agp¥ep + Ee 2.9
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Where Ei, Ev, Ega and E; are respectively the surface energy of the top and bottom film interfaces,
the grain boundary energy, and the strain energy [30]. Here, each component represents the sum of
the contributions of each grain, with different sizes, number of facets, orientations and surface
energies, which would be arduous to consider for a realistic film morphology. Additionally, we
consider that the surface energies (yr, ys, ¥i, yGB, respectively those of the film, substrate, interface,
and GBs) are orientation independent averages, such that we only need to consider the total area
associated with each (ar, as, ai and ags, respectively). For a continuous film, as will be zero until a
hole in the Ag film causes the substrate to become exposed. Moreover, we will not investigate Ee

in detail; it suffices that we keep in mind that processes that reduce strain energy will be promoted.

It is worth noting that a continuous film is a highly metastable structure; that is, without embodying
the global minimum of free energy, a continuous film without defects, anisotropic effects or stress
will not dewet, even at high temperatures, unless a perturbation of the scale of the thickness (i.e. a
sufficiently large hole) is generated within it [154]. Section 2.2.1 has already given us an intuitive
grasp of why it is thermodynamically profitable for films to dewet; therefore, we can begin by

discussing processes which can generate such perturbations.

Considering a continuous film with perfectly flat surfaces and uniform surfaces energies, a
reduction of Egg is categorically required to decrease the total film energy while maintaining a
continuous film morphology. To achieve this, we must reduce the area associated to grain
boundaries, ags, which is the product of the film thickness, #, and the total length of grain

boundaries in the plane of the coating.

The latter can be straightforwardly decreased by transitioning to a structure with larger average
grains, i.e. grain growth [155]. Similar processes will seek to remove other internal surfaces, such
a small voids or pinholes, which also increase the total free energy, not unlike grain boundary
“zipping” [30], [109]. That being said, there may be competing energetic incentives to close or

expand such defects, particularly in the case of pinholes [154], [156].

Grain growth will occur via the consumption of small grains by larger ones, as they represent a
larger expenditure of surface energy per volume, analogously to the discussion of cluster nucleation
in Section 2.2.1. This primary mode of grain growth will stagnate once grains have columnar
structures which extend to the Ag film interfaces, and lateral sizes a few times that of the film

thickness [155].
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Figure 2.7: Schematic representation of the change in grain size for a Ag film during grain growth
and secondary grain growth with top-down view.

Occurring beyond this point, secondary grain growth, also known as abnormal grain growth, will
be prevalent; in this case, grains with energetically advantageous surface orientations will grow by
consuming those with higher associated energy. This is shown schematically in Figure 2.7: grain
“1” with higher surface energy than average, will shrink, whereas grain “2”, with lower surface
energy than average, will grow. This mode of grain growth is particularly important for this work:
as-deposited Ag microstructures will often already meet the criteria for secondary grain growth,
such as the Ag films deposited in Ar by Jamnig et al., which show wide columnar grains extending
through the full thickness of the coating and with a lateral size much larger than the thickness [108].
Even when films do not display such a structure as-coated, at high temperatures they are expected
to rapidly reach this point [155]. The average growth rate of a given grain with in-plane radius 7,
and orientation-dependent film and interface surface energies yrn and yin, is given by equation 2.10

below.
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Where Mag is the grain mobility, which is structured in the same way as the diffusivity in equation
2.5, r is the average grain radius, and yr, yi and ygg are the orientation-independent average energies
used previously [155]. This equation is written such as to consider an un-encapsulated film, but it
is a trivial substitution to replace the surface energy of the film with that of an upper Ag-

encapsulating film interface.

While this appears benign at first glance, it will take its full importance in the context of other
mechanisms. Indeed, if grain growth minimizes the in-plane density of GBs, reducing their out-of-

plane size, i.e. the film thickness, may also decrease the total film energy.

More specifically, assuming a columnar film with grain boundaries that intersect the interfaces,
locally thinning the film at said intersections will reduce agg; this is known as grain boundary
grooving [26], [35], [154]. In order to maintain grain volume while accommodating a decrease in
thickness at the grain boundary, hemispherical caps must form at the grain surfaces. In turn, these
caps increase the film area and its associated surface energy; the resulting groove is in fact an
equilibrium shape, which results from the balance between the film and grain surface energies,
reducing the total energy. This is shown schematically in Figure 2.8, and detailed in equation 2.11

below [154].

At 2 — 3 cos @ + cos36
8 = - =~ 0.13@, where sin 8 = Yer 2.11
T 3sin36

Yr 2yy

Here, Afcg is the difference between the thickness at the grooved boundary and the average film
thickness, 7 is the radius of the film grains (for simplicity we assume a uniform average size), and
0 is the angle of the grain surface at its intersection with the GB, relative to a flat film of average
thickness 7. Based on the surface and GB energy values of Ag reported by Tran, Zheng, and their
collaborators [96], [126], we can assume the ratio between ygs and yr to be somewhere between 0.1
and 1. Plotting the term in parentheses of equation 2.11 as a function of this ratio, as shown in the
inset of Figure 2.8, we find a roughly linear relationship. This allows for the approximated form
of equation 2.11, in which Afgs can be found to increase linearly with the grain size as well as with

the ratio of GB and surface energies.
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Figure 2.8: Schematic representation of the change in surface geometry for a Ag film during grain
boundary (GB) grooving; the change in GB thickness relative to the grain radius is shown for the
analytical and approximated formats given in equation 2.11. Modeled after [154].

The key point of this equation is that for a given ratio of GB and film surface energies, there exists
a grain radius » for which Azgs will exceed ¢, leading to hole formation. For example, assuming a
GB in a 10-nm-thick Ag film with yg = 0.71 J/m?and y¢= 0.76 J/m? [96], [126], GB grooving will
generate a hole for » = 82 nm. This demonstrates the potential impact of secondary grain growth,
in particular; whereas primary grain growth will typically stagnate for grains with lateral
dimensions a few time larger than the thickness, secondary grain growth can lead to such larger

radii [155].

It should be noted, however, that not all holes formed will lead to dewetting. Indeed, Srolovitz and
Safran find that for a film with given ¢ and yr, considering holes spaced 2r apart (equivalent to holes
separated by grains of radius r), the change in energy associated to the formation of a hole of radius

rn will vary only as a function of 7/r and the composite parameter f, shown below [154].

ﬁ=(£)2<1+n;fys> 2.12
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Figure 2.9: a) Change in energy resulting from the inclusion of holes of radius 7 in grains of
radius r, for different values of the hole stability parameter £; local minima (circle markers)
correspond to stable hole sizes that minimize total energy and local maxima (triangle markers) to
critical hole sizes, below which holes will shrink. b) Stable radius towards which holes will
converge, if their radius surpasses the associated critical hole radius, both as a function of . Values
for which all holes are unstable, or in which holes are merely metastable are indicated via shading.
¢) Schematic showing the main geometric parameters. Modeled after [154] and the discussion
therein.

We can see that § varies with the ratio of the grain size and thickness, similar to the criteria for hole
formation at grooves. In the second parenthesis, the energetic cost of exposing the substrate is
balanced by removing interface and film area. Figure 2.9a shows the change in energy for different
values of f with each result showing qualitatively distinct behaviors. At very low £ (smaller than
~14.5), no holes are stable, and they will shrink spontaneously. At intermediate f values (between
~14.5 and =19.5), holes above a critical size will drift to a (meta)stable size but will shrink if
displaced from the local minima of energy. Finally, for high values of f, holes larger than the
critical size will be fully stable [154]. Figure 2.9b shows how the critical and stable hole radii

evolve as a function of f.
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A caveat to both expressions is that they only consider unencapsulated films. For the case of
grooving, an expression considering both the exposed film and its substrate interface has been
proposed, albeit it isn’t particularly helpful: rather than accounting for the substrate becoming
exposed, it assumes that the substrate deforms such as to maintain contact with the grooved film,
leading to a similar behavior as for an exposed surface, but with some y; replacing yr [157]. In
practice, with a rigid substrate, one would need to consider the energetic cost of creating new
exposed substrate and film surfaces, akin to the criteria for hole formation. For hole formation, we
would need to consider the change in energy associated to reducing the top interface area and
exposing the surface of the encapsulating layer, rather than simply decreasing the exposed film
area. In fact, the formation of the hole’s sidewalls will increase the film area, albeit it ought to scale

roughly linearly with the hole radius, rather than quadratically.

Finally, it should be noted that while equation 2.12 and Figure 2.9 give insight into how certain
parameters affect the size threshold holes must overcome to generate a dewetting front, and how
energetically favorable hole expansion will be, they do not describe the qualitative morphology of
dewetting. Depending on the context, this may lead to the formation of a high density of small
islands, or large dewetting fronts with highly irregular patterns [35]. We won’t dwell on this, as in
the context of this work we are mainly seeking to prevent dewetting. For those desiring a more
complete accounting of these behaviours, Thompson describes this following a capillary model
with isotropic film properties [35], as we have for most of this work; this is well complemented by

the work of Jacquet et al., which gives insight into how the grain structure affects dewetting [34].

2.3.2 Mitigating intrinsic Ag changes

From equations 2.11 and 2.12, one could (correctly) surmise that depositing a coating with very
small grains could help prevent dewetting. Indeed, larger grains will lead to deeper GB grooves,
which will be more likely to generate holes, and they will increase the energetic incentive of hole
formation. However, there are a number of reasons that make small-grained Ag films undesirable
in the context of this work. Namely, a smaller average grain size will result in a worse as-coated
performance [17], [31], and accelerate the rate of grain growth, as highlighted in the second term
of equation 2.10. Moreover, this will make it difficult to limit the total change in grain size,

resulting in important optical and electrical performance changes, which makes this particularly
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unfit in the context of obtaining single-stock window coatings [6]. Additionally, incorporation of
grain boundaries with lower atomic density during grain growth can lead to the development of
tensile stress [30], [158]. Grain thinning can then occur as a means to alleviate this stress [159],

and locally thinning the film in this way may then facilitate hole formation [35].

Instead, we can consider ways of stabilizing the grain size. Changing the film thickness or
decreasing the GB mobility via lowering the temperature, while straightforward, is not a realistic
option for many applications. Thus, the main morphological tools offered by equation 2.10 are the
generation of grains with uniform sizes and surface energies, with additional benefit from a larger
average grain size. As discussed in Section 2.2.4, an appropriate seed layer such as (doped) ZnO
can promote these traits, and accordingly these have been employed to reduce dewetting and optical
changes at high temperatures [142], [160]. Both the Ag-substrate and Ag-encapsulating layer
interfaces contribute to a grain’s energetic balance, and low energy at one interface may offset an
otherwise poorly aligned grain; usage of appropriate encapsulating top layers thus also helps,

although these must be deposited in conditions that do not degrade the Ag film [161].

Interestingly, despite that it results in a locally thinner film at the grain boundaries (which could
plausibly affect the first term in the parentheses of equation 2.10), GB grooving is known to slow
down grain growth [155], [162], [163], [164]. The geometrical argument proposed by Mullins
relies on the idea that GB motion centered about a groove would result in an increase of its
associated thickness, 7Gs, which would increase the associated area, ags, and energy, Egg. [164].
Further supporting this, simulations wherein grooves are manually inserted at different points
during annealing show rapid stagnation of grain growth [162]. The results of Dannenberg et al.
suggest GB mobility is restricted by surface diffusion in the presences of grooves, although
diffusion at the grain boundaries is the likely mechanism otherwise [86]. Holm and Foiles indicate
that at increasing temperatures, a higher proportion of GBs becomes destabilized, allowing their
motion in spite of limiting effects, suggesting that as temperatures increase, management of surface

diffusion will be insufficient [163].

Finally, dopants may allow to reduce grain growth by targeting diffusion at GBs; reduction of the
GB mobility is commonly referred to as solute drag, in which dopants, initially present or
accumulating at the grain boundaries during grain growth, mitigate reorganization around the GBs

[92], [155], [163], [165]. However, as discussed earlier, the addition of dopants is consistently
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reported to result in the formation of smaller grains [32], [48], [92], [105]. This is a direct
consequence of their ability to slow GB motion, as it also impacts the cluster coalescence dynamics
(see equation 2.7) during film formation, as discussed in Section 2.2.1. Thus, while many dopants
have been shown to yield higher stability to dewetting and/or smaller final grain sizes [32], [49],
[50], [84], [89], [92], [93], the grain growth (and other reorganization processes) that does take
place is amply enough to cause significant optical and electrical changes [49], [50], [79], [89], [92].
While this is typically presented as beneficial, (rightfully so, for most applications) for the purpose
of minimizing optical and electrical changes, it is an inconvenience. Chi and Bassim bypass the
apparent restrictions doping places on the initial grain size by doping films via ion implantation
after deposition is complete: Si-doped Ag films produced in this way show essentially the same
initial grain size as pure Ag, but with much less grain growth [165]. While this is not
straightforwardly implementable in conventional coating production, it demonstrates that dopants

may offer further benefits if implemented appropriately.

Given the desirability of large grains, and the inherent difficulty associated to imposing small grain
sizes on a film throughout high temperature processing, there is somewhat of a shortage of tools
available to control the equilibrium shape of GB grooves; indeed, the balance between grain
boundary and surface energies will depend largely on the chosen material [96], [126], and as
discussed above, the film thickness will depend on the desired coating functionality. Moreover, as
demonstrated in the previous section, the grain sizes resulting from normal grain growth are
typically well below the critical threshold at which grooving causes hole formation, so management

of abnormal grain growth remains the focus on that front [35].

Indeed, the equilibrium structures of GB grooves, in idealized films for which grain growth is well-
managed, are not the main issue causing dewetting. Instead, we must consider what coating features
can exacerbate grooving enough to cause hole formation, and what recourse we have to stop holes

from inducing widespread dewetting.

Amongst said features is the film stress: as discussed in the context of equation 2.9, given film
reorganization mechanisms can be promoted if they relieve strain energy. Previously it was
discussed that separated islands could elastically deform themselves to close a grain boundary, if
the resulting increase in strain energy was lower than the decrease in surface energies [30], [109].

Intuitively, we can see how the opposite may also be true: relief of this tensile stress may facilitate
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splitting the GB. Thouless develops this further in the context of creep, i.e. diffusive stress
relaxation, demonstrating that tensile stress applied at the grain boundaries will result in deeper
grooves at equilibrium, and lead to faster groove formation [166]. This effect can be exacerbated
by grain growth, as larger grains lead to deeper equilibrium grooves, but also because the removal
of low-density GBs from the film structure can generate tensile stress [30], [158]. This is not to say
that films should be in as much compressive stress as possible; in excess, this may lead to films
forming blisters or hillocks to relieve the excess strain energy, both of which promote hole
formation [35], [166]. Finally, while the discussion here is very much focused on the Ag layer, it
should be noted that stress in adjoining layers can cause similar issues, by cracking or delaminating
under their own internal stresses, or applying strain to the Ag layer, exacerbating existing issues

[109], [158], [167].

In terms of structure, triple boundaries, i.e. the boundary formed at the junction of three grains, will
also promote hole formation; these have been shown to strongly impede grain boundary motion
regardless of the presence of grooves [168], as well as to result in deeper grooves [35], [154]. In
situ transmission electron microscopy (TEM) measurements performed by Dannenberg et al.
demonstrate that holes preferentially nucleate at these triple boundaries, showing thinner areas both
at and around the groove [86]. Consistent with Holm and Foiles, they find that the average grain
size 1s largely determined by the temperature, with temperatures of 600 °C leading to sufficient
grain growth for these triple boundaries to induce dewetting in their 80 nm thick films [86], [163].
While stress, density and defects in the film can be controlled via the deposition kinetics [26],
[113], [123], [124], there is no simple recourse to removing triple boundaries; we must impede the

film’s transition towards their equilibrium shape instead.

This is a relatively straightforward endeavor, as GB grooving and dewetting are mediated by
surface diffusion [34], [35], [86], [154], [166], [169]. Indeed, these require mass transport out and
away from the GBs, meaning GBs cannot contribute, and even at high temperatures, as considered
in this work, bulk diffusion will be negligible next to either GB or surface diffusion [170], [171].
Thus, control of these processes can be performed by controlling Ag’s external surfaces; something

much easier than controlling its internal ones.

The addition of encapsulating layers thus allows to straightforwardly mitigate grooving and hole

expansion; for example Smith and Gurev found that the addition of a silica encapsulating layer
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allowed hole closing processes to compete with their formation, at least for given durations and
temperatures [156]. On the other hand, Folgner et al. find that NiCrNy interlayers reduce diffusion
at a Ag/SiN interface in chemical exposure tests, which they attribute to Ni interdiffusion at the Ag
surface [20]. This is consistent with the common usage of NiCr-based interface layers being used
in Ag coatings requiring high-temperature stability [22], [142], [172], [173], [174]; although other
layers are also used for high temperature stability [161], [175], the improvements in chemical and
mechanical durability offered by NiCr further popularise it [20], [46], [176], [177], [178]. Kumar
et al. report that the activation energies required for diffusion at interfaces of a given material will
scale roughly with the work of adhesion at that interface [169], analogous to the previous
observation that activation energy for surface diffusion scales with the adatom binding energy [98].
Thus, any encapsulating layer strongly adhering to Ag will also suppress grooving and dewetting
processes, as well as the other advantages discussed previously. Finally, in addition to adhesion,
conformality and rigidity of the encapsulating layers should also be pursued [35]; simply enough,
dewetting and grooving require meaningful coating volume to be displaced, and these traits will
respectively limit the existing free space and limit how difficult it is to generate new space.
Intuitively, we see that these must be coupled to good adhesion as well, lest they simply delaminate
from the Ag film instead. Thus, atomic layer deposition (ALD) thin films, which present
exceptional conformality, can significantly improve resistance to dewetting and other structural

changes [179], [180], [181], [182], [183].

Finally, when discussing equation 2.8 in Section 2.2.1, it was mentioned that dopants may suppress
surface diffusion; they could thus improve resistance to grooving and dewetting via this mechanism
as well, consistent with the high temperature stability improvements reported for dopants discussed
previously [32], [49], [50], [84], [89], [92], [93], [165]. The resulting effect is unarguable, but as
previously, the interconnectedness of the physics determining equilibrium shapes and film
reorganization kinetics make it difficult to attribute this effect to a specific mechanism, controlled
by a specific parameter. An overlooked aspect of dopants and their role in improving temperature
stability is their effect on as-coated morphology. We have focused on mechanisms that leads to the
formation of holes in continuous films, but this is for naught if holes of critical size are present
initially. Even if they are not, minimization of internal interfaces is expected to lead to the
agglomeration of small voids, vacancies, or incorporated gases, which can lead to hole nucleation,

as reported in Au films by Kwon et al. [184]. Thus, the high temperature stability of different thin
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films should be compared for similar continuous microstructures, but this is rarely the case. Many
authors do not clearly demonstrate that their un-doped Ag films are continuous prior to annealing
[49], or display outright that they are not [32], [84], [89]. Those that ensure appropriate
comparability in the starting morphologies show that while dopants can greatly improve stability,
they are not necessarily the panacea that some reports claim, nor are they all made equal [50], [92],
[93], [165]. For example Agcu) shows higher temperature stability than Agzn layers, despite the
former having a slightly discontinuous structure [93]. Similarly, Ni-doped Ag films were found to
be more stable than pure Ag films at certain concentrations, but these did not systematically
improve upon their pure-Ag counterparts [92]. Thus, while dopants can significantly improve high
temperature stability, one must be careful to not overestimate their stabilizing effect due to

improved wetting.

2.3.3 Interdiffusion of film species and contaminants

While the core issues resulting from annealing low-E coatings occur in the plane of the Ag layer,

it is essential to consider what happens when other elements intrude upon it.

Indeed, just as minimization of free energy will drive structural reorganization, it will drive
compositional reorganization; this is straightforwardly encapsulated by Fick’s law of diffusion,
shown below [170].

dc

_nD_—_ 2.13
dx

FD=

Where Fp is the atomic flux resulting from diffusion, C is the concentration of the diffusing species
being considered, and x is some linear spatial coordinate [170]; in practice, this will represent a
thickness gradient, under the assumption that the various layers deposited in a low-E stack are
uniform along the surface plane. The diffusivity D has already been discussed to some extent, but
mostly in the context of Ag diffusion on the substrate surface or at Ag interfaces, at least so far.
Here it will be important to keep in mind that D varies both with the diffusing species, and the

surface or matrix it is diffusing in [170].

Effect of external contaminants notwithstanding, interdiffusion of Ag into adjoining dielectrics is

the primary mechanism with which to concern ourselves [185], [186], [187], [188]. It is intuitive
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to see that the empty space resulting from Ag diffusion out-of-layer can contribute to the generation
of voids or holes inside the Ag layer; in addition to this, out-diffused Ag will, under the same
thermodynamic constraints as previously, form Ag nanoparticles inside the dielectrics, generating
characteristic optical features [185], [187]. Section 2.2.4 established ZnO and TiO; seed layers as
important, if not necessary features of low-E coating architectures; thus the reported optical and
electrical performance changes related to interdiffusion into these materials will need to be
managed without undermining their beneficial properties [186], [188]. Moreover, this can occur
even during deposition: Ag interdiffusion with encapsulating layers due to their energetic

deposition conditions has been reported [185].

The other stack materials being oxides and nitrides, with much lower diffusivity, these tend to be
matrices in which Ag or contaminants diffuse. This can nevertheless occur, as highlighted for Si0-
interdiffusion with soda-lime glass [189]. Similarly, changes in the concentration of Al in ZnOay
films has been shown to effect their optical bandgap [190], [191], [192]. That being said, as the
dielectrics commonly used in low-E coatings have similar optical properties, their intermixing is
mainly expected to result in subtle changes following effective media approximations [186]. An
over-stoichiometric oxide may allow oxygen desorption and diffusion [193], and ostensibly the
same could be true for a highly sub-stoichiometric layer and a metal, but at that point, the unwanted
incorporation of diffusing species is tantamount to contamination rather than an inherent issue with

diffusion from dielectrics.

Let us then turn our attention towards contaminants. Here we will focus on some key categories,
broadly addressing contaminants present on the surface of substrates, diffusion of sodium (Na)
from glass substrates at high temperatures, oxygen, corrosive species, and humidity present in the

atmosphere.

Regardless of their chemistry, contaminants present at the substrate surface are specific in that,
regardless of whether they diffuse through the stack at high temperatures, they will affect the
surface quality during the initial coating phases, leading to low adhesion, pinhole formation, or
otherwise poor film quality [194], [195]. Given that much of the previous discussion concerning
the mitigation of intrinsic Ag changes at high temperatures was predicated on ensuring the high
quality of the Ag film and its adjoining layers, and that the formation of holes in the encapsulating

layers will allow contaminant diffusion, these cause very serious issues. Surface contaminants are
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typically understood to be small particles that cause shadowing or low-surface energy organic
contaminants, resulting in low adhesion or formation of discontinuous films [194], [195]. No
specific techniques to deal with these will be discussed in the following section. Indeed, the most
effective way to do so is simply to remove them entirely, by minimizing sources of contamination
with proper system maintenance and appropriate sample cleaning, which will be discussed in

Section 3.1.1.

A challenging contaminant to control during glass tempering is the Na diffusion from the SLG
substrate. Alkali and alkali-earth elements, e.g. sodium, calcium, magnesium (Na, Ca, Mg), must
be added to silica glasses in order to decrease the processing temperature required to work them,
[196], [197]. However, this can result in the diffusion of their respective cations at high
temperatures; being particularly mobile, Na is typically the focus when considering the diffusion
of these elements, and the same will be true here [196], [198], [199], [200], [201], [202].
Interestingly, the effect of Na diffusion on low-E coatings is not broadly understood; it is frequently
cited as a problem to be managed, with no explanation of why [6], [203], [204]. Moreover, the
measurement of Na diffusion is complicated by its high mobility; it has been reported to diffuse as
a result of X-ray radiation and, more importantly so, electron irradiation, due to its diffusion as a
Na" cation [205], [206]. Furthermore, Li et al. found that sodium diffused from SLG substrates at
high temperature partially returned to the substrate during cooling [201]. This can be attributed,
once again, to Na diffusion as a cation; residual negative charge remains in the glass following its

diffusion, promoting the diffusion of positively charged ions back into the glass.

This can also promote the diffusion of other ions into the glass to replace Na, referred to as the ion-
exchange mechanism [39], [199], [207], [208], [209]. This has been shown to enable Ag diffusion
to depths of multiple hundreds of microns from the glass surface in certain conditions, as well as
leading to the generation of Ag nanoparticles within the glass [199], [207]. Kulczyk-Malecka et al.
observed that, following long annealing durations, that Ag could no longer be detected in their
coatings, and thus proposed that Ag-Na ion exchange may drive depletion of Ag films during
tempering [39], [208]. While Na-Ag ion exchanged glasses are typically produced in molten salt
baths, field-assisted solid-state ion exchange has been demonstrated at temperatures of 400 °C,
suggesting that, in the presence of higher temperatures, such as during tempering, this could occur
without field-assistance [209]. On the other hand, Hummel ef al. observed that alkali doping of Au
films promoted their hole formation and dewetting [202], [210]. Given that Na diffusion is used in
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copper alloy solar cells to promote grain growth [201], [211], it is plausible for it to facilitate grain

growth for Ag films as well, leading to GB grooving and subsequent dewetting.

The effects of oxygen on Ag are rather contextual: for example, at room temperature, exposed to
molecular oxygen, Ag does not readily form an oxide, although oxygen adsorption at the surface
occurs [212]. Moreover, while it is susceptible to forming an oxide when exposed to atomic
oxygen, €.g. as present in oxygen plasmas, these oxides are unstable at high temperatures: above
~ 400 °C, thermal dissociation begins to outcompete oxidation [149], [213]. As a result, the issues
pertaining to Ag’s exposure to oxygen at high temperatures are not equivalent to the oxidation
processes which may occur during deposition. Jacquet ef al. demonstrate that the presence of
oxygen in the annealing atmosphere vastly changes the dewetting behavior of Ag; they suggest that
oxygen will decrease Ag surface energy while maintaining fixed GB surface energy, resulting in
accentuated thermal grooving (per equation 2.11) and greater hole nucleation [34]. This is shown
in Figure 2.10. Moreover, dewetting is shown to occur via Ag transport to, and grain growth of,
select grain orientations, albeit the mechanism behind this is as-of-yet unclear [34]. Birnbaum et
al. observed Ag deposited with oxygen exposure developed a (100) preferred orientation; these
developed extremely large grains during annealing, attributed to the return to a preferred (111)
orientation as well as stress-relief considerations [214]. In both cases, the relative isolation of the
grains of the newly preferred orientation may be instrumental, as these could then “monopolize”
the mass transfer to preferential grains. Both papers also consider Ag annealed at similar
temperatures, on Si (100) substrates, suggesting stress relaxation is contributing in both cases [34],

[214].

In addition to this, O adsorption on Ag surfaces is known to increase Ag diffusion on said surfaces,
and speculated to limit Ag nucleation on certain facets [34]; combined with the observations that
O diffusion on Ag is facet dependant and that Ag diffusion on oxygen saturated surfaces occurs
through O-mediated Ag cluster diffusion (albeit the latter was simulated on ZnO surfaces),
anisotropic changes in mobility may also play a role [131], [215]. The mobility changes induced
by oxygen are indeed an important consideration, resulting in important mass transport when

sufficient diffusion paths are available [40], [216].
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Figure 2.10: a) Surface and grain boundary energies, as well as the resulting angle at the grain
boundary, for different concentrations of oxygen. b) Schematic representation of the effect of
oxygen exposure on the Ag grain structure. Reprinted from [34], Copyright (2018), with
permission from Elsevier.

Corrosion of Ag by more reactive species, namely sulfur- and chlorine-based contaminants (S, Cl)
is known to cause important degradation, even at ambient temperatures, especially when facilitated
by humid environments [20], [36], [37], [212], [217]. In this work, we will not make any particular
distinctions between these: the degradation features caused by different contaminants of this
category are similar, and similar techniques are effective to protect Ag from them [20], [217]. In
protected Ag coatings, these typically result in the formation of large, agglomerated Ag corrosion
products at points where contaminants can access the Ag layer, with depletion of the Ag layer
around them [20], [37]. Koike et al. demonstrate that Cl reactions with Ag result in the formation
of dense, agglomerated corrosion products consisting largely of Ag [36]; the generation of
vacancies around the cluster could then facilitate Ag diffusion towards the corrosion site, consistent
with the suggestions of Hafezian et al. [149]. As such, Ag degradation would directly enable
diffusion towards the degradation center, leading to the observations of Ag-depleted areas around

small egress points where contaminants have reached Ag.

Finally, the presence of humidity (H2O) can affect Ag via a variety of effects; Ross outlines these

well [38]. However, the exacerbation of other degradation mechanisms via its presence can make
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it difficult to directly isolate its effect. For example, in regard to Ag corrosion, it can allow the
dissolution and removal of soluble corrosion products, or facilitate the interaction of corrosive
species present as airborne particles by forming a solution with them [38], [212]. The presence of
humidity, even at low temperatures, increases Ag mobility [38]; this facilitates Ag reorganization
in and of itself, but also further enhances the effect of oxygen [218]. At high temperatures, this
leads to significantly enhanced degradation of the Ag film [219], [220]. While the combination of
Na and H>O exposure also enhances degradation, even in Cu-alloy solar cells where Na is usually
beneficial [221], [222], the exact reason is unclear. The lack of a definitive mechanism for Na’s
effect on Ag, as well as the multitude of ways H>O can interact with it, e.g. facilitating Ag diffusion
in response to Na, leaching out additional Na" via ion exchange with hydrogen ions [196], or
participating in chemical or electrochemical reactions with it [38]. This is not to say that other
contaminants will not interact together. For example, subsequent oxidation and reduction reactions
have shown to enable accelerated metal diffusion, ostensibly enabling diffusion in oxidizing
atmospheres, with thermal or Na-assisted reduction increasing diffusion [223], [224]. More
generally, disruptions to the Ag morphology may make it susceptible to further degradation by

other mechanisms [21].

Finally, the effect of humidity on dielectric film layers bears mentioning. Absorption of water in
film pores has been shown to induce stress changes which, in addition to previously discussed
effects, can lead to formation of cracking and delamination in the dielectric layers [109], [225],

[226].

2.3.4 Mitigating the effects and the diffusion of contaminants

The previous section demonstrates that contaminants mainly alter or facilitate degradation modes
already occurring in Ag rather than generating new ones: they change surface energies, mobilities,
grain grooving and dewetting dynamics, perhaps create new low-energy states for Ag to move to,
but the equilibrium seeking mechanisms discussed in Section 2.3.1 are overall the same. Thus, the

means to mitigate these, addressed in Section 2.3.2 remain relevant.

As previously, starting from a metastable, fully continuous morphology can greatly improve

durability, as demonstrated by Fryauf et al. [21]. Likewise, abnormal grain growth, thermal
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grooving and diffusion towards corrosion sites will be mitigated by strong adhesion at the interfaces

limiting Ag mobility [76], [149], [227], [228].

One point in which previously described techniques qualitatively differ is the usage of dopants.
While their effects on the previous points remains (solute drag slowing grain growth, reduced
surface diffusion impeding grooving and dewetting), the addition of distinct atomic species with
different reactivity than Ag can greatly improve durability when exposed to contaminants [32],
[36], [49], [50], [90], [91]. Koike et al. elegantly demonstrate this by showing how different
alloying agents with lower or higher reactivities to Cl, e.g. Cu or Au, will respectively limit Ag
degradation by preferentially and sacrificially reacting with Cl on one hand, and by restricting the

availability of reactive species on the other [36].

Nonetheless, the most preferable approach to mitigating the effect of contaminants is to simply
stop them from ever interacting with the Ag layer. As discussed previously, this can be
accomplished by removing sources of contamination with proper substrate cleaning and system
maintenance. Arguably, control of atmospheric particles and humidity during coating storage and
processing could also be achieved. However, Na is an intrinsic component of the SLG substrate,
and annealing hundreds of square meters of glass under oxygen-free atmosphere is not a feasible
approach. Thus, low-E coatings must be designed such as to impede the diffusion of environmental

contaminants towards the Ag layer.

In the context of mitigating GB grooving, it was mentioned that diffusion at GBs was much faster
than through the bulk of the lattice, particularly given the high density of grain boundaries in
polycrystalline thin films [170], [171]; controlling the density of grain boundaries therefore offers
significant control over diffusivity. Indeed, even the microstructure of Ag must be considered in
these terms; Ag alloys have been found to be extremely permeable to oxygen given rapid diffusion
at its grain boundaries [229]. Conversely, (nearly) mono-crystalline Ag has been shown to be much

more environmentally stable than standard films [143], [230].

When considering dielectric barrier layers, it is often more practical to remove GBs via the
deposition of amorphous layers. Given that typical metal oxides and nitrides interact much more
strongly with conventional substrates, these form amorphous layers readily, as long as the
deposition rate is sufficiently high [26]. These may nonetheless generate defects, nucleate crystal

phases, transition between phases, or undergo grain growth at high temperatures in order to relieve
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strain or decrease their free energy [109], [155], [170], which may result in film structures with
higher diffusivity. For example, Liu et al. and Kulczyk-Malecka ef al. both find that their as-coated
titania films are without any pronounced crystallinity, but form anatase phases when annealed [39],
[208], [231]. While there may be disordered crystalline domains in the samples prior to annealing,
this transition nevertheless results in higher Ag diffusivity [208]. This may seem to be in
contradiction with the previous statement: if there are minuscule grains in the as-coated sample,
there ought to be a high density of GBs, and plentiful diffusion paths. However, small equiaxed
grains may generate rather meandering diffusion paths, as opposed to relatively straight channels
in a columnar structure, or present less pores or defects which facilitate diffusion [232]. This is
shown schematically in Figure 2.11. The interfaces between different materials may also have
different binding potentials specifically affecting diffusion [171]; this explains the observation of
Na accumulation at interfaces following annealing and cooling, and the usage of dielectric

nanolaminates to improve chemical stability [201], [204].

Mitigating the formation of large-scale diffusion paths is also important: scratches, buckles, cracks
and pinholes likewise enable large-scale mass transport, and important degradation around these
[20], [37], [38], [40], [216]. As mentioned previously, conformal deposition and control of
contaminants is important to limit pinhole formation. Beyond this, controlling the formation of
cracks or buckles and increasing the coating’s resistance to external solicitation largely depends on
film stress [41], [109], [233]. In this case as well, chemical changes and stress relaxation during
annealing have been shown to reduce coating durability [41], [233]. Given the limited processing
and gentle environments in which low-E coatings operate following annealing, limited degradation
risks remain if coating durability is ensured up to that point. Thus, it is especially the formation of
such defects before and during annealing, as a result of stress relaxation or mechanical loading,

which must be mitigated.

Finally, selection of appropriate materials is required to reduce diffusivity. A review of the vast
array of materials available to encapsulate Ag, especially in a complex multilayer format, is beyond
the scope of this work. However, some insight can be given into the main requirements. Blocking
Na and O diffusion at the lower and upper coating extremities is essential. Moreover, usage of

layers with comparable mechanical properties on either side of the Ag layer appears to improve
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Figure 2.11: Schematic showcasing the effect of different grain structures on through-coating
diffusion. a) Amorphous coating allowing much slower bulk diffusion. b) Small, equiaxed grains
allowing GB diffusion along meandering paths. ¢) Fine columnar grains with a high density of
straight diffusion paths along the GBs. d) Large-grained columnar structure with few diffusion
paths.

durability [234]. Thus, hard diffusion barriers may be employed as the outermost coating layers.
SiN has been shown to be a good barrier layer against O and Na [22], [39], [235], [236], in addition
to providing mechanical durability [41], [237]. In addition to this however, layers ensuring coating
performance and mitigation of other degradation mechanisms are required, i.e. a crystalline seed
layer. We must therefore balance the performance differences discussed in Section 2.2.4 with
diffusion resistance. Ag diffusivity is particularly important here, given that these films will be
adjacent to the Ag layer. Whereas zinc-tin oxide and crystallized TiO2 coatings were found to be
poor diffusion barriers, ZnOay) is found to have low Ag diffusion regardless of annealing; in some
cases, Ag diffusivity in ZnOa) even decreases following HT [39], [208], [238]. Usage of doped
ZnO, specifically, may be preferable: addition of aluminum has been shown to improve humidity
resistance of these films [220]. Moreover, dielectrics doped with small concentrations of
complementary gases (i.e. nitrogen doping in oxides and vice-versa) has been shown to improve
stability [239], [240], [241], and metallic dopants are expected to do the same, as discussed in the
context of grain growth. With two such materials, and a coating allowing to protect the upper Ag
interface during deposition of the encapsulating layers [237], the main performance and durability

requirements can be met.
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CHAPTER 3 METHODOLOGY

The previous chapter ought to have provided a suitable understanding of the key processes and
properties guiding the evolution of Ag films throughout their deposition and subsequent exposure
to environmental hazards. Prior to describing experiments and their results, however, it is important

to present the tools and techniques used to fabricate and investigate coatings.

This section will start by addressing coating fabrication, a foundational requirement for further
study. Means to evaluate coating performance will then be discussed, allowing one to track its
degradation during chemical and high-temperature stability testing. Finally, more advanced
characterization methods will be discussed, which will allow to investigate specific film properties

and relate them to various tested functionalities.

3.1 Sample fabrication

3.1.1 Substrate cleaning and preparation

Different experiments in this work needed different sample cleaning procedures; specifically,
coatings destined to high temperature stability testing were found to require more rigorous cleaning
in order to achieve acceptable stability. It is this procedure that this section describes; it will be
taken as the default where not specified. In the following chapters, different approaches may be

presented, in which case a lower standard of cleaning was not found to have significant impact.

Glass substrates were first cut to their desired size and identified by scratching them with a
diamond-tip stylus. Cutting and marking was performed on the tin side of float glass samples,
which was identified using a UV lamp, leaving the air side pristine for deposition. Particles
resulting from this process and general dirtiness remaining on samples following shipping were
cleaned by hand, while wearing gloves, using a soft wipe and a 1% solution of Cole Parmer Micro-

90 soap.

Subsequently, samples were cleaned in an ultrasonic bath [195], first in the 1% Micro-90 solution,
then deionized (DI) water, acetone, and isopropanol, for 10, 5 10, and 10 minutes, respectively.
Between each cleaning step, samples were rinsed using the next solvent in the sequence (e.g. after
cleaning in acetone, rinsing in isopropanol). An EXAIR compressed air knife was used to dry the

samples. This was particularly important for substrates larger than 2 in. by 2 in., as this allows
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uniform removal of any liquid residue. Once transferred under vacuum for film deposition, a 25
W, -235 V radiofrequency (RF) bias plasma discharge was applied to the substrate holder to
provide a final cleaning step, using an 8 mTorr argon/oxygen mixture (100/35 sccm) in order to

volatilize any organic residue [195].

Float glass surfaces, as used in this work, are highly smooth [242]; thus, substrate cleaning plays a
central role in achieving high coating stability, as discussed previously. This is demonstrated in

additional detail in Appendix A.

3.1.2 Coating deposition via magnetron sputtering

Coatings were deposited via magnetron sputtering, in which a plasma is magnetically confined
against a target of the material to be deposited, and energetic collisions of the plasma ions eject
atoms from the target through momentum transfer. This technique allows suitable deposition rates
of'a wide variety of materials, to deposit films which generally retain the composition of the target,
or to tune their stoichiometry by depositing films using a plasma containing reactive gas species,
making it widely used in industrial applications [170], as well as the technique of choice for

deposition of low-E coatings [5], [45], [54].

Film deposition was performed using a Kurt J. Lesker CMS-18 magnetron sputtering system; it
includes four 3-in. (75 mm) diameter magnetrons, which can be powered in either direct current
(DC) or RF modes. A fifth 2-in. (50 mm) diameter magnetron was added to enable usage of more
materials in early experiments, but its usage was eventually discontinued as simpler architectures
were found to perform well, and low deposition rates were obtained with it. In addition, a RF power
source connected to the substrate holder allows substrate biasing, as described in the previous
subsection, and quartz heating lamps, positioned behind it, allow to increase the substrate
temperature. Given its fixed pumping speed, the pressure and composition of the working gas used
to generate the plasma are controlled by changing the flow rate of inserted gases; process control
software allows to set a fixed ratio between select gases, then automatically adjusts the total flow

to maintain the desired pressure.

Together with the power applied to the target, these allow one to control the film composition and

adatom kinetics, as described in Section 2.2.2, enabling control of the microstructure and resulting
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Figure 3.1: Schematic representation of the magnetron sputtering system used in this work. Only
two of the four 3 in. magnetrons are shown, for the sake of readability.

properties of the deposited coatings. Moreover, the substrate holder bias plasma helps to re-sputter

film material for post-deposition etching, as described in Section 2.2.3.

Industrial deposition conditions must be adapted to optimize not only performance and durability,
but also the deposition rate, and the cost of operation per unit of glass produced. Thus, guided by
these considerations, film deposition conditions were selected to maximize compatibility with
reference properties provided by the industrial partner, to improve transferability of results as well
as to limit the scope of material properties to explore. An overview of these steps is provided in
Appendix A. As deposition parameters were adjusted over time to keep up with gradual changes
induced by target erosion, system modifications, and more, tables of the deposition conditions used
will not be listed here; rather, the deposition conditions used in different sets of experiments will

be given in their respective chapters, in Sections 5.3 and 6.3

Finally, it should be noted that in situ deposition monitoring was performed via ellipsometry, as

will be described in Section 3.4.1.
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Figure 3.2: Schematic representation of integrating sphere of the Lambda 1050 spectrophotometer.
In transmission, the sample is placed at the opening of the sphere: when the spectralon reference
in removed, the specularly transmitted beam is absorbed in the light trap. In reflection, the sample
is placed at the opening of the light trap: when a portion of the integrating sphere is removed, the
specularly reflected beam exits the integrating sphere. In both cases, the diffuse components are
collected by the integrating sphere regardless of the removal of spectralon components.

3.2 Film performance characterization methods

3.2.1 Spectrophotometry

Given the main low-E functionalities and properties metrics outlined in Section 2.1.1, i.e.
maximizing transmission in the visible, and minimizing it in IR, spectrophotometry is used as one

of the main tools to evaluate low-E performance.

The measurements were primarily performed using a Perkin Elmer Lambda 1050
spectrophotometer, with an effective wavelength range of 250 nm to 2500, allowing to effectively
probe the UV, visible, and NIR regions. Furthermore, it is equipped with a 150-mm-diameter
integrating sphere: this module allows to collect the entirety of the transmitted or reflected
intensity, regardless of the presence of diffusivity. A light trap can be opened at the back of the
sphere to capture light in specular transmission, allowing to isolate the scattered transmission, and

thus quantify sample haze [243]. Similarly, one of sphere’s inner panels can be taken out such that
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the specular component of the reflection is removed, allowing to measure the scattered reflection.
This is shown schematically in Figure 3.2. Its primary caveat is that transmission measurements
are performed at normal incidence, whereas reflection measurements are made at 8° incidence: as
a result, while sample absorption can still be estimated via conservation of energy, i.e. R+ T+ A =
1, the greater the angular sensitivity of R, the greater the resulting error in 4. Thus, monitoring

transmission losses will frequently be preferred over monitoring increases in absorption.

In some cases, an Agilent Technologies Cary 7000 spectrophotometer, equipped with a universal
measurement accessory, was used. This allows specular transmission and reflection measurements
to be obtained at the same angle (which can be adjusted over a wide range), effectively resolving
the previous issue: however, as these are strictly specular measurements, any scattered light will
be lost, artificially increasing the value of 4. Thus, this device was only used in cases where
scattering was considered negligible, or angular sensitivity was expected or observed to be

important, i.e. the antireflective coatings presented in Chapter 5.

3.2.2 Contactless sheet resistance monitoring

The wavelength range of the spectrophotometers used in this work being limited to the NIR, the

film conductivity was used as a stand-in to replace MIR reflectance or emissivity measurements.

Indeed, equation 2.1 highlights the relation between conductivity and IR reflectance at higher
wavelengths; moreover, Szczyrbowski et al. show that for thin Ag films, in the range of 5 to 20
nm, the emissivity, &, is proportional to the sheet resistance, Rsn [10]. The latter is a measurement
of resistance adapted for 2D systems, and is equivalent to the resistivity of a film, p, divided by its
thickness, ¢, such that Rsy = p/t. As the sheet resistance will remain constant for a square of material
with fixed thickness for any given size, it is typically expressed in ohms per square, written either

Q/o or Q/sq.

Sheet resistance was primarily assessed using non-contact eddy-current measurements, in which a
varying magnetic flux is applied to the sample, inducing an electrical current in the plane of any
conductive layers and generating an induced magnetic field proportional to the in-plane
conductivity, which is then converted into sheet resistance. This was performed using first a

Delcom 737 contactless sheet resistance monitor; however, this system both requires that samples
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be at least 2 in. in diameter, while being thinner than 3 mm. As float glass substrates with thickness
of 3, 4 or 6 mm were primarily used in this work, as is conventional for low-E windows, sheet
resistance measurements could not be performed regularly. Later acquisition of a Delcom RD200
model, with minimal sample diameter of 1 in. and maximum thickness of 6 mm, allowed these
measurements to be made more broadly. Finally, it should be noted that some measurements were
made using four-point probe measurements in a Van-der-Pauw geometry, as described in Chapter
6. While this allowed in situ sheet resistance monitoring, it rendered sample transfer in-and-out of
vacuum difficult and required breaking vacuum to deposit metallic contacts and install the

multimeter probes, making it unsuitable for general use.

3.3 Stability characterization methods

Sample stability was in large part performed by comparing the sample performance prior to and
following exposure to environmental degradation. Thus, for the different environments used to test
stability, a recurring metric is the change in transmission, e.g. AT = THT-T"€ comparing the heat-
treated (HT) and as-coated (AC) transmission of a sample. Given the enormous spectral variation
in the transmission of a low-E coating, going from = 90% in the visible to = 5% in the upper ranges
of the NIR, this allows to easily visualize changes of a few percentage points across the entire

spectrum.

This was particularly useful for comparing samples in situations where sheet resistance
measurements could not be obtained, such as in in sifu measurements, or, prior to obtaining the
RD200 sheet resistance monitor, when using samples with sizes which were not compatible with
the 737 model. Indeed, while this does not allow a rigorous evaluation of the emissivity per se,
comparing the optical changes of a coating with constant film thicknesses and minor changes in
the optical properties of the dielectric layers, particularly in the NIR (as shown in Appendix A),
evolution of a given sample allows a general evaluation of the changes of the Ag film’s electrical

properties.

With this in mind, we may now discuss the different tools and conditions in which coating stability

were tested.
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3.3.1 High temperature stability

High temperature stability testing in this work consisted of a heat treatment at 650 °C, with duration
adjusted based on the size and thickness of the substrates. Both of the ovens used in this work allow
to directly insert or remove samples during operation, improving the comparability to industrial
processes [47]. Samples were typically 2 in. by 2 in. (50 mm by 50 mm) in size for 3- or 4-mm
thick substrates. By default, these were annealed for 8 or 10 minutes, respectively. In preliminary
work, aiming to adjust cleaning processes and calibrate deposition conditions to obtain an optical
performance and HT stability comparable to those of coatings produced by the industrial partner,
4 in. by 4 in. (100 mm by 100 mm), 6-mm-thick substrates were used, and annealed for 12 minutes.
In some specified cases, these durations were purposefully shortened or extended to draw greater
contrast between samples which, respectively, degraded faster than expected or displayed

comparable changes following standard HT durations.

In order to isolate the effects of high temperatures on Ag diffusivity from those of atmospheric
contaminants, as in Chapter 4, a Carbolyte Gero tube furnace was used. Each end of the tube was
plugged, with one end incorporating a gas inlet; select gasses were then pumped into the chamber
at 7 scth, using a source pressure of 30 psi in order to drive out ambient atmospheric gases. The
plug at the opposite end had a small hole open to keep the overall annealing pressure at atmosphere;
it is shown schematically in Figure 3.3. The tube was purged at least 10 minutes prior to sample
loading, and temperatures inside the furnace were verified manually with a separate thermocouple.
Samples were placed flat on a small ceramic boat keeping samples at the center of the tube, such
that they would rest on the boat edges rather than the tube walls. Given the tube size, sample sizes

were limited to 2 in. across and below for this furnace.

Experiments that did not require annealing in controlled atmospheres were performed using a
Barnstead/Thermolyne 48000 Furnace provided by the industrial partner. Samples were placed on
a raised, ceramic substrate holder, perforated at its center, such as to be held at center height of the
furnace chamber, and benefit from convective heating at the sample backside. Furthermore, holes
in the top and bottom of the furnace chamber enabled in situ transmission spectrophotometry. This
was performed using a Zeiss MCS621 VIS II spectrophotometer with a wavelength range of 380
to 1050 nm, acquiring data at 10 s intervals and a reference beam ensuring the stability of the

incident intensity and thus the long-term accuracy of the baseline. A ceramic guide placed on the
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Figure 3.3: Schematic representation of the tube furnace and box furnace used in this work,
respectively enabling annealing in controlled atmospheres and with in situ spectrophotometry
monitoring.

bottom of the furnace chamber ensured repeatable positioning of the samples relative to the
spectrophotometer’s beam path. Likewise, its layout is shown schematically in Figure 3.3. It
should be noted that SLG was found to have temperature-dependant optical properties: corrections

accounting for this in in sitfu measurements are presented in Appendix E.

3.3.2 Stability of scratch defects

While this work will not address the approaches to improve the mechanical durability of low-E
coatings, it does take interest in the stability of mechanical defects, i.e. scratches, during heat
treatment. To produce consistent and comparable scratch morphologies, a CMS+ Instruments

Micro Scratch Tester was employed; scratches were made with a 20-pm-radius diamond indenter
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tip (Rockwell-C type) applied to the sample surface with a constant load (between 0.3 and 0.9 N)
and displacement speed (10 mm/min.). Proper cleaning of the indenter tip with a cotton swab and
acetone, as well as drying the tip and removing any stray particles with compressed air, was found
to improve scratch repeatability. Scratches were systematically observed via optical microscopy to
evaluate the types of formed defects. Their morphologies were compared to those of scratches
generated on commercial low-E glass provided by the industrial partner and found to be

qualitatively similar.

Scratch stability at high temperatures was evaluated by comparing the scratch visibility before and
after HT. Visibility was quantified using a custom darkfield imaging set-up and subsequent analysis
of the images using a Python image treatment script. The former allows one to obtain images in
which light scattered by defects is in clear contrast to the background, with consistent lighting and
photo acquisition parameters. An image treatment script then removes background intensity,
extracts the remaining average pixel brightness and the width of each scratch, allowing to compare

the impact of various features on the visible intensity and size of the defects before and after HT.

Additional details regarding the visibility set-up and image analysis can be found in Section 4.3.

3.3.3 Corrosion stability

As mentioned in Section 2.3.3, while there are multiple species that may result in Ag corrosion
these have been found to result in similar degradation features and to be mitigatable by similar
means [20], [217]. As aresult, Cl exposure was used as a stand-in for exposure to corrosive species

in general.

Corrosion stability testing was performed by submerging samples in an aqueous NaCl solution,
using a temperature-controlled cell allowing in situ spectrophotometry. A concentration and
temperature of 0.1 mol/L and 30 °C was used to test low-durability samples; to increase the
harshness of the testing conditions, the concentration was increased to 200 g/L (= 3.4 mol/L), and
the temperature increased to 50 °C. This drives higher Fick’s diffusion (see equation 2.13) via the
concentration, and the increased temperature will increase diffusivity for most diffusion processes

(following the general form in equation 2.5). The latter will thus affect the mobility of Cl as it
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diffuses towards the Ag layer, but also the Ag mobility as the film reorganizes in response to

interactions with Cl.

Degradation was quantified by the time required for loss of visible transmission to begin and
complete degrading; samples that showed no obvious degradation in situ were compared to their

as-coated properties by ex situ spectrophotometry, as described above.

Additional details regarding this method are presented in Section 5.3.3.

3.4 Materials characterization

3.4.1 Ellipsometry

Ellipsometry is a versatile optical characterization technique, allowing to non-destructively obtain
the thickness, interfacial roughness and optical properties of thin films in single or multilayer
architectures. To do so, the sample is probed with a beam of light of known polarization; when
compared to that of the reflected (or transmitted) beam, one can establish what changes resulted
from interaction with the sample. The polarization of the reflected beam can be expressed as:
Tp iA

— T_s = tan(¥)e 3.1
Where r, and 7 are the reflected amplitudes in the p and s polarization, and ¥ and 4 are,
respectively, the ratio of the amplitudes and the dephasing between them. In and of itself, this
information does not contain explicit information about the sample. Rather, a model of the optical
properties, thicknesses, roughnesses, etc., of the layers is used to predict the expected polarization
changes for a given sample and compared to the measured data. Then, by adjusting the model to
improve the agreement between predicted and measured values of ¥ and 4, more precise sample
properties can be inferred. In this work, modelling was performed using the CompleteEASE
software by J.A. Woollam; in this software, minimization of the mean-square error (MSE) between

predicted and measured ellipsometric values is used to evaluate the validity of the model.

As a result, ellipsometry measurements are indirect, and the quality of the used model will greatly
impact them. Thus, a good understanding of the physical properties of a given material and of the
optical features which result from them is required; [244] and [245] are good references in this

regard. Additionally, the initial parameters used in the model must be as accurate as possible:
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otherwise, when fitting the model to measured data, the regression algorithm can converge at a
local minimum of the MSE, yielding inaccurate results. Preliminary measurement of specific film
properties can improve this, e.g. by ellipsometric measurements of individual layers prior to
modelling them in a multilayer stack, or by measuring of the film thickness via stylus profilometry

(discussed in the following subsection).

In addition to the previous points, there must be sufficient experimental data to identify unique
solutions during fitting. Indeed, one cannot determine all three of its main parameters, i.e., the
thickness and both refractive index components (¢, n, k), from only two ellipsometric parameters
(¥, 4); as even for a non-absorbing material (k = 0), there will exist multiple combinations of
parameters which yield identical ¥ and 4. Assuming these solutions are sufficiently distinct, and
that the initial model values are reasonably accurate, this needn’t cause issues, but especially when
considering rough layers, absorbing layers, multilayer architectures, and so on, approaches
alleviating this will be gain in importance. A variety of such methods are reviewed in Hilfiker et
al. [246]; namely, the benefits of spectroscopic ellipsometry (ellipsometry performed at multiple
wavelengths, as used throughout this work) is described. Below, the two types of ellipsometers
used in this work will be presented, as well as the techniques used to increase the amount of data

points relative to the number of modeled parameters associated to each of them.

Ex situ ellipsometry was performed using a J.A. Woollam RC2-XI variable angle spectroscopic
ellipsometer with dual rotating compensators, with a wavelength range extending from 210 nm to
2500 nm. By enabling acquisitions at multiple angles (45°, 55°, 65° and 75°, by default) it can
obtain data from reflections above and below a given material’s Brewster angle, adding meaningful
additional data for dielectric layers and multilayer stacks in particular. Transmission
spectrophotometry data can also be acquired directly using this instrument or imported from the
spectrophotometers described in Section 3.2.1; this is particularly useful for the analysis of
absorbing films. As the total transmission lost to absorption will vary with the thickness as well as

with £, this allows to restrain the value-pairs these parameters can assume.

In situ ellipsometry (ISE) was performed primarily using a J.A. Woollam iSE spectroscopic
ellipsometer (400-1000 nm), mounted on the CMS-18’s deposition chamber; some of the data in
the Chapter 7 used a M-2000 model from the same manufacturer (245-1650 nm). Both are

qualitatively similar, albeit the M-2000 includes a rotating compensator, notably allowing
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improvements in terms of data accuracy and sample alignment. Naturally, being restricted to a
fixed position at the chamber viewports, variable angle measurements and addition of transmission
data are not possible. Preliminary calibration of dielectric optical properties via ex situ ellipsometry
greatly facilitates their analysis, and the ability to acquire data throughout the fabrication allows
the fitting of one layer at a time, simplifying analysis of multilayers. To deconvolute thickness and
absorption, interference enhanced (IE)-ISE can be used [246], [247]. This technique relies on using
substrates with pronounced interference features, such as silicon with a thick thermal oxide; as
these features are sensitive to the intensity of the light transmitted through an absorbing layer and
to the substrate, they allow much greater sensitivity. Whereas the original technique proposed by
Arwin and Aspnes proceeds by fitting film properties and evaluating the presence of interference
artefacts within them [247], in this work we shall rather proceed by modelling the film material
properties with smooth parametrizations (i.e. modelling the film with a limited amount of broad
physical oscillator functions), so that such artefacts cannot be formed. Thus, using optical
parametrizations that restrict the ability of # and & to vary independently, the thickness and optical
properties of Ag can be measured throughout deposition. This allows to identify the continuous

film formation threshold thickness, f., as presented by Colin et al. [85].

An example illustrative of these two approaches is shown in Figure 3.4, where in situ ellipsometry
measurements of a Ag film deposited on a silicon wafer with 1 pm of thermal oxide are compared
are compared to the results obtained with different modelling parameters. The Ag optical properties
were modelled using a b-spline function with an energy resolution of 0.05 eV or parametrized with
a Drude oscillator, and the modelled layer thickness was fixed at either 15 or 22.5 nm. As can be
seen in the top two subplots, the b-spline model allows a very close fit to the experimental data and
yields low values of MSE for both thicknesses. However, for a layer thickness of 15 nm, large
spikes appear in the resulting refractive index values; this is an example of substrate artifacts, which
are minimized for an appropriate fit. On the other hand, the smooth Drude parametrization does
not allow such features in the optical properties, resulting in important mismatch in ¥ and 4 for the
15 nm thick layer, with much higher values of MSE. Fitting the Drude model at a thickness of 22.5
nm, the mismatch is minimized, yielding low MSE, and realistic optical properties from which one

can infer physical properties of the Ag layer, namely its resistivity.
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Figure 3.4: a), b) In situ ellipsometric measurements (¥, 4, respectively) of a Ag film deposited
on a silicon substrate with 1 um of thermal oxide. These are compared to simulated results obtained
by modelling the Ag layer with a b-spline function or Drude oscillator, as well as with different
film thicknesses. ¢) Refractive indices (n) of the Ag film, as obtained with each of the models used
in (a) and (b).

More details regarding this approach, as well as the description of a novel method allowing to
measure the percolation threshold thickness, #,, regardless of the chosen substrate, are presented in

Sections 6.3 and 6.4.1.

3.4.2 Stylus profilometry and atomic force microscopy

In order to measure the thickness and the roughness of films independently of their optical

properties, stylus profilometry and atomic force microscopy (AFM) were respectively used.

Stylus profilometry consists of applying a cantilever with a fine pointed tip (radius 12.5 pm) to a
sample with extremely low force (< 0.0001 N) such as to not disrupt or deform the sample. Moving
the tip across the sample and measuring its vertical displacement, surface topography can be

measured. In the case of the samples in this work, the scale of roughness encountered is far too low
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to be measured by this method, however by masking areas of a given sample such as to produce a
neat edge between coated and uncoated regions, this approach could be used to measure the
thickness of films during calibration of films with as-of-yet unknown optical properties, in addition
to measuring the size of larger structural defects, such as the scratches discussed in Section 3.3.2.

Stylus profilometry was performed using a Bruker DektakXT instrument.

AFM, while more advanced, follows the same principle of using a cantilever with a sharp tip to
map out the sample topography. In this case however, minute deflections of the cantilever, induced
by atomic forces working between it and the sample, are monitored by a laser reflected off its back
surface. Rastering the cantilever over the sample surface then allows to reconstruct a topographical
map of the surface with sub-nanometer-scale vertical and nanometer-scale lateral resolution,
measuring roughness and small morphological features such as discontinuous Ag islands. All AFM
results were obtained with a Bruker Dimension ICON AFM; controllers and other parameters used

are specified in a case-by-case basis in Sections 5.3.4 and 6.3.

3.4.3 X-ray diffraction

X-ray diffraction (XRD) relies on constructive interference of X-rays reflected at atomic planes; if
light reflected at two atomic planes spaced apart by a distance d have an optical path difference
equal to the wavelength multiplied by an integer », they will undergo constructive interference. By
changing the angle of the incident X-rays, the difference in path length changes, and for a known
wavelength 4, the angle at which constructive interference occurs allows to measure the spacing

between atomic planes, following Bragg’s law, shown in the following equation:
nl = 2d sin(6) 3.2

where 0 is the angle between the incident beam and the reflecting plane. XRD can be used in
different geometries to tailor the gathered information. Often this is performed in Bragg-Brentano,
or 6-260, geometry, in which the sample and detector are rotated such that the reflecting (detected)
crystalline planes are parallel to the sample surface; this allows to identify the crystal orientation
relative to the surface of the material. Alternatively, grazing incidence can be used, with the
incident beam arriving at a constant, shallow angle from the surface (= 1°), and the detector is

swept across a wide range. While this doesn’t explicitly inform us how crystallites within a layer
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are oriented relative to the surface, it creates a much larger volume of interaction, which is
particularly useful to obtain meaningful signal from thin layers. Thus, this can be help identify if
any crystalline phases are present in samples where no obvious diffractions peaks are observed in

Bragg-Brentano geometry.

In principle, the Scherrer equation can be used to estimate crystallite sizes by measuring the full
width at half-maximum of diffraction peaks; however, particularly for thin samples with low signal
(and thus, weak maxima), other contributions broadening the signal can gain in importance, and

such measurements need to be taken with appropriate reserve [248].

Given these caveats, XRD was used to a limited extent in the following chapters. However, this
technique was important in identifying which phases were present in deposited layers, or emerged
following heat treatment, as well as their crystalline orientation. This allowed to identify the main
crystallinity changes taking place during annealing; some preliminary results are shown in
Appendix A. All XRD measurements were performed using a Bruker Discover D8 instrument,

utilising Cu Ka radiation (4 = 0.15406 nm).

3.4.4 Wafer curvature stress measurements

Wafer curvature is a non-destructive technique allowing one to assess the total stress state of thin
films. To do so, films are deposited on a thin substrate with known mechanical properties (typically
a Si wafer), and its curvature is measured by the deflection of a laser at the sample surface before
and after deposition, allowing to obtain the chang in curvature induced by the film stress. Knowing
the thickness of the film, which can be easily obtained using ex sifu ellipsometry for films with
known optical properties, its average stress can be obtained from the Stoney equation. Further

reading on the measurement and mechanisms of stress in thin films can be found in [109].

While stress measurements are scarcely referred to in the following chapters, it was notably used
to investigate the effect of different process parameters on amorphous SiN(ay layers. Indeed,
significant changes in their performance as diffusion barriers was found, but these could not be
correlated to changes in the optical properties, nor did they display diffraction features to be studied
by XRD. These results are discussed in Appendix A and highlight the importance of film stress on

barrier layer functionality and low-E temperature stability. All stress measurements were
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performed with a Tencor Flexus FLX 2900 instrument, allowing in sifu heating under a N> purged

environment for measurements of high temperature stress changes.

3.4.5 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to investigate the planar microstructure of various
samples in this work, particularly that of the Ag films. True to its name, this technique measures
the electrons emitted or reflected from the sample while scanning an electron beam across its
surface, using the much smaller wavelength of electrons to overcome traditional optical diffraction
limits. Controlling the accelerating voltage of the probing electrons, as well as selecting specific

subsets of emitted electrons allows further information to be extracted.

Secondary electron imaging collects low-energy, inelastically scattered electrons; given their low
energies (resulting in low escape depths) and the angular dependence of the scattering cross-
section, this allows high sensitivity to the surface topography. This method is typically used at

lower accelerating voltages to ensure that electrons are emitted from a shallow interaction volume.

Backscattered electron imaging collects high-energy electrons which are elastically scattered from
the sample. As the cross section for elastic scattering increases with the size of the atomic nucleus,
this method allows contrast in atomic number; this is particularly useful to identify Ag, as all of
the other film materials used in this work are oxides or nitrides (which decreases the average atomic
number of the materials) of elements with significantly lower atomic number than Ag. Conversely,
this method can be used at higher accelerating voltages to increase the depth probed and investigate

the morphology of encapsulated Ag films.

Finally, energy dispersive X-ray spectroscopy (EDS) enables more precise elemental
identification. Inelastic scattering of electrons can eject core electrons, resulting in the emission of
characteristic X-rays as higher level electrons relax to occupy the empty core state. While this
technique is highly useful in the identification of specific elements, the accelerating voltage must
be sufficiently high to eject said core electrons, and overlapping X-ray peaks can result in

difficulties in deconvoluting certain elements [249].

In this work a number of different SEM systems were used for different experiments; these are

described in Sections 4.3 and 6.3.
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3.4.6 Transmission electron microscopy

Transmission electron microscopy (TEM) uses higher accelerating voltages to both achieve higher
resolution as well as transmit electrons through thin samples (= 100 nm or below); this allows
electromagnetic lenses to reconstitute the transmitted electrons into an image without rastering the
beam across the sample surface. Given the high energy of the incident electrons, the interactions
highlighted for secondary electrons do not play an important role. Instead, signal losses due to
backscattered electrons create contrast according to the density and thickness of the studied
samples; however, as here me measure the transmitted rather than backscattered electrons, high-
density areas result in dark areas rather than bright ones, at least in brightfield TEM. In addition to
this, diffraction effects can take place given the extremely short wavelength of the high energy
electrons, adding contrast due to diffracting crystalline planes. To isolate the contribution of

diffracted electrons to contrast, darkfield TEM, imaging subsets of scattered electrons, can be used.

In this work, TEM is used to image thin coating cross-sections extracted by focused ion beam (FIB)
milling and investigate their structure as a function of the depth from the surface. In this case,
distinguishing layers, their interdiffusion, and their uniformity being the main objective, TEM was
primarily performed in brightfield mode. Further elemental analysis is performed using EDS.

Different TEM and FIB systems were used in this work and are described in Section 4.3.

3.4.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a chemical analysis technique that functions by probing
the core electrons of elements similarly to EDS, but using opposite mechanisms; here, the sample
1s irradiated with X-rays, stimulating emission of photoelectrons; these are ejected with kinetic
energy (KE) equal to that of the incident X-ray energy (4v) minus the electron’s binding energy
(BE). Measuring relative to the Fermi level, this must be offset to the detector’s work function
(Detector), Which is constant. Together, this yields equation 3.3, shown below. Rearranging to
isolate BE, we find that for an X-ray source with a well-defined energy, measuring the kinetic

energy of ejected electrons provides the binding energy of the state they were ejected from.

KE easurea = BV — BE — ®@gerector 3.3
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XPS has the advantage of probing the sample with photons, rather than electrons, as in EDS; the
limited charging induced by ejection of photoelectrons is minimal compared to the effect of
electron irradiation, which has proven essential to monitoring Na diffusion. Indeed, Na" ions

readily migrate under electron irradiation, complicating their identification in EDS [205], [250].

In principle, small variations in the binding energy of different electrons allows to access
information about the chemical state in addition to elemental identification. However, in this work
XPS will exclusively be used for atomic composition depth profiles. Given its surface sensitivity,
which results from the low escape depth of the produced photoelectrons, depth profiling requires
periodic high-energy etching steps to be carried out between each acquisition. This was found to
gradually shift the measured peak energies, despite charge compensation; as a result, binding
energy corrections could not be applied with sufficient precision to perform high resolution XPS

measurements in which the different chemical states are resolved.

All XPS experiments presented in this work used a Thermo Fisher Scientific ESCALAB Xi+
system with an Al Ka X-ray source. Depth profiling and acquisition parameters are detailed in

Appendix B.
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CHAPTER 4 ARTICLE 1 : ROLE OF ATMOSPHERIC AND
SUBSTRATE CONTAMINANTS ON THE DEGRADATION AND
DEFECT VISIBILITY IN AG-BASED LOW-EMISSIVITY COATINGS

4.1 Foreword

Having established the mechanisms that determine the formation and degradation of Ag films, as
well as the techniques with which we can analyze these processes, the scientific context of this

work is now in place; its results can now be presented.

This chapter thus presents the first of three articles written as part of this thesis. While not
chronologically the first to be written, this article demonstrates well the scope of the degradation
that can occur when coatings are subjected to contaminant diffusion or structural changes, and thus

contextualizes the rest of this work well.

Here, the first objective of the thesis is addressed, investigating the role of contaminants in the
degradation of low-E coatings at high temperatures, in pristine ‘as-coated’ stacks and at scratch
defect sites, where their diffusion is facilitated and their impact is amplified. To do so, contaminant
diffusion is selectively enabled to isolate the effect of a given species, decoupling the multitude of
factors affecting HT stability, and allowing to quantify their impact on coating performance and
defect stability. Microstructural analysis of the coating morphologies resulting from each
contaminant then allows to pinpoint the mechanisms driving degradation and inform the design of

improved low-E coatings.

It should be noted that this article begins from a point where low-E coatings with performance and
stability comparable to those of commercial coatings has already been achieved. While this doesn’t
expand the state of the art, and thus isn’t of great interest for a publication, neither is it a trivial
result. Consequently, there is a lack of literature explicitly discussing the methods to reach this
point, which can make replicating this starting point unnecessarily challenging. To remedy this,
Appendix A offers a brief overview of the steps taken to obtain low-E coatings with decent high
temperature stability, which ought to allow others to reproduce and improve upon this work more

easily.
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Finally, in addition to the integral text of the article presented in this chapter, the supporting
information associated to it is included in Appendix B; references in this chapter have been adjusted

to appropriately refer the reader there.

ROLE OF ATMOSPHERIC AND SUBSTRATE CONTAMINANTS ON THE
DEGRADATION AND DEFECT VISIBILITY IN AG-BASED LOW-EMISSIVITY
COATINGS

Phillip Rumsby, Bill Baloukas, Etienne Bousser, Oleg Zabeida, Ludvik Martinu*

Department of Engineering Physics, Polytechnique Montréal, Montréal, QC H3T 1J4, Canada

Submitted to Acta Materialia on 2026-01-15.

Abstract

Ag-based low-emissivity (low-E) window coatings allow for important energy savings. However,
in architectural applications, it is required that the coating be deposited prior to tempering the glass.
During this process, several mechanisms can lead to coating degradation: amongst these, Ag
interaction with contaminants, which present increased diffusivity at high temperatures, is
particularly important. Even when appropriate barrier layers are present, any defects can become

highly visible following tempering.

This work aims to isolate the effect of different contaminants, to evaluate their impact on Ag
degradation alone, in combination with other contaminants, and at defect sites. To do so, partial
stacks with various barrier layer configurations are deposited on substrates with different
contaminant concentrations and tempered in controlled atmospheres in order to selectively enable
contaminant diffusion in otherwise identical coatings. Subsequent scanning electron microscopy
measurements allow to identify the distinct effects of Na and O2 on Ag dewetting and correlate

these to electrical and optical changes.
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Defects are then generated in a controlled fashion using a microscratch tester. Quantitative analysis
of defect visibility is extracted from dark-field photographs of the scratched samples. Controlling
for the presence of different defect types within the scratches and the availability of atmospheric
and substrate contaminants, their effects on scratch visibility accentuation are evaluated. Scanning
and transmission electron microscopy observations reveal that buckling defects, whose formation
during tempering is facilitated by Ag dewetting, lead to the highest visibility due to formation of

small, highly scattering Ag nanoparticles within the buckled areas.

4.2 Introduction

Silver (Ag)-based coatings are growing increasingly important for optical applications, including
transparent conductive electrodes [24], [27], [251], telescope mirrors [21], [37], [252] and low-
emissivity (low-E) windows [5], [8], [253]. However, the Ag layer is susceptible to a number of
agents which can be present as part of typical usage environments [37], [38], [252] and is prone to

further forms of degradation when exposed to high temperatures [34], [40], [160], [254].

To stabilize Ag-based coatings, various protective strategies (such as encapsulating layers [156],
[255], [256], metallic barrier layers [20], [22], [178] and dopants [32], [92], etc.) are put in place.
However, in the occurrence of small defects disrupting these, exposure to damaging environments
can lead to significant localized degradation, which can impede the overall functionality of the

coating [37], [38], [40], [252], [254].

Scratch visibility accentuation during tempering of low-E glass is one such case: coating
scratching, occurring as part of handling and preparation of the glass prior to tempering [6], may
result in the generation of minor defects which are difficult to screen initially but which become
highly visible following tempering. As glass cannot be cut with conventional methods following
tempering [47], these small initial defects can lead to coated glass being rejected from usage at the
very end of its production. The implementation of effective strategies to understand and counter
high-temperature defect accentuation is complicated by the vast number of processes can take
place during tempering. Namely, high temperatures may enable contaminants from the atmosphere
(H20, Oo, S, Cl) [34], [37], [38], [252] or the substrate (Na) [201], [208], [257] to more easily
diffuse to the Ag layer, enable Ag thermal grooving or dewetting [34], [35], [258], as well as
generate phase and stress changes [41], [109], [208] in the adjacent layers which may prompt
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further degradation [35], [259], [260]. Moreover, not all of these are well understood: namely, the
importance of mitigating sodium diffusion is frequently discussed, even though an accounting of

its specific effects on the Ag layer is, to this day, absent [6], [203], [204].

This work, therefore, first aims to investigate the effect of given contaminants, combined and in
isolation, as well as determine their degree of contribution to high-temperature defect accentuation
in low-E glass. To this end, various partial stacks allowing selective contaminant diffusion are
produced and annealed in controlled environments and on substrates with different compositions,
allowing one to decouple the effect of the coating architecture from the effect of different
combinations of contaminants. Performance changes are evaluated by their impact on the coating
optical and electrical properties. Additionally, scanning electron microscopy (SEM) imaging of the
sample surfaces and transmission electron microscopy (TEM) analysis of coating cross-sections
are used to observe the morphological changes occurring in these samples and are correlated with

the resulting performance changes.

Controlled defects are then generated in standard low-E samples with a micro-scratch tester. The
morphology and visibility of these scratches, prior to and following heat treatment, are measured
and correlated. Using the same controlled annealing atmospheres and substrate compositions as
previously, scratch visibility accentuation is compared as a function of the initial scratch
morphologies as well as the presence of atmospheric and substrate contaminants. Finally,
investigation of the morphological changes at scratched sites are performed with SEM and TEM
analysis of cross-sections extracted from the scratches. In conclusion, a discussion of the relative
importance of the observed mechanisms is proposed, and modifications to reduce scratch visibility

accentuation are suggested.

4.3 Methods

Substrates used in this work were 3-mm-thick soda-lime glass (SLG) or borosilicate glass (BSG),
typically 50 mm x 50 mm in size. Their chemical composition was analyzed by X-ray
photoelectron spectroscopy, as shown in Table B.1 of Appendix B. Their mechanical and thermal

properties are given in Table B.2 of Appendix B.
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Substrate cleaning consisted of manual wiping with a Cole-Parmer Micro-90 cleaning solution,
diluted to 1% in deionized water, followed by subsequent ultra-sound baths in a Micro-90 solution,
deionized water, acetone, and isopropanol. Following removal from the isopropanol bath, samples
were dried using a compressed air knife to uniformly remove any remaining solvent. Finally, all
substrates were pretreated by RF plasma cleaning using an Ar/O» gas mixture (100/35 sccm) at a

pressure of 8 mTorr, with a -235 V (25 W) bias for 5 minutes.

Film fabrication was performed by magnetron sputtering using a Kurt J. Lesker CMS-18
deposition system with four 3-inch magnetrons, allowing to deposit all layers without breaking
vacuum. All layers were deposited from high purity compound targets (purity of 99.9% or higher),
to ensure the absence of contaminants in the as-coated stacks, with the exception of Ag, deposited
from a 99.99% pure Ag target. Target compositions and deposition parameters were selected to

emulate industrial reference coatings.

Annealing was performed in a Carbolyte Gero tube furnace. Samples were heat-treated for 8
minutes at 650 °C, confirmed using a thermocouple. Plugs with a feed tube for controlled gas
insertion and a small opening to maintain pressure while feeding in gas were used to anneal samples
in controlled atmospheres, using a flow of approximately 7 scth (140 slm), with an inlet pressure
of approximately 30 psi (200 kPa). In addition to ambient air, dry air (N2 with 20-22% O», <3 ppm
H>0) and argon (99.999% pure) were used. Samples are referred to as as-coated (AC) or heat-

treated (HT) depending on whether or not they have been annealed.

Optical and electrical characterization were performed using a Perkin-Elmer Lambda 1050
spectrophotometer equipped with a 150-mm-diameter integrating sphere allowing to obtain total
and diffuse transmittance and reflectance measurements. Characterization of the optical properties
of individual layers was performed using a J.A. Woollam RC2-XI variable angle spectroscopic
ellipsometer. Film thickness during deposition was monitored using an iSE fixed-angle
ellipsometer from the same manufacturer in order to ensure comparability between samples. Sheet
resistance measurements were obtained with a Delcom RD200 non-contact sheet resistance

monitor.

Scanning electron microscopy (SEM) was performed with various systems as a function of the
investigated features. Initial sample overviews at low magnification were performed using a

Thermo Fisher Scientific Helios 5 UC FIB-SEM. Following observations on partial stacks were
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performed using a JEOL JSM-IT800 with energy dispersive X-ray spectroscopy (EDS)
capabilities. Select scratched samples were also imaged using a Thermo Fisher Scientific Helios 5

UX FIB-SEM, prior to extraction of thin lamellae by focused ion beam (FIB) milling.

Transmission electron microscopy (TEM) was performed on un-scratched partial stacks using a
Thermo Fisher Scientific Talos F200. TEM measurements of scratched samples were performed
using a JEOL JEM-F200. TEM cross-sections were extracted with the respective FIB-SEM
systems listed above. Prior to FIB extraction, scratched samples were overcoated with a = 50 nm
carbon layer by arc evaporation in order to protect the sample during deposition of an additional

tungsten layer within the FIB system.

Controlled scratch generation was performed using a CSM Instruments Micro Combi Tester,
equipped with a Rockwell-C sphero-conical diamond indenter with a 20 pum tip radius. Scratches
were generated using constant loads ranging between 0.3 N and 0.9 N, with 10 mm scratch lengths
and a tip displacement speed of 10 mm/min. The indenter tip was cleaned before each scratch using
an acetone-soaked swab and dried with compressed air. Scratch sets were placed at the center of
each sample, with 2 mm spacing between them. Optical microscopy was performed on scratched

samples prior to heat-treatment to qualitatively evaluate the types of occurring defects.

Quantification of scratch visibility was performed using a custom darkfield imaging camera set-
up and a custom-made Python image treatment script. The imaging set-up is largely the same as
used by Rocha et al. [261], with adjustments accounting for the usage of transparent samples. It
consists, in first part, of a Nikon D7000 camera with a Sigma 105 mm F2.8 macro lens, circular
polarizer filter, and extension tubes, attached to a support rail such as to point down through an
opening in a hemispherical dome, in which the sample is placed flat below the camera. A strip of
LED lights is set along the circumference of the dome, at an angle of approximately 30° from the
sample normal. The dome is painted in a highly absorbing black paint (Musou black) to remove
specular reflections from the sample and other internal light reflection. The sample is held in a 3D-
printed holder inside which a custom absorbing filter (88 nm SiO2/9 nm Cr/60 nm SiO») is placed
at an angle, trapping light transmitted by the sample. As a result, only the light scattered in
reflection from the sample, i.e. by defects, reaches the camera. Photos are then taken with fixed
conditions: an aperture of {/16, ISO 100, and exposure time of 2 s. The setup is shown schematically

in Figure B.1 of Appendix B.
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The overall visibility of the scratches was quantified following two metrics: their intensity (i.e.,
their brightness) and their width. Each sample was photographed in two orientations (rotated by
180° from its initial position) in order to account for experimental errors, such as sample placement
affecting the lighting conditions. Samples were imaged before and after annealing such that defect
visibility accentuation could be quantified by the increase in intensity and in width for each

individual scratch.

To obtain quantified values, the images captured with the darkfield imaging set-up were first
converted to grayscale images, then the average pixel intensity was calculated for each row of
pixels; the average intensity along the axis perpendicular to the scratch can then be presented as a
curve in which the scratches form neat peaks, as shown in Figure 4.1. Once peaks are identified
from the resulting curve, a background curve is fit to the data between the peaks, allowing one to

fit the background intensity of the image.

The scratch widths are extracted from the raw signal using the SciPy “peak widths” function [262].
In order to avoid over-evaluation of the scratch widths due to noise (caused by dust particles,
sample haze, or unwanted defects resulting from handling) widening the peak base, the intensity at
which the width measurement is performed is increased for samples with a high background to
peak intensity ratio. While this allows consistent measurements without introducing user bias, it
can lead to lower width measurements for peaks with low raw intensity relative to the background.
This is exemplified in Figure 4.1, where the addition of a background filter, which increases the
overall background intensity, but not the raw peak intensity, results in measuring the width at a
higher point on the peak, yielding a lower scratch width. Scratches with peak intensities which are
comparable to the background are assigned a width of 0. Finally, when measuring multiple
scratches, the distance between peaks (which is fixed at 2 mm, as described above) is used to

calibrate the pixel size, allowing to convert scratch width into microns.

Following this, the background is subtracted from the curve and the resulting peak values are
tallied as the intensity of each scratch. The average value of the background intensity (i.e., the
dashed orange curve in Figure 4.1) is also recorded. Scratches with peak intensities which are
comparable to the background intensity are similarly assigned an intensity of 0. The rightmost
column of Figure 4.1 reveals that a higher background value will thus result in a lower scratch

intensity, accounting for any variations due to sample lighting. Moreover, it shows that a
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Figure 4.1: Example of the image treatment process used to quantify scratch visibility. From left
to right: conversion to grayscale images, conversion to intensity curves and width measurement,
and background correction and intensity measurement. Additional examples (middle and bottom
rows) show how the measured scratch width and scratch intensity vary for a higher background
intensity and for misalignment between the scratch direction and measurement axis.

misalignment of only 0.5° between the scratch direction and the measurement axis can result in

much lower scratch intensity, as well as much higher widths. Thus, each image was automatically

rotated in a range of -0.5° to 0.5°, in increments of 0.1° to find optimal alignment of the averaging

axis and the scratch direction.

4.4 Results & discussion

4.4.1 Effects of contaminants and structural changes in the absence of defects

4.4.1.1 Heat treatment of partial stacks

In the first set of experiments, the effect of contaminants on coatings, irrespective of defects, was

investigated. This is complicated by the fact that the type of coatings relevant to this work, which

undergo defect accentuation during annealing, are specifically those are stable at high
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Figure 4.2: Schematic overview of model stack architectures used in Chapter 4.

temperatures, and which mitigate contaminant diffusion. To address this, various stack designs
selectively enabling the diffusion of contaminants from the substrate (i.e., Na) and atmosphere (i.e.,
02) were produced, shown schematically in Figure 4.2. While, in principle, there are other
potential atmospheric and substrate contaminants, given the high concentration of Oz and high

mobility of Na [196], [198], these are assumed to be the most important during tempering.

The stacks used in this work follow intentionally generic designs in order to highlight the
qualitative roles of the different coating layers. The default stack type thus consists of rigid
diffusion barrier (RDB) layers (such as SiO2 [257], Al2O3 [263], [264], SiN [236], [265], TiN [266],
and variations thereof [183], [267], [268]) deposited at the substrate and atmosphere interfaces,
offering protection against contaminant diffusion. ZnOay) layers are deposited on either side of the
Ag film to act as a seed layer and as an optical space layer, keeping the Ag layer encapsulated,
even when RDB layers are absent. NiCrOx layers are deposited over the Ag film to protect the layer
from oxidation during deposition of the subsequent ZnOqar) layer. Thus, the selective removal of
the RDB layers allows for controlled contaminant diffusion while keeping the core stack layers the
same. Each of the partial stack designs is named after the materials used at the atmosphere and
substrate interfaces (Z for ZnOai), R for RDB), indicated relative to the glass substrate and Ag
layer (G and A, respectively), such that a sample with a glass/ZnO1/Ag/NiCrOx/ZnOnn/RDB

architecture would be named GZAR, as shown in Figure 4.2.
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Figure 4.3: Optical, electrical and microstructural observations of annealed GRAR-type stacks.
All samples were heat-treated for 8 minutes at 650 °C. a) Transmission change (AT = THT - TAC)
and b) sheet resistance measurements for various annealing conditions. Full and dashed lines in
(b) correspond to the average sheet resistance of all GRAR samples, for their AC and HT states,
respectively. ¢) SEM (3 kV accelerating voltage, secondary electron mode; contrast enhanced for
visibility) and d), ¢) TEM imaging of a GRAR-type stack deposited on SLG and annealed in air.

To properly isolate the effect of contaminant diffusion, however, the effect of removing these layers
(changing the effective deposition surface for subsequent layers, enabling recrystallization [269],

modifying the stresses applied at various interfaces, etc.) must be taken into account.

To do so, each low-E architecture was deposited on soda-lime glass (SLG) as well as borosilicate
glass (BSG) substrates with low Na content, as shown in Table B.1 of Appendix B. For each
substrate, one copy of each architecture was annealed in ambient air (allowing for O» diffusion)
and another in Ar gas. Figure B.2 and Table B.3 of Appendix B, respectively, summarize the

resulting optical and electrical changes of all samples.
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Figure 4.4: Optical, electrical and microstructural observations of annealed GRAZ-type stacks.
All samples were heat-treated for 8 minutes at 650 °C. a) Transmission change (AT = THT - TAC)
and b) sheet resistance measurements for various annealing conditions. Full and dashed lines in
(b) correspond to the average sheet resistance of all GRAR samples, for their AC and HT states,
respectively. ¢) SEM (3 kV accelerating voltage, secondary electron mode; contrast enhanced for
visibility) and d), €) TEM imaging of a GRAZ-type stack deposited on SLG and annealed in air.

For the default GRAR stacks, with both top and bottom protective layers, high stability is found.
While there are minor optical and electrical changes consistent with grain growth in the Ag film,
as shown in Figure 4.3a-b, these changes remain consistent regardless of annealing atmosphere or
substrate, and result in a better overall performance, with higher visible transmission, lower
transmission in the near IR, and decreased sheet resistance. Accordingly, electron microscopy
imaging of the sample on SLG annealed in air (Figure 4.3¢) shows only minor surface defects
consistent with sample handling, and the TEM cross-section (see Figure 4.3, images (d) and (e)),
shows the expected structure for the low-E coating, with neatly aligned interfaces, and a uniform,

dense Ag layer.
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Results for GRAZ stacks, in which the top barrier layer is removed, are shown in Figure 4.4. In
(a) and (b), a sharp decrease in visible transmission is found for samples annealed in air,
accompanied by an increase in sheet resistance; this is typical of dewetting, an expected result of
O diffusion [34]. Annealing in Ar shows no significant deviation when compared to GRAR stacks,
suggesting that no other significant changes occur due to the removal of the top barrier layer. No
sensitivity to the substrate type is observed either; thus the sample deposited on SLG and annealed
in air was selected for microstructural investigations. SEM images in Figure 4.4¢ show large
agglomerations, spaced apart by multiple microns or tens of microns. Around these, gradual
changes in signal intensity can be observed; this indicates a decrease in Ag coverage around the
agglomerations, in turn suggesting that the film is partially dewet in these areas. It should be noted
that the image contrast was enhanced to highlight the changes; as the raw format shows much
smaller differences in intensity, the gradient in dewetting around these points is taken to be
relatively small. Accordingly, the TEM cross-section shown in Figure 4.4d-e is taken to be
representative of the overall sample: here, consistent dewetting at the sub-micron scale is found, as

well as roughening of the ZnOay) layers.

GZAR stacks, where the bottom RDB layer is removed instead of the top one, show similar
sensitivity to the substrate’s composition instead of to the atmosphere’s (see Figure 4.5a-b). These
samples undergo a visible transmission decrease and sheet resistance increase, not unlike the
GRAZ samples, albeit the increase in sheet resistance is smaller. The aforementioned changes are
inhibited for samples deposited on the low-Na BSG substrates, indicating that the impact of the
bottom RDB layer’s removal also mostly derives from contaminant diffusion. Although there are
other differences between these substrates, namely in terms of thermal expansion coefficient, and
changes in mechanical properties at high temperature, as highlighted in Table B.2 of Appendix B,
these are in large part governed by the concentration of alkali metals in the glass and their effect
on the glass networks [196]. Therefore, while changes in applied stress from the RDB interfaces
could also influence coating evolution, this appears unlikely for a few reasons. Namely, removing
the top RDB layer does not result in important changes when annealing in inert atmosphere, and
substituting the bottom RDB layer with a stress-relaxed SiO: layer, as shown in Figure B.3a of
Appendix B, similarly maintains stability, indicating that the different behaviors for each substrate
are not due to stress applied by the barrier layer. Rather, it appears that as long as a thick enough

barrier is present to mitigate Na diffusion, the optical and electronic changes are suppressed.
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Figure 4.5: Optical, electrical and microstructural observations of annealed GZAR-type stacks.
All samples were heat-treated for 8 minutes at 650 °C. a) Transmission change (AT = THT - TAC)
and b) sheet resistance measurements for various annealing conditions. Full and dashed lines in
(b) correspond to the average sheet resistance of all GRAR samples, for their AC and HT states
respectively. ¢) Large-scale SEM (3 kV accelerating voltage, secondary electron mode; contrast
enhanced for visibility) image. d) High magnification SEM image in secondary electron mode (3
kV accelerating voltage) for enhanced topographical contrast and higher surface sensitivity, and e)
in backscattered electron mode (10 kV accelerating voltage) for enhanced atomic number contrast

and lower surface sensitivity. All SEM images were taken for a GZAR-type stack deposited on
SLG and annealed in air.

Further decoupling of Na diffusion from mechanical changes could be performed using field-
assisted Na diffusion [209], substitution of Na with a less diffusive alkali network modifier (e.g.,
K) [198], or usage of an alkali glass with lower levels of alkali earth metals (e.g., Ca or Mg), which
decrease Na diffusion [196].

The effect of Na diffusion on the microstructure is investigated on GZAR samples deposited on
SLG substrates and annealed in air. Indeed, as the top RDB layer blocks the diffusion of

atmospheric contaminants, samples annealed in air or Ar show no meaningful differences. The
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large-scale SEM image shown in Figure 4.5¢ reveals widespread coverage of large branching
structures: Figure 4.5e shows that these correspond to areas have been depleted of Ag (as
confirmed by Figure B.4 of Appendix B) whereas Figure 4.5d reveals curvature of the dielectric
layers above the Ag-depleted areas. These patterns are indicative of dewetting of a polycrystalline
film undergoing fingering instability, in accordance with the low number of sites at which
dewetting has initiated [35]. Before addressing this in more depth, however, the changes observed
in GZAZ stacks will be presented: these enable Na diffusion in different conditions, and their

comparison to GZAR stacks will allow for a more nuanced and complete discussion.

Indeed, GZAZ stacks, with both barrier layers removed, enable diffusion of both O, and Na; from
the results in Figure 4.4 and Figure 4.5, it would be expected that samples deposited on BSG and
annealed in Ar would yield optical changes similar to those found for GRAR stacks. However,
Figure 4.6a-b reveal optical and electrical degradation in all samples, although not in equal
magnitude. Annealing in air results in vastly different behavior for each substrate: on BSG, results
are consistent with GRAZ samples annealed in air, where the impact of Na was restricted, whereas
the sample on SLG undergoes catastrophic degradation with a much higher sheet resistance
increase than any other sample. Annealing in Ar yields similar results for both SLG and BSG
substrates, with sheet resistance increases which are higher than those obtained for GZAR stacks
on SLG. This highlights the impact of the stack structure; if the top RDB layer was only responsible
for suppressing the diffusion of atmospheric contaminants, one would expect GZAZ samples
annealed in Ar to show the same changes as GZAR samples. The degradation observed in GZAZ-
type stacks was found not to be inherent to the stack structure either, however. Additional results,
shown in Figure B.3b of Appendix B, reveal that GZAZ stacks deposited on Na-free fused silica
substrates do not show characteristic degradation patterns when annealed in Ar. Thus, it would
appear that the GZAZ partial stack design increases susceptibility to certain degradation
mechanisms, without necessarily generating new ones. Specifically, the rigid upper layer (as in the
case of the GZAR stack) may restrict the formation of thick dewetting rims or other deformations
allowing Ag surface diffusion, and inhibit the small amounts of Na diffusing out of BSG from

initiating Ag dewetting [35].
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Figure 4.6: Optical, electrical and microstructural observations of annealed GZAZ-type stacks.
All samples were heat-treated for 8 minutes at 650 °C. a) Transmission change (AT = THT - TAC)
and b) sheet resistance measurements for various annealing conditions. Full and dashed lines in
(b) correspond to the average sheet resistance of all GRAR samples, for their AC and HT states
respectively. SEM images of GZAZ samples deposited on ¢), €) SLG and d), f) BSG, annealed in
¢), d) air, and e), f) argon. All SEM images were acquired in backscattered electron mode (10 kV
accelerating voltage) to obtain enhanced contrast in atomic number and lower sensitivity to the
surface topography.

SEM imaging of the morphological changes arising for each substrate in each of the annealing
environments is shown in Figure 4.6¢-f, allowing one to draw further conclusions. Images (e) and
(f) reveal a much higher density of holes than for GZAR stacks, confirming that the top RDB layer
mitigates formation of dewetting fronts. While the formation of a higher density of smaller
dewetting pattern results in a larger increase in sheet resistance (see Figure 4.5b and Figure 4.6b),
these result in less optical scattering, as shown in Figure B.5 of Appendix B. Moreover, image (e),
on SLG, shows holes which are almost exclusively undergoing fingering instability, exhibiting
wiry, branching shapes. On the other hand, image (f), on BSG, shows only a few such structures,

but with thicker channels. This confirms that Na diffusion to the Ag layer promotes dewetting,
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consistent with reports for Na-doped Au [202], [210], and fingering instabilities, more specifically.
This is in agreement with the observation that annealing Au in hydrogen (which may dissociatively
adsorb onto Au [270]) results in formation of more fingering instabilities and faster dewetting
[184]. While Na diffusion from the BSG substrate also occurs, albeit at a lower level, it seems
insufficient to provoke significant dewetting when restricted by an upper RDB layer, accounting
for the discrepancy between GZAZ and GZAR samples on BSG. Moreover, this is consistent with
results shown in Figure 4.5d-e: the precise overlap of the areas where the top dielectrics are
deformed and where the Ag layer is dewet supports the conclusion that disruption of the top RDB

layer allows for greater dewetting.

Comparing images (c¢) and (e) of Figure 4.6 allows one to evaluate the effect of O, diffusion on
the fingering instabilities induced by Na diffusion from GZAZ samples on SLG. Elongation of the
branches in the fingering instabilities is observed; this is consistent with increased surface diffusion
for Ag films exposed to oxygen at high temperatures [34], as the speed of the dewetting front in
fingering instabilities has been shown to vary mainly with the film atoms’ surface diffusivity and
the film thickness [35]. Moreover, intensity gradients suggest uneven Ag dewetting at a sub-micron
scale, as observed for the GRAZ stack annealed in air shown in Figure 4.4. Modelling, presented
in Figure B.6 of Appendix B, allows to resolve the distinct optical effects of large-scale Ag

depletion and dewetting at the sub-micron scale, supporting that both are taking place in this case.

The holes formed in the GZAZ samples on BSG annealed in air are notably different: Figure 4.6d
reveals approximately circular holes with rough edges. A closer view of these holes, shown in
Figure B.7 of Appendix B, reveals some branch-like structures at the edges, and small islands
remaining within them, suggesting that these are in fact due to fingering instability structures which
have stagnated in radius and whose channels have widened enough to connect into a more circular
defect. Indeed, some of the holes in Figure 4.6¢ appear to be converging towards a similar

morphology, and are also highlighted in Figure B.7.

4.4.1.2 Coating degradation mechanisms under exposure to contaminants

We attribute the observed behaviors to the following model. On one hand, oxygen can be assumed

to easily diffuse through the ZnOar) seed layer at grain boundaries. The decrease in Ag interfacial
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Figure 4.7: Schematic representation of the proposed model of fingering instability dewetting
patterns caused by Na diffusion into Ag. Dewetting patterns (white shapes) initiate in areas where
there is sufficient Na concentration (red areas) and propagate outward. a), b) For high Na
concentrations, large Na-rich areas are formed, and regardless of the Ag mobility, there is sufficient
Na in the adjacent area to allow the fingering instabilities to continue to expand. ¢) For low Na
concentrations, smaller Na-rich areas are formed; this does not have a significant impact for low
mobilities. d) For high Ag mobilities, however, the fingering instabilities reach the edge of smaller
Na-rich areas, and dewetting continues within their radius rather than continuing to expand
outward.

energies and Ag mobility resulting from O; exposure are known to promote dewetting at the sub-

micron scale, in agreement with the observations of Section 4.4.1.1 [34].

On the other hand, we suggest that sodium first diffuses vertically through the ZnOay) seed layer
at certain egress sites, where the Na concentration in the glass is higher or via specific features such
as defects, triple boundaries or pinholes. Following this, Na diffuses laterally through the Ag layer
following Fick’s diffusion law [170], leading to radial Na concentration gradients surrounding said
egress sites. Although we do not advance a mechanism here, increased Na concentration at these
points is shown to lead to hole formation and develop into fingering instabilities in agreement with

previous reports [202], [210].

For GZAZ samples annealed in Ar, the rate of dewetting, limited by the Ag diffusivity [35], would

limit the size of the fingering instabilities. However, with the addition of O, increasing Ag
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diffusivity [34], different behaviors would emerge from different Na concentrations. For substrates
with high Na concentration, i.e. SLG, this would simply lead to larger fingering instabilities, as is
observed in Figure 4.6¢. For substrates with low Na concentration, i.e. BSG, the advance of the
dewetting front would then be limited by the size of the area with Na concentration high enough to
generate dewetting [210], leading to stagnation of the size of the dewetting features following the
radial Na diffusion, also in agreement with the above observations. This is shown schematically in

Figure 4.7.

As Na typically diffuses out of glass as a Na™ ion [196], and given the difficulties associated with
monitoring Na migration [201], [205], [249], [250], using field-assisted Na diffusion may be of
interest to confirm this hypothesis: quantitative control of Na diffusion would allow one to
straightforwardly evaluate its ensuing impact on Ag films. In this case, other works studying field-

assisted diffusion may offer additional insight [209], [271].

4.4.2 Defects and their evolution at high temperature
4.4.2.1 Defects in as-deposited stacks

Having demonstrated the impact of each contaminant on morphological and optical changes, we
now aim to isolate their effect from those of mechanical damage on scratch visibility accentuation
at high temperatures. To do so, the presence of contaminants must be controlled during HT;
however, the stack structure must be kept consistent to ensure repeatable scratch morphologies.
Thus, in this section, only the GRAR stack type, shown in Figure 4.2, will be used. Thus,
contaminant availability will be regulated using controlled atmospheres and substrates, as
performed in Section 4.4.1. However, SLG and BSG substrates are known to have notably different
mechanical properties [272], confirmed by nanoindentation results shown in Table B.2 of
Appendix B; this gives rise to different morphologies for equivalent scratch loads. Scratch
morphology must, therefore, be tracked differently than via the applied load to evaluate its effect
on scratch visibility and its accentuation following annealing at high temperatures. Consequently,
to assess the effect of different defect types on scratch visibility before and after heat treatment, all

produced scratches are individually evaluated by optical microscopy.
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Figure 4.8: Optical microscope images of the main scratch morphologies. These are annotated
with the scratch loads at which these have been recorded, as obtained on GRAR-type stacks
deposited on each of the substrate types. All scale bars correspond to 50 pm. Higher magnification
images showing the tensile cracks are presented in Figure B.9 of Appendix B. All scratches were
generated with tip movement going from left to right.

Three general defect types were found to occur and are shown in Figure 4.8. Tensile cracking is
mostly observed at low loads, resulting in scratch tracks which are practically invisible; indeed,
these can be seen faintly by eye if the sample is held at a very specific angle, under appropriate

lighting, and the individual searching for the scratch knows where to search for it. These are mainly



93

0.3 N 0.5N 0.7N 09N
1
70 4 —@— Full buckling & delamination E E v
Full buckling & partial delam. +
S 60 { —l- Partial buckling & delam. B B +
o —&— Partial buckling ® )
2 50 1 —4— Tensile Y ] +. ] +
2 O SIG
8407 @ BsG Y ] ++ ] +
£ v o !
<30+ 1 . 19 % | {°
g ¢ .
g 20 4 3 Tk ¢ + 9 ¢
Q o, A
10 4 b b o b
] = 4 . oo
O 7 T T E W T : T E T T T T
0 10 20 0O 10 20 0 10 20 0 10 20

Sample number

Figure 4.9: As-coated (AC) visibility and defect types of scratches obtained for different scratch
loads. All scratches were performed at constant load on GRAR-type stacks (see Figure 4.2). Each
sample was arbitrarily numbered from 1 to 20. Optical microscope images representative of each
defect type are shown in Figure 4.8.

visible in optical microscopy due the to the plastic deformation of the glass substrate, but the cracks

can

be seen at higher magnifications, as exemplified in Figure B.9 of Appendix B. They are typically
not registered by the darkfield visibility set-up: even when visible in imaging, their average
intensity typically falls below that of noise caused by dust particles or random defects, and these
are thus assigned a width and intensity of 0. At intermediate loads, conformal cracks appear,
accompanied by coating buckling along the edges of the scratch track; these appear to result from
recovery spallation [273]. The coating buckles are easily visible by eye, by optical microscope and
with the visibility set-up. Removing all but the bottom RDB layer via chemical etching, the coating
buckles are no longer observed, indicating that the delamination occurs above the SLG-RDB
interface; this is shown in Figure B.9 of Appendix B. Finally, at higher loads, coating buckling at
the scratch edges continues, but in addition adhesive failure occurs within the scratch track; these
delaminations are assumed to originate from buckling defects, possibly initiated by the conformal
cracking [273]. The addition of coating delamination does not significantly increase scratch

visibility.
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For easier comparison, Figure 4.9 shows the as-coated intensity and defect type for each scratch
load, as obtained on each scratched sample. It should be noted that as scratches can present multiple
different defect types along a given scratch track, the presence of buckling and delamination are
distinguished as being present over most of the scratch length (full) or only intermittently (partial);
indeed, as the scratch intensity is averaged over the full 10 mm scratch length, the proportion of
defect types with a different intensity will affect the final value. Additionally, no scratches were
found with widespread buckling that did not show at least partial delamination. Error bars are
obtained by analysing two images of the same sample in different positions, as described in Section

4.3.

While there is a correlation between the scratch load and resulting defect type, this relation is
neither systematic, nor monotonic: a given defect type may occur more or less based on
imperfections in the coating or glass, and for each substrate there appears to be loads at which the
main defects observed are less severe than at a lower load (e.g.: on SLG, scratches at 0.7 N are

frequently tensile, and on BSG less delamination is found at 0.9 N than at 0.7 N).

While a detailed accounting of the morphological differences occurring as a function of the chosen
substrate and applied load are beyond the scope of this work, some additional details are worth
highlighting. Figure B.10 of Appendix B shows that the measured scratch width does not vary
substantially between substrates. However, it can be seen in the bottom row of Figure 4.8, which
shows optical microscope images of each of the observed defect types, that for a comparable overall
width, scratches on BSG may display much thinner delaminated areas with much wider buckling
compared to SLG. Although defect types do not evolve monotonically with scratch load, residual
depth, intuitively, does, as also shown in Figure B.8 of Appendix B. The lower residual depths
observed for BSG are consistent with the higher hardness found for these substrates (8.1 + 0.3 GPa
for BSG vs 7.3 £ 0.3 GPa for SLG).

4.4.2.2 Defect visibility accentuation as a function of contaminants

With the previous assessment of scratch morphologies in place, their enhancement can be evaluated
as a function of substrate and atmospheric contaminants. Figure 4.10 shows the intensity and width
of scratches following HT as a function of their as-coated values. Defect types are not identified

here, contrarily to Figure 4.9, as the scratch visibility changes were not found to vary with the type
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Figure 4.10: Scratch intensities and widths before and after annealing in different conditions. a)
Scratch intensity and b) scratch width of heat-treated (HT) samples as a function of their as-coated
(AC) values, for low-E coatings deposited on SLG or BSG substrates and annealed at 650 °C for
8 minutes in different gas environments. Shaded areas represent where heat-treated values are equal
or lower than as-coated ones. Dashed ellipses highlight different clusters of datapoints of interest,
discussed in the text.

of initial defect, except for tensile cracking which can easily be assessed from AC scratch intensity.
Rather, scratch visibility changes following heat treatment reveal high sensitivity to the annealing
atmosphere; ambient humidity was found to have a notable effect on scratch visibility accentuation,
and thus tests were performed under ambient (humid) air, as well as in controlled dry air and argon

atmospheres.

Coatings annealed in humid air (red) yield similar or slightly higher intensity than those annealed
in dry air (yellow); both show substantially higher intensity than those annealed in Ar (blue)
however, highlighting the pivotal role of oxygen in scratch visibility enhancement, consistent with
previous reporting on Ag outflow from Ag-based nanolaminates [40], [254]. From this, we may
assume that the mechanisms lead to increased intensity are not fundamentally different for humid

or dry air and are primarily linked to Oz in the atmosphere. On the other hand, the width increase
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of the scratches does not vary substantially with a change from Ar to dry air, while annealing in
humid air causes the width to increase dramatically. Thus, humidity appears to mainly impact
defect propagation; the observed increases in scratch intensity may be due to propagation of defects
along the scratch axis, increasing the average intensity of scratches with intermittent levels of

damage.

Samples annealed in Ar are not without scratch visibility accentuation, however. A subset of
samples with distinct behavior are circled with a dashed line in each subplot of Figure 4.10. In (a),
while most samples closely follow the edge of the shaded area (representing scratches which are
scarcely more intense than prior to heat-treatment), the samples in the circled area display markedly
higher intensities, similar to samples annealed in air. On the other hand, in (b) most samples display
widths comparable to scratches annealed in air, whereas samples in the circled subset show

extremely low scratch widths.

The samples associated with the circled scratches are found to have higher background intensity in
the initial images than other samples annealed in Ar, with two of the four samples showing very
high values, as shown in Figure B.11 of Appendix B. As demonstrated in Figure 4.1, higher
background intensity in the initial image shifts the intensity at which the scratch width is measured,
leading to lower measured widths for otherwise similar scratches. Thus, the low width obtained for

these scratches can be attributed to the higher background intensity.

The higher background intensity in the images of these samples is the result of haze in the
unscratched coating areas. Optical haze, in turn, has been shown to result from coating degradation,
namely Na diffusion, as evidenced in Figure B.S of Appendix B. Thus, it appears that the coating’s
susceptibility to degradation outside of scratches facilitates scratch visibility accentuation during
HT, regardless of the annealing atmosphere. Additionally, it should be noted that the only scratches
which show this accentuation present some amount of buckling; scratches with strictly tensile
cracking (i.e., with low AC intensity) annealed in Ar consistently display low HT intensity as well.
This is in agreement with the previous optical and electrical analysis of the GZAZ partial stacks in
Section 4.4.1.1, showing that removal of dielectric layers can reduce the threshold for Ag disruption

during HT.

Interestingly, while the substrate composition has shown an important effect on coating stability

in un-scratched partial stacks (4.4.1) , almost no difference is found in terms of scratch visibility
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accentuation for samples deposited on BSG or SLG. Indeed, except for tensile-type scratches,
annealed in Ar, which result in higher HT scratch intensity for SLG (7 + 4 a.u.) than BSG (0.5 +
1.0 a.u.), no clear change in defect accentuation is observed for SLG versus BSG substrates. As a
result, Na only appears to have a small impact on scratch visibility accentuation, which is
overshadowed by parameters with greater impact such as the presence of Oz, H>O, or buckling
defects. Given the important role of Na diffusion in the degradation of un-scratched coatings, it
was considered that scratches may not create Na diffusion paths (i.e. cracks) in the bottom RDB
barriers. However, their presence was verified by etching away all but the bottom barrier layer, as
shown in Figure B.9 of Appendix B. Thus, further investigation of the morphological features
causing scratch visibility accentuation following heat treatment and their dependence on different

contaminants is required.

To complete the interpretation of these results, the morphological changes causing scratch visibility
accentuation were investigated via SEM imaging of tensile-type scratch surfaces, annealed under
dry air or Ar, as shown in Figure 4.11, as well as TEM imaging of thin cross-section lamellae

extracted from them by FIB, shown in Figure 4.12.

Heat-treated scratched stacks exhibit notable differences when compared to as-coated scratches
(imaged by SEM in Figure B.12 of Appendix B); following annealing in dry air (Figure 4.11,
images (a) and (b)), buckling appears along the scratch edges where it was previously absent, and
large Ag particles (radii > 250 nm) are found at the surface above the cracked area. Backscattered
electron images show Ag depletion around the scratch track and buckled areas, and reveal the
presence of smaller, irregularly shaped Ag particles inside the buckles (short axes = 100-150 nm).
Annealing in Ar, shown in images (c) and (d), results in the formation of smaller Ag-depleted areas
and only a few very large Ag particles at the scratch surface (radii > 500 nm). Moreover, no buckle
formation is observed and, accordingly, no formation of smaller Ag nanoparticles either. The
increased mass transport of Ag to the surface of nanolaminates in an oxygen-containing atmosphere
has been well described [40], [216]. The smaller size of the particles observed at the surface when
annealing in air is attributed to decreased Ag surface energy resulting from oxygen exposure [34],

[216].

We thus attribute the observed increases in scratch intensity mainly to the presence of small Ag

agglomerations within the buckled areas. In addition to being consistent with the fact that, when
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Dry air

Argon

Figure 4.11: SEM images of tensile-type scratch defects annealed in different atmospheres.
Samples were deposited on SLG and annealed at 650 °C for 8 minutes in a), b) dry air and ¢), d)
argon, overcoated with = 50 nm of carbon, prior to lamella extraction. Images (a) and (¢) were
captured at low accelerating voltage (2 kV) in secondary electron mode to emphasize coating
topography; (b) and (d) were taken with a higher acceleration voltage (15 kV) in backscattered
electron mode to increase sensitivity to Ag in a wider range of depths. The dashed red outline in
(a) corresponds to the approximate zone imaged in (b). Scratches were generated with the tip
movement going from bottom to top.

annealing in Ar, large scratch intensities are exclusively achieved for scratches with buckling
defects prior to annealing, Mie theory predicts that the total visible light scattering which can be
obtained by dewetting into spherical Ag particles will peak for sizes between 50 and 200 nm, as
demonstrated in Figure B.13 of Appendix B [274].
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Figure 4.12: Bright-field TEM cross-section imaging of tensile-type scratches annealed in
different atmospheres. Images (a)-(d) correspond to annealing in dry air; the cross-section was
extracted from the sample shown in Figure 4.11a-b. Images (e)-(i) correspond to annealing in
argon; the cross-section was extracted from the sample shown in Figure 4.11¢-d. a), e) Panoramic
overviews composed of multiple stitched images, identifying the main areas associated to the
substrate and coating, as well as the carbon and tungsten layers deposited as part of the cross-
section preparation. b)-d), f)-i) Magnified images of the zones identified by arrows in (a) and (e),
respectively.

This is further supported by SEM imaging of a tensile scratch annealed in humid air, shown in
Figure B.12 of Appendix B, which reveals practically no large Ag particle formation in these

conditions: rather, there is widespread formation of small Ag clusters (radii of = 50-150 nm). It is

difficult to identify buckling features in these images, as the degraded area is very wide and large
non-Ag particles are present at the coating surface, impeding the assessment of height variations

of the coating in secondary electron imaging. Humidity may thus lead to the formation of more
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widespread buckling, as humidity is known to promote stress changes in dielectrics which may
lead to formation of cracks or delaminations [109], [226]. It may also facilitate the formation of
small Ag nanoparticles, as coating buckles were previously found to promote their formation, and

as humidity can enhance Ag diffusivity [38], [275].

TEM measurements of scratched coatings annealed in dry air, presented in Figure 4.12, show that
buckling initiates from delamination of the Ag layer; more specifically, image (b) shows residual
Ag and Ag nanoparticles adhered to the NiCrOx layer, indicating that delamination was likely
initiated at the Ag-ZnOal interface. Moreover, degradation of the bottom ZnOay layer is
observed; as discussed in the context of GZAR samples in 4.4.1, this may allow Ag diffusion at its
bottom interface, facilitating dewetting. The suggested hypothesis, by which sufficient disruption
of the Ag layer would lead the top dielectrics to become essentially freestanding, and subsequently
deform, is well supported by the correlation between O2-induced dewetting and buckle formation.
The sample annealed in Ar, presented in Figure 4.12, displays much less degradation: small holes
and agglomerations, shown in (b) and (d), are present but result in minimal impact to the adjoining
coating areas. Despite that, no outstanding differences are observed in the degree of deformation
of the substrate, as shown in images (a) and (e) of Figure 4.12, the coating remains well-adhered

when annealing in argon, highlighting the role of oxygen in delamination.

In both cases, Ag diffusion into the glass, ostensibly resulting from ion exchange, is observed at
multiple sites, highlighted in Figure 4.12, images (c), (d), (g) and (i). In the case of the coating
annealed in Ar, Ag interdiffusion appears next to the largest Ag-depleted areas, implying that it
plays a central role in their formation; the extent to which Ag mass transport into the glass
contributes to Ag depletion, as opposed to merely generating holes which propagate into larger
dewetting fronts, is unclear. The sample annealed in dry air shows denser, more numerous areas of
Ag interdiffusion with larger Ag clusters, albeit at shallower depth. While Figure 4.12a shows
some darker regions deeper in the glass, which may be associated with Ag interdiffusion, given the
high damage incurred by milling in these areas and less defined structures, these cannot be reliably
identified as Ag diffused into the glass during annealing. Nevertheless, this suggests that exposure
to Oz not only facilitates Ag surface diffusion, but its diffusion into the substrate, consistent with
previous work which reports that tin diffusion into glass is accelerated by subsequent redox
reactions [224]. Moreover, Figure 4.12d shows a clear break in all dielectric layers, and despite

massive Ag outflow to the surface, interdiffusion with the substrate remains non-negligible: thus,
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in the case of GZAZ samples, without such damage allowing competition with rapid mass transport
to the sample surface, it is plausible that Ag diffusion into the glass contributes to the vast depleted

areas observed in Figure 4.6c¢.

Together, all of the above observations not only highlight the role of O>, Na, and barrier layer
damage in the scratch visibility accentuation process, they offer insight into the limited effect of
the substrate type on the scratch intensity, as discussed in the context of Figure 4.10a. Indeed, the
small size of the Ag particles formed by interdiffusion into the glass will greatly decrease their
scattering efficiency, as shown in Figure B.13 of Appendix B, leading to small changes, if any.
While this process is facilitated by the presence of oxygen, Oz exposure will also lead to mass
transport towards the surface, competing with substrate interdiffusion, as well as facilitating
formation of buckled areas filled with high scattering-efficiency nanoparticles. Thus, the effect of
Na diffusion on scratch visibility accentuation is overshadowed in the presence of O, and
weakened in its absence. This explains the previous observation that no meaningful scratch
visibility changes result from annealing samples on either SLG or BSG substrates, unless there are

no initial buckling defects and annealing takes place in Ar.

4.4.2.3 Scratch accentuation mechanisms and potential coating improvements

In the following, we present an overview of the main mechanisms leading to scratch accentuation;
this is presented schematically in Figure 4.13, along with an overview of the main effects of
contaminants on undamaged partial stacks. In a first step, applied loads lead to the formation of
cracks and elastic recovery leads to the formation of residual compressive stresses at the scratch
edges, if not outright formation of buckles due to delamination at the Ag-ZnOa interface. During
annealing, diffusion of oxygen to the Ag layer through cracks in the diffusion barriers, grain
boundaries in the Ag or ZnOay layers, or through open interfaces (as in the case of delamination)
leads to accelerated dewetting of the Ag layer, facilitating formation of buckling, if not already
present. As opposed to particles formed at the coating surface, buckled areas allow the formation
of rounded nanoparticles while restricting their size, leading to the formation of a particle size
distribution with a higher density of particles which efficiently scatter visible light. It was found
previously that the formation of small nanoparticles and the propagation of these buckled areas

may be promoted by the presence of humidity during annealing, leading to the formation of wider
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Figure 4.13: Schematic overview of the main effects of O, and Na diffusion on undamaged
coatings and coatings presenting scratch defects.

visible scratches, although it does not show an obvious impact on the size of Ag particles formed.
Diffusion of Na to the Ag layer may generate Ag depletion to some extent, either by ion-exchange
or by nucleating holes which expand into dewetting fronts, but susceptibility to dewetting generated
by oxygen diffusion or buckling defects in the as-coated state dominate in the majority of tested

conditions, indicating a limited role in practice.

Following the above-described considerations, stack improvements can de suggested.
Modifications to the coating architecture should be investigated as a means to mitigate crack
propagation, e.g., via nanolaminated dielectrics [276], which may also mitigate Na diffusion [204].
This may indeed decrease accentuation even more than the usage of controlled atmospheres; while
annealing in Ar suppresses diffusion of contaminants to the Ag layer and adjacent interfaces, it
does not impede outward Ag diffusion, as mitigation of crack formation would. As the possibility
of cracks propagating from the substrate has not been investigated, further modifications to the

substrate properties or usage of a thick dielectric bottom layer to achieve different effective
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substrate properties may also be relevant. Given that buckled coating areas enable high scratch
intensity, even for samples annealed in Ar in some cases, limiting these defects is also highly
important. Improved adhesion at dielectric interfaces, potentially achieved via intermixing [277],
may mitigate delamination and buckle formation, both as a result of mechanical solicitation as well

as during heat treatment.

Given the weakness of the Ag layer to delamination, improvements to the existing NiCrOx layer
may improve stabilization of the Ag layer: diffusion of metallic Ni into the Ag layer is expected to
mitigate surface diffusion at this interface [20], and may also improve adhesion. Nonetheless, Ag
particles were found to remain adhered to this interface, but delaminated from the ZnOai seed
layer; usage of a metallic seed in addition to ZnOn may improve stability while maintaining
performance [151], [278]. Finally, decreasing the susceptibility of the Ag layer to atmospheric
contaminants via doping may offer an additional redundancy: despite reduced as-coated
performance, doped Ag layers have shown optical and electrical properties much closer to that of
undoped Ag following annealing [32], [50], making them particularly suitable for improving

stability in products destined to be annealed as part of their fabrication.

4.5 Conclusion

In this work, the effects of atmospheric and substrate contaminants on the optical, electrical and
morphological evolution of low-emissivity coatings at high temperature were investigated. In the
first part, these were studied in undamaged partial coatings, allowing one to assess the effect of
stack architecture changes. In the second part, the evolution of scratch defects in full low-E stacks

were studied, where the diffusivity of contaminants or the stack structure were locally modified.

In SEM imaging of non-scratched coatings, both oxygen and sodium are found to disrupt the Ag
film if diffusion barriers are removed, allowing contaminant diffusion. Although Na diffusion has
been identified as a contributor to low-E performance changes at high temperature, its effects are
not often described in current literature; here we find that Na diffusion generates widely spaced
dewetting features in the Ag film which develop into large fingering instabilities. Specifically,
these are found to generate haze due to deformation of the dielectric layers where the Ag film is
depleted, showcasing the range of impacts Na may have in the performance changes of low-E

coatings. Moreover, the coating structure is found to impact film stability, as removal of both
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barrier layers renders coatings more susceptible to degradation by even small contaminant
concentrations. Oxygen, in addition to promoting sub-micron scale dewetting, as has been
previously observed in the literature, is found to amplify the effect of sodium, both in terms of
increasing Ag diffusion into the substrate, as well as increasing the scale of the resulting fingering
instabilities. Finally, even when contaminant availability is reduced, the removal of layers is found
to have a meaningful impact on coating stability, increasing susceptibility to Ag microstructural

changes.

For the study of defect evolution, applied scratch loads were first correlated to the resulting defect
morphologies and their visibility, the latter of which was quantified by a custom Python image
analysis script. This allowed us to evaluate scratch visibility accentuation quantitatively, as a
function of the contaminants and defect types. Oxygen was found to have the most impact on
visibility accentuation, resulting in dewetting-facilitated buckling. While oxygen exposure leads to
significant outwards mass transport, as has been reported in similar nanolaminate structures, we
report that it is the formation of small Ag nanoparticles within the buckled areas which results in
the largest changes in visibility. These nanoparticles, ranging between 50 and 150 nm in radius,
lead to the highest levels of visible light scattering, as supported by Mie scattering calculations.
The presence of buckling defects, whether formed as part of the scratch process, or resulting from
heat treatment, was found to increase the coatings’ susceptibility to forming highly visible defects
following annealing, coherent with the susceptibility to degradation found in partial stacks. Thus,
delamination and Ag dewetting achieved by any means appears to promote the formation of highly
visible scratches following HT, with oxygen being the primary vehicle for it. Humidity was found
to substantially increase the width of the defects, which may be attributed to a combination of
higher rates of delamination and increased Ag diffusion. The presence of humidity also increases
the scratch intensity, or brightness, to a small extent, which may be attributed to a larger amount
of small Ag particles below the coating surface for scratches annealed in humid air. Na diffusion
was not found to have a meaningful impact on the accentuation of scratch visibility, as Ag
disruption by other means takes precedence in the majority of cases, despite crack formation in the

bottom barrier layer during scratching.

Together, these results provide clear pathways towards improving the durability of low-E window
coatings to defect accentuation during tempering, and various suggestions are made to improve

these.
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CHAPTER 5 ARTICLE 2 : ENHANCED DURABILITY AND
ANTIREFLECTIVE PERFORMANCE OF AG-BASED TRANSPARENT
CONDUCTORS ACHIEVED VIA CONTROLLED N-DOPING

5.1 Foreword

The work presented in this article aims to address the second and third objectives of this thesis, i.e.
investigating methods to tailor the microstructure of Ag films, and applying these to increase the
durability of Ag-based coatings, without the usage of metallic dopants. Here, the combination of
Agmy, to control wetting, and of ZnO(ay), to mitigate the former’s impact on Ag grain size, is

explored as a means to improve corrosion durability.

While not directly pertaining to high temperature stability, this allows a proof of concept,
demonstrating the impact that the Ag microstructure can have on Ag stability. It was also found
previously that the environmental conditions in which scratched low-E coatings were stored had a
profound impact on scratch intensification; thus, the environmental stability of low-E coatings at

ambient temperatures may have meaningful repercussions on this as well.

Moreover, in order to align the work in this chapter to more general applications, the coating
structures used here are not typical of low-E coatings, with a low n top dielectric and a single
extremely thin Ag film. However, these allow to demonstrate features of significant interest. By
the very fact that the encapsulating dielectric is not optimized for durability, stability improvements
resulting from structural differences in the Ag film are highlighted. Similarly, the low Ag
thicknesses showcase the potential benefits of N doping on Ag wetting. Finally, while this work
focuses on single-Ag coatings, low-E architectures using multiple Ag films to achieve a sharp cut-
off between the visible and NIR spectra can benefit from thinner Ag films; this work demonstrates

how these can be leveraged with reduced impact on film stability.

As previously, this chapter includes the integral text of the article, with the associated supporting

information included in Appendix C.
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Abstract

Ag-based transparent conductors (TCs) are often proposed as an alternative to ITO coatings.
However, while their performance has been widely demonstrated, their environmental durability

is frequently overlooked, or addressed with the use of highly specific encapsulating layers.

In this work, durability and antireflective performance of Ag-based TCs are simultaneously
enhanced. To do so, a transfer matrix modelling approach is used to determine the general
requirements for high performance antireflective properties as a function of Ag thickness and

dielectric refractive indices, offering more widely applicable insight into stack optimization.

Coating durability is investigated as a function of the Ag microstructure, which is modified by
altering the N> concentration used for doping of the Ag layer and the selection of the seed layer.
Increasing N> concentration during Ag deposition was found to decrease grain size and durability
of Ag coatings deposited on Si3N4 whereas all coatings on ZnOan showed higher stability.
Significantly higher durability is found when specifically combining intermediate N>
concentrations in the sputtering gas mixture (Agmy:s%, compared to 0% and 50%) and a ZnOay
seed layer, and a mechanism accounting for this increased durability is proposed. The addition of
NiCrNy protective coatings increases system durability without altering these trends.

These findings are combined to fabricate a highly performant Ag-based TC (Tv = 89.2 %, RV =

0.23 %, 21.4 Q/o), which shows minimal property changes following corrosion testing by

immersion in a heated and highly concentrated aqueous NaCl solution (200 g/L, 50 °C).


https://pubs.acs.org/doi/10.1021/acsami.4c02255
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5.2 Introduction

Transparent conductive (TC) layers are an essential component in a number of applications,
including touchscreen displays, organic light-emitting diodes, solar cells, low-emissivity window
glazings and others. While indium tin oxide (ITO) has been held in high regard for such
applications, technical issues, such as its brittleness and annealing requirements which may be

incompatible with temperature-sensitive substrates (e.g.: polymer substrates), as well as supply and

pricing issues, have highlighted the need for alternative TCs [27], [279], [280], [281].

Silver (Ag)-based layers are one such alternative, and multiple layer morphologies have been
investigated, including continuous Ag films [27], [279], [280], [281], Ag nanowire structures
[179], [282], and patterned Ag grid layers [283], [284]. In this work, we fabricate Ag-based TC
coatings with a dielectric-metal-dielectric (DMD) architecture, while specifically focusing on

optimizing the antireflective (AR) properties via optical interference.

By minimizing reflection, transmission is increased, but perhaps more importantly, the real-life
functionality of the coating is improved, as the contrast between reflected and transmitted light can
be greatly increased, which is not guaranteed when optimizing transmission only. This has already
accrued some interest for ITO-based architectures [285], [286]; however, there has been relatively
little interest in Ag-based coatings specifically for AR purposes, despite the fact that this has been
proposed since the late 1970’s [16], [287], [288].

More recent work has demonstrated that this can lead to highly transparent coatings, although the
approaches used to determine loss, e.g., subtracting the measured transmission of a coated sample
from that of a non-absorbing uncoated substrate, place importance on optimizing transmission
without making a distinction between decreasing absorption or reflection [24], [25], [44]. On the

contrary, minimising the absolute value of the reflection is the aim of our present work.

To ensure that the optical and electrical properties of the Ag film are suitable for AR and TC
applications, control of Ag coalescence must be considered. The Volmer-Weber growth mode
([94], [289]) of Ag on many commonly used transparent substrates (e.g., soda-lime glass) is a well-
known issue in which the high surface energy of Ag causes the clustering of Ag into disconnected
islands during early growth phases [290], leading to the formation of continuous films only at
higher thicknesses. This is problematic as thicker films, although more conductive, will also be

more absorbing. On the other hand, rough, discontinuous, or partially coalesced films will have
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poor conduction and increased absorption due to localized surface plasmon resonance [17], [245].
Different methods can be used to supress this effect, namely the usage of an appropriate seed layer
to decrease the surface energy mismatch of Ag and the substrate [27], [43], [291], different dopants
or gas additives (Al, Oz, N2) to modify the Ag’s surface energy or mobility [18], [32], [92], [106],
[292], [293]. As most dopants impact Ag’s optical properties, often negatively [50], [92], [292],
this work focuses on studying the use of aluminum-doped zinc oxide (ZnOa1)) and nitrogen-doped
silver (Agm)). ZnO, frequently doped with gallium or aluminum, is ubiquitous as a transparent seed
layer for Ag, and nitrogen addition has garnered significant attention as it has been demonstrated
that it can accelerate continuous film formation with negligible effect on Ag optical properties [18],

[23], [294].

While Ag has attracted considerable attention due to its potential in TC applications, the chemical
stability of these films (and that of most Ag-based TCs) has gone largely unaddressed. Whereas
ITO is fairly stable when exposed to moisture [295], Ag-based coatings require particular
encapsulation to achieve similar durability [25], [219], [296], [297], [298], [299]. In addition to
encapsulation in dielectrics, Ag layers are frequently stabilised using NiCrNx or other transition
metal barrier layers: while these are well known for their ability to protect Ag coatings from
chemical degradation, as their thickness increases, transmission rapidly decreases, reducing the
optical performance [139], [177], [178], [217], [300]. Although not discussed at length in this work,
appropriate metallic dopants can enable improved durability with less severe impact on optical
performance [36]. The specificity of encapsulation used to protect Ag films can be disadvantageous
in that they may require specific techniques or equipment, such as solution processed layers or
atomic layer deposition, and may limit the selection of materials that can be used to improve Ag
durability. Alternatively, investigations into the durability of Ag-based coatings commonly
consider changes in sheet resistance. However, despite that the Haacke figure of merit (FoM),
which is commonly used for TC applications, is highly sensitive to minute changes in transmission,
optical performance changes often aren’t quantitatively studied [139], [282], [296]. It should be
noted that the purpose of this work is not to optimize the Haacke FoM, but rather to present
durability improvements simultaneously with high AR performance. The FoM is kept as a
comparative tool to demonstrate that the durable AR TC coatings produced in this work are

similarly performant to typical Ag-based TCs.
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To address these problems, first the optical performance of DMD devices is modelled using a
transfer matrix approach. Performance is mapped to the thickness and refractive indices of the
encapsulating dielectrics, as well as the Ag layer thickness, allowing one to identify effective
designs for any Ag thickness. TCs are fabricated following an optimized AR design, which uses
an ultra thin (6 nm) Ag layer, and their optical and electrical performances are compared. Following
this, the durability improvement of the Ag layer is addressed by optimizing its microstructure,
which we control by implementing a ZnOn seed layer and Agn) deposition parameters,
minimizing the requirements placed on the top encapsulating layer. Using a combination of in situ
and ex situ spectrophotometry, sample degradation in aqueous NaCl solution is studied in detail as
a function of Ag microstructure. A mechanism explaining the observed durability improvements
is proposed. Finally, the optical modelling and durability evaluation results are combined to
produce conductive Ag-based devices which simultaneously exhibit high transparency, exceptional

AR performance, and high stability following exposure to a severe corrosive environment.

5.3 Experimental details

5.3.1 Sample fabrication

Samples were prepared in a magnetron sputtering system (CMS-18, Kurt J. Lesker) equipped with
four 3 magnetrons and an additional 2” magnetron. 5 cm x 5 cm B270 glass substrates, cleaned
and rinsed with deionized water and isopropanol, were placed on a 15 cm diameter substrate holder-
electrode and were pretreated with a 100 V bias RF plasma in an Ar/O> gas mixture (100/35 sccm)
at a pressure of 8 mTorr. The individual films were deposited following the conditions shown in
Table 5.1. A RF bias of -85 V was applied to the substrate holder during the deposition of the Si3N4

layer. All other films were deposited at a floating potential.

NiCrNy films were sputtered from a composite target (80 wt.% Ni, 20 wt.% Cr) which is commonly
applied in industry and in research [20], [46], [178], [300], [301]. N> is used as a reactive gas, as
purely metallic NiCr is less common, and reactive deposition of oxide-based layers may negatively
impact Ag properties [149]. The N; concentration was chosen based on preliminary experiments
(not shown here) performed with CrNyx layers exhibiting an acceptable trade-off between

decreasing the Cr absorption and retaining durability improvements.



111

5.3.2 Modeling

Design of the antireflective filter architecture was performed by using a brute-force modelling
approach. A custom-made code was designed in Python using the transfer matrix approach.
Typically, modelling approaches utilizing the transfer matrix method consider a pre-defined DMD
architecture with fixed dielectric materials and a fixed Ag thickness; performance can then be
modelled and mapped as a function of the thickness of each dielectric [24], [302], [303], [304].
Alternatively, the open-source OpenFilters software can optimize stack designs by searching for
the optimal thickness of additional layers and simultaneously adjusting their refractive indices with

the step method, but ultimately returns a single optimized configuration [305].

In this work, the optical performance is mapped for multiple stack configurations and
simultaneously models different silver thicknesses, different dielectric thicknesses and different
dielectric optical properties. To do so, a custom refractive index () is obtained by taking linear
combinations of the optical constants of TiO> and SiO; to emulate a range of materials, where the
relative weight of each material’s optical properties is adjusted to return specific values of n at a
wavelength of 550 nm. This combines the best aspects of each of the other approaches, allowing
the entirety of the enlarged data set to be viewed as a set of 2D maps, explored with a simple
graphical user interface, as exemplified in Figure 5.1, or used to analyse trends within the whole

parameter space that was modelled.

Table 5.1: Summary of the sputtering conditions used for the deposition of the various films used
in Chapter 5.

Power Power and
Pressure | Gas flow ratio
Layer | Target density | Mode substrate
[mTorr] | [scecm]
[W/em?] RF bias
Ag Ag 2.63 DC 4 Ar/N; (variable) | -
NiCrNx | Ni/Cr (80/20 wt. %) | 3.29 DC 4 Ar/N> (100/50) | -
Si3N4 Si 9.87 RF 5 Ar/N; (100/40) | 5W,-85V
ZnOan | Zn/Al (98/2 wt. %) | 6.56 RF 2 Ar/Oz (100/35) | -
SiO» SiO» 7.40 RF 2 Ar -
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Figure 5.1: Example of the graphical user interface allowing one to plot Rv and 7v, (CIE standard
illuminant D65, 1931 CIE observer), as a function of the thickness or refractive index of the
mapped layers. The modelled filter architecture was B270 / dielectric (bottom) / Ag / dielectric
(top), where each layer’s thickness and each of the dielectric layers’ refractive indices were varied.
Mappings shown are displayed as a function of the dielectric layer thicknesses, for a Ag thickness
of 6 nm, n (bottom) = 2.05, and n (top) = 1.50.

For modelling purposes, B270 glass is applied as the substrate, as it is used for experimental work,
and its optical properties are an appropriate stand-in for most low-index glasses and polymers. Ag

optical properties are taken from Palik [14].

To simplify the implementation of these features and limit the random-access memory required to
run the code, the rest of the model is kept deliberately simple; propagation is considered strictly at
normal incidence, all interfaces are considered perfectly smooth and flat, and the substrate is
modelled as a semi-infinite medium. Thus, the reflection and transmission values returned by the

code only take the coated interface into account.

Finally, it should be noted that, given the sheer amount of configurations which can be tested at a
time, the transmission (7) and reflection (R) spectra are replaced with the visual transmittance and
reflectance values, Tv and Ry. These scalar values are indicators of the perceived brightness in

transmission and reflection for a given viewer in given lighting conditions; they are obtained by
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averaging T and R weighted by the spectral power distribution of the lighting, or illuminant (®s),
and the spectral sensitivity of the observer, or spectral luminous efficiency (¥), as given by equation
4.1. In this work, the CIE (International Commission on Illumination) standard illuminant D65 and
the 1931 CIE observer functions are used for all calculations of 7v and Ry, with the exception of

the in situ monitoring of corrosion durability (see Section 5.3.3).
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Modelling was performed using a simple 3-layer DMD architecture. Dielectric refractive indices
at 550 nm were mapped from 1.50 to 2.20, with a step size of 0.05, using the aforementioned
customizable refractive index model. Their thicknesses were mapped from 10 to 90 nm with a step

size of 1 nm. The Ag thickness was mapped from 5 to 15 nm, with steps of 1 nm.

5.3.3 Corrosion durability and in situ optical monitoring

Corrosion durability was tested by immersing samples in an aqueous NaCl solution. Ag
degradation in Cl-containing environments has been shown to be representative of other
contaminants, as Cl fog exposure replicates the effects of mixed flowing gas and real-life aging
[217], [300], and immersion in NaCl solution has been used with success to test the durability of
Ag as well as dielectric materials [36], [139], [306]. To effectively compare the degradation rate
of different Ag-containing film stacks, an in situ transmission spectrophotometry setup was
implemented, as shown schematically in Figure 5.2a. Incident light was generated from a halogen
source of a Mikropack DH-2000 unit and collected using a TECS5 MultiSpec Desktop
spectrophotometer. Spectra were recorded over a wavelength range from 350 nm to 1025 nm, with
I nm increments. Measurements were performed every 2 seconds and each measurement consisted
of the average of 10 acquisitions. The solution temperature was controlled using a resistive heating
element and thermocouple, connected via a PID controller. As different sample architectures
display vastly different degrees of corrosion durability, two sets of testing conditions were used:
(1) low-severity testing conditions using a 0.1 mol/L solution of NaCl heated to 30 °C; (i1) high-
severity testing conditions using a 200 g/L solution of NaCl (approximately 3.4 mol/L) held at
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Figure 5.2: a) Schematic representation of the in situ corrosion monitoring setup. b) Example of
the resulting in situ Tv showing the two main points used for inter-sample comparison: onset of
visible degradation (dotted line) and completion of degradation (dashed line).

50 °C. For both conditions, samples were immersed for 20 minutes, or until visual confirmation of
coating failure. The low-severity conditions correspond to those used by Koike et al., with a
substantially shorter duration [36], [139]. The high severity conditions correspond to those used by
Caron et al. for the evaluation of dielectric layer stability in ophthalmic applications [306]; these
are, therefore, taken to be a suitable test to compare the durability of present Ag-based coatings to

oxides, and thus conventional TC oxides .

Particularly, with the addition of solution heating, the in situ transmission signal is susceptible to
noise and other fluctuations: to reduce noise sensitivity of the data, the measured spectra were
converted to a scalar value by transforming them to 7v, taking again the 1931 CIE observer values,
but using a constant illuminant (CIE illuminant E) with no spectral dependence, which effectively
removes the effect of @s in equation 4.1. The constant illuminant E is selected instead of D65 to

reduce the weight of data in the blue and near-IR ranges, which have substantially higher noise due
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to lower signal intensity. Plotting this value over time, sample degradation is then observed by a
drop in visible transmission, corresponding to full failure and corrosion of the Ag layer. Samples
measured with this setup will be compared based on the immersion time undergone before the
onset of this rapid degradation, and on the immersion time before complete degradation is
observed, as shown in Figure 5.2b. Given that the sensitivity of this setup is limited and that the
spectral range does not extend into the IR, where changes in Ag conductivity would be more
apparent, samples showing small variations of in sifu measurements are studied in more detail ex
situ, as described in the following section. It should be noted that illuminant E is only used for in
situ durability monitoring (Figure 5.2b, Figure 5.6a and Figure 5.6b) and all other instances of

Tv and Rv use illuminant D65.

5.3.4 Other characterization methods

In addition to the methods described above, sheet resistance (Rsn) measurements were performed
using a Delcom 737 contactless conductance monitor. It should be noted that the environmental
cell used for in situ saline testing is limited to samples of 2.5 cm in width, whereas a minimum
sample size of 5 cm by 5 cm is required for accurate sheet resistance measurements; therefore, no

sheet resistance measurements were performed on samples following in sifu durability testing.

Sample transmittance and reflectance were measured using an Agilent Cary 7000
spectrophotometer equipped with a universal measurement accessory (UMA). Measurements were
performed at a beam incidence of 6°, enabling same-angle transmission and reflection assessment,
while remaining close to normal incidence. Measurements were performed in s and p polarizations

and averaged.

To evaluate the performance of the AR coated interfaces, relevant samples were measured using
an adhesive tape backing to supress reflections from the backside of the substrate, as performed by
Synowicki [307]. In such cases, the reflection of the front side of the sample, or its visual

reflectance, are respectively referred to as R™S and Rv'®,

Moreover, the combination of spectrophotometry data and sheet resistance data enables us to
quantify the performance of our samples using the Haacke figure of merit (FoM), which is a

function of the TC’s sheet resistance and normalized transmission at 550 nm [283]:
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Samples were imaged by atomic force microscopy (AFM) in ambient conditions using a Bruker
Dimension ICON AFM and NanoscopeV controller. All AFM images were acquired using the
PeakForce tapping mode using ScanAsyst-Air aluminium-coated silicon nitride probes with tip

radius ranging between 2-12 nm and nominal spring constant of 0.4 N/m.

5.4 Results and discussion

5.4.1 AR design approach

As previously stated, this work aims to produce Ag-containing coatings that are antireflective as
well as highly transparent and conductive: the previously described transfer-matrix modelling

approach was employed to determine which are the key parameters to attain this objective.

Figure 5.3a shows the minimum values of Rv achieved within this mapping, as well as the
dielectric refractive indices at which they are obtained, as a function of thickness of the Ag layer.
Note that the dielectrics’ indices may saturate at low and high thickness ranges; and it can be
assumed that better results may be reached at certain thicknesses with a wider range of dielectric
optical properties. For example, Macleod proposed an AR design in which a 1.36 nm thick Ag
layer was placed between cryolite (n = 1.35) layers [16]. However, the bounds used in our work’s
modelling approach are chosen to be representative of conventionally used dielectrics to ensure

that the produced designs are more widely implementable.

From Figure 5.3a, it can be concluded that effective AR devices, with Rv"™ below 1%, can be
achieved with a wide range of Ag thicknesses when appropriate encapsulating materials are
selected. This offers a straightforward approach to improve the optical properties of devices where
the Ag thickness is selected on the basis of reaching specific sheet resistance targets. We also find
that, to reach our objective of obtaining an optimal AR performance, an ultrathin Ag layer must be

coupled with a low-index top dielectric, and high-index bottom dielectric.

Figure 5.3b shows that, for this configuration, the requirement for a low-index top dielectric is
significantly more sensitive than that of the lower dielectric. To meet these requirements, Si02 was

selected as a low-index dielectric for the top layer and Si3N4 and ZnOan were selected as high-
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Figure 5.3: a) Minimum modelled Rv and refractive indices of dielectrics at which minimum Ry
is achieved as a function of the Ag thickness in a modelled dielectric-Ag-dielectric architecture in
which the thickness and refractive indices (at 550 nm) of the dielectric layers are free to vary,
between 10 nm and 90 nm (steps of 1 nm) and between 1.50 and 2.20 (steps of 0.05). b) Mapping
of the minimum modelled values of Ry as a function of the refractive indices of the dielectrics,
using the same modelling as in (a), for a Ag thickness of 6 nm with dielectric thickness free to
vary. As the model does not take reflections from the backside of the substrate into account,
modeled values of Ry are representative of Ry'>.

index bottom layers. Although the latter two have lower n than the optimal value found in the
modelling approach (nsin = 1.91, nzao = 1.96, compared to npotom = 2.05), these are chosen as their
refractive indices are sufficiently close to the target value npotom to yield high AR performance
(given the much lower sensitivity to n of the bottom layer), they have comparable refractive indices

to one another and are commonly used in Ag-containing stacks.



118

ARS

=
el
N

DLS DLZ

Si0; - 71 nm Si0, - 71 nm Si0, - 13 nm

Agw):X - 6 nm Aginy: X - 6 nm

SizN, - 33 nm Zn0Oy, - 33 nm
B270 glass B270 glass

Si0; - 13 nm
Aggyy: X - 6 nm

Aggy: X - 6 nm
Si3N4 = 33 nm
B270 glass

Zn0p) - 33 nm
B270 glass

AR-1 AR-2
DHS

=)
T
N

SiO; - 71 nm SiO; - 71 nm
NiCrNy - 0.2 nm NIiCrNy - 0.2 nm
Agy:5% - 6 nm Ag ;5% - 5.5 nm
NIiCrNy - 0.2 nm NIiCrNy - 0.2 nm
Zn0yy,; - 10 nm Zn0yy - 10 nm

SisN; - 23 nm SisNg - 23 nm

B270 glass B270 glass

Si0, - 8 nm
NiCrNy - 0.2 nm

Si0; - 8 nm
NiCrNy - 0.2 nm
Agqy: X =6 nm
NiCrNy - 0.2 nm

NiCrN, - 0.2 nm
SisNg - 33 nm Zn0,

an ~ 33 nm
B270 glass

B270 glass

Figure 5.4: Schematic representation of the different filter architecture types used in Chapter 5,
with their associated labels referred to throughout the text.

AR devices were fabricated following the optimized thicknesses obtained during modelling,
replacing the custom refractive index layers with the materials selected above, resulting in a B270
/ S13N4 (33 nm) / Agm): X (6 nm) / SiO7 (71 nm) architecture, referred to as ARS, and in an otherwise
identical architecture substituting the SisN4 for ZnOa, referred to as ARZ. Both architectures are
shown in Figure 5.4. Thicknesses were not reoptimized for either of the materials, to compare
these dielectrics at equal thickness. Modelling of each of these architectures, using dielectric
refractive indices obtained via ex situ ellipsometry measurements, yield a predicted value of Ry'S
=0.15% for ARS and Rv'S = 0.12% for ARZ, confirming the low sensitivity to the bottom layer’s
refractive index. N> concentration in the Ar/N> sputtering gas was also varied, using 0%, 5% or
50% of N2 in the sputtering gas mixture. The main performance metrics of these coatings are shown

in Figure 5.5.

All ARS coatings are somewhat more reflective than the ARZ coatings. Given that the design was
optimized using the Ag optical properties from Palik [14], this appears to be due to the ZnOai) seed
layer promoting the growth of Agw) films with optical properties better matching those of Palik.
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Figure 5.5: RV'S, Ty, and sheet resistance of samples deposited following ARS and ARZ
architectures detailed in Figure 5.4, as a function of the N> concentration in the gas mixture during
sputtering of Agm).

Despite this lower performance, all of the produced coatings display satisfying antireflective
properties (RvF® < 1%), with the exception of the ARS-Agn):0% coating. This is not unexpected,
as N doping of the Ag layer has been shown to greatly improve film coalescence [18], [23], [294].
As a result, Agn):0% coatings deposited at a thickness of 6 nm display significantly lower
performance, with high sheet resistance and low transmission attributable to a discontinuous
morphology and plasmonic absorption. While the substitution of SizNs with ZnOaly offers
significant improvement in both regards, these coatings still underperform when compared to those

deposited with N> in the sputtering gas mixture.

The performance of Agw):5% and Agn):50% films show minor dependence either on the
concentration of N> or the choice of the bottom layer. The Agwn):5% shows a 1.6% increase in
visual transmittance with the addition of the ZnO(aly seed layer but is otherwise mostly unchanged.
Agm):5% and Agw):50% coatings both show a marginal increase in sheet resistance with the

addition of the ZnOal) seed layer, of 2.5% and 2.4% respectively, which is attributed to a higher
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roughness of the ZnO(ay) seed layers as determined by ex situ ellipsometry and AFM measurements
presented in Figure C.2 of Appendix C. This is not unexpected, as non-negligible roughness of
ZnOay) has also been reported elsewhere [308], [309]. For the final devices presented in Section

5.4.3, thinner ZnOay) layers are used to attempt to reduce their surface roughness.

The ARZ-Ag):50% sample displays the lowest reflectance (Rv' = 0.16%), which is remarkably
close to the values modeled for reflection at normal incidence (RvFS= 0.12%), as well as high
transmittance (7v = 91.0%) almost equal to that of uncoated glass (7v = 91.6%), and low sheet
resistance (17.2 Q/o). Its Haacke FoM is of 23.3 kQ!, whereas ARS-Agn):50% and ARZ-
Agm):5% respectively yield FoMs of 23.7 kQ! and 23.4 kQ!. These all outperform the values
obtained for the continuous Ag coatings fabricated by Han et al. (16.2 kQ'), the Ag grids studied
by He et al. (~17 kQ"), and the commercial ITO used as comparison by Maniyara et al (16.9 kQ™!)
[24], [283], [310].

There are numerous reports of Ag-based TCs with higher FoM [24], [280], [302], [303], [304],
[311], [312]; therefore, it is worth reiterating that the present work is not focused on optimizing the
Haacke FoM, which would be better pursued with optimization of the sheet resistance and
transmission. Rather, the AR coatings presented here are merely meant to be comparable to
conventional non-protected TCs, in order to demonstrate that these coatings can be made
significantly more durable while enabling AR or other optical interference effects and maintaining
conductivity and high transmission. Although N> doping was required to improve conductivity and
reduce plasmonic absorption given the low Ag thickness, there were otherwise no specific
requirements to achieve performance competitive with other TCs in our conductive AR coatings.
As aresult, the material choices and deposition conditions which will be found to yield the highest
durability in the following section can be used as selection criteria to design durable and performant

Ag-based TCs.

5.4.2 Evaluation of Ag durability

In order to identify the deposition conditions which promote the highest durability, a variety of
coatings were evaluated, using both ZnOa1) and Si3N4 seed layers, the three N> concentrations in
Agmn):X doping used in the previous subsection, and designs which include or do not include

NiCrNx protective layers. It should be noted that samples with NiCrNy protective layers are used
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exclusively with the high-severity testing conditions and vice-versa, as their addition or removal
yields significantly different durability levels: samples without NiCrNx protection are completely
degraded in only a few seconds in the high-severity conditions. Given that for certain applications

durability requirements may be lower, it is of interest to optimize the durability in both regimes.

It has been demonstrated that increasing the thickness of dielectric layers generally reduces their
permeability to water vapor [313]. Similarly, it has been shown that decreasing the thickness of an
encapsulating dielectric can reduce the durability of the coating in hot water immersion [25]. As
similar results are expected for immersion in a corrosive aqueous solution, to minimize the impact
of the top encapsulating layer on durability, its thickness should also be minimized. However, the
complete absence of a top encapsulating dielectric is known to drastically change coating durability
[301]: this work focusing on DMD coatings, it would not be representative to test the durability of
stacks without an encapsulating layer. As a result, 8 nm top layers were used to encapsulate samples
with NiCrNy protective films. It was found in previous experiments (results not shown here) that
for Ag layers with a 0.2 nm bottom NiCrNx layer continuous film formation was promoted,
consistent with the observations of Fukuda ef a/. for Ni [151]. As a consequence, Agm):0% films
used without NiCrNx were found to have substantially higher roughness. To compensate for this,
the thickness of the encapsulating layers used for samples without NiCrNx was increased to 13 nm.
Additionally, the top SiO; films used here are not optimized for conformality or density; as a result,
the durability improvements reported in this work should be applicable to most encapsulated Ag

films.

Finally, it should be noted that multiple other configurations were tested in addition to those
reported here, using different types of bottom layers (ZrO>, ZnO, B270 glass) and top layers
(Si3N4), as well as different deposition methods (e-beam evaporation), deposition conditions
(doping, reactive gases, substrate biasing, ion beam assistance), and deposited thicknesses, for both
dielectric layers as well as the Ag layer. The results presented here are chosen as they are

representative of the conclusions of the overall work.

Durability testing under low-severity conditions (0.1 mol/L NaCl, 30 °C) was performed with
samples fabricated in a B270 / SizNs (33 nm) / Agn:X (7.5 nm) / SiO2 (13 nm) architecture,
referred to as DLS, and in an otherwise identical architecture substituting the Si3N4 for ZnOay),

referred to as DLZ (see Figure 5.4). These architectures are highly comparable to ARS and ARZ
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but use a higher Agn) layer thickness of 7.5 nm to ensure a more continuous Agm):0% layer, so
that the significant difference in wetting for these samples at 6 nm does not affect durability, and a

decreased Si0; layer thickness of 13 nm to simplify durability testing, as discussed above.

Durability testing under high-severity conditions (50 °C, 200 g/L) was performed with samples
deposited in a B270 / Si3N4 (33 nm) / NiCrNy (0.2 nm) / Agmy: X (6 nm) / NiCrNx (0.2 nm) / SiO2
(8 nm), architecture, referred to as DHS, and in an otherwise identical architecture substituting the
Si3N4 for ZnOayy, referred to as DHZ (see Figure 5.4). As mentioned previously, it was found that
low thicknesses of NiCrNx (results not shown here), in the range of those suggested for optimal
barrier layers by Xu et al. [178], were found to improve coalescence, particularly for undoped Ag
films. At 0.2 nm mass-equivalent thickness, there should be less than a monolayer and thus the
NiCrNyx layer is expected to be highly discontinuous, leading to defect-driven continuous film
formation [114], [151]. This results in continuous Agn) films at lower thicknesses, allowing the

use of 6 nm Ag) films and thinner (8 nm) SiO» encapsulating layers.

Figure 5.6a and Figure 5.6b show the in situ spectrophotometry measurements of corrosion
durability as a function of the concentration of N> used during the deposition of the Agn) films for
the DLS and DHS filters, respectively. DLZ and DHZ films showed minimal variation following
1200 s of in situ corrosion testing, and were therefore compared using ex sifu spectrophotometry

measurements, as shown in Figure 5.6¢ and Figure 5.6d, respectively.

Figure 5.6a indicates that degradation occurs significantly faster for the DLS coatings when adding
N2 to the sputtering gas mixture, with sample stability decreasing as the N2 concentration increases.
The equivalent measurements for the DHS coatings, shown in Figure 5.6b, exhibit strong
similarities to that of the DLS coatings. In both cases, Agw):50% displays rapid onset of
degradation as well as a steep change in transmission. The observed change in transmission of
DHS-Agn):5% is less steep than that of DHS-Agn):0%, and does not have a clear point of
completion, possibly due to delamination. However, as both clearly indicate the onset of
degradation, it can still be shown that the addition of even a relatively small concentration of N>

during the deposition of the Ag layer can negatively impact durability.

The durability dependence on Agw):X concentration in the DLS and DHS samples, observed in
Figure 5.6a and Figure 5.6b, can be attributed to a reduction in grain size with increasing N»

concentration, as reported by Hu et al. [314]. The resulting increase in density of grain boundaries
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Figure 5.6: a), b) In situ transmission monitoring and ¢), d) change in reflection (AR = RP*S' —
RASe0ed) measured by ex situ spectrophotometry obtained in low-severity ((a), (c)) and high-
severity ((b), (d)) corrosion tests of coatings deposited in various architectures for different N>
concentrations in the gas mixture during sputtering of Agw). /n situ measurements are annotated
with approximative points of degradation onset (dotted lines) and complete degradation (dashed
lines) where a clear transition can be observed. Ex sifu measurements were only performed on
samples which showed negligible change during in situ transmission monitoring. All architectures
are detailed in Figure 5.4.

is then expected to accelerate degradation, as these are the main diffusion path for in-layer diffusion
at low temperatures [170]. Grain size analysis of XRD measurements performed on 7.5 nm Ag

layers, shown in Figure C.1 of Appendix C, similarly supports this interpretation.
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Figure 5.6¢ shows that DLZ-Agn):5% displays minor variation across the measured spectrum
following corrosion testing, whereas other samples exhibit a significant decrease in near-IR
reflectance. Presented in Figure 5.6d, DHZ samples show very similar behavior; despite
quantitative differences, the main trends are repeated, with Agw):5% once again displaying

extremely little change both in the visible and the near IR.

The improved durability observed for ZnOa) can be attributed in part to larger Ag grains, as
reported in the literature [291], [315]. This is consistent with the observations found for DLS
samples, and in agreement with XRD results shown in Figure C.1 of Appendix C. Moreover,
improved adhesion at the ZnOai-Ag interface, as opposed to most other transparent seed layers,
is expected to reduce Ag diffusion towards corrosion sites, as demonstrated by Hafezian et al.
[149]. However, the increased durability of samples with Agw):5% deposited on ZnOay) is not

explained by these features.

Therefore, there appears to be a specific durability improvement when combining a ZnOayy seed
layer with low (but not null) Agm):X concentrations. Yun et al.’s SIMS measurements revealed the
presence of residual N> at the ZnOal) / Ag) interface and Hu ef al. showed that thick Ag) films
deposited with high N> content develop voids between grains: hence, it is suggested that at higher
N> concentrations the formation of these voids, possibly near the lower interface, accelerate
degradation by creating additional diffusion paths [18], [149], [314]. Given the qualitatively similar
behavior of samples deposited with or without NiCrNy, shown in Figure 5.6a and Figure 5.6b for
Si3N4 seed layers and Figure 5.6¢ and Figure 5.6d for ZnO(a)) seed layers, the addition of NiCrNy
appears to reinforce durability changes induced by the Agn): X deposition conditions and seed layer
choice without changing the key mechanism. The bottom 0.2 nm NiCrNjx, therefore, appears to be
sufficiently discontinuous to enable significant interaction between the Agw): X and ZnOay) layers,
similarly to the observations of Fukuda et al. where it was found that certain sites showed
heteroepitaxial growth of Ag on ZnOaly despite the presence of a discontinuous 0.5 nm titanium
layer deposited between them [151]. As such, investigations of this improved durability can be

simplified by studying Agn):0% and Agw):5% coatings on ZnOary without the addition of NiCrNx.

Figure 5.7 shows AFM images of 7.5 nm thick Agmw):0% and Agmw):5% films, deposited on 33 nm
Si3N4 seed layers, which display high roughness, (Agmw):0%: rq = 4.36 nm, Agw):5%: rq = 1.89

nm). The large elevated clusters are consistent with the TEM observations of Dannenberg ef al.,
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Figure 5.7: 1 pm % 1 pm AFM images of Agmw):0% and Agw):5% films, with nominal thicknesses
of 7.5 nm and 4 nm, deposited on 33 nm thick seed layers of Si3N4 or ZnOal), annotated with their
root mean square roughness, 7q.

which showed large abnormal grains in Ag deposited on silicon nitride membranes [86]. These
features are less pronounced for the sample using Agm):5%. Analysis of the AFM images,
presented in Figure C.3 of Appendix C, indicates that the 7.5 nm Ag layer deposited on Si3N4 has
a relatively high density of large discontinuities for Agw):0%, whereas for Agw):5% there are only
a few, substantially smaller discontinuities. The lower roughness and lower density and size of
discontinuities in the Agm):5% film is in accordance with the literature and the optical and electrical

performance measurements shown in Figure 5.5 [18].

In comparison, the AFM images of 7.5 nm Agw):0% and Agw):5% films deposited on 33 nm
ZnOal shown in Figure 5.7 display substantially lower roughness (Agm):0%: rq = 0.98 nm,
Agm):5%: rq = 0.96 nm), as expected given its superior Ag wetting properties. Roughness of the
uncoated Si3N4 (7 =0.24 nm) is lower than that of the ZnOay) (rq = 0.76 nm) seed layers, as shown
in Figure C.2 of Appendix C, which confirms that there is not a substantial difference in the seed

layer roughness. 7.5 nm Agwn):0% and Agw):5% films deposited on ZnOi do not have a
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substantial difference in roughness, nor do they display an obvious difference in morphology at the

upper surface which could explain the improved durability.

To evaluate morphological differences at the lower interface, Agmn):0% and Agw):5% films in their
early growth stages are investigated. AFM images of each Agw) type deposited on ZnOan, at a
nominal thickness of 4 nm, are shown in Figure 5.7. It is found that despite the similar final
morphology observed for continuous films, in this early stage of the Agn) film formation Agw):5%
films show much lower roughness (74 = 0.85 nm) than Agm):0% (74 = 2.55 nm), with a higher
density of smaller nucleation sites. This is consistent with the data in Figure 5.5, where 6 nm
Agm):0% films on ZnOaly showed higher absorption and lower sheet resistance denoting a less
continuous film morphology, and further supported by the observations of Zhao et al. which show
distinct differences in initial wetting, including earlier coalescence with N; addition [23]. We
propose that the enhanced durability observed for Agw):5% is a result of this improved wetting in

the initial growth stages.

This hypothesis is consistent with reported mechanisms which could improve durability. Improved
wetting may lead to higher Ag conformality at the lower interface; the reduction of voids within
encapsulated structures has been shown to greatly impact durability [21], and improving the
conformality is also expected to reduce surface diffusion at the Ag interfaces [156]. Improving the
conformality of Ag encapsulation layers is a well accepted means to improve stability, but the
lower interface is rarely considered [25], [179], [297], [298]. This lower interface should not be
neglected: Ag films directly encapsulated with Al2O3 by atomic layer deposition were shown to be
much more durable than Ag films which had evaporated dielectric coating between the Al,O3; and
the Ag layer [297]. This supports the idea that conformal contact at the interfaces is required to
optimize durability, and that simply generating a low permeability encapsulating layer is
insufficient. As these improvements are not observed for Agw):5% deposited on Si3Na, it appears
that the improved binding of Ag on ZnOayy plays a significant role as well. Therefore, improved
contact leading to accentuation of the stabilizing effect of the seed layer previously demonstrated

by Hafezian et al., should be considered as well [149].

The suggested mechanisms are consistent with the decrease in durability encountered when

switching from Agmn):5% to Agmw):50%: as discussed previously, existing literature has shown
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elevated N> concentrations can produce features which could undermine the mechanisms proposed

above.

5.4.3 Fabrication of Ag-based TCs with optimized AR performance and
durability

Based on the results of the previous subsection, to fabricate a highly durable Ag-based coating, the
design should include NiCrNx protection, N> doping at low concentration during Ag deposition and
a ZnOay seed layer. As higher roughness was observed for 33 nm ZnOay) seed layers than their
Si3N4 counterparts (see Figure C.2 of Appendix C), a Si3N4 underlayer is used below the ZnOay
seed layer to reduce the required thickness of ZnOal, with the aim of reducing its roughness.
Finally, to optimize the AR performance, a thin (= 6 nm) Ag layer coupled with a low index top

dielectric is required.

Therefore, an optimized AR filter was fabricated using the following architecture: B270 / SizN4
(23 nm) / ZnOayy (10 nm) / NiCrNx (0.2 nm) / Agm):5% (6 nm) / NiCrNy (0.2 nm) / SiO2 (71 nm),
which shall be referred to as AR-1 (see Figure 5.4). Using experimental values of the dielectric
refractive indices in lieu of the customizable refractive index previously used in the modelling
approach, a second iteration of modelling was performed, and it was found that transmission and
AR performance could be improved while retaining the current architecture, and simply reducing
the Agm):5% thickness. A sample, referred to as AR-2, was made with a Agw):5% thickness of 5.5
nm based on this result. The optical performance of AR-1 and AR-2 are compared to that of

uncoated B270 glass substrates in Figure 5.8a and Figure 5.8b.

These coatings, despite not having optical and electrical performance as high as their counterparts
without NiCrNx presented in Figure 5.5, show both excellent performance in reflection and
transmission. The decrease in reflection and increase in transmission from AR-1 to AR-2 (0.3%
and 1.1%, respectively) follow the expected changes as predicted by the model (0.16% and 0.51%,
respectively); the discrepancies may be due to the simplifications used in the model, discussed in
Section 5.3.2, the omission of the NiCrNx layers from the model, or a combination of these. The
improvements result in exceptional optical performance for AR-2, which has a Rv*® nearly 20 times

lower than that of uncoated glass and 7v less than 2.5% below that of uncoated glass. As such, it
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Figure 5.8: a) Front-side reflectance and b) transmittance of the AR-1 coated, AR-2 coated and
uncoated B270 glass. RvFS, Ty, and sheet resistance are included in the graph legends. ¢) Change
of front-side reflectance and d) of transmittance (AR'S = RFS-Post. RFS-Ascoated ' A 77— rPost_ 7 As coated)
of the AR-1 and AR-2 samples following 20 minutes of sample immersion in high severity
corrosion testing conditions (200 g/L of NaCl, 50 °C). Gray underfilled curves represent the
luminous efficiency function of the CIE-1931 observer, normalized to the graph bounds. AR-1 and
AR-2 architectures are detailed in Figure 5.4.

maintains performance in transmission just short of Maniyara et al.’s and displays AR performance

which surpasses it by far (= 2% reflection at 525 nm) [24].

It should be noted that the addition of NiCrNx decreases both optical and electrical performance,
which is associated to Ni interdiffusion with Ag [20]. AR-2 displays slightly higher sheet resistance
than AR-1 as expected for a thinner Ag coating, though this increase does not appear to indicate a
meaningful change in the Ag layer resistivity when accounting for the lower thickness. Although
the sheet resistance obtained is higher than that of most designs employing thicker Ag layers, it

remains well within the acceptable bounds of TC coatings for most applications. In terms of the
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Haacke FoM, the high durability AR coatings, AR-1 and AR-2, show acceptable performance,
respectively having values of 15.8 and 15.7 kQ!. Although this is substantially below the FoM of
ARZ-Agn):50% at 23.3 kQ!, they remain competitive with other values in literature despite being
optimized for AR performance (Continuous Ag, Han et al.: 16.2 kQ!, Ag grids, He et al.: ~17 kQ™!,
commercial ITO from Maniyara et al.: 16.9 kQ') [24], [283], [310].

The particular novelty of the AR-1 and AR-2 coatings is not in their optical and electrical
performance or in their antireflective performance, but in achieving all of these simultaneously
with high environmental resistance. AR-1 and AR-2 coatings were submitted to saline corrosion
testing under the high-severity testing conditions (200 g/L, 50 °C) for 20 minutes. Changes in front-
side reflection and transmission in the visible range are shown in Figure 5.8¢ and Figure 5.8d,
revealing minimal performance loss, mostly below 1%: this results in variation of Rv'S and Tv of
less than 0.5%. Furthermore, the near IR variation is below 1.5%, denoting that Ag conductivity is

well maintained.

To support this, following successful results with sample AR-1 in the in sifu corrosion monitoring
cell, AR-2 was fabricated and submitted to corrosion testing as a 5 cm by 5 cm sample to enable
sheet resistance measurements following corrosion testing. Tests were performed in the same
conditions using a beaker and hot plate, where the solution temperature was monitored using the
same thermocouple setup as for the in situ setup. To ensure that the larger volume of liquid was
kept at even temperature and concentration, a magnetic stirrer was used. Following corrosion
testing, AR-2’s sheet resistance increases from 21.4 /o to 21.7 Q/ng, or less than a 2% change,
demonstrating high stability of the sheet resistance as well as the optical stability (see Figure 5.8).
In comparison, unprotected Ag-based TCs were found to degrade completely within a few seconds
of high severity testing. The only device from literature known to the authors with comparable
performance and durability (tested by water immersion at 100 °C, however, without NaCl addition)
is that produced by Jeong et al.; it is worthwhile to note that it also makes use of Agw) deposited
on a ZnO seed layer, rather than on ZnOay) [25].

Coating flexibility was not tested here, as the AR design makes use of relatively thick dielectric
layers not designed for such implementation. However, as Kim ef al. report on the fabrication of
flexible TCs based on Ag) layers sandwiched between ZnOa layers as thick as 30 nm, which

show with minimal negative effects on flexion durability up to 4000 cycles, and prior experiments
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found that ZnOa) seed layers of thicknesses as low as 5 nm maintain their wetting efficiency, the
methods used to improve durability are expected to enable versatile designs compatible with

flexible electronic device implementation.

5.5 Conclusions

In this work, we aimed to address and improve the environmental durability of Ag-based TCs,
which is frequently overlooked in current literature. In order to allow versatile approaches which
do not rely on specific Ag encapsulation strategies and enable the fabrication of high performance
TCs and optical devices, we studied durability improvements obtained by modification of the Ag
microstructure and redesign of the optical filter stacks. To achieve this goal without diminishing
Ag’s favorable optical and electrical properties, we first modified the microstructure by an
appropriate choice of seed layer material and by adjusting the gas concentration used in N>-doped

Ag, or Agm).

In situ and ex situ spectrophotometry for assessing the effect of the Cl-containing environment
were used to compare the durability of Ag-based devices. We demonstrated that increasing N>
concentration during Agw) deposition on Si3N4 seed layers results in decreased Agw) durability
due to a concurrent decrease in grain size. On the other hand, equivalent films deposited on ZnOa
were found to be substantially more durable, which was attributed to the improved crystal structure
promoted by the seed layer and decreased Ag diffusion towards corrosion sites thanks to improved

adhesion at the Ag-ZnOa)) interface, as opposed to Ag and Si3Na.

Most importantly, it was found that when using intermediate N> concentrations in the sputtering
gas mixture (Agw):5%, compared to 0% and 50%), Agw) films deposited on ZnOay reached higher
durability than with either other formulation, distinctly superior to that which could be obtained
with Ag deposited in pure Ar. While the addition of NiCrNx protective coatings was found to
greatly increase coating durability, all of the above trends were maintained, indicating a net benefit
to the combination of a ZnOay) seed layer, NiCrNyx protective layers, and Aga) with low, but non-
zero N2 concentrations. This enhanced durability is attributed to improved wetting of Agw):5% on
ZnOaly in the early growth stages of the film, as shown by AFM measurements. Thus, the proposed
mechanism relies on improved contact at the Ag-ZnOay) interface resulting in reduced voids in the

encapsulated coating, and reduced diffusion at the lower Ag interface as a result of both the higher
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conformality and the strong adhesion between Ag and ZnOay. Further analysis of the Ag
microstructure and its relation to the observed durability improvements may lead to an improved
understanding of this mechanism. Particularly, investigation of potential nanoscale defects, such
as pinholes and voids, in otherwise continuous Ag films by high-resolution field emission scanning
electron microscopy as well as direct observation of the crystallinity and interface quality of Ag
and the various seed layers by cross-sectional TEM could bring additional insight into the

behaviours reported here.

A transfer-matrix model was used to show that highly antireflective coatings could be produced at
various Ag thicknesses by adjusting the refractive indices of the adjacent dielectrics, with optimal
AR performance being obtained with an ultra-thin Ag (= 6 nm) coupled with a low-index top
encapsulating dielectric. While having higher predicted reflectivity, such DMD stacks using other
Ag thicknesses, which could enable lower sheet resistance, were also shown to be able to achieve

low reflectance.

The combination of ZnOal), NiCrNx, and Agw):5%, was implemented in the optimized AR design,
resulting in a highly durable AR coating stack which exhibits high transmission (7v = 89.2 %, less
than 2.5% loss in visual transmission), ultra low reflection (Rv"™ = 0.23 %) and a sheet resistance
of 21.4 Q/no, all of which show minimal changes following saline corrosion testing by immersion
in a 200 g/L aqueous NaCl solution at 50 °C, for a duration of 20 minutes. This demonstrated that
the proposed modifications enable high versatility in terms of Ag thickness, optical performance,

AR effectiveness, durability and material selection.

Given the commonplace usage of the materials and techniques required to achieve these
improvements, and given the flexibility of material selection suggested by the modelling results,
we believe that this approach enables one to benefit from high durability, optically performant Ag
films in a variety of contexts, including but not limited to, touchable and flexible electrodes, single

pane low-emissivity windows and filters, and antireflective antistatic ophthalmic and other filters.
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CHAPTER 6 ARTICLE 3: INVESTIGATING THE
MORPHOLOGICAL EVOLUTION OF ION-THINNED AG FILMS VIA
IN SITU ELLIPSOMETRY

6.1 Foreword

In Chapter 4, the stability of low-E coatings at high temperatures was investigated through the lens
of contaminant diffusion; thus, coatings in which contaminant diffusion was successfully mitigated
were lauded as stable. Indeed, the resulting changes led mainly to improved performance, with
increased transmission in the visible and lower sheet resistance, highlighting the central role of Ag
grain growth. For the purpose of achieving single-stock low-E glass, although, these changes

remain an impediment.

As in Chapter 5, this work aims to mitigate these changes via microstructural control of the Ag
layer, without modifying its composition. As outlined in Section 2.3.2, mitigation of grain growth
without the usage of dopants requires improved interfacial adhesion, as well as larger and more
uniform grain sizes. While the combination of Agn) and ZnOar, as used previously, should offer
improvements on these points, particularly in regard to interfacial contact and grain uniformity,

this was found to be insufficient to mitigate grain growth.

This leaves us with a difficult predicament; larger Ag grain sizes ought to improve optical stability,
but this requires additional coalescence of Ag grains. In turn, greater coalescence of Ag grains will
result in higher thresholds for continuous film formation, as discussed in Section 2.2.1. This calls
for deposition methods that allow to break free from the interplay between the nucleation and

coalescence of grains; we will turn to post-deposition etching.

Attempting to stabilize low-E optical performance during tempering, via microstructural control of
the Ag film, will thus be broken down into two parts. This chapter will address the fabrication of
Ag films via post-deposition etching, explicitly addressing the second objective of this thesis. As
previously, this will include the integral text of an article in which the effect of post-deposition
etching on the critical thicknesses achievable for Ag films for different deposition parameters;
following this, additional results pertaining to the application of etched Ag films in antireflective

coatings will be presented. Supporting information is included in Appendix D. The application of
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post-deposition etching to optical stabilization of tempered low-E coatings will then be presented

in Chapter 7, addressing the third objective of this thesis.

INVESTIGATING THE MORPHOLOGICAL EVOLUTION OF ION-THINNED AG FILMS
VIA IN SITU ELLIPSOMETRY
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Submitted to the Journal of Applied Physics on 2025-11-18.

Abstract

Ion-etching of Ag films following their deposition presents an alternative method to improve
wetting and obtain conductive Ag films at low thicknesses. Moreover, this approach does not rely
on conventional wetting mechanisms, allowing one to obtain qualitatively different Ag
morphologies at a given thickness. To evaluate how the Ag morphology evolves during etching,
established interference-enhanced in situ ellipsometry monitoring methods are supplemented with
a complementary comparative modelling approach, allowing one to monitor both the formation of
fully continuous films and conductive Ag networks throughout deposition, as well as the
breakdown of these morphologies during etching. This reveals that breakdown behaviors of
continuous and percolated film structures are driven by distinct mechanisms, contrary to their
formation during Ag deposition. The critical film thicknesses obtained via etching are studied as a
function of various deposition conditions in relation to the resulting Ag properties. This particularly
highlights the methods to improve the performance of etched films through control of the growth
conditions, while revealing far less dependence on film-substrate surface energy mismatch than
during Ag deposition. The observed film breakdown behaviors are explained in terms of
conventional solid-state dewetting mechanisms, i.e. grain boundary grooving and hole expansion

mechanism, adapted to the context of ion-etching.
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6.2 Introduction

Thin silver (Ag) films are currently amassing interest as a flexible alternative to conventional
transparent conductors (TC) such as indium-tin oxide; indeed, the latter’s brittleness and high-
temperature processing requirements complicate implementation into flexible devices, which
typically use temperature-sensitive polymer substrates [316], [317]. Although metallic meshes and
nanowires have proven to be performant flexible transparent conductors [69], [282], continuous
Ag films allow for simple implementation in physical vapor deposition processes, and are
preferrable for antireflective [44], [278], EMI shielding [24], [318], and energy-saving window
applications [5], [52].

However, the deposition of highly conductive, thin, and continuous Ag films is inherently limited
by its Volmer-Weber growth mode, wherein kinetic processes of cluster nucleation and
agglomeration compete with reorganization into thermodynamic equilibrium structures [19]. Thus,
conventional methods with which one may control the resulting morphology of Ag thin films, such
as substrate temperature [99], [112], deposition rate [99], [111], energy and flux of incident
particles [26], [113], diverse types of metallic seed layers [114], [115], as well as various dopants
and surfactants [32], [48], [105], [108], lead to a correlation between low continuous film thickness
(necessary for optical transparency) and fine grain structures (which increase film resistivity) [31].
Although usage of appropriate seed layers promoting Ag crystallinity may alleviate this issue [18],
[23], [278], obtention of large grains in such layers may also require high temperature processing,

introducing undesirable fabrication requirements.

In this work, we investigate a less common paradigm, which may circumvent these issues. Namely,
ion etching is employed to reduce film thickness after achieving continuous film formation,
resulting in a hysteresis of the Ag morphology as thickness is increased and subsequently decreased

[82], [831], [127], [128], [319].

Early work surrounding this topic provides some useful observations and hypotheses. Netterfield
and Martin showed that the use of different reactive species and ion bombardment energies can
influence the thickness at which continuous gold films break down, which is attributed to a change
in contact angle and surface coverage at the substrate-film interface. More specifically, they
propose that the lowest achievable continuous film thickness is limited by the sum of the roughness

at the upper and lower interfaces [127]. Moreover, Hodgkinson and Lemmon show that Au film
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morphology (discontinuous islands, wormlike structures, continuous films), following deposition,
strongly influences the morphology obtained during etching: for example, highly discontinuous
droplets shrink individually while the island density remains more or less stable, and worm-like
islands become narrower while maintaining their shape [128]. More recently, the work of Ma et al.
leverages this approach to produce extremely thin continuous Ag films down to 4.5 nm; however,
they attribute this effect to partial substrate implantation of their films, deposited by ion-beam-
sputtering [82], at odds with similar results obtained by Ferrando et al. [83]. Thus, it would appear

that the mechanisms controlling film breakdown during etching are not yet well understood.

Although optical monitoring was used in earlier investigations of the etching behavior of noble
metal films, more recent work has not made use of such techniques, despite monitoring of Ag film
morphologies via in situ ellipsometry (ISE) being well established [82], [127], [128], [319].
Namely, Colin et al. describe how changes in the film resistivity, obtained from Ag optical
properties modeled to fit ISE data, can be used to identify the transition to a fully continuous Ag
film [85]. However, to accurately model the Ag optical properties, which include both real and
imaginary components, interference-enhanced (IE) ellipsometry is required to deconvolute the
thickness from the film properties [246], [247]. In turn, this imposes a requirement for substrates

which present resolved optical features (e.g.: interference fringes), limiting the choice of substrates.

In this work, we aim to obtain a more general understanding of the mechanisms controlling the
morphology of thin Ag films during post-deposition etching in order to identify tunable parameters

which allow its effective implementation in a broad range of fabrication techniques.

Tracking Ag resistivity with IE-ISE is well-suited for identifying the morphological transition to
and from continuous film morphologies. However, the transition between isolated islands and
percolated structures, which is shown to be significantly different during etching, is not clearly
discernable with this approach. To remedy this, we propose a simple, substrate-agnostic ISE
approach which uses comparative modelling, similarly to surface differential reflectance
spectroscopy (SDRS) [153]. This method can identify the percolation threshold regardless of
substrate interference features and without needing additional equipment, allowing it to be used

simultaneously with conventional IE-ISE monitoring.

Using the comparative modelling approach and conventional IE-ISE monitoring of the film

resistivity in concert, we evaluate the effect of a wide variety of film deposition conditions and
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substrate properties on the morphological evolution of Ag films throughout deposition and etching.
The trends observed within this work are explained on the basis of known solid-state dewetting
mechanisms and recommendations are made to improve the range of thicknesses achievable via

ion etching.

6.3 Experimental methodology

Sample fabrication was performed via magnetron sputtering in a Kurt J. Lesker CMS-18
deposition system equipped with 3-inch magnetrons and substrate heating. The deposition
parameters of individual films are detailed in Table 6.1. SiO; layers, as well as select Ag layers,
were deposited with a RF bias of -50 V applied to the substrate holder during deposition. All other
films were deposited at floating potential. Ag layers were thinned post-deposition (etched) using a
RF bias plasma, obtained by applying a power of 12 W to the substrate holder (15 cm diameter),

with a working pressure of 8 mTorr of pure Ar, resulting in a -150 V bias.

To obtain IE-ISE compatible substrates, 1 um SiO; layers were produced on Si(100) wafers, either
by wet thermal oxidation or via RF sputtering (as described above). This thickness was chosen as
it produces clear interference fringes throughout the wavelengths of interest, as shown by Hilfiker
et al. [246], and wafers with this thickness of thermal oxide are readily commercially available. As
each method results in characteristically different degrees of roughness, substrates using each type
of Si0; are simply referred to as smooth or rough, respectively. SiO; surfaces are either left bare
or overcoated with 10 nm of aluminum-doped zinc oxide (ZnOayy). Note that the root-mean-square
roughness, rg, 1s not meaningfully attenuated by the addition of the ZnOay) films. The atomic force

microscopy (AFM) scans used to obtain rq are shown in Figure D.1 of Appendix D.

Table 6.1: Summary of the deposition conditions used for the different films in Chapter 6.

Layer Target Power Mode| Pressure Gas flow ratio RE bias
voltage
- - [W] - [mTorr] [scem] [V]
Ag Ag 120 | DC 4 Ar/N2 (100/ 0, 5.26,100) | 0/-50
ZnOan| Zn/Al (98/2 wt %) | 300 | RF 2 Ar/O2 (100/35) 0
Si02 Si 450 | RF 2 A1/O; (100/30) -50
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For select samples, substrates were kept at elevated temperatures during Ag deposition using quartz
heating lamps positioned behind the substrate holder; such samples were allowed to cool prior to
ion etching. The various substrate conditions resulting from the combination of different SiO-
types, overcoats, and substrate heating temperatures are summarized in Table 6.2. For experiments
which did not make use of IE-ISE, standard Si(100) substrates were used. All substrates were
precleaned with a -235 V (25 W) bias RF plasma in an Ar/O; gas mixture (100/35 sccm) at a

working pressure of 8 mTorr, prior to the deposition of ZnOay) or Ag layers.

In situ ellipsometry was performed using a J.A. Woollam iSE ellipsometer, with a wavelength
range of 400 to 1000 nm, and analysed using the associated CompleteEASE software. Ag film
properties were primarily modelled using a Drude oscillator allowing the fitting of the resistivity
(p) and scattering time (7). A scalar shift of the real part of the dielectric function and a Gaussian
oscillator, both fixed, were sufficient to complete the model: as the used ellipsometer does not
capture any UV data, most of Ag’s additional optical dispersion features are outside its range. The
model was initially fit to Palik’s Ag to obtain starting values before fitting to experimental data

[14].

When fitting the optical properties of a continuous Ag film after deposition, p and 7 are fit
independently, and their product is calculated. However, as this product should be constant for a
given ideal metal, when fitting to in situ data obtained during the deposition or etching processes,
the previously obtained product is kept fixed, with any change of p forcing an inverse change for ¢
[85], [320]. This allows both parameters to vary, albeit not independently, and to obtain appropriate

optical properties while maintaining a robust parametrization.

Table 6.2: Summary of the different substrate conditions used for IE-ISE monitoring, where rq 1s
the root-mean-square roughness obtained by AFM over a 1 um x 1 um area.

Name Added layers SiOz2 type rq Temperature
Si0 None Wet thermal oxidation 0.18 nm -
Si02 [60 °C] None Wet thermal oxidation 0.18 nm 60 °C
S10; [rough] None RF sputtering 2.61 nm -
ZnOa 10 nm ZnOay Wet thermal oxidation 0.39 nm -
ZnOar) [80 °C] 10 nm ZnOay Wet thermal oxidation 0.39 nm 80 °C
ZnOan [rough] 10 nm ZnOay RF sputtering 2.57 nm -
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In situ sheet resistance measurements were performed using a Keysight EDU34450A digital
multimeter in a 4-wire configuration: to do so, 100-nm-thick Ag contacts were deposited at the
corners of a 2 in. by 2 in. substrate and probes were connected to these contacts in a Van der Pauw
geometry using copper tape [321]. For each sheet resistance measurement, wire connections to the

multimeter were switched in order to obtain data for all probe configurations.

Ex situ ellipsometry measurements were performed using a J.A. Woollam RC2-XI variable angle
ellipsometer, in order to confirm ISE results and obtain more precise optical properties of deposited

layers for use in modelling.

Scanning electron microscopy (SEM) imaging was carried out in a Thermo Fisher Scientific
Helios 5 Hydra CX system. Measurements were performed in immersion mode, with an
acceleration voltage of 2 kV and a working distance of 2.1 mm. All shown images have a horizontal

full width of 1.18 pum.

Atomic force microscopy (AFM) images were captured using a Bruker Dimension ICON AFM
with a NanoScope VI controller. All 1 um x 1 um AFM scans were acquired using PeakForce
QNM Tapping mode and were performed at a scanning rate of 1 Hz. Scan Asyst Air probes, with
a spring constant of 0.4 Nxm™! and a tip of 5-10 nm radius were used with applied imaging force
setpoints ranging between 700-900 pN. Root-mean-square roughness (rq) was obtained for each
image using the Bruker Nanoscope Analysis software after applying 1 order plane fit and 1° order

flatten operations.

X-ray diffraction (XRD) measurements were performed using a Bruker D8 Discovery
diffractometer equipped with a Cu anode (Ko wavelength = 0.15406 nm) in Bragg-Brentano
geometry.

6.4 Results & discussion

6.4.1 Monitoring the formation and breakdown of conductive networks via in
situ ellipsometry
In order to investigate their morphological evolution, a series of Ag films were deposited on

ZnOan-coated Si wafers and subsequently etched via a RF bias plasma; this process was

interrupted at different points to obtain scanning electron microscopy (SEM) images of the films



140

obtained at various stages, as shown in Figure 6.1a-h. These reveal that conventionally deposited
and etched films can present very different transitions between fully discontinuous and percolated
film morphologies, even when transitioning to or from a fully continuous film at the same
thickness. As a result, typical IE-ISE techniques monitoring the formation of continuous films are
insufficient. However, in situ measurements of early stages of film formation following the Lorentz
resonance with ISE are rather involved and do not lend themselves to easy quantification [108],
while in situ sheet resistance or SDRS measurements of the percolation threshold require additional

equipment [153], [322].

Therefore, as a complement to conventional IE-ISE monitoring of the film resistivity, we propose
a comparative modelling approach which can be used with or without substrates presenting
interference features and which allows one to monitor the formation and breakdown of conductive
networks. In fact, the proposed approach only requires that ISE measurements be taken throughout
deposition (and etching, when performed) and that deposition is long enough to ensure continuous
film formation. Following deposition, the optical properties (p, 7) and thickness (¢) of the
continuous Ag coating are fitted to the experimental data, referring to known values and following
the procedure in the experimental methodology section. This model is then fitted to each time
increment of the remaining experimental data, while leaving only the Ag film thickness as an
adjustable parameter (p and 7 are fixed, ¢ is fitted). This allows the model to accommodate small
variations in optical properties without deviating from experimental data, and the obtained
thickness values can be compared to known deposition rates to validate the fit. As a result, the
modelled data only begins to deviate from the experimental data when the optical properties of the
film significantly depart from those obtained for the continuous reference film. Thus, comparison
between the modelled and experimental data allows one to evaluate the thicknesses at which there
are qualitative changes of the optical properties which cannot be convoluted with thickness
changes, i.e. during formation and breakdown of large-scale conductive Ag networks. Thus, the
proposed comparative modelling method identifies the percolation transition in a manner highly
comparable to SDRS, without requiring different equipment than is used for IE-ISE monitoring.
As in the case of SDRS, to quantify the deviation from the reference film properties, the mean-
square-error (MSE) between the experimental and the modelled data is used [153]. It should be
noted that, in principle, this technique could be used for real-time growth monitoring, assuming the

deposition rate and continuous film optical properties are well known. In such case, the thickness
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Figure 6.1: SEM images of Ag films produced by a)-d) deposition on ZnOan-coated Si substrates
and e)-h) subsequent etching. All etched films were deposited at an equal nominal thickness of 15
nm before beginning the etching process. All scale bars correspond to 500 nm. i) MSE obtained
via comparative modelling, as a function of the fitted Ag thickness for the films presented in (a)-
(h). The blue curve shows the monitoring results of a full deposition and etching cycle, obtained
for sample (h). Gray circle markers represent the final MSE and fitted thickness of the other
samples, which were interrupted at different stages of deposition or etching.

should be allowed to vary about the nominal thickness to allow it to accommodate small optical

changes, as discussed above.

Figure 6.1i shows the MSE-thickness curve obtained during the deposition and etching of Ag
deposited on ZnOan. The SEM images shown in Figure 6.1a to Figure 6.1h were monitored with
the comparative modelling method, and the position of the final data point obtained for each sample

is identified in Figure 6.1i with its respective letter. Samples (a)-(d) show the film morphology
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obtained during various stages of deposition; similarly, samples (e)-(h) show the morphology
obtained following the etching of such films. This demonstrates that even in cases where etching
yields no obvious improvement in terms of minimum achievable continuous film thicknesses, clear
enhancements can be obtained at lower thicknesses, highlighting the need to monitor the formation
and breakdown of conductive networks. Indeed, samples in the image pair (d) and (e) show no
appreciable differences in terms of continuous film formation, with holes respectively remaining
and appearing in approximately equal quantity within the same thickness range. On the other hand,
for the films shown in the image pair (b) and (g), etched films show a dramatic improvement,
retaining a well-percolated network with clear conduction paths, whereas standard deposition
results in a barely percolated, highly discontinuous film with worm-like structures. The difference
in structure is clearly identified with the comparative modelling approach, as shown by the stark

difference in MSE obtained for these samples in Figure 6.1i.

Furthermore, these images confirm that the comparative modelling method is not sensitive to the
formation or breakdown of continuous films as no significant changes in MSE are detected above
8 nm, despite passing to and from discontinuous morphologies (as seen for point (c¢) onwards to 15
nm, and from 15 nm down to point (g)). This is expected, as small changes in film resistivity can
be convoluted with changes in film thickness: consequently, only the more distinctive changes
occurring when transitioning from plasmonic Ag nanostructures to a conductive, percolated
network are readily detectable. This is further demonstrated in Figure 6.2, which shows that for
samples without interference enhancement, the change in MSE corresponds to large-scale changes
in resistivity (p), measured via in situ sheet resistance measurements and converted to resistivity

using nominal thickness values.

While this approach does not require interference enhancement, it can be used with it. However,
some adjustments must be made to take into consideration the resulting increase in sensitivity
which comes with changing to an IE-ISE compatible substrate; indeed, the comparative modelling
approach relies on a lack of sensitivity to small changes in the film resistivity, rather than the
opposite. To account for the increased sensitivity imparted by the oxide layer, two models are fit
to IE-ISE data: one for which only the Ag thickness is allowed to vary (z-only), and one for which
both the Ag thickness and the resistivity of the Drude oscillator (coupled to its scattering time) can
vary (#-p). The latter will account for optical changes which are consistent with an ideal metal, and

thus comparison between the two fits will once again highlight qualitative differences in the optical
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Figure 6.2: MSE obtained with interference agnostic ISE monitoring and associated Ag resistivity,
obtained from in situ sheet resistance measurements and nominal Ag thickness values, as a function
of the nominal Ag thickness. Ag deposition was performed in 5 s increments, between which sheet
resistance and ISE measurements were performed; resistivity was obtained by converting the sheet
resistance measurements with nominal thickness values.

properties. Therefore, the thickness at which we consider there to be a transition to a conductive
percolated network, #yerc, is obtained by taking the thickness for which the slope of the MSE of the
t-only model intersects with the MSE curve of the 7-p model, as indicated by the dotted lines in
subplots (a) and (d) of Figure 6.3.

This allows our proposed approach to be used alongside conventional IE-ISE approaches, where
the thickness at which the transition to a continuous film morphology occurs, #cont, can be identified
by the point at which the film resistivity stops decreasing with increasing thickness, as performed
elsewhere in the literature [48], [85], [99], [105], [108]. An example is shown in Figure 6.3, in (b)
and (e). The changes in resistivity obtained from the 7-p model, which are shown in a broader range
in Figure 6.3, in (¢) and (f), do not show any obvious features with which one could
straightforwardly identify #pere. Albeit that for both deposition and etching, fperc 1s found within the
onset of large-scale resistivity changes, it does not allow one to identify a specific thickness in the

same way as comparison to the z-only model.

6.4.2 Effect of process parameters on Ag stability during etching

To identify key parameters and potential mechanisms which guide the breakdown of continuous

Ag films into percolated ones, and percolated films into discontinuous island, film behavior during
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Figure 6.3: Example of critical thickness assessments by IE-ISE monitoring for Ag deposition on
a Si|SiO; (1 um) substrate. a), d) MSE with and without fitting the optical properties of the Ag
layer, and percolated film formation thickness, fperc, Obtained. b), €) Resistivity values obtained
from fitting the Ag optical properties (-p model) and the derived continuous film formation
thickness, zcont. €), f) Linear scale view of the resistivity values shown in the center subplots and
comparison with the values obtained for #pere and fcont. Shadowed areas represent the resistivity
ranges displayed in the center subplots. Each row presents data for either deposition (¢perc?, cont”)

((a)’ (b)7 (C)) or etching (tpercea tconte) ((d)’ (e)’ (f))

etching was studied using the IE-ISE methods described in the previous subsection and shown in
Figure 6.3. Ag deposition conditions (different concentrations of N> in the sputtering gas mixture,
and application of a -50 V RF bias to the substrate holder), substrate materials (SiO2 and ZnOal))
and properties (substrate roughness and temperature) were varied in order to produce Ag films with
different preferred grain orientation [18], [23], grain size [99], [108], stress [113], [153], etc., on
IE-ISE compatible substrates. The used parameters are detailed in the experimental methodology

section.

To reveal if the resulting film properties play an important role in the breakdown mechanisms of
Ag films, both comparative modelling and conventional IE-ISE were employed, allowing the

percolated film formation thickness and continuous film formation thickness during deposition



145

(tpercd, teon®) and etching (fperc®, feon®) to be obtained, and subsequently compared to the
aforementioned film properties. To this end, Figure 6.4 compiles all four of the critical thicknesses,
sorted by the substrate conditions (x-axis position, marker color) and deposition conditions (marker

shapes).

Critical thicknesses obtained during deposition, shown in the left half of Figure 6.4, follow
expected trends. For example, alleviating the surface energy mismatch by using a ZnOay) substrate
decreases both #pere? and feon®, when compared to SiOz [27], [278]. The high roughness substrates

Zn = 2 57 nm, as shown in Figure D.1 of Appendix D) increase fcon” for both

(r8 = 2.61 nm, rq
materials, but have relatively little impact on #perc, consistent with the work of Zhou et al. [133].
Conversely, heating the substrate during deposition greatly increases both fpercd and feon,
particularly for samples which are sputtered in Ar gas, as opposed to an Ar-N; mixture [19], [85],
[99]. The addition of N» to the sputtering gas mixture decreases fpere® and feont” in almost all cases
[18],[23],[85],[108],[153], [278]. Exceptions are shown in Figure D.2 and discussed in Appendix
D. Finally, application of a -50 V RF bias during Ag deposition in pure Ar does not cause consistent
changes in fpercd or feond. While not explicitly expected, Reck ef al. have shown that the effect of
adding substrate biasing to magnetron sputtering deposition can vary with the substrate, and the
low proportion of ionized metal particles participating in the film growth during magnetron

sputtering has been linked more broadly to introduction of defects and stresses rather than

consistent changes in film coalescence [85], [121].

Critical thickness values obtained during etching, shown on the right side of Figure 6.4, present
interesting differences. Namely, these are nearly always lower than those obtained during
deposition: the dashed horizontal lines shown in Figure 6.4 denote the lowest thicknesses achieved
for both fperc and feont, regardless of whether they are achieved during deposition or etching. These
reveal that etching allows a net decrease of #yerc for both ZnOaly and SiO». Indeed, etching results
in lower fperc than the majority of conventionally deposited Ag films, regardless of the substrate.
For tcont, significant improvements are obtained when etching Ag deposited on SiO» substrates, or
on rough ZnOayy, although conventionally deposited films with a smooth ZnOayy seed layer still
achieve lower #cont than any etched film. It should be noted that some values of #on® for Ag
deposited in Ar on smooth SiOz (blue circle markers), and biased Ag deposited on rough ZnOay

(green diamond marker) stand out from this overall trend. Given the variance observed in feon” for
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Figure 6.4: Critical thicknesses observed during deposition ((a), (b)) and etching ((c¢), (d)) for
percolated film formation ((a), (¢)) and continuous film formation ((b), (d)) as a function of the
substrate conditions during deposition. Dashed lines correspond to the minimum value achieved
for each critical thickness. Points outside of the normal scale are shown in the grayed areas and
annotated with their corresponding values. Substrate conditions and Ag deposition parameters are
detailed in Table 6.1 and Table 6.2.

films deposited on smooth Si0;, it may be that non-uniformity between depositions results in film

features leading to earlier film breakdown during etching; thus, these are considered to be outliers.

More to the point, Figure 6.4 also allows to better evaluate the effect of each deposition parameter
on the critical thicknesses achieved during etching. As for deposition, decreasing film-substrate
surface energy mismatch allows films to remain percolated at lower thicknesses, as evidenced by
the lower values of #perc® Observed for samples deposited on ZnOay rather than on SiO». This is
consistent with the reports of Netterfield and Martin, who suggested that improved Au wetting
allowed films to be etched to lower thicknesses [127]. It should be noted, however, that the
disparity between their percolation thresholds during etching, fperc®, (ZnOcal = 5 nm, SiO2 = 6 nm)

are much lower than during deposition, #pere, (ZnO(ar = 7 nm, SiO2 = 10 nm).
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The same is not observed for the breakdown of continuous films, highlighting the importance of
monitoring both morphologies. Indeed, for films deposited without substrate heating, all fcon®
values converge to a similar range, with Ag deposited on smooth ZnOay) seed layers showing no
improvement over other substrates, despite showing much lower #con values. In fact, all samples
deposited on smooth ZnOaly show higher feon® than feon’. Figure D.1 of Appendix D shows that
only the smooth ZnOaly substrates present clear (001)-oriented crystallinity. Differences between
smooth Si0; and smooth ZnOar) substrates, as well as between smooth and rough ZnOay), are thus
convoluted with differences due to the substrate’s crystallinity and its impact on Ag microstructure.
Comparing the fcon® values found for rough ZnOar) seed layers and rough SiO; layers, no important
differences are found. Thus, for the breakdown of continuous films, surface energy mismatch

appears to have minimal effect whereas substrate crystallinity may play a role.

It can also be seen from Figure 6.4 that higher substrate roughness decreases film cohesion during
etching, for both percolated and continuous films. Indeed, smooth SiO» films yield lower fcon and
tperc® than rough SiO; films, and rough ZnOai) substrates also result in higher fperc® than smooth
ZnOan. While this is not observed for smooth ZnOay) films, this is attributed to the negative effect

observed previously, attributed to the substrate crystallinity.

As depositing Ag on heated substrates is known to result in rougher, larger-grained Ag layers [99],
[110], [112], [323], it is consistent with the previous observations for rough substrates that these
samples result in lower stability during etching, with higher #perc® and feont”. Given that substrates
are cooled passively between deposition and etching, the impact of heating may be further

exacerbated due to the continuation of grain growth and thermal grooving during cooling [258].

While it has been suggested that preferential etching at the grain boundaries (GBs) may be a key
factor resulting in earlier breakdown during etching [82], this would be enhanced when increasing
the total thickness of etched material (i.e., for longer etch durations with the same etching rate), yet
no trend is found between the total thickness etched and earlier film breakdown, as shown in
Figure D.3 of Appendix D. From this, it can be assumed that the earlier breakdown of rough and
large-grained films occurs through a different mechanism. Roughness, resulting in areas where the
film is locally thinner, may facilitate the formation of holes earlier during etching, e.g. at grooved
GBs [86], [87]. Hole formation and breakdown during etching could also be worsened by the

growth of abnormal grains, similar to the observations of Jacquet et al., where grain growth at the
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expense of the surrounding film is shown to play an important role in film dewetting [34]. This
would be consistent with the SEM images in Figure 6.1e, showing initial hole formation adjacent

to abnormal grains.

On the other hand, the addition of N> to the sputtering gas mixture is expected to decrease the grain
size and roughness of Ag films, and accordingly seems to allow the fabrication of thinner etched
films [23], [108], [153], [278]. With the exception of samples deposited on smooth ZnOai),
addition of N to the sputtering gas mixture systematically decreases the value of z.on®, as shown
in Figure 6.4 (triangle and square markers). This is consistent with previous work, in which Ag
layers deposited on crystalline ZnOar) were shown to have much less variability in roughness and
crystallite size as a result of changing N> concentration in the sputtering gas mixture than layers
deposited on amorphous substrates [278]. Therefore, the decreased grain size induced by N>
addition, supressed on the smooth ZnOa)) substrates, may play a role in improving etchability. A
similar effect is observed for percolated films; films deposited with N> addition consistently yield
lower tperc® values than films deposited in Ar, albeit the discrepancy is smaller than for continuous

films.

Finally, substrate biasing, which is expected to introduce compressive stress to the Ag film [26],
[113], [123], results in systematically lower fcon® values for Ag films deposited on SiO substrates,
as shown in Figure 6.4, Additionally, biased films show much more repeatable fcon” values than
unbiased ones; despite similar variability in zcon values for smooth SiO- substrates, these all show
very similar values in zcont’. Biased films deposited on SiO2 also show marginally lower #yerc® values,
despite an increase in #pere’, suggesting an improvement for percolated films as well. As biasing Ag
during DC magnetron sputtering can result in different effects as a function of the substrate material
[121], we consider these results independently from those obtained on ZnOar. Biased Ag films
deposited on ZnOar do not show a consistent trend and given that crystallinity differences between
the different ZnOai types can interfere with result interpretation, more data would be required to

discuss these appropriately.

Indeed, estimating the effect that stress might play on Ag etching without dedicated measurements,
and instead relying on published literature, is difficult. On one hand, in situ stress monitoring of
Ag deposited in an Ar-N sputtering gas mixture has shown higher compressive stress values than

films deposited in pure Ar [153], and Ag films deposited on heated substrates show more tensile



149

stress than on room temperature substrates [99], consistent with a correlation between tensile stress
and earlier film breakdown. However, as the relaxation of these stresses following deposition scales
inversely with the grain size, the true residual stress in films during etching cannot be easily
estimated [324]. In situ stress monitoring should be included in future work to provide additional

avenues to monitor Ag films during etching and investigate this hypothesis.

6.4.3 Proposed mechanisms and suggested changes for improved etching

stability

Having observed the dependence of fcon” and zperc® On various deposition parameters, mechanisms
explaining these dependencies may now be proposed. Figure 6.5 shows the relation between the
percolation threshold and continuous film formation thresholds for Ag films during deposition and
etching, highlighting a characteristic change of behavior during etching. It has been shown that in
typical deposition conditions fcond and #pere” scale linearly with one another, both being defined by
the interplay between the nucleation of new Ag clusters and their reorganization into larger, grain-
free islands.[19] Thus, the linear trend observed in Figure 6.5a is expected. A few deviations to

this were observed, which are discussed in Appendix D, following Figure D.2.

Figure 6.5b highlights the stark difference in etched films; while there is some loose alignment
along the same diagonal (i.e. films with higher #on® tend to have higher #erc®), distinct behaviors
emerge. Certain films encounter an apparent thickness limit in #.one” but differ significantly in fperc®,
and vice-versa, as denoted by the dotted lines. This demonstrates that the breakdown of continuous
films, i.e. hole formation, and the breakdown of percolated films, i.e. dewetting, are driven by
largely independent mechanisms. As this is also the case for high-temperature solid-state
dewetting, we will argue here that the same mechanisms can be used to interpret film breakdown

behaviors in post-deposition etching, with some additional nuances specific to ion etching.

For solid-state dewetting to occur, hole formation in a continuous film first requires initiation by
some sort of defect [35]. Indeed, whereas surface energy minimization drives Ag to form clusters
during its initial growth stages, forming a hole in a continuous layer requires the film to pass
through an intermediate step where additional Ag interfaces are formed, causing a net increase in

free energy. This intermediate state acts as a potential barrier, maintaining the deposited film
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Figure 6.5: a) Continuous film formation thickness (fcont”) as a function of percolation threshold
thickness (fperc!) during deposition. b) Continuous film breakdown thickness (Zcont®) as a function
of percolated network breakdown thickness (#yerc®) during etching.

morphology. Hole formation is thus commonly attributed to grain boundary grooving, arising from
thermodynamic equilibrium between the surface energies of the film’s exposed surface and grain
boundaries [35], [154]. This results in the formation of a groove of depth Afgg, as shown in Figure
6.6a; if it exceeds the film thickness, a hole is formed. As Atgs depends only on the film surface
energy, grain boundary energy and the radius of the grains, hole formation ought to be independent
of the film-substrate surface energy mismatch. This is in agreement with the observations in Figure
6.4, in which z.on® values were found to not to vary appreciably with the choice of substrate
material. Thus, we attribute the continuous film limit in Figure 6.5b to hole formation by GB

grooving in the affected coatings.
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Figure 6.6: Schematic representation of hole formation and subsequent dewetting. a) Formation
of grain boundary (GB) grooves of depth Afgs. b) Hole formation upon GB grooves reaching the
substrate interface. ¢) Hole edge retraction by a length Ar, and decrease of film coverage.

On the other hand, hole expansion, leading to decreased Ag coverage and dewetting, is driven by
surface energy minimization in a way very similar to Ag clustering during deposition. Once holes
are formed in the film, the hole edge will retract, decreasing the surface area of the film and film-
substrate interface, while exposing the substrate [35], [154]. This is schematically shown in Figure
6.6b-c. Srolovitz and Safran show that as the [(yi — ys) / yr] ratio increases, with pr, ys, yi being the
surface energies of the film, substrate, and their interface, hole formation becomes more
energetically advantageous and results in larger hole sizes [154]. Similarly, increasing this ratio
promotes higher contact angles in the capillary model of wetting [19], [26]. Thus, for SiO:
substrates, with low surface energy (low ys) and weak adhesion to Ag (high y;), films coalesce later
during deposition and dewet earlier during etching, as can be seen by the higher values of yerc® and
terc® shown in Figure 6.4. The percolated film limit in Figure 6.5b is, therefore, believed to result

from films which are susceptible to hole expansion during etching.

The above-mentioned processes, GB grooving and hole expansion, also explain a number of other

dependencies observed in the previous section. Rough films present points where the film is locally
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thinner, and less grooving is required to nucleate a hole. Substrate roughness has also been shown
to promote dewetting, with film agglomerating in the “pits” of the substrate [35]. These are

consistent with the lower critical thicknesses found for rough substrates.

Both GB grooving and hole expansion are also expected to be promoted for larger grain sizes: these
result in deeper grooves and are assumed to increase inter-hole spacing, which also promotes larger
hole sizes [35], [154]. Thus, the observation that large-grained films (deposited at high
temperatures) break down at higher thicknesses than small-grained films (deposited with N>) is
also consistent with these mechanisms. Finally, both processes are exacerbated for lower Ag
thicknesses: the groove depth required for hole formation is decreased, and both the equilibrium
size and the retraction rate of the hole edges are increased [35], [154]. This accounts for critical
thicknesses obtained during etching converging at low thicknesses, as shown in Figure 6.4 and

Figure 6.5b.

The breakdown of continuous films is not fully explained by the conventional model of GB
grooving, however. Indeed, the groove depth, Afgs, should not significantly exceed one-tenth of
the radius of the adjoining grains, assuming reasonable values of the grain boundary and Ag surface
energies [35], [96], [126], [154]. However, despite displaying numerous holes, Figure 6.1f does
not present any grains large enough to justify them; by this measure, for a 7 nm film, grain radii of
70 nm would be required to induce hole nucleation, but upon closer investigation no grains are
found with a radius above 50 nm, as shown in Figure D.4 of Appendix D. Thus, other factors

appear to promote hole formation.

It should be noted that the films in the SEM images were all deposited on smooth polycrystalline
ZnOayy substrates, which were shown in Figure 6.4 to result in higher values of #.on® than other
substrates, despite evidence that smooth substrates allowed later breakdown for SiO», and that
rough ZnOar) with no preferred crystal orientation performed marginally better than SiO; of equal
roughness. Hence, its crystallinity appears to negatively impact the ability to obtain thin films
during etching, which may give some insight into what is driving hole formation. One hypothesis
is that crystalline ZnOar) substrates facilitate the formation of GBs with high free energy, while
simultaneously limiting their ability to relax, due to the stability of individual grains in alignment
with the substrate. Alternatively, stress at the GBs may also be a contributor; Ag adatoms

preferentially diffusing to and being incorporated into well-aligned grains may promote trench
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closure via grain boundary zipping [30], [109], resulting in stress at the boundaries, which may
spontaneously ‘unzip’ or facilitate grooving. Indeed, relaxation of tensile stress or addition of
compressive stress is expected to stabilize grain boundaries, limiting thermal grooving and
decreasing their embodied energy [30], [166]. In situ investigation of the stress changes associated
to hole closure and reopening, during deposition and etching, may offer further insight on this

point.

Additionally, hole formation may be facilitated by film vacancies agglomerating to nucleate voids,
as proposed by Kwon et al. [184], or greater thermal grooving mediated by diffusion at the
Ag/substrate interface, as demonstrated by Kumar et al. [169]. The latter is consistent with the
modest improvements for rough ZnOar) substrates compared to rough SiO», as the higher adhesion

would limit Ag diffusion at this interface [278].

The etching parameters may also play a significant role in hole formation. Indeed, Ag shows low
and rapidly decreasing sputtering yield for ion energies at and below =100 eV [325], [326];
however, the reported activation energies for Ag diffusion processes (bulk Ag diffusion, interfacial
Ag diffusion, grain boundary diffusion, vacancy formation and migration) are at most only a few
eV [254], [327]. Thus, there is a wide range of intermediate ion energies which give low sputtering
yield but carry more than enough energy to stimulate Ag diffusion processes. These ions may
generate defects which facilitate hole nucleation or dewetting processes. In addition to this,
reducing the amount of Ag diffusion stimulated by the etching process would limit GB grooving

and hole expansion, given that these occur via surface diffusion.

However, film etching via an RF plasma, as in this work, is not well suited to precisely control the
incident ion energy. These discharges generate a broad saddle-shaped ion energy distribution, and
while increasing discharge power can increase the lower bound of the distribution, this also
broadens the ion energy distribution, increases the discharge current, and increases the density of
ions with energies below that of the main distribution [328]. Furthermore, high energy incident
ions are more likely to introduce defects or cause thermal spikes allowing structural relaxation [26],
[110]. Thus, simply increasing the discharge power is unlikely to improve things — as such, control
of the incident ion energies is required to ensure these efficiently contribute to thin film etching
without stimulating other processes. Etching via an ion beam or cluster ion beam with well-defined

incident energy instead of a RF bias plasma could improve upon this. Indeed, etching via ion beam
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has been demonstrated to be able to decrease the roughness of Ag films, which could help maintain

smooth and uniform films throughout etching [82].

Finally, the electrical properties of the substrate appear to influence the critical thicknesses at which
films break down during etching; for example, it can be seen that while etching Ag films deposited
in Ar on a ZnOay) seed layer, with an otherwise bare Si substrate (as in Figure 6.1), a fperc® of
approximately 4 nm can be achieved, lower than what is found for any of the samples deposited
and etched on IE-ISE compatible substrates with thick oxide layers. Further results presented in
Figure D.5 of Appendix D support this, suggesting that the substrate properties affect the electrical
field at the substrate surface or lead to substrate charging effects, in turn affecting the etching
process. Consequently, the ability to more precisely control the etching parameters and substrate

neutralization with ion-beam etching may present an advantage.

Thus, from a structural perspective, maintaining film morphologies during etching may be
improved by ensuring a uniform Ag microstructure, decreasing film roughness, and creating dense
films with weakly tensile or compressive residual stress. From a kinetic perspective, reducing the
mobility of Ag atoms should be pursued. While this could be performed by minimizing the
imparted energy, as discussed above, another method may be to reduce Ag diffusivity via doping
[32], [48], [329]. Thus, we believe the most relevant changes to implement would be to change the
energy of the incident Ag atoms (e.g. using biased HiPIMS) [85], [121], the addition of metallic
dopants (due to their effect on Ag mobility) [32], [48], [329], and the modification of the etching
conditions [82], [83].

Consequently, while the ion beam sputtering employed by Ma et al. is consistent with the
mechanisms we propose [82], it represents only one of the many approaches admissible to improve
the minimum thicknesses achieved during etching; the framework presented here suggests that
there is a much wider selection of applicable methods with which to enable ultra thin Ag films via
etching, allowing post-deposition etching to be implemented far more broadly than initially

considered.
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6.5 Conclusions

In this work, the morphologies of ultra-thin Ag films produced by post-deposition ion etching are
investigated. To this end, in situ ellipsometry is employed, using both conventional monitoring of
continuous film formation with IE-ISE, as well as with a complementary comparative modelling
method, which allows one to monitor the formation and breakdown of percolated networks
regardless of interference enhancement. These techniques are then used to monitor the critical
thicknesses at which continuous and percolated morphologies break down during etching and

identify which substrate properties and Ag deposition conditions affect them.

An etching thickness limit is found for both continuous and percolated films. These show less
sensitivity to deposition parameters than critical thicknesses obtained during deposition, trends are
identified and discussed. Moreover, breakdown of continuous films into percolated networks and
of percolated networks into isolated islands is found to evolve following distinct mechanisms. This
behavior is explained in the framework of known solid-state dewetting mechanisms; the distinct
breakdown behavior of continuous and percolated films is thus attributed to the different
parameters controlling grain boundary grooving and hole expansion criteria. In this context, various
recommendations are made to decrease the critical thicknesses achieved during etching. Smooth,
uniform and dense Ag films appear to be the most likely ones to allow maintaining continuous
morphologies at lower thicknesses, whereas decreased surface energy mismatch should further
improve resistance to percolated film breakdown. Doped Ag films may allow this as well, while
also limiting Ag mobility; this is suggested to stabilize films during etching. Finally, the importance
of the etching process parameters is highlighted, and it is recommended that future work be pursued

using ion beam etching in order to more precisely control the etching conditions.
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6.7 Antireflective coatings produced with post-deposition etching

In addition to the work presented in the article above, the performance limitations of optical
coatings making use of etched Ag films were investigated. This subsection presents the main

findings of said investigation.

The previous results show that film thinning via etching must be implemented in appropriate
conditions to yield performance improvements. Namely, with the conditions used in this work,
etching Ag on smooth ZnOar) substrates results in no improvement in regard to Zcont, and the same
could ostensibly be true for other substrates enabling early Ag wetting. This leaves two main
avenues for implementation: it can be used for the improvement of devices implementing
continuous Ag films on substrates with poor affinity to Ag, or it can be employed to improve
percolated Ag networks below the continuous film threshold on high affinity substrates. The latter

will be investigated in this section, using the same methodology as in the preceding article.

B270 glass substrates, overcoated with thin dielectric layers used for fabrication of conductive AR
coatings in this work do not enable IE-ISE. Therefore, certain considerations were taken to select
the total deposition thickness (prior to etching) and final thickness targets to obtain continuous
films without #.one monitoring. Indeed, given that the morphology of etched films greatly depends
on their as-coated morphology, it is important to ensure formation of continuous films prior to
etching [128]. Using the linear correlation found between previously measured values of #percd and
tcont’, shown in Figure 6.5 and Figure D.2 of Appendix D, the continuous film formation threshold
was estimated, and Ag films with thicknesses above it were deposited. While this requires
appropriate calibration on IE-compatible substrates, this allows the estimation of #con even on
common transparent substrates, using the comparative modelling approach to acquire fperc’.
Although the results shown in Figure D.3 of Appendix D indicate that there is little to no impact
associated with longer etching durations, suggesting that continuous film formation could be
ensured by depositing arbitrarily thick films, it is nonetheless preferable to be able to estimate Zeon
with the comparative modelling approach in order to minimize processing time and Ag waste.
Moreover, as ISE measurements on glass substrates performed prior to device production showed
etching behavior similar to smooth ISE substrates, the results presented in Figure 6.4 are taken to
be representative of the critical thicknesses that can be achieved on B270 glass. Nonetheless, as

different etching behaviors are found for e as a function of the substrate choice, changes to feont
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and zcont®, which cannot be observed without IE-ISE, may occur due to the chosen substrate, and

this should be noted as a potential source of error until verified with additional techniques.

As a result, performance improvements achievable for percolated films on high affinity substrates
using post-deposition etching were tested by fabricating antireflective coatings in a B270/SiN a1
(36 nm)/ZnOcp (10 nm)/Ag (5.5 nm)/SiN@p (10 nm)/SiO2 (73 nm) architecture, designed
following similar modelling approaches as described in Chapter 5. For these filters, Ag layers
produced either by standard deposition to 5.5 nm, or deposition to 15 nm, and subsequent etching
to 5.5 nm, were used. In both cases, deposition was performed both in pure Ar and in a sputtering
gas mixture composed of 5% N». Absorption, reflection and transmission spectra of each of these

samples, as well as their sheet resistance, are shown in the left side of Figure 6.7.

In order to associate the resulting spectra with different hole morphologies, finite-difference time-
domain (FDTD) modelling of devices was performed. More specifically, images (b), (¢), (f), and
(g) of Figure 6.1 were converted to binary patterns to create realistic input geometries for the Ag
layer, as shown in Figure D.6 of Appendix D, and compared to a fully continuous film geometry.
The geometry of the Ag layer is modelled with flat interfaces and vertical sidewalls. This has been
shown to produce realistic optical properties, although focusing on a small set of microstructural
features leads to the appearance of peaks in the optical spectra unless the optical response from
multiple sites of a sample are averaged [330]. Periodic boundary conditions are placed on the
images used in this work, and, therefore, this must be taken into consideration when interpreting

modelling results.

The binarized Ag layers were modelled in the same antireflective architecture as experimental
samples, i.e.: B270/SiNai (36 nm)/ZnOaly (10 nm)/Ag (£)/SiN¢an (10 nm)/SiO> (73 nm). For a
given layer with Ag coverage ratio f, the Ag thickness ¢ is fixed such that /' = 5 nm, meaning that
all structures are modelled with equal mass-equivalent thickness of 5 nm. Holes in the Ag layer
were modelled as being filled with SiN(ap. Other information regarding the applied modelling
parameters are given in Appendix D. It should be noted that although the Ag layer was modelled
as a single uniform layer, experimentally-derived optical properties were used rather than bulk
properties, which should account for most of the discrepancies reported by Kossoy et al. [331].

The modelled spectra for these structures are shown in the right side of Figure 6.7.
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Figure 6.7: Absorption, reflection and transmission of optical devices deposited in a B270/SiNa
(36 nm)/ZnOayy (10 nm)/Ag (5.5 nm)/SiNay) (10 nm)/SiO2 (73 nm) architecture, using Ag films
deposited in pure Ar or in a 5% N sputtering gas mixture, using standard deposition or post-
deposition etching (left), compared to curves obtained from FDTD modelling using the same
architecture, realistic Ag input geometries derived from SEM images (see Figure D.6 in Appendix
D) and a Ag thickness ¢ such that f# = 5 nm (right). All inserts have a horizontal scale of 350 to
750 nm. From top to bottom, inserts have vertical scales of 0 to 12.5%, 2.5 to 7.5%, and 85 to 95%.

The sample fabricated with standard deposition in Ar shows very strong broadband absorption,
whereas no obvious absorption features are observed for standard deposition in N». Relatively
broad absorption peaks are found in etched samples: for the etched sample deposited in Ar, it is
centered around 600 nm, whereas the etched sample deposited with 5% N> shows a wider, red-
shifted peak. No unexpected absorption peaks are observed for standard deposition with 5% No.
Transmission losses closely follow the absorption increases, with highly comparable antireflective
performance for all samples except for Ag with standard deposition in Ar. Etched films are found
to have substantially lower sheet resistance regardless of the sputtering gas mixture used during
deposition, showing a decrease of almost 25% between the most conductive standard and etched

Ag films.
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Experimental results match the behavior found in FDTD modelling to a limited extent. The low
conductivity and broad absorption found for standard deposition in Ar is consistent with the type
of structures found for the modelled sample (b) (see Figure 6.7): its highly asymmetrical worm-
like holes, have wildly varying effective sizes depending on the electric field orientation relative
to a given hole shape, leading to very broad absorption features [332]. The random orientation of
the holes is expected to make this effect insensitive to the specific electric field orientation relative
to the sample. These observations are consistent with the simulations of Mao et al., which show
broader optical spectra for hole arrays with irregular hole shapes and sizes [333]. Beyond that,
comparison to other samples is more difficult; simulations show overall higher absorption when
the Ag coverage ratio decreases, although particularly in the IR, which consequently decreases
visible transmission and IR reflection. Both etched samples show very high IR reflection, higher
than the film produced with standard deposition in 5% N, suggesting high coverage, yet none of
the simulated structures show visible absorption features similar to those of the etched samples. To
leverage the high conductivity of etched films without introducing unwanted absorption at key
wavelengths, a better understanding of the relationship between the hole morphologies and their

resulting optical behavior is required.

In order to investigate the relationship between different hole morphologies and the plasmonic
absorption induced by these, first the hole size distribution is quantified. Holes were fitted to
ellipses using the software /mageJ, so that the major and minor axes can account for different
effective sizes in a given hole [332]. Additional details are discussed in the context of Figure D.6
of Appendix D. Second, the plasmonic portion of the holes’ effect on the optical performance is
1solated. To do so, the difference between the transmission spectra obtained for the /= 1 reference
structure and the individual hole structures, AT, are calculated to obtain the change in transmission
induced by a given hole morphology. This is repeated with the CompleteEASE (CE) software,
which does not take any plasmonic effects into account. Finally, subtracting ATF from ATFPTP
isolates the transmission changes attributable to plasmonic effects. Additional details and a

demonstration of this processing is shown in Figure D.7 of Appendix D.

Figure 6.8 compares AT"PTP - ATCE with the hole size distribution obtained for each of the four
hole morphologies considered in Figure 6.7; each morphology is simulated twice, with an Ag
thickness ¢ such that f# = 5 nm and f# = 10 nm. Thicker Ag films, for a given hole morphology,

result in a blue-shift of the transmission losses. Hole patterns with lower coverage (thus higher
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Figure 6.8: Hole size distributions (left) and change in transmission attributable to their plasmonic
resonances, AT PTP - ATCE (right), for hole morphologies derived from SEM imaging and inserted
into a simulated B270/SiNar (36 nm)/ZnOary (10 nm)/Ag (¢ nm)/SiNar (10 nm)/SiO; (73 nm)
architecture, with f't=5nm. AT=T— 7~ !, and CE and FDTD respectively refer to simulations in
CompleteEASE (which do not account for plasmonic behavior) and in FDTD. Hole sizes were
obtained by fitting ellipses to the holes in binarized SEM images used for FDTD simulations and
characterized by major and minor axis diameters of these ellipses.

thickness for a constant value of f#) show smaller blue-shift for the same relative thickness change,
which is consistent with the results of Kang et al., showing blue-shift which saturates with

increasing thickness in regularly spaced hole arrays [334].

Despite the irregularity of the hole shapes, spacings and orientations, a relatively clear correlation
can be observed between the hole size distribution and the plasmonic transmission loss; the squat

profiles of samples (f) and (c) result in similar transmission profiles. (¢) displays a smaller average
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hole size and higher hole coverage, yielding more blue-shifted, stronger transmission loss.
Similarly, (g) shows narrow peaks in its hole size distribution, translating to transmission loss peaks
or shoulders. Finally, (b) has higher coverage at the lower and higher ends of the size distribution
and correspondingly shows higher transmission loss at both lower and higher wavelengths. This
roughly linear relation between hole axis size and resonant wavelength, analogous to observations
for metal nanorods, is consistent with existing literature; in circular hole arrays, localized surface
plasmon resonances are expected to blue-shift when the hole size is decreased, with behavior highly

comparable to nanoparticle arrays [28], [335].

While this relation is consistent for each of the simulated morphologies, and even within pairs with
roughly similar £, (f) and (c¢) show substantially less transmission losses in the UV-vis spectra than
(g), despite higher coverage of small holes; this is attributed to higher average hole distances for
higher Ag coverage, consistent with the literature. Periodic hole arrays with fixed hole sizes and
decreasing hole spacing show blue-shifted transmission losses, while those with short periodicity
and large variation in hole sizes, resulting in large changes the hole spacing, show that either
parameter can become dominant, depending on the ratio of hole size to hole spacing [333], [336].
These results are consistent with simulations performed with fixed-diameter circular holes shown

in Figure D.8 of Appendix D.

The overall optical behavior of the irregular holes formed by ion etching, while not representative
of regular hole arrays, therefore appears to follow the same overall trends, with broader features
resulting from a variety of overlapping modes, resulting from wider hole size and hole-to-hole
spacing distributions. As a general indication, transmission losses are increased by higher coverage
of a given hole size, and are blue-shifted for thicker metal films, smaller hole sizes and shorter
distances between holes. The low IR absorption and good overall comparability to AR coatings
deposited with Ag deposited in 5% N> suggests that the etched AR samples produced in this work
have high coverage and thickness close to the nominal values. Therefore, that the etched AR
samples show blue-shifted absorption, when compared to simulated structures, suggests that they

have smaller average hole sizes, or more closely spaced holes.

Multiple small holes forming around abnormal grains, as seen in Figure 6.1e, may be generating
these optical features. Figure D.5 (see Appendix D), suggests that Si substrates, as used for SEM

observation of the Ag hole patterns, appear to have different etching behavior than insulating
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substrates, such as the glass used for AR device fabrication; beyond that, exposure of the Ag films
to atmosphere between deposition and observation in SEM, or differences in the film morphology
resulting from the SiN(aj) underlayer modifying the ZnOajy surface may contribute to the formation

of smaller holes for the AR samples.

These results highlight the importance of controlling the morphology of the holes produced during
the etching process to improve the optical performance of etched films. Important transmission
improvements are obtained at 500 nm when comparing films deposited in Ar to those prepared and
subsequently etched in Ar (T(s00 nm)™" = 75.4% vs. T(500 nm)""" = 90.3%); these values are
comparable with those of Ag films fabricated with standard deposition in an Ar-N2 mixture (7(s00)™
= 90.8%). However, the absorption peak observed in etched films quickly decreases their
transmission at higher wavelengths. If the improved sheet resistance obtained via post-deposition
etching (Rs™ =43 Q-sq”!, RN = 17.6 Q-sq’!, RsA™h = 13.5 Q-sq’!) could be accessed without this

caveat, it would constitute a significant improvement.

While the results shown in Figure 6.4 show that post-deposition etching could result in important
thickness reductions for continuous films deposited on substrate materials with low affinity to Ag,
such as the SiO; surfaces used with IE-ISE, a proper investigation of this paradigm is left for future
experiments. In addition to other challenges discussed for percolated films, monitoring whether
films remain continuous during etching would require either transparent IE-ISE substrates or a
different monitoring approach. Nevertheless, some preliminary experiments were performed with
deposition onto bare B270 substrates, with results presented in Figure D.9 of Appendix D. These
show similar issues as samples deposited on ZnOa), with localized absorption in the visible, but
notable reductions of sheet resistance. This further supports that the substrate used, by charging
effects or otherwise, influences the shape and size of the holes formed. It is worth noting that
without the ZnOay) layer (which has high absorption at low wavelengths) one can observe a small
absorption peak at = 375 nm for films deposited with 5% N2, suggesting the presence of holes with

a smaller average size.

Moreover, this further supports that with improved control of the hole sizes produced during
etching, visible transmission losses could be avoided. Usage of ion-beam irradiation may also be

useful in this regard. The rapid decreases in film coverage observed by Simonot et al. during low-
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energy ion-beam irradiation suggest that hole sizes could be increased with low sputtering yield,

allowing to modify hole sizes without decreasing the film thickness [337].

Finally, it highlights the potential for post-deposition etching as a means to obtain transparent
conductive noble metal films for a broader range of deposition conditions and substrates. Such an
approach could allow deposition of Ag layers onto specific materials of interest with no interlayers,
such as deposition onto low-surface energy flexible polymers, or enable wetting layers to be
removed from current stack architectures, particularly when these present environmental or
economic downsides [338], [339], [340]. It follows that appropriate Ag recovery techniques must
be put in place to reduce waste, as substantially more Ag must be consumed to obtain the same
given final thickness in post-deposition etching; however, implementing appropriate tools to
reduce material loss during processing and improvements to Ag recovery may make this feasible

[341], [342], [343].
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CHAPTER 7 GENERAL DISCUSSION: PERSPECTIVES FOR
HIGH TEMPERATURE OPTICAL STABILITY IN LOW-EMISSIVITY
COATINGS

7.1 Foreword

In this chapter, we discuss general perspectives for improvement of the overall optical stability of

low-E coatings, towards the goal of producing single-stock low-E coatings.

The previous chapter investigated the potential performance improvements that are obtainable by
post-deposition etching, as well as outlining the limitations of this technique, but did not touch
upon the durability of etched films. Thus, this chapter will begin by discussing presenting the
application of post-deposition etching to increasing Ag stability at high temperatures. It is found
that the addition of a separate annealing step between the deposition and etching steps is required
to obtain optimized microstructures. Preliminary results obtained with this method and future

improvements which could be added to it are discussed.

Following this, a short section dedicated to optical changes beyond those incurred from the Ag
layer is presented. Here, the optical changes resulting from the dielectric stack layers, as well as

potential improvements pertaining to these layers, are discussed.

7.2 Multi-step Ag deposition processes for high temperature stability

7.2.1 Preliminary results

We now come to the final objective of this work: using Ag microstructural control to improve the
optical stability of tempered low-E coatings. As established in Section 2.3.2, without using dopants,
the main path towards mitigating abnormal grain growth is to generate microstructures with large,
uniform, preferentially aligned grains. ZnOa)) seed layers promote uniformity and Ag (111)
alignment, but this is still insufficient. Hence, to obtain optically stable low-E coatings, larger

grains must be obtained in the as-coated state.

The post-deposition etching method presented in Chapter 6 allows to obtain continuous films at
lower thicknesses than could normally be achieved during deposition. This is of interest given that

the processes that create large-grained films during deposition (i.e. island growth and coalescence
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Figure 7.1: STM topography of Ag films deposited on amorphous Si before and after annealing:
a), d) 8.5 nm and 20 nm thick Ag films grown at =~ 25 °C. b), e) The same films, following
annealing at = 125 °C and = 225 °C, respectively. ¢), f) Graphs showing the height profiles between
the white arrows shown in the topographs: (c) for the 8.5 nm thick film shown in (a) and (b); (f)
for the 20 nm thick film shown in (d) and (e). Adapted from [30] with permission. © Deutsche
Physikalische Gesellschaft. Reproduced by permission of IOP Publishing. All rights reserved.

of islands into grain-free shapes) also result in higher continuous film formation thicknesses.
However, this is still not enough; the rough, large-grained films obtained when deposited at high
temperatures still breakdown well above thicknesses of interest. Perhaps this could be improved
with some of the methods proposed in Section 6.4.3 (e.g. ion beam etching, which may decrease
surface roughness during etching), but it is better still to avoid this problem entirely. As a means

to do so, post-deposition annealing of the Ag film can be used.

Indeed, as demonstrated by Polop ef al., shown below in Figure 7.1, the morphological evolution
of Ag films during heating depends greatly on the film morphology prior to heating [30]. This
should come as no surprise: the importance of obtaining Ag films with continuous morphologies
in the as-coated state to mitigate dewetting during HT has been discussed previously. To further
decouple the range of achievable microstructures from the film thicknesses obtained during
deposition or etching, a deposit-anneal-etch (DAE) multi-step process can be used. First, films are
deposited to a stable thickness, annealed to obtain desired microstructures, and etched to obtain a

desirable final thickness.



166

This is not a trivial endeavor, however. Namely, the annealing kinetics of the Ag layer must be
well controlled, as grain growth has been shown to stagnate at different size thresholds limited by
the annealing temperature [86], [163]. High maximum temperatures are therefore required to obtain
large grains. In addition to this, the rate and duration of the annealing process must be considered:
if grain growth is stagnant due to slow heating or cooling, thermal grooving can nevertheless take
place. If this occurs during the heating, groove formation may mitigate grain growth [155], [162],
[163], [164]. On the other hand, during the cooling process, large grains are likely to be present,
which will exacerbate the depth of the GB grooves, potentially leading to hole formation and
dewetting [35], [87].

In order to achieve higher annealing temperatures with faster heating and cooling rates, and thus
test this approach, ex sifu annealing was employed. Furthermore, Ag was substituted with Au,
allowing one to anneal coatings in ambient air. Deposition conditions used in the production of
these samples are given in Table 7.1 below. Au thicknesses were monitored with the comparative

modelling method, and using the same etching parameters as used in Chapter 6.

Figure 7.2 compares the performance and stability of Au-based low-E coatings produced with or
without preliminary annealing of the metal layer. Two different variations of the Au layer were
inserted into otherwise identical low-E architectures with the following design: SLG (3 mm)/Si3N4
(22 nm)/ZnOan (14.9 nm)/Au (10 nm)/NiCrOx (2.5 nm)/ZnOaly (12.4 nm)/Si3Ns (22 nm). One
sample incorporated a “standard” Au layer, deposited at a thickness of 10 nm; the other used a

DAE Au film: deposited at a thickness of 25 nm, annealed at 550 °C for 5 minutes, and then etched

Table 7.1: Summary of the sputtering conditions used for the deposition of the various films used
in Chapter 7.

Power Power and
Pressure | Gas flow ratio
Layer Target density | Mode substrate
[mTorr] [scem]
[W/em?] RF bias
Au Au 2.96 RF 2 Ar/N; (variable) -
NiCrOx | Ni/Cr (80/20 wt. %) 3.29 DC 4 Ar/O2 (100/8) -
Si3N4 Si 9.87 RF 2 Ar/N> (100/37) | 3W,-35V
ZnOany | Zn/Al (9872 wt. %) 6.56 RF 2 Ar/O2 (100/35) -
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back down to 10 nm. The designs are resumed in Figure 7.2a. As shown in Figure 7.2b, this results
in higher visible transmission and lower sheet resistance in the as-coated state. While these samples
both showed significant degradation following a 7-minute HT in ambient air, the changes are
slightly less pronounced for the DAE sample, as shown in Figure 7.2¢. HT sheet resistance
measurements are not shown, as one of the samples cracked following removal from the furnace,
rendering it unmeasurable. Finally, in sifu transmission measurements obtained during HT, shown
in Figure 7.2d reveal that, for the DAE sample, much smaller transmission changes take place
prior to the start of degradation. On the other hand, the standard sample displays optical changes
bringing it closer to the AC transmission of the DAE sample. Thus, without introducing new
vulnerabilities, this method could mitigate optical changes resulting from HT by leveraging already

saturated grain sizes.

These results could not be successfully transferred to Ag films however, despite annealing them in
inert atmospheres. The short exposure to ambient air occurring during transfer from the deposition
system to the furnace was sufficient to degrade the Ag films: samples prepared in this way
displayed dewetting, either directly during the annealing step or during the subsequent etching step.
This was attributed to adsorption of oxygen and humidity at the Ag surface [38]. The addition of
thin protective layers encapsulating films allows one to stabilize them during annealing, however,
at least with the etching parameters available in the deposition system used, these could not be

removed without damaging the Ag layer, as detailed in Appendix E.

Moreover, while the deposition system used in this work enables substrate heating, it does so via
heating the substrate holder platen as shown in Figure 3.1, requiring that the entire thickness of
the substrate be heated in order to heat the coated surface. Not only does this result in lower
effective temperatures at the coated surface, it also results in a slow heating rate and even slower
cooling, as the substrate and platen retain heat in the absence of active cooling. Thus, DAE samples
produced using standard substrate heating procedures were found to yield performance no better

than films deposited on heated substrates.

An approach for controlled Ag annealing has been patented by Saint Gobain Glass in recent years;
specifically, they make use of absorbing layers (e.g., sub-stoichiometric oxides) deposited within
the stack to efficiently transfer heat from high-power lasers to the coating, allowing rapid, targeted

heating [344]. With this approach, improved as-coated performance and high colorimetric stability
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Figure 7.2: a) Schematic of a stack design used for the comparison of standard and DAE Au
coatings. b) Ex situ transmission and sheet resistance measurements of the samples shown in (a).
¢) AT of each sample, measured ex situ following a 7-minute HT in ambient air. d) AT of each
sample, measured in situ, 160 s after the start of HT, compared to the difference in as-coated
transmission between each sample. /n situ data is corrected to account for high temperature optical
changes of the SLG substrate, as described in Figure E.1 of Appendix E.

during HT has been claimed for Ag-based low-E coatings, similar to the work reported here;
however, in this case annealing may proceed once the whole coating is deposited, instead of
immediately after the metal layer is deposited. Thus, it is worth considering the benefits that can

be obtained specifically by combining annealing and etching.

This is exemplified in Figure 7.3, which shows sheet resistance measurements obtained after
annealing (and etching, where applicable) for Au films produced on SLG substrates overcoated

with 22 nm of Si3N4. As shown in Figure 7.3a, Au films were either deposited to a thickness of
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Figure 7.3: a) Schematic of the stack design used to evaluate the benefits achievable when
annealing standard-deposited films, or thicker films, subsequently etched (following the DAE
method). b), ¢) Sheet resistance of the film stacks shown in (a) following annealing in ambient air,
for different temperatures, for 7 or 4 minutes of annealing, respectively.

10 nm and immediately annealed, or deposited at a thickness of 25 nm, annealed, and then etched
down to 10 nm. For an annealing duration of 7 minutes, as shown in Figure 7.3b, standard 10 nm
films dewet at high temperatures; DAE films annealed at 25 nm, on the other hand, show lower
sheet resistance than any of the other configurations tested, even after being etched back down to
10 nm. Even for a shorter annealing time of 4 minutes, as shown in Figure 7.3¢, films annealed at
high thicknesses show lower sheet resistance following etching; this may be an indicator of GB

grooving or hole formation.

Indeed, it was discussed in Section 2.3.2 that thicker films were generally less susceptible to grain
growth, GB grooving, and hole expansion than thinner ones. On the other hand, low thicknesses
are required for high transparency. Thus, without etching to allow the modification of the Ag
thickness between the annealing step and the completion of the coating, there will always exist a

trade-off between the thickness required for stability and that which is required for performance.

This is particularly important for coatings which will undergo subsequent tempering, as repeated
heating and cooling steps are known to destabilize thin metal films [35]; this may explain why
laser annealing of Ag films to improve their performance is widely reported [345], [346], [347],
but its usage to stabilize Ag films at high temperatures is not. While not strictly exclusive to the
DAE method, annealing (and etching) the Ag layer prior to the deposition of encapsulating layers

may provide another advantage in regard to successive heating steps. If the initial annealing step
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Figure 7.4: Schematic outlining the different morphologies which may be obtained when
encapsulating an Ag film prior to annealing and vice-versa, and describing their consequences on
film stability during subsequent tempering.

is performed on an encapsulated film, any holes that are formed will remain open during tempering,
leaving the coating vulnerable to degradation [21]. On the other hand, holes formed prior to

encapsulation could be filled and thus largely stabilized, as shown schematically in Figure 7.4.

These hypotheses are consistent with the thick metal films used in the Saint Gobain’s patent claims
(taking low-E coatings with thicknesses up to 17 nm to demonstrate stability improvements [344]).
Moreover, their commercial single-stock coatings have lower visual transmittance than their other
coatings produced with laser annealing [348], [349], [350], suggesting higher Ag thicknesses or
additional protective layers are required to stabilize their coatings which undergo multiple
annealing steps. Unfortunately, investigating and demonstrating these ideas would first require
improving the overall stability of the Au films. In order to focus on Ag films this was not pursued,

and thus this will be left for future experiments.

7.2.2 Improvements to the DAE approach

In addition to investigating the stability improvements described in the previous subsection, there
remains a number of other aspects to continue improving upon multi-step Ag processes. Namely,
there are a number of improvements to be made that are specific to the etching process, but as there

are already outlined in Chapter 6, they will not be discussed here.



171

Different methods of heating the film would be worth investigating; this could enable more
effective annealing, as well as make this technique more easily implementable. Moreover,
exploring different etching methods, such as ion-beam etching, may be beneficial. In addition to
the advantages already outlined in Chapter 6, this could help etch away encapsulating layers used
during annealing as was attempted in Appendix E. Indeed, smoothing the surface during etching
could stop the rapid formation of holes where the encapsulating film is thinner. Alternatively,
simply changing the wavelength of the annealing laser may offer some flexibility; UV laser
annealing may be of interest [345], if it can be employed without excessively heating the substrate.
Assuming encapsulating layers can be successfully removed via etching, the combination of
different annealing laser wavelengths and encapsulating layers, with different benefits in terms of

laser absorption and Ag stabilization, could open a wide array of possibilities.

In addition to improvements to the etching process, further improvements to in sifu monitoring
should be pursued. IE-ISE monitoring of the film resistivity is sufficient to identify the continuous
film formation threshold during deposition or etching; however, during annealing, resistivity
changes resulting from the increased temperature, grain growth and hole formation may all take
place at once, making morphological changes more difficult to identify. However, the plasmonic
effect induced by hole formation in the Ag film, highlighted in Section 6.7, may allow to track this
with greater confidence, particularly given the sensitivity to film absorption imparted by IE-ISE.
Indeed, a method tracking the evolution of localized surface plasmon resonances (LSPR) could be

used, similar to that used by Jamnig et al. [108].

Finally, the potential this method offers in regard to Ag dopants is particularly interesting. A self-
imposed restriction in this work has been to not use any Ag dopants that would permanently alter
the coating composition. This was done on the basis that increasing dopant concentrations would
decrease the film’s optical performance [48], [50], [89], [90]; however, these can significantly
improve following annealing [49], [50], [79], [89], [92].

While this is an obstacle to the production of a single-stock coating when using traditional
deposition methods, this could be completely overturned with the DAE approach. Selective
deployment of dopants having been shown to greatly reduce their negative impact on Ag’s optical
properties while maintaining their benefits in regard to film coalescence [105], [108], subsequent

annealing could very well result in films with optical properties indistinguishable to those of
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undoped Ag. In fact, if we consider the thermal stability improvements that can result from doping,
these films could be less susceptible to hole formation and dewetting, and may even show better

properties than undoped Ag following annealing.

7.3 Stabilized dielectrics and improved stack architectures

In the foreword to Chapter 6, the optical changes encountered in the absence of contaminant
diffusion were quickly attributed to grain growth in the Ag layer, and we moved on to explore
various multi-step Ag deposition methods to try and manage this. Optical changes and stability

improvements resulting from other layers should also be evaluated, however.

To this end, the effect of optical properties of different material changes, alone and in concert, was
modelled. Referring back to the low-E stacks studied in Figure 4.3, TEM observations can be used
to directly measure film thicknesses, allowing Ag resistivity before and after HT to be determined
from sheet resistance measurements. Combining this with modelling of the optical changes
observed in individual dielectrics and dielectric bilayers, presented in Appendix A, the relative
impact of different optical variations incurred during tempering can be identified. Figure 7.5 shows

that HT performance changes can be qualitatively described with only a handful of changes.

First amongst these is grain growth of the Ag layer, justifying the previous focus on this layer. In
addition to decreased Ag resistivity, this results in important increases in visible transmission,
similar to those found for DAE samples in the AC state. Second, changes in UV absorption are
observed, albeit the mechanism is not clear due to its dependence on adjacent layers, this is
attributed to a shift in the bandgap of ZnOayy films. Third, stoichiometry changes (including
oxidation) of the uppermost SiNay layer, result in a decrease of its refractive index, shifting the

transmission cutoff between the visible and NIR spectra.

These confirm the importance of Ag grain growth in visible transmission changes, as well in
emissivity changes, but also that dielectric changes are not to be discounted, particularly as they

pertain to modulating the optical changes induces by Ag. Intentional oxidation of the top SiNa
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Figure 7.5: a) Schematic representation of the main changes resulting in optical changes during
low-E tempering, excluding processes driven by Ag contamination. b) Measured values of AT
following 8-minute HT of GRAR-type low-E glass samples (see Figure 4.2) produced on 3 mm
SLG, compared to AT obtained via the modelling of specific material changes in Complete EASE,
as outlined in the text.

layer may offer a simple way to minimise its optical changes; this can also offer an opportunity to

add an additional oxide layer with low coefficient of friction to improve mechanical durability.

Changes in the bandgap of ZnOay films has been shown to result from different aluminum
concentrations, albeit these may be at least partially due to effects of Al incorporation on crystallite
strain or the concentration of oxygen vacancies in the resulting films [190], [191], [192]. Given the
limited experiments dedicated to dielectric changes in this work, none of these mechanisms can be
clearly attributed to optical changes observed. As these were found to be dependant on the stack
configuration in Appendix A, showing distinctly different behavior in ZnOa1-SiNan bilayers than
in single layers, changes in stoichiometry affected by the presence of the encapsulating SiNay layer
may play a role. Alternatively, stress applied by the SiN(ai layer may be a factor. Similar to the

investigations undertaken for low-E partial stacks in Chapter 4, a study of ZnOay optical changes
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on different substrates, in different annealing atmospheres, and adjacent to different layers, may

help identify the root cause in order to find ways to mitigate these changes.

It should be noted that actual low-E stacks often include a larger number of layers, with a wider
array of dielectric materials. In this case, one would need to investigate the optical changes taking
place for different materials and their dependence on the adjacent materials, which could lead to
the identification of several other changes. Indeed, while this will not be presented in this
document, analysis of the electrical and optical changes following HT was conducted on more than
twenty partial stacks, based on a commercial coating and produced by the industrial partner. These
highlighted a number of different behaviors when different dielectric layers were inserted or

removed, highlighting the nuance required to analyse more complex partial stack structures.

Finally, it must be kept in mind that beyond stabilizing their optical changes, dielectric films must
continue to fulfill their roles in terms of protecting the Ag layer. Thus, the suggestions made to
improve contaminant diffusion and mechanical durability in Chapter 4, for example the usage of
nanolaminated dielectrics [276] and intermixing at the dielectric interfaces [277], should be

pursued in tandem with the stabilization of the optical properties.
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CHAPTER 8 CONCLUSION AND OUTLOOK

In conclusion, the various objectives set at the beginning of this work — to identify the role of
contaminants and defects in low-E degradation, to achieve further control of the Ag microstructure,

and to leverage it to improve coating durability — have been met.

Selectively controlling the presence of defects and the availability of contaminants, the under-
reported effects of Na diffusion to the Ag layer were analyzed, the role of atmospheric oxygen in
Ag dewetting was highlighted, and the latter’s key role in scratch visibility accentuation was
identified. Microstructural control of the Ag films was accomplished with more conventional,
easily implementable methods (i.e. combining Agw) and a ZnOay) seed layer), as well as with novel
multi-step processes. With the former, potent improvements in terms of corrosion durability were
achieved. This approach fell short for the purpose of producing coatings with high optical stability
following tempering: however, improvements to the etching, monitoring and annealing processes

have been identified, laying a clear path ahead in this regard as well.

Indeed, this work has had the benefit of touching upon a wide range of topics: Ag deposition
dynamics, in sifu monitoring, film stability at defects, at high temperatures, under exposure to

different contaminants, and many permutations thereof.

While any one of these topics could be the single object of its own thesis, it is my belief that the
breadth of processes being investigated here is important, in and of itself. It is reflective of the
inherent multifunctionality of low-E based coatings, and of the balance that needs to be met
between fulfilling each of these functions, as well as practical fabrication concerns. The different
aspects studied as part of this project and discussed with the industrial partner often came to inform
one another, in ways a project with a narrower scope might miss. This also means that each of the

topics studied in this work presents significant potential for future study.

While the work presented in Chapter 4 highlights the different degradation behavior underwent by
low-E coatings when exposed to sodium, as compared to sulfur, chlorine or oxygen, there remains
much more to be learned. Why does Na diffusion result in such widely spaced dewetting fronts,
for example? It might pertain to its uniformity in the glass, its diffusion through the ZnOay) layer,
or specific susceptibilities in the Ag film. Its promotion of fingering instabilities suggests it

modifies the dynamics of edge retraction, but a mechanism cannot be clearly identified. Having
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even shown to degrade the ZnOay layer, if only in select instances, coating-glass interactions

certainly warrant further study.

The nature of scratch defects, explored in the same chapter, are also worth investigating more
closely. The mechanism by which humidity results in such intense defect propagation is of
particular interest. While not shown in this work, preliminary experiments were performed using
TEM with in situ heating to observe the evolution of scratch cross-section in real time, yielding
promising results. With the addition of in sifu control of the gas phase surrounding the sample,
greater insight could be obtained. Moreover, while outside the scope of this work, a deeper
investigation of how defects form and how different stack architectures can mitigate their formation

would also be of great interest.

Potential improvements to post-deposition etching, particularly through the deposit-anneal-etch
sequence, or DAE approach, discussed in Chapters 6 and 7, have potential to improve coating
stability well beyond simply mitigating grain growth. Indeed, while the latter has been discussed
at length in said chapters, the potential benefits this method could bring in terms of overall film
stability are highly interesting. With the DAE approach alleviating the important optical changes
associated with annealing doped films, the self-imposed restriction of not using doped Ag films
could be abandoned, allowing to obtain a number of important stability benefits. For example,
stabilization of the lower Ag interface via dopants or metallic seed layers (Ge, Ni, etc.) might prove
essential in mitigating scratch intensification at high temperatures, whereas alloying Ag films to
reduce their susceptibility to contaminants could yield improvements in a wide variety of

circumstances.

Given the challenges in implementing this method, however, it may be worth it to first consider
more straightforward endeavors. The chemical stability improvements presented in Chapter 5,
obtained with relatively simple techniques to control the Ag microstructure, are highly
encouraging. Exploring the benefits of other dopants, specifically when using selective deployment
approaches, could pave the way for even greater stability. In the context of applications where
tempering is not required, the usage of dopants is far less of an issue. One example that comes to
mind is the fabrication of self-applicable low-E coatings on polymer substrates, adhered to glass
or suspended in between windowpanes [5], [52]. Moreover, these present environmental stability

challenges that doped Ag could significantly help with. On the one hand, application to a window
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surface outside the sealed IGU environment creates a requirement for high chemical stability. On
the other hand, these coatings being applied on a thin flexible polymer substrate, encapsulating
layers may form cracks more easily, requiring highly stable Ag films. The stability improvements
presented in Chapter 5, which were not particularly dependent on the encapsulating layers, are thus

particularly well-suited.

Looking towards the general improvement of low-E coatings, the addition of a nitrogen surfactant
explored in Chapter 5 is certainly the most easily actionable path found in this work, as it is rather
straightforward to implement and can allow direct benefits to wetting and durability. However,
while the results of Chapter 4 and Chapter 6 are more exploratory, it is interesting to note that the
usage of metallic dopants could offer improvements in regard to film stability under contaminant
exposure, when damaged by defects, and during etching. Metallic dopants were not studied in this
work due to the potential degradation of the as-coated optical properties; however, recent work
suggests that this could be managed with proper deployment of the dopants. Navigating the
potential trade-offs and optimizing the performance and durability improvements achievable with

metallic dopants, should be a priority in future work.

Finally, it is worth giving some thought to the practical implementation of low-E coatings. This
work focuses strictly on the technical aspects of coating fabrication and durability. However, as
stated in the introduction, low-E coatings are a crucial tool as we struggle to limit climate change:
accessibility of this technology constitutes a distinct advantage in providing cooling or heating,
without active consumption of electricity or fuel. While this requires coatings which are produced
with great technical control, in order to achieve performance and stability, it also requires coatings
that can be afforded by the people who need them the most. Alternative metals, simplified stack
architectures, dopants enabling higher durability, self-applicable coatings, anything that enables
easier, better or less expensive retrofitting will allow low-E coatings to have meaningful societal
impact. Alternatively, perhaps one of the best changes that can be implemented to make low-E
coatings more performant is appropriate evaluation of their overall impact on heating and cooling
needs, something that is highly dependent on building architecture, window facing and local
climate [351]. In other words, it is not sufficient to develop coatings, or any technology for that
matter, with excellent technical performance: it is essential that we implement them with care and

with consideration of their impact on our world.
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APPENDIX A OBTAINING BASIC OPTICAL PERFORMANCE AND
HIGH TEMPERATURE STABILITY

In the main text, the effect of contaminant diffusion is studied by the removal of barrier layers, and
the optical changes that remain when they are included are then discussed. However, how to reach
this initial level of durability is not addressed. This is unfortunately common in scientific
publishing: the work of achieving a certain established standard of coating properties is not an
exciting publication. However, entirely omitting to describe this work leaves others to retread the

steps of this unexciting task.

Thus, in this appendix, a brief outline of the main steps taken to obtain low-E coatings with sensible
performance and stability will be presented, in the hope that it will help others spend their time

advancing the state of the art rather than simply replicating it.

A.1 Initial calibration of the dielectric deposition conditions

As touched upon in Chapter 3, the practical and economic constraints of industrial fabrication of
low-E coatings places significant importance on the deposition rate; maximizing this parameter
can therefore help significantly in finding deposition parameters which result in comparable

coating properties.

Applied power was set to the maximum values usable for a given target; this will vary according
to the material deposited as well as the system specifications. Indeed, whereas SiNai) could be
deposited from a 2 in. diameter magnetron with an applied power density of = 9.9 W/cm? (200 W
RF), switching to a 3 in. diameter magnetron required the power density to be reduced by a factor
2 (= 4.9 W/cm?, 225 W RF) in order not to melt the indium bonding layer at the target base. Thus,
a simple difference in the water-cooling flow per target area can affect the range of parameters.
This being said, no great discrepancy was found in the properties of the SiN(ay) films produced with
either magnetron, once other parameters were adjusted; hence, while this is a useful starting point,

the capabilities of a typical laboratory coater ought to be enough to reach a satisfying baseline.

Working gas pressure must be high enough such that there is a high density of ions contributing to
sputtering; simultaneously it must be low enough to allow a long mean free path for sputtering ions

to efficiently eject film forming atoms, and for the latter to reach the sample without undergoing
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too many collisions [170]. A good compromise was found at 2 mTorr for the dielectrics deposited
in this work. This was later adjusted to control film properties, as the pressure influences the energy
of film-forming species through collisions with the working gas, as discussed in section 2.2.2. Note
that this is also system-dependant, as the number of collisions occurring will depend on the mean

free path relative to the target-substrate distance.

Finally, composition of the working gas was adjusted. Formation of oxides and nitrides at the target
surfaces will greatly reduce the deposition rate, whereas absorption and other undesirable optical
behaviors will result from sub-stoichiometric coatings, once again requiring that an appropriate

balance be found.

Figure A.1 shows the increasing deposition rate for deposition of ZnOi and SiNan with
decreasing reactive gas concentration, as well as the resulting changes in optical properties. At low
oxygen concentrations, ZnOary exhibits metallic character which decreases » and leads to non-
negligible & in the NIR. For SiNa, # can be tuned by making it more or less stoichiometric,
although UV and low-wavelength visible absorption increase. Following this, reactive gas content
can be chosen to maximize the deposition rate while maintaining desirable optical properties; at
this preliminary stage, Ar:O2 and Ar:N> ratios of 100:35 sccm and 100:30 sccm were taken for
ZnOaly and SiN(a, respectively; while a lower nitrogen content could have still been appropriate,

this matched reference data supplied by the industrial partner for closely.

This approach is not quite appropriate for calibration of NiCrOx, as its stoichiometry impacts its
effect on durability more directly. On one hand, depending on how metallic it is, it can significantly
decrease visible transmission. On the other, its been suggested that durability improvements result
from metallic N1 diffusing into the top portion of Ag layer [20], or that sacrificial oxidation of the
NiCrOx layer may protect Ag. Thus, NiCrOx needs to be as metallic as durability requires, and no

more; in practice, this was a work of trial and error.

Finally, Ag deposition conditions should be selected in order to ensure that continuous films are
formed at the desired film thickness, following the methodology for interference enhanced
ellipsometry presented in Chapter 6. Lacking the means to do so, stress-based methods can be used
[109]. Otherwise, film percolation can be monitored using SDRS, sheet resistance measurements,

or the interference-agnostic method presented in Chapter 6, in which case the percolation threshold
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should be comfortably below the desired film thickness. Section 2.2 offers insight into how

different parameters can be used to adjust film wetting.
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Figure A.1: a), b) Deposition rates, ¢), d) refractive indices and e), f) extinction coefficients of
ZnOqaly ((a), (c), (e)) and SiNan ((b), (d), (f)) films deposited with different reactive gas ratios.
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A.2 Impact of cleaning on low-E stability

Once coatings with appropriate optical and electrical performance in the as-coated state can be
produced, factors influencing their stability can be investigated. Namely, substrate cleaning was
found to have a profound impact on low-E durability. It should be noted that preliminary stability
tests were performed on samples with a bottom ZnSnO layer, rather than a bottom SiNay layer;
while these were both found to be amorphous, and remain amorphous during HT, Kulczyk-
Malecka found these to be far poorer diffusion barriers [39]. That being said, this may be preferable
for the purpose of optimizing cleaning procedures, as coatings will have a greater sensitivity to any

contaminants left behind during cleaning.

Figure A.2 shows the change in transmission for different low-E coatings in which different
cleaning steps were used; all samples were washed by hand with either isopropanol (Iso.) or M90
solution, as described in Chapter 3 prior to ultrasound cleaning steps. Unsurprisingly, hand-
cleaning samples, followed by agitation and rinsing under DI water and isopropanol was vastly

insufficient. While addition of ultrasound cleaning helped in this regard, samples remained highly

12.5 nm ZnOy,

2.5 nm NiCrOy
13 nm Ag
10 nm Zn0yy,
—— DI, Iso. {no ultrasound)
—— DI, Iso. 27 nm ZnSnO,
— CO;
—— DI, Iso., CO; Soda-lime glass

—— MS90, DI, Iso., COgz,
—— Industrial reference

500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength [nm]
Figure A.2: AT following 7-minute HT of 3mm low-E glass samples produced with the nominal
architecture shown to the right, for different combinations of substrate cleaning methods. Unless
specified, all cleaning in liquid solvents was performed in an ultrasound bath.



208

susceptible to degradation. CO> snow cleaning was also tested early on [352], and was shown to
yield significant improvements, even when used on its own. However, manually rastering the CO»
jet made uniformity highly susceptible to user error. Thus, when replacing the bottom ZnSnO layer
with SiNa, this step was replaced with the addition of an acetone ultrasound bath, yielding the
process described in Section 3.1.1. While cleaning optimization never progressed to the point of
matching the stability of reference samples provided by the industrial partner, this is attributed to
differences in the coating properties, rather than significant contamination remaining following

cleaning.

E —— SiNay replaced with Zn5Sn0,
10.0 4 —— SiNay, no bias
7.5 ==~ Industrial reference
5.0 1 -
] 2.5 nm NiCrOy
= ]
10nm ZnO
] 17 nm ZnSnO,
—2.5 : .
10 nm SiNy,
—5.0 1 Soda-lime glass
-7.5
e e e

250 500 750 . 1000 1250 1500 1750 2000
Wavelength [nm]

Figure A.3: AT following 7-minute HT of 3 mm low-E glass samples produced with the nominal
architecture shown to the right, with different modifications applied to the base layer.
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A.3 Impact of SiNa)) stress on low-E stability

While the methodology established above constitutes an essential step in protecting samples from
contaminants, by removing those at the substrate surface, appropriate properties of the barrier
layers are required to mitigate diffusion of O and Na, as studied in Chapter 4. With the addition
of a thin (10 nm) bottom SiNay layer stability is improved, as shown in Figure A.3 below, but it
is still below that of an industrial reference sample with a comparable architecture. It was first with

the addition of RF bias during SiN(ar) deposition that comparable results were achieved.

As shown in Figure A.4 below, wafer curvature measurements found that at 2 mTorr deposition
pressure and without bias, SiNai) coatings were, essentially, completely relaxed, while those
deposited with a -50 V RF bias displayed high compressive stress (= -1.7 GPa). While tempting,
this should not be interpretated as compressive stress being simply better for, however. In the next
section it will be shown that annealing of these films has the potential to result in large defects; this
is attributed to the important stress changes observed when cycling the temperature of these films
up to 450 °C. On the other hand, increasing the incident energy of film forming particles by
decreasing the operating pressure to 1 mTorr results in smaller as-coated compressive stress values
(= -1.2 GPa), but these were found to offer similar low-E stability, showed no defect formation
during HT, and almost no stress changes below 400 °C. Thus, while compressive stress in the
SiNa layers can be a useful indicator in trying to improve their ability as diffusion barriers, the

mechanisms by which stress is formed, stored, and released must not be discounted.
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Figure A.4: Stress changes of 40 nm SiNay) films as a function of temperature, measured via wafer
curvature. Red and blue arrows indicate heating and cooling phases, respectively.
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A.4 High temperature stability of dielectrics

Finally, while optical performance and high temperature stability of low-E coatings was achieved
even with the usage of biased SiNi layers, as mentioned above, this introduced specific
instabilities into the dielectric layers themselves. As these defects were not noticeable when
integrated in a full low-E stack, this concern could be dismissed by some. Nonetheless, it highlights
the changes induced in the dielectric layers during HT, which should not be ignored given their

crucial role in stabilizing the Ag layer.

In addition to the previous stress changes, a brief analysis of the changes in optical properties and
film crystallinity during HT was performed for 40 nm single-layer dielectric films deposited on
fused silica substates. This revealed relatively minor changes for both SiNn and ZnOay) layers,

as shown in Figure A.5 below.

Optical changes in SiNaj) consist mainly of a decrease of n and %, consistent with a change in
stoichiometry, as in Figure A.1; note that while it is likely that a gradient in oxidization would be
more accurate, this was modelled as a uniform change throughout the film in order to minimize
fitting parameters and the reliance on unfounded assumptions. XRD measurements reveal no out-
of-plane crystallinity for SiNap films, either before or after HT; as grazing incidence XRD
performed on full stacks showed no peaks assignable to SiNar, this was taken as sufficient
indication that the films remained amorphous, consistent with the interpretation of the optical data

above.

For ZnOqai), the shift between low and high values of k steepens, suggesting a narrower, more
defined bandgap, resulting in a broad decrease of n. XRD of as-coated films shows a 001-oriented
peak with a strong asymmetry; HT shifts the maxima to larger angles (smaller lattice spacing), but
results in a more symmetrical peak, indicating a more consistent structure, once again consistent

with the optical properties.
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Figure A.5: Analysis 0of 40 nm thick ZnOay) ((a), (¢), (e)) and SiNar) ((b), (d), (f)) layers deposited
on fused silica substrates, as-coated and following 7 minutes of HT. a), b) Refractive indices and
¢), d) extinction coefficients modelled by ex situ ellipsometry. e), f) XRD diffractograms obtained
in Bragg-Brentano geometry.

While these changes are relatively minimal, the stability of individual films does not guarantee
their continued stability when integrated to a multilayer architecture. To wit, ZnOa1-SiNai
bilayers present qualitatively different optical changes than either individual film, as shown in
Figure A.6 above. In fact, the behavior is somehow opposite to that of ZnOaiy single films,
suggesting a broadening, and potentially shifting of the bandgap, resulting from different structural
changes due to interactions with SiNar. The full scope of changes is unclear as the changes
proposed here were insufficient to model ellipsometry data, and the analysis of tempered low-E

stacks in Chapter 4 does not reveal any outstanding changes which may be at cause. Thus, while
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this work focuses on the optical changes resulting from Ag morphological evolution, which have
more impact in the visible spectrum, it should be highlighted that glass-dielectric and dielectric-

dielectric interactions will require further study in order to achieve single-stock low-E coatings.

12.5
—— Single-layer ZnOap
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Figure A.6: Change in absorption (A4 = AP*'HT _ 4AC) following 7-minute HT of a 40 nm single
layer of ZnOa), a bilayer of ZnOar and SiNa1 (SLG/20 nm ZnOa1/20 nm SiN(ap), and a low-E
stack with the architecture shown in Figure A.3.
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APPENDIX B SUPPORTING INFORMATION FOR CHAPTER 4

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Fisher Scientific
ESCALAB Xi+ system alongside ion etching to obtain depth profiles of the samples’ atomic
composition following heat treatment. An Al Ka source was used with a beam size of 400 pm, and
depth profiling was performed on a 2.5 mm by 2.5 mm area with a 2000 eV monoatomic Ar ion
etch. Given the potential of the high energy etch modifying chemical bonds, and given that
significant peak shifts were found as a result of etching despite usage of charge compensation, no

binding energy analysis was attempted beyond simple elemental quantification.

Table B.1, below, shows the composition of the different substrates types used in this work. Data
is averaged over 7 measurements, acquired following cleaning of the adventitious carbon layer and

throughout 420 s of depth profiling with a 2000 eV monoatomic Ar ion etch.

Table B.1: Composition of the substrates used in Chapter 4, as measured by XPS.

0] Si Na Mg Ca Sn B Al K

Ols Si2p Nals | Mgls | Ca2p | Sn3d5 Bls Al2p K2p

[at%] | [at%] | [at%] | [at%] | [at%] | [at.%] | [at%] | [at.%] | [at.%]

62.0 30.4 1.4 2.0 4.1 0.1
SLG - - -
+1.8 +13 | 05 | 09 | 1.5 | 0.1
62.2 319 | 02 42 1.2 0.3
BSG - - -

+0.9 +0.5 +0.2 +0.5 +0.1 +0.1
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Table B.2: Young’s modulus (E), hardness (H), coefficient of thermal expansion (CTE) and
transformation temperature (7;) of SLG and BSG substrates. £ and H were measured by
nanoindentation; for each sample, two 25-point indentations were made, with final measurements
derived from the steady-state portion of both sets of indentations. CTE and 7; are nominal values
reported by glass manufacturers [353], [354].

E H CTE Tt
[GPa] [GPa] K] [°C]
SLG 792+ 1.7 7.3+0.3 9 %10 535+ 15
BSG 63.6+1.6 8.1+£0.3 3.25x 10 525
Front view Side view

Camera
objective

Scattered
reflection

Black dome

Specular
reflection

Sample

Absorbing
filter

Figure B.1: Schematic representation of the darkfield scratch imaging set-up used in Chapter 4.



215

— BSG #2
=== BSG #1
—— SLG #2
=== SILG #1
---- Avg. GRAR T (AC)

T(AC) [%]

b) s
—— BSG, Ar
30 4 -=~ BSG, Air (Oz) ]
—— SLG, Ar Y ',
4 el
153 === SLG, Air (02) ] g =
---= Avg. GRAR AT ;5 e
F\ h > b
04" BP e L
R
_— GRAR| | 7 GRAZ
E‘ T T T T T T T
= 45
= 131 @ eFemTTETses <o
< 5
301 : s

GZAR| ] GZAZ

1000 1500 2000 2500 500

Wavelength [nm]

2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500

Wavelength [nm]

90
7519
604
454
304

154

—— BSG #2
—==- BSG #1
— SLG #2
—-=-- SLG #1
---- Avg. GRAR R (AC)

151 GRAR || 1 GRAZ

—154 — BSG, Ar E ) e

~—- BSG, Air (02) \‘\-——’ =
=304 — s1G,Ar E L TR
_q51 == SLG, Air (0) ]

——-- Avg. GRAR AR

90
754

R (AC) [%]

609
459
304

159

T T T T
1000 1500 2000 2500 500

Wavelength [nm]

T T T T T T T T
2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500

Wavelength [nm]

Figure B.2: a) As-coated (AC) optical transmission, b) transmission change (AT = THT - TA%) ¢)
as-coated reflection, and d) reflection change (AR = RM'T - RAC), for each of the partial stack designs
used in Chapter 4, as produced on different substrates and annealed in different atmospheres.
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Table B.3: Sheet resistance of low-E stacks and partial stacks produced on various substrates and
annealed in different atmospheres, as-coated (AC) and heat-treated (HT) at 650 °C for 8 minutes.

Architecture Atmos. Sub. AC [Q/O] HT [Q/O]
Air (02) SLG 6.51 491
GRAR Air (02) BSG 6.31 4.69
(Default stack) Ar SLG 6.34 4.94
Ar BSG 6.39 491
Air (02) SLG 6.17 13.1
GRAZ
. Air (02) BSG 6.34 14.2
(Top barrier
layer Ar SLG 6.38 4.81
removed)
Ar BSG 6.18 4.61
Air (02) SLG 5.37 7.00
GZAR
Air (02) BSG 5.70 4.57
(Bottom
barrier layer Ar SLG 5.83 6.58
removed)
Ar BSG 5.64 4.46
Air (02) SLG 5.76 160
GZAZ
Air (02) BSG 5.35 12.0
(Both barrier
layers Ar SLG 5.32 9.66
removed)
Ar BSG 5.34 9.34
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Figure B.3: Optical transmission change (AT = THT - TAC) of various partial stack types annealed
in a) air, and in b) argon. The used substrates are identified in the legend. SLG + SiO> and fused
silica substrates are described below, and the impact of these results is presented.

SLG + SiO> substrates, as used in Figure B.3a, correspond to SLG substrates on which a 50 nm
Si0; layer was deposited by plasma-enhanced chemical vapor deposition. These were subsequently
annealed to remove any residual hydrogen remaining from the SiHs precursor [355], and wafer-
curvature stress measurements confirmed the SiO; layer to be highly relaxed following the
annealing step. Subsequent deposition and annealing of GZAR-type partial stacks do not result in
the characteristic changes observed for bare SLG. As the coefficient of thermal expansion of the
substrate is unchanged, and the SiO> does not apply meaningful mechanical stress to the substrate,
the high temperature degradation of coatings deposited on SLG upon removal of the bottom

diffusion barrier layer is attributed to Na diffusion.

In Figure B.3b, 1 mm x 2.5 cm x 2.5 cm fused silica substrates, which are completely Na-free,
were used in order to test annealing of GZAZ-type stacks in argon. These do not show the
characteristic film changes observed for sodium-containing substrates; the deviations from GRAR
samples are attributed to different annealing kinetics for the smaller substrates. This reveals that
the degradation of GZAZ stacks on BSG is not inherent to the partial stack structure, and is instead

attributed to Na diffusion, which simply occurs to a lesser degree than for SLG.
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Secondary electron SEM (10 kV) EDS mapping of Ag L,

5 um

Figure B.4: SEM image of a GZAZ-type stack deposited on BSG and annealed in air, and
associated EDS mapping of Ag. An accelerating voltage of 10 kV was used to decrease surface
sensitivity and increase the X-ray signal. This reveals that the dark areas are depleted of Ag, as
expected from the high contrast found in backscattered electron images in Figure 4.5e and Figure
4.6¢-f.
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—— GRAR, SLG, Air (03)
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Figure B.5: Diffuse transmission of samples following heat treatment, for different partial stack
designs, substrate types, and gas environments. Sodium diffusion, and the resulting formation of
large-scale dewetting patterns greatly increase the scattered component. GZAR samples on SLG
show particularly high scattering: this is attributed to buckling of the upper dielectrics over
fingering instabilities, as shown in Figure 4.5.
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Figure B.6: Comparison of transmission curves of different partial stack designs, deposited on
SLG and annealed in air to modelled curves obtained using the CompleteEASE software.

The standard model uses fixed dielectric thicknesses and refractive indices, only changing the
diffusion barrier thicknesses to 0 nm when appropriate for a given partial stack design. The Ag
layer was modelled with fixed thickness and optical properties, using Drude, Gaussian, and Tauc-
Lorentz oscillators. Large-scale dewetting was modelled by patterning the Ag layer, decreasing its
coverage in the model without adding plasmonic effects. Sub-micron scale dewetting was modelled
by adding a Gaussian oscillator to the Ag layer, centered at 1.5 eV and with full width at half
maximum of 1.4 eV, to account for plasmonic absorption. These values were obtained by first
fitting them independently for each coating, then taking a rough average of the resulting values,
allowing one to qualitatively describe the observed changes in each coating type while maintaining

a simple parametrization. Then, the resulting Ag optical properties were inserted into a Bruggeman
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effective medium approximation (EMA) making it possible to consider that the layer included a

certain percentage of void.

The percentage of patterned Ag area, percentage of void in the EMA, and the amplitude, Ag, of the
Gaussian are identified for each sample. This figure then reveals that qualitative Ag degradation
modes can be identified from the optical spectra based on which type of model most closely
resembles the measured transmission. The GRAR sample fits well without modifications to the
standard model, the GRAZ sample fits the model associated with sub-micron dewetting, the GZAR
sample fits the model associated with large-scale dewetting, and the GZAZ sample requires both
types of changes to be implemented. These results are consistent with the SEM and TEM

observations shown in Figure 4.3 to Figure 4.6 of Chapter 4.

BSG SLG

-10 uym o — 20 pm

Figure B.7: Backscattered electron mode (10 kV accelerating voltage) SEM images of GZAZ-type
partial stacks annealed in air, for BSG (left) and SLG (right), highlighting the irregular edges of
the holes in the Ag film for BSG. These are believed to result from the stagnation and widening of
fingering instabilities; this is supported by the observation of similar features for select holes in the
sample on SLG, as shown above.
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Figure B.8: Residual scratch depth as a function of the applied load, measured by stylus
profilometry. Detailed scratch parameters are indicated in Section 4.3.

Tensile cracking Conformal cracking

Full stack

Bottom RDB

Figure B.9: Optical microscope images of tensile and conformal cracks in full low-E stacks, and
of the same samples following acid etching of all but the bottom rigid diffusion barrier (RDB)
layer. Proper removal of other layers was confirmed by ex situ ellipsometry measurements on a
non-scratched area of the sample. Scale bars all correspond to 20 um. Red dotted lines highlight
the crack orientations. All scratches were generated with tip movement going from left to right.
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Figure B.10: As-coated (AC) scratch width and defect types of scratches obtained at various
constant loads on GRAR-type stacks, shown in Figure 4.2. Optical microscope images
representative of each defect type are shown in Figure 4.8.
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Figure B.11: Average background intensity for each scratched sample, as-coated and following
annealing in one of various controlled atmospheres. Circled samples are those which include the

circled data points in Figure 4.10.
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Figure B.12: SEM images of tensile crack structures as-coated (top) and annealed at 650 °C for 8
minutes in humid air (bottom), overcoated with = 50 nm of carbon. For the as-coated scratch, tensile
cracks and plastic deformation of the scratch track are faintly visible in secondary electron mode.
Backscattered electron observations suggest that there is some dewetting along the tensile cracks
and scratch track. The sample annealed in humid air shows a large amount of blisters, particles and
other surface features in secondary electron mode. Backscattered electron imaging reveals that
these are mostly not Ag, and it shows a wide dewet area in which the formation of small
nanoparticles (= 150 nm) is observed, similar to those in the buckled areas of scratches annealed
in dry air, as shown in Figure 4.11.
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Figure B.13: a) Number of spherical nanoparticles which can be formed per volume of Ag as a
function of the nanoparticle radius. b) Scattering cross-section at 550 nm, o, of an Ag nanoparticle
as a function of the nanoparticle radius, for different refractive indices, n, of the surrounding
medium. Scattering cross-sections were obtained from Mie theory calculations, obtained using the
tool included and described in the following references [274], [356]. ¢) Scattering cross-section per
unit volume of Ag dewet into nanoparticles, as a function of the nanoparticles’ radius; product of
(a) and (b). While the scattering cross-section per nanoparticle increases at higher sizes, the amount
of nanoparticles which can be formed from a given volume decreases more rapidly. Thus, we find,
for the range of refractive indices of the glass, air and dielectric media, that dewetting a fixed
volume of Ag into nanoparticles between 50 and 200 nm of radius will result in the highest level
of scattering.
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APPENDIX C SUPPORTING INFORMATION FOR CHAPTER §
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Figure C.1: Crystallite size of 7.5 nm thick Agw) coatings deposited on ZnOai-coated and
uncoated Si substrates as a function of the N> concentration in the Ag) sputtering gas mixture,
obtained from XRD diffractograms. a) Agn crystallite size estimated from grazing incidence (GI)
geometry measurements. b) Comparison of crystallite size estimation of Agw) films deposited on
ZnOan-coated Si substrates for GI and Bragg-Brentano (BB) measurements, as well as their
average value (avg).

X-ray diffraction (XRD) measurements were performed using a Bruker Discover D8 system.
Crystallite sizes were estimated with the Scherrer equation, using a built-in function in the Bruker
EVA analysis software. Measurements were performed on 7.5 nm Ag films deposited on Si
substrates which were either uncoated or coated with a 10 nm ZnOay) seed layer. It is assumed that
growth behavior on Si and B270 is representative of growth on Si3N4 and other seed layers which

do not specifically promote Ag growth patterns.

Bragg-Brentano (BB) geometry measurements were used to evaluate the preferred growth
orientation, where 1° grazing incidence (GI) geometry measurements were used to optimize the
interaction volume and diffracted signal. Measurements in GI were performed on Si substrates to
reduce the amorphous background signal. Only Ag (111) diffraction peaks were considered, as the
(200) peaks were not of sufficient intensity to be measured appropriately. While grazing incidence
measurements are useful in increasing the interaction volume in such thin samples, given known
issues with applying the Scherrer equation to grazing angle XRD [248], these results should be

considered with appropriate reserve.
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Samples deposited on Si and B270 glass showed no obvious diffraction peaks in BB geometry,
whereas those on ZnOayy did, confirming the preferential (111)-oriented Ag growth on ZnOal

even at low thickness.

Crystallite sizes estimated from GI measurements on Si substrates show a monotonous decrease
with increasing N> concentration. Crystallite sizes estimated for ZnOay are systematically larger,
and while there appears to be an increase in size for Agw):5% in GI, the opposite is found for BB
measurements; when averaging the results from both measurement geometries, the crystallite size
appears to be insensitive to N2 concentration. The weaker preferred orientation and stronger GI
intensity found for Agw):5% is not believed to be a feature of these deposition conditions, but rather

due to important measurement uncertainty on such thin samples.

8801 pm

-817.3 pm R -2.5nm

Figure C.2: 1 um x 1 um AFM images of 33-nm-thick Si3N4 and ZnOay) films, annotated with
their root mean square roughness, 7.
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Figure C.3: Threshold analysis of 1 pm % 1 um AFM images of 7.5 nm Ag films deposited on
Si3N4 substrates (as shown in Figure 5.8), highlighting the increased density of discontinuities
present for Agn):0%. The median height for each image is set to 0. The corresponding height of
the substrate should be -7.5 nm for a smooth and uniform 7.5 nm film. To account for roughness
and non-uniformity, we consider that values below -7.5 nm are potentially discontinuous, and
values equal to or below -10 nm are fully discontinuous. This threshold was chosen as the majority
of datapoints below are within the range of roughness found for the Si3N4 substrate. Height values
above or below the range of the scale bar are represented in the color of the maximum or minimum
of the scale bar, respectively.

It should be noted that the images obtained for 7.5 nm Ag films on ZnO(Al) show no such

discontinuities, regardless of the sputtering gas mixture.
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D.1 Supporting information for Article 2

a} Thermal oxide (smooth) Deposited (rough)

=10.0 nm

b) 5 =—— Zn0, on smooth SIO;
Zn0g on rough 510;

Intensity [a.u.]

20 30 40 50 60
20 [°]

Figure D.1: a) 1 pm x 1 pum AFM images of IE-ISE substrates using 1 pm SiO> layers, obtained
by wet thermal oxidation (smooth) or magnetron sputtering (rough), bare or overcoated with 10
nm of ZnOay. All images are annotated with their root-mean-square roughness, rq. b) Bragg-
Brentano geometry XRD diffractograms of 10 nm ZnOai-coated IE-ISE substrates, showing (002)
ZnOal) out-of-plane texture at = 34 ° on smooth substrates, with no discernible features on rough
substrates.
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Figure D.2: fcon as a function of e measured by IE-ISE on various substrates in different
deposition conditions. Trend lines and circling of notable outliers are added for emphasis. Asterisks
are used to identify data obtained outside of normal experimental conditions, i.e.: ZnOal) heated
to 60 °C and rough ZnOay) exposed to atmosphere prior to Ag deposition. Due to these deviations,
data from these samples is not included in the rest of this work and is only included here to properly
demonstrate the secondary trend.

Figure D.2 shows the feon® of the samples studied in this work as a function of fyer®: almost all
films show the same general correlation. A practical impact of this is that the comparative
modelling ISE approach method may be used to estimate continuous film formation thicknesses,

but only following appropriate calibration, in relevant deposition conditions.

While a different trend is observed for Ag films sputtered in an Ar-N> gas mixture on heated or
rough ZnOayy (which is shown to lack well-defined crystal orientation in Figure D.1), a linear
relationship is still found; this suggests a different growth regime [19]. The reason for this change
in regime is not clear, as while different growth regimes are known to occur, these have been
studied in the context of pulsed depositions on weakly interacting amorphous substrates [19], [101].
How this translates to films deposited with a nitrogen surfactant, on a polycrystalline substrate with
decent affinity to the film material, only in specific instances (weaker crystallinity for rough

substrates, or higher diffusivity for heated ones), requires an analysis beyond the scope of this
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paper. Hypothetically, this may be due to a mismatch between the Ag adatom diffusivity versus
the size and density of the (001)-oriented crystalline domains on the ZnOay surface: diffusion to
preferential sites on the substrate could be promoted over nucleation of new clusters or changes to

the coalescence dynamics.
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Figure D.3: a) fyerc® and b) fcon® as a function of the Ag thickness etched between the end of

deposition and initiation of breakdown.

Film breakdown thicknesses show no apparent dependence on the total thickness of film material

etched, indicating that preferential etching does not play a significant role in film breakdown.
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Figure D.4: SEM image of an Ag films produced by deposition on a ZnOaj-coated Si substrate,
up to a thickness of 15 nm, and subsequent etching to a thickness of 7 nm, as pictured in Figure
6.1f. Dotted red circles have a radius of 50 nm; the scale bar corresponds to 500 nm.

From Figure D.4 it can be seen that no grains are present with radii larger than 50 nm; thus, as
discussed in Section 6.4.3, grain boundary grooving cannot entirely account for hole formation

during etching.
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Figure D.5: fyerc® and fpercd obtained for Ag films deposited in Ar gas at floating potential, for
different ZnOar) coated substrates, such that 1 um smooth SiO; on Si describes the smooth ZnOay)
IE-ISE substrates. All other substrate types do not generate interference enhancement. The grayed
area corresponds to where fperc® > fperc’.

While preliminary tests varying the pressure and power of the RF bias plasma used to etch the Ag
film did not result in any notable changes to the critical thicknesses achievable via etching, these
were found to vary as a function of the substrate material. Figure D.5 compares fpere® and fperc,

deposited in Ar on ZnOay) seed layers, with various substrate types.

It is shown that fered is comparable for all substrates types, although on the IE-ISE compatible
substrates (i.e.: 1 pm smooth SiO; on Si, red circles) lower values are observed leading to some
variability. While there may be subtle changes in the ZnOar layer obtained on each type of
substrate, we attribute this discrepancy to the change in monitoring sensitivity. As a result, we do
not believe that there are important differences in the wetting behavior or the resulting
morphologies of these films. In contrast, there are important differences in the breakdown behavior
as a function of the chosen substrate. Notably, as in Figure 6.1, films deposited on bare Si
substrates show much lower #perc® than those with thick insulating oxide layers, as used for the

previous [E-ISE experiments. A commercial ITO-coated glass substrate (45 €/0) was also tested,
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in this case, the substrate was affixed to the substrate holder with conductive metallic tape
overlapping the ITO coating to maximize conduction between the sample surface and the substrate
holder, which is used as the bias electrode for the etching process. Despite the limited conductivity
of the ITO coating, a clear decrease of the critical thickness during etching is observed, when
compared to the B270 glass substrates, indicating that the substrate’s electrical properties can
negatively impact the critical thicknesses achieved, possibly via charging or by affecting the
electrical field generated by the RF bias at the sample surface. As a result, we believe that using an
ion-beam with controllable charge neutralization is a more suitable method to etch Ag films,
allowing improved control of the angle and energy of impinging ions, as well as allowing to reduce

the impact of the substrate’s electrical properties.

D.2 Supporting information for Section 6.7

FDTD simulation methodology

Finite-difference time-domain (FDTD) simulations of the absorption (A4), reflection (R), and
transmission (7) spectra of multilayer structures were performed in Lumerical (Ansys Inc.)
software. The simulations were conducted within a rectangular computational domain measuring
1180 nm % 787 nm % 1500 nm, derived from SEM micrographs (1536 px x 1024 px) with a scale
of 0.76823 nm-px’'. The stack architectures were based on experimental designs and consisted of
five layers, arranged from bottom to top as follows: SiNan (36 nm)/ZnOcan (10 nm)/Ag (¢
nm)/SiNp (10 nm)/Si02 (73 nm), where ¢ represents the Ag layer thickness. The Ag layer's
effective thickness was kept constant for different coverages using the relation /¢ =5 nm or 10 nm,
where f'is the SEM-derived Ag coverage ratio. In cases where /< 1.0, defects in the Ag layer were
filled with a SiN(ar) pseudo-layer, matching the Ag thickness ¢ but with an inverted morphology,
ensuring positional and structural alignment with Ag defects. The stack was placed on a B270
substrate of identical width and depth to the stack, and monitors placed in the bulk of the glass,
effectively simulating the substrate as semi-infinite. The optical parameters (refractive index and
extinction coefficient) of each layer were determined using ex situ spectroscopic ellipsometry. A
plane-wave source was used to irradiate the device with light of wavelengths ranging from 210 nm

to 2500 nm. A pair of frequency-domain field and power monitors sampling at 701 points was used
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to compute the 7 and R spectra. To account for backside reflection from the secondary interface
between the substrate and air, both forward and forward-reverse light propagation simulations were
performed, yielding 7%, Ry, Tw, and Rg. The resulting 7', R spectra were then corrected using a custom
Python library, lumflows, utilizing the same algorithm as OpenFilters [305]. The 4 spectrum was
derived using the following relation: 4 = 100 — (T + R).

Transmission simulations used for comparative purposes were performed with the same input

material optical properties and architectures, using the CompleteEASE software.
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Figure D.6: Left: FDTD-simulated absorption, reflection and transmission of experimentally
derived Ag film structures obtained from images (b), (¢), (f) and (g) of Figure 6.1, with various
Ag coverage ratios (f) and of a theoretical continuous Ag film (f= 1), inserted into a B270/SiNai
(36 nm)/ZnOar (10 nm)/Ag (£)/SiN¢ar) (10 nm)/SiO2 (73 nm) architecture with f# =5 nm or f¢ =
10 nm. Right: Binary-pattern images used to produce each simulation, all of which have a scale of
1180 nm x 787 nm. Red lines added to hole pattern (b) were not included when simulating optical
properties; these indicate where holes were segmented for improved fitting to ellipses, prior to
calculating the hole size distribution in Figure 6.8.
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When measuring the hole size distributions for these images, given the wide range of hole shapes,
holes were fitted to ellipses using the software /mageJ to obtain as representative a hole size
distribution as possible. The major and minor axis diameters are each weighted by one half of the
hole area, so that each hole is weighted by its total area, and the sum of all histogram elements
corresponds to the hole coverage, 1 — /. While this method does not account for all of the various
features encountered in the different hole shapes, it allows one to account for more than one
effective size in irregularly shaped holes.!*) In order to apply this approach to the wormlike holes
found in sample (b), holes were manually separated into sections with more linear shapes, as
indicated by the red lines. For example, a “V’ shaped hole would be separated into two diagonal
holes, each of which can be fitted to an ellipse with much greater accuracy. Naturally, this is not a
perfect substitution, but allows to better represent large-scale concave shapes. Small concave
features at hole edges are not measured by this method. However, these cause variations in the
edge-to-edge holes sizes with less effect on the hole area. To account for these variations, histogram
bin heights were treated with a weighted moving average; for a given bin, the two immediately

adjacent bins were given one-half weight and all other bins were given null weight.
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Figure D.7: Demonstration of the processing performed to evaluate the transmission loss
attributable to the plasmonic behavior of holes patterns. Transmission spectra (7) of Ag-based AR
devices with different Ag coverage ratios f, and Ag thickness ¢, such that f# = 5 nm, simulated in
FDTD and CompleteEASE (CE) simulations (left). The change attributable to hole inclusion (A7),
with (FDTD) and without (CE) simulation of plasmonic features is obtained by subtracting the
transmission of the /= 1 reference from the transmission for a given hole morphology (center). The
transmission loss due to plasmonic behavior of holes, AT*PTP - ATCE is isolated by subtracting the
AT obtained with CE simulations from that obtained with FDTD, as the former do not consider
plasmonic behavior (right).

Transmission change attributable to the inclusion of a given hole morphology, AT, is calculated by
taking the difference between the transmission spectra obtained for the /= 1 reference structure
and for a given hole pattern, such that AT=T— 77~ !, To account for changes to optical performance
unrelated to plasmonic behavior, the transmission was simulated for each Ag coverage and
thickness value in the CompleteEASE (CE) software, treating the Ag layer as patterned; as such,

changes resulting from partial Ag coverage and thickness changes are considered without
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modelling any plasmonic behavior. Therefore, the difference between the AT values, ATTPTP -
ATCE, obtained for each type of simulation represents the transmission change attributable to

plasmonic behavior of the different hole morphologies.

d=100nm, f=0.848 d=50nm, f=0.848

= d =100 nm, f= 0.848
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Figure D.8: Transmission loss due to plasmonic behavior of manually generated circular hole
patterns with different hole diameters, d, and coverage ratios, f, inserted in the same AR device
architecture as for previous simulations. Ag thickness ¢ is kept fixed at 5.89 nm, satisfying f't =5
nm for the three patterns with /= 0.848. Right: Binary-pattern images used to produce each
simulation, all of which have a scale of 1180 nm x 787 nm. The hole size to spacing ratio was kept
constant for the three patterns with /= 0.848, as the image with smaller hole sizes were created by
stitching together uniformly scaled down copies of the image with 100 nm holes. The image with
d =50 nm, = 0.950 was obtained by taking a subset of the holes present in the image with d =50

nm, /= 0.848.
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Figure D.9: a) Absorption, reflection, transmission and sheet resistance of optical devices
deposited either in a B270/ ZnOayy (10 nm)/Ag (9 nm)/SiNaiy (36 nm) architecture, or with the
ZnOayy layer removed, thus depositing Ag directly onto the bare B270 glass substrate. Samples
deposited onto the glass substrate were fabricated using one configuration with standard deposition
and one with post-deposition etching. All sample configurations were deposited using both Ag
deposited in pure Ar and Ag deposited in 5% N>. b) Comparison of transmission values for B270
(2 mm)/ ZnOaly (10 nm)/Ag (9 nm)/SiNay (36 nm) and B270 (2 mm)/Ag (9 nm)/SiNa1) (36 nm)
coatings modelled in CompleteEase, using experimental optical properties obtained by ex sifu
ellipsometry for B270 glass, ZnOar, and SiN(ar, and properties from Palik for Ag [14].
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Figure D.9a presents spectrophotometry curves and sheet resistance values obtained for various
samples obtained via standard deposition on ZnOal, compared to ones produced with standard
deposition or post-deposition etching on bare B270 glass substrates. Samples with Ag on ZnOay
were deposited in a B270/ZnOary (10 nm)/Ag (9 nm)/SiNai) (36 nm) architecture. Those with Ag
deposition on bare B270 simply had the ZnOayy layer removed with no additional modifications,
resulting in a B270/Ag (9 nm)/SiN(an (36 nm) architecture. The same architecture was used for
etched Ag layers. These were deposited at a thickness of 18 nm to ensure continuous film formation
prior to etching. Figure D.9b presents modelling results which demonstrate that despite the
removal of the lower dielectric layer, these architectures should yield comparable transmission
values, given the same Ag properties. All configurations were performed with Ag deposited in pure

Ar gas and in a mixture with 5% N2 concentration.

As expected, Ag coatings deposited on ZnOay) yield higher performance than those deposited on
bare B270 glass substrates. Particularly, Ag directly deposited on B270 in Ar shows vastly lower
performance, with a broadband decrease in transmission and nearly a 60% increase in sheet
resistance. The addition of N> to the sputtering gas mixture greatly improves this, yielding
transmission values highly comparable to those on ZnOar), although with a sheet resistance still
significantly higher. Films deposited and etched show very little dependence of their performance
on the deposition sputtering gas mixture, similarly to those produced on ZnOar. Both present
excellent sheet resistance, within a close margin of those produced on ZnOai. However, they also
display lower transmission than films deposited on ZnOay) or directly deposited on glass with N
addition, with clear absorption peaks centered near 500 nm, indicating discontinuity in these films

as well.

The increase in absorption is stronger than what is observed between similar samples in Figure
6.7; furthermore, the absorption features observed here are narrower, and significantly blue-shifted,
resulting in a more noticeable impact in the visible spectrum. This is expected for thicker Ag layers,
as shown in Figure 6.8. It should also be noted that an absorption peak can be seen at lower
wavelengths for films directly deposited on bare glass in 5% Na: this suggests that absorption
features caused by holes in the Ag layer may be obscured by ZnOal’s stronger absorption at low
wavelengths. Consequently, hole morphologies which result in UV absorption may be difficult to
detect on this substrate, for better in the case of trying to remove the optical signal of film

discontinuities, and for worse in the case of trying to monitor film discontinuities via optical means.
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Finally, these results further solidify the point that in addition to monitoring the critical thicknesses
during deposition and etching, studying the hole size and shape as a function of different conditions
may lead to significant improvements for etched Ag films, if it enables undesirable optical features
to be moved outside of the wavelength ranges of interest. The techniques proposed to decrease the

critical etching thicknesses at the end of Section 6.4.3 may be relevant candidates for this end.

In the present context, it suffices to demonstrate that etching post deposition can greatly improve
the performance of films which must be deposited in suboptimal conditions, as seen when
comparing films deposited in Ar. In more serviceable deposition conditions, as for deposition with
5% N, improvements are still possible, depending on what metrics are prioritized; post deposition
etching may be preferable to N> addition if there are exacting sheet resistance requirements to be
met. Improved mitigation of hole formation and control of hole size evolution would enable

improvements to be much more widely applicable.
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APPENDIX E ADDITIONAL DETAILS PERTAINING TO CHAPTER 7

E.1 Optical changes of SLG during HT and corrections for in situ monitoring

Early in the process of achieving low-E coatings that were stable at high temperatures, it was found
that AT measurements obtained in situ, in the Barnstead/Thermolyne furnace described in Section
3.3.1, did not correspond to those obtained by ex situ measurements. After verifying that the optical
set-up was stable, and that no technical issues caused this mismatch, it was found that it was rather
the SLG substrate itself which presented important variations in its optical properties at high

temperatures. Interestingly, these are found to be fully reversible.

To account for this effect, in situ spectrophotometry data was corrected by subtracting the
transmission changes found for bare SLG, AT S', multiplied by a correction factor accounting for
the transmission profile of a low-E coating, feorr, such that AT Comected — AT Raw _ £ AT SLG The
transmission changes observed in situ at the end of the HT of an industrial reference sample and of
a bare SLG substrate of equal thickness are shown in Figure E.1a. The correction factor, which is
intentionally kept general to avoid needing to readjust whenever a different coating is used, or
when coating properties change during HT, is shown in comparison to the transmission of the

industrial reference sample in Figure E.1b.
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Figure E.1: a) AT of bare SLG glass and of a reference low-E stack provided by the industrial
partner, obtained in situ, comparing different corrections accounting for the transmission changes
of soda-lime glass (SLG) at high temperatures to ex situ AT measurements of the same sample. b)
Ex situ transmission measurement of the industrial reference sample, compared to the generic
correction factor used when treating high temperature in situ transmission data.
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E.2 Etching of encapsulated Ag films

In order to anneal Ag films rapidly by using ex sifu annealing in a furnace, yet without degrading
the film due to atmospheric exposure, Ag films were deposited with various thin encapsulating
layers. These films were annealed, then returned to the deposition system with the intent of
removing the thin encapsulating layer during the etching process. However, this resulted in
extremely slow etch rates and formation of highly plasmonic Ag films, regardless of the

encapsulating film material or the annealing conditions.

To wit, results obtained for a sample using a thin aluminum oxide layer to encapsulate the Ag film
are shown in Figure E.2, below. The Al film was deposited from a 3 in. aluminum target in RF
sputtering, with an applied power of 150 W. It was oxidized by exposure to atmosphere but not

annealed, in order to demonstrate that the issues encountered are not annealing-related.
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Figure E.2: a) Stack structure used to test the feasibility of etching off Ag encapsulating layers
post-HT. b) Ag thickness measured via ISE, and associated MSE values, during RF plasma etching
of the stack shown in (a). ¢) Schema showing the proposed explanation for the rapid breakdown
observed once etching of the Ag layer begins in (b).
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Figure E.2b shows the analysis of the etching process using the comparative modelling approach
of Chapter 6. Here, the AlOx is left out from the model. The fitted Ag and resulting MSE are shown
as a function of the etching duration. The fitted Ag thickness remains approximately constant, with
stable MSE, throughout most of the process, indicating that at this point, the AIOx barrier remains
intact. However, once the Ag thickness starts decreasing, the MSE increases rapidly as well,
indicating dewetting while the overall film thickness is still quite high. This is attributed to non-
uniformity in the thickness of the Ag film and/or encapsulating layer, and the visibly slow etching
rate of the AlOx layer; as soon as it is removed at a given location, the underlying Ag film will be
etched extremely quickly forming holes or trenches wherever the AlOy layer is removed first. A

schematic of this process is shown in Figure E.2c.

Thus, while this idea could work in concept, it would require an encapsulating film that is
sufficiently dense and that adheres sufficiently well to Ag to make a good encapsulating layer,
while having a relatively high etch rate, qualities which seem likely to be at odds. Addition of
hydrogen to the sputtering gas was tested in order to attempt to reduce the encapsulating oxides, to
no avail. However, as only AlOx and NiCrOx were tested, with only a few tests incorporating
hydrogen, this should not wholly discourage one from attempting to leverage this approach.
Finally, the usage of an ion beam etching with high incident angle, which may smooth the surface

during etching, may help in this endeavor.
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