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Abstract

Protective coatings for metallic mirrors must resist environmental and chemical degrada-
tion while preserving the reflectance of the underlying surface. Atomic layer deposition
(ALD) provides the precise thickness control and conformality required for ultra-thin pro-
tective barriers. However, plasma-enhanced ALD (PEALD) exposes oxidation-sensitive
metallic substrates to reactive plasma species, while single-layer coatings may remain
limited by material-specific properties and growth defects.

This work develops and optimizes PEALD oxide nanolaminate coatings deposited at
150 °C for the protection of silicon, silver, aluminium, and gold mirror substrates. An
Ar/H, plasma pretreatment (50 W, 2% Ha, 60s) was selected as providing suitable sur-
face preparation while causing minimal optical and morphological modification. Silver
was identified as the most oxygen-sensitive substrate, with its reflectance at 532 nm de-
creasing by more than 25% after only 30s exposure to a 50 W Og plasma. A thermally
deposited AlsOs interlayer was therefore introduced to protect the substrate during
subsequent PEALD processing. A thickness of 4 nm suppressed the plasma-induced re-
flectance loss comparably to 8 nm while limiting optical interference. Nanoscratch testing
further showed consistently higher first critical loads for AlsOg than for a PEALD AIN
interlayer across all investigated substrates.

Five 50nm single-layer oxides, AlsOs, SiOs, TiOo, HfOs, and TasOs, were screened
under HCI and KOH exposure using reflectance measurements and visual inspection.
Based on this screening, SiOs, TiO2, and HfO9 were selected for nanolaminate devel-
opment. TiO3/SiOg and HfO2/SiO9 architectures with individual layer ratios of 1:1,
5:5, 4:1, and 1:4nm were subsequently evaluated in 10 wt% HCI for exposure times of
up to 90 min. TiO2/SiO2 nanolaminates showed superior overall performance compared
with HfO9/SiOg, while SiOg-rich architectures provided the highest chemical stability.
In particular, the 1 nm TiO2:4 nm SiO9 architecture provided the best balance between
reflectance preservation, resistance to delamination, and chemical protection. Compar-
ison of total coating thicknesses of 25, 50, and 100nm identified 50nm as the most
suitable compromise between protective performance and preservation of optical prop-
erties. Potentiodynamic polarization measurements in 0.1 M HCI and electrochemical
impedance spectroscopy in 0.1 M citric acid at pH 5.2 further supported the favourable
barrier performance of the selected architecture, which exhibited low current densities
and impedance magnitudes on the order of 107 Q108 .

Overall, the results demonstrate that combining complementary oxides within a con-
trolled nanolaminate architecture can improve the chemical protection of metallic mir-
rors while maintaining their optical functionality.

Keywords: atomic layer deposition, plasma-enhanced atomic layer deposition, nanolam-
inate, protective coating, metallic mirror, silver, corrosion protection, reflectance, TiOo,

SiOs.
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1 Introduction

Protective coatings play an essential role in both industrial applications and scientific re-
search fields, ranging from optics and microelectronics to energy systems and corrosion
protection. Their primary purpose is to protect functional surfaces against environ-
mental influences such as atmospheric degradation, chemical corrosion, and mechanical
damage [2, 3]. In many applications, however, the protective coating must simultane-
ously preserve the original functionality of the underlying substrate. This requirement
is particularly critical for optical systems, where even nanometer-scale variations in film
thickness or interface quality can measurably alter the reflectance or transmission proper-
ties of the coated component [4]. Consequently, there is a strong demand for ultra-thin,
conformal, and defect-reduced protective coatings capable of providing environmental
stability while minimising changes to the functional properties of the substrate.

Atomic Layer Deposition (ALD) has attracted increasing attention for such applications
due to its self-limiting surface reactions, which enable highly controlled thin-film growth
with thickness precision at the atomic scale and excellent conformality even on complex
surface geometries [5, 6, 7]. Compared to conventional thin-film deposition techniques
such as sputtering or evaporation, ALD provides superior uniformity and reduced pin-
hole formation, making it particularly suitable for ultra-thin barrier and encapsulation
coatings. Among the oxide materials investigated for ALD protective coatings, AlsOs,
TiOg, ZrOs, and Y203 have each demonstrated relevant barrier and corrosion resistance
properties, though their comparative performance under combined optical and chemical
stress conditions remains incompletely characterised [7, 8, 9]. Identifying which single-
layer material offers the most favourable combination of optical transparency, chemical
stability, and substrate compatibility therefore represents a necessary prerequisite before
more complex coating architectures can be rationally designed.

A further unresolved challenge concerns the deposition of protective coatings on oxidation-
sensitive reflective substrates, such as silver or copper, which are widely used in optical
mirror applications due to their high reflectivity but remain highly susceptible to surface
modification during film growth. Purely thermal ALD processes can reduce the risk of
plasma-induced oxidation, but they typically require elevated substrate temperatures
that are incompatible with temperature-sensitive components and may themselves alter
the optical properties of the underlying metal [4]. Plasma-enhanced Atomic Layer De-
position (PEALD) offers the advantage of lower deposition temperatures and improved
film densification [10, 11], but the reactive plasma species introduce a competing risk
of substrate oxidation before a sufficiently protective film has formed. This trade-off
between process compatibility and substrate integrity has received limited systematic
attention in the literature, particularly in the context of ultra-thin coatings on metallic
optical reflectors.

While single-layer coatings provide a useful performance baseline, their intrinsic limita-
tions, including residual stress, susceptibility to pinhole formation, and defect propaga-



tion associated with crystallisation, have motivated increasing interest in nanolaminate
architectures alternating two or more oxide materials [10, 9, 12]. Such nanolaminate
structures introduce internal interfaces capable of interrupting diffusion pathways, re-
distributing mechanical stress, and suppressing crystallisation-driven degradation, col-
lectively improving barrier performance beyond what equivalent single-layer thicknesses
can be achieved [6, 10]. However, for architectures with very small individual layer thick-
nesses, the distinction between a structurally discrete nanolaminate and an effectively
mixed or compositionally graded film becomes increasingly difficult to establish. In par-
ticular, nucleation effects and incomplete layer formation may influence the resulting
structure when only a small number of ALD cycles is deposited per material. Direct
verification of the internal layer structure therefore requires dedicated structural charac-
terisation. In the present work, the investigated coatings are referred to as nanolaminates
based on their sequential deposition architecture, while the formation and continuity of
the individual layers are not independently verified. Structural validation by techniques
such as X-ray reflectometry and cross-sectional transmission electron microscopy (TEM)
is therefore left for follow-up work [10, 12].

Despite the extensive body of literature on individual ALD oxide materials and nanolam-
inate encapsulation layers, a systematic study linking single-layer material selection,
PEALD process compatibility with oxidation-sensitive metallic substrates, and the struc-
tural integrity of the nanolaminate architecture within a single experimental framework
is largely absent.

The aim of this work is to establish a coherent basis for the rational design of PEALD-
compatible protective oxide coatings for optically sensitive metallic substrates. To this
end, the study follows a stepwise optimization strategy that is reflected in the structure
of the thesis. Following the theoretical background presented in Chapter 2 and the ex-
perimental procedures described in Chapter 3, Chapter 4 first examines how different
plasma-based surface treatments affect the investigated mirror substrates, with the aim
of identifying suitable conditions for surface preparation while limiting substrate modi-
fication. The sensitivity of the substrates to oxygen plasma exposure is then evaluated,
together with the use of a protective interlayer to mitigate plasma-induced degradation
of oxygen-sensitive substrates. The study subsequently addresses which single-layer ox-
ides provide the most suitable basis for further coating development, before investigating
which material combinations and individual layer-thickness ratios provide the most ef-
fective nanolaminate architectures. Finally, the influence of the total coating thickness
on the balance between optical preservation and barrier performance is evaluated, with
electrochemical measurements providing complementary validation of the selected archi-
tectures. These results are interpreted and brought together in Chapter 5, while Chapter
6 summarizes the main conclusions and recommendations for future work.



2 Theoretical Background

2.1 Reflective Properties and Surface Stability of Metallic
Mirrors

Metallic mirrors derive their high reflectance from the interaction between the incident
electromagnetic wave and the free electrons within the metal. In contrast to dielectric
materials, which are largely transparent over broad wavelength ranges, metals contain a
high density of delocalized conduction electrons that collectively oscillate in response to
the electric field of the incident light. This response strongly reduces the propagation of
electromagnetic waves into the material and results in efficient reflection over a broad
spectral range [13, 14]. Among metallic materials, aluminium, silver, and gold are of
particular technological importance because of their characteristic spectral reflectance.
Aluminium exhibits high reflectance from the ultraviolet (UV) into the infrared (IR),
silver provides the highest reflectance throughout most of the visible and near-IR region,
while gold combines excellent IR reflectance with high chemical stability [14, 15].

The optical response of an ideal metallic surface is determined by the intrinsic optical
properties of the material. Therefore, even nanometer-scale modifications of the surface
may produce changes in optical performance. Surface roughness increases scattering,
contaminants introduce additional absorption, while chemical modifications alter the
electronic structure and optical constants of the surface layer. As a result, degradation
processes affecting only a few nanometres of the surface can already reduce reflectance
significantly.

For optical mirror applications, preserving the chemical and morphological integrity of
the surface is therefore as important as preserving the bulk material itself. This require-
ment motivates the use of protective thin-film coatings capable of isolating the reflective
metal from aggressive environments while maintaining their optical performance.

2.1.1 Chemical Degradation Mechanisms

The chemical durability of a protective coating is determined not only by its intrinsic
resistance to the surrounding environment but also by its ability to prevent aggressive
species from reaching the underlying substrate. In practice, deposited thin films are
never completely defect-free. Structural imperfections such as pinholes, pores, micro-
cracks, or grain boundaries provide preferential pathways through which corrosive media
can penetrate the coating [16, 5].

Once the chemical medium reaches the coating-substrate interface, degradation can ini-
tiate locally, resulting in corrosion of the underlying material, coating delamination,
and ultimately coating failure. Consequently, the protective performance of a coating is
governed by both its chemical stability and its ability to minimize defect density while



increasing the diffusion path of aggressive species through the coating. Dense amorphous
coatings and multilayer architectures therefore provide improved barrier properties by
reducing the number of continuous transport pathways available for corrosive species
[16, 7].

The degradation mechanism further depends on both the substrate material and the sur-
rounding chemical environment. Acidic solutions generally promote metal dissolution,
whereas alkaline solutions predominantly attack materials through hydroxide-induced
dissolution mechanisms [17].

Metallic mirrors exhibit fundamentally different degradation mechanisms. Aluminum
is protected by a naturally formed oxide layer that passivates the surface under many
environmental conditions. However, this passive layer readily dissolves in both acidic
and alkaline media, exposing fresh metal to further corrosion [18]. Silver is considerably
more susceptible to atmospheric corrosion and chemical attack, where the formation of
oxides, sulfides, or chlorides increases surface roughness and reduces optical reflectance
[19]. Gold, in contrast, is chemically noble and remains largely unaffected by non-
oxidizing acids such as hydrochloric acid, making it a useful chemically stable reference
material in corrosion studies [17].

2.2 Thin Film Protective Coatings via ALD

To allow protection against external factors, and more specifically against chemical
degradation, thin layers of materials can be implemented aiming to keep performance
high and resist to changes caused by defects.

2.2.1 Principles of Atomic Layer Deposition

The concept of Atomic Layer Deposition (ALD) originates from the work of Suntola,
who introduced Atomic Layer Epitaxy (ALE), a method where alternating precursor
pulses enable atomic-scale thin film growth with high uniformity [20]. In conventional
Chemical Vapor Deposition (CVD), precursors react simultaneously in the gas phase,
which can lead to less controlled growth dominated by gas-phase kinetics rather than
surface reactions. ALD separates the precursor reactions in time, allowing film thickness
to be precisely controlled at the atomic scale through a sequential and cyclic deposition
process, based on well-defined chemical reaction mechanisms [21].

A significant advantage of ALD over CVD is its conformality. The diffusion of gaseous
precursors and the self-limiting nature of the surface reactions allow ALD to coat com-
plex three-dimensional structures uniformly, including high aspect ratio features, pores,
and curved surfaces [22]. For protective coatings, this is particularly important, as it
ensures complete surface coverage and minimizes defects such as pinholes or uncoated
regions. These aspects are directly relevant to the chemical stability and corrosion test-
ing carried out in this work.



The depositions in this work were performed using a FlexAL® IT ALD system, which con-
sists of a vacuum chamber, loadlock, precursor delivery system, and plasma source. The
system supports operation in both thermal and plasma-enhanced modes, with precise
control over temperature, pressure, and precursor exposure conditions [23].

2.2.2 Growth Mechanism and Process Parameters

A complete ALD cycle consists of four sequential steps. In the first step, the first pre-
cursor is introduced into the reaction chamber, where it chemisorbs onto the substrate
surface and reacts with available surface functional groups, typically hydroxyl groups
(—OH). This reaction is self-limiting: sites are occupied until maximum surface satura-
tion is reached, allowing no further adsorption, regardless of excess precursor present in
the chamber. Using Aly;O3 deposition with trimethylaluminium (TMA) as a representa-
tive example, this step proceeds as:

Al—OH* + Al(CHs3)3 —> Al—O—Al(CH3),* + CHy (2.1)

Methane (CHy) is released as a gaseous by-product and the surface becomes ter-
minated with —CHs groups. In the second step, an inert gas, typically No or Ar, is
introduced to remove excess precursor molecules from the chamber. This prevents gas-
phase reactions in the subsequent step and ensures that all further chemistry occurs
exclusively at the surface. In the third step, the second precursor is introduced and re-
acts with the surface species formed in the first step, completing the surface reaction and
regenerating the functional groups required for the subsequent ALD cycle. For AlyOs3
with water as the second precursor, this reaction proceeds as:

Al—CHg* + H,0 — Al-OH* + CH4y (2.2)

This step restores the hydroxyl-terminated surface and prepares it for the next cycle.
In the fourth step, a second purge removes any remaining precursor and reaction by-
products before the sequence can be repeated to create further layers. A schematic
overview of the four-step ALD cycle is shown in Figure 2.1. Each ALD cycle generally
deposits only a fraction of a complete monolayer, since precursor ligands and the finite
density of reactive surface sites limit the amount of material incorporated per cycle. Film
growth is therefore described by the growth per cycle (GPC), which for AlO3 is typically
around 1.1 A /cycle. The total film thickness can nevertheless be controlled accurately
through the number of repeated ALD cycles once steady-state growth is established [21].
The AlsO3 example used here serves as an illustration of the general mechanism. Other
oxide materials used in this work, such as TiOg, HfO9, and Tas O3, follow the same cyclic
process but involve different precursor chemistry and reaction kinetics.
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Figure 2.1: A schematic representation of an atomic layer deposition (ALD) cycle in
which a surface is alternately exposed to a precursor (step A) and a coreactant (step B).
These two reaction steps are separated by purge steps. Adapted from [1] - Figure 1

Stable and reproducible precursor delivery is essential for maintaining process quality.
Precursors with sufficiently high vapour pressure can be introduced directly into the
chamber, while those with lower volatility require a bubbler system, through which an
inert carrier gas is passed through the liquid precursor bottle and transports its vapour
into the chamber in a controlled manner [23]. Fluctuations in precursor flux directly af-
fect surface saturation and therefore the uniformity and reproducibility of the deposited
film [24].

Temperature is a critical parameter in ALD processes. Surface reactions are only ef-
fective within a defined temperature range, commonly known as the ALD window [22].
Below this window, surface reactions may be incomplete due to insufficient precursor con-
densation or reactant activation. Above it, thermal decomposition of the precursor or
desorption of adsorbed species disrupts the self-limiting character of the process. When
the correct combination of precursor, co-reactant, and substrate temperature is main-
tained within this window, a stable and constant growth per cycle (GPC) is achieved,
as the surface chemistry remains well controlled.

2.2.3 Plasma-Enhanced ALD and Substrate Sensitivity

Both thermal ALD (TALD) and plasma-enhanced ALD (PEALD) follow the same cyclic
process and rely on self-limiting surface reactions. They differ in the mechanism by which
these reactions are activated. In TALD, surface reactions are driven purely by thermal
energy. The substrate is heated to a temperature at which precursor molecules can react
with surface functional groups through ligand exchange mechanisms, as illustrated in
the AlyO3 example above [21]. The process is characterized by well-defined reaction
pathways, high film uniformity, and a strong dependence on substrate temperature. For
less reactive precursor systems, however, higher temperatures may be required to ensure



complete surface reactions, which can be a limitation when working with thermally
sensitive substrates or underlying layers. In PEALD, one of the reaction steps is replaced
by exposure to a plasma. This plasma produces reactive species including radicals, ions,
and excited molecules [23]. For AlsO3 PEALD using an oxygen plasma, reactive oxygen
radicals (O*) take the role of water in the thermal process:

AI—CHg* +0* — AlI-O* + COq + HyO (2.3)

Plasma-generated radicals significantly increase surface reactivity, enabling enhanced re-
action kinetics, lower required substrate temperatures, and increased film density com-
pared to the thermal process [24]. However, the presence of energetic species can intro-
duce film stress and affect interface properties, which must be carefully controlled when
selecting process conditions [24].

2.2.4 Nanolaminate Architectures and Barrier Mechanisms

For the formation of a nanolaminate, alternating layers of at least two materials with
different properties are arranged in a periodically repeated structure. In the context of
this work, a nanolaminate is defined as consisting of at least ten individual layers (e.g.
five repeated pairs), with an individual layer thickness between 1 and 100 nm, resulting
in a total coating thickness between 10 and 1000 nm. While the total coating thickness
may remain constant, the material combination, the relative thickness of the individual
layers, and consequently the number of repeated interfaces can be varied in order to
tailor the overall coating properties.

Single-layer coatings can provide excellent barrier properties owing to their high den-
sity, conformality, and chemical stability. Nevertheless, their protective performance
ultimately remains limited by structural imperfections introduced during film growth
or service. Even highly conformal ALD coatings may contain isolated defects or local
discontinuities which, once extending through a significant portion of the coating thick-
ness, can provide preferential pathways for the transport of aggressive species towards
the coating—substrate interface [16, 25]. As a result, the protective performance of a
single-layer coating depends not only on the intrinsic properties of the deposited ma-
terial, but also on the probability that such defects remain continuous throughout the
coating thickness.

The motivation for nanolaminate architectures originates from overcoming this limi-
tation through the introduction of repeated interfaces. Instead of relying on one con-
tinuous barrier, the coating is divided into multiple individual layers, each acting as
an additional obstacle for chemical transport. Structural defects present within one
layer are unlikely to remain aligned throughout the complete coating stack and may
therefore be interrupted by the subsequent layer, preventing the formation of continu-
ous transport pathways. Consequently, aggressive species no longer encounter a direct
diffusion path but instead follow a longer and more tortuous route before reaching the



substrate, thereby delaying the initiation of corrosion [25, 26]. In addition, the repeated
interfaces can influence the microstructural evolution of the coating by restricting con-
tinuous grain growth, redistributing residual stresses, and altering crack propagation.
These all further improve the structural integrity of the barrier [16, 27]. The protective
performance of a nanolaminate therefore arises not only from the intrinsic properties of
the constituent materials, but also from the architecture created through their periodic
repetition [26, 27].

2.3 Characterisation of Coated Optical Substrates

To evaluate the deposited protective coatings on the substrates, a set of fixed methods
is always used and can then be complemented by some further measurements. The
following sections present the theoretical foundations needed to understand the working
principles of the characterization techniques.

2.3.1 Light Polarisation and Reflectance Measurements

Light is an electromagnetic wave in which the electric and magnetic field vectors oscillate
perpendicular to each other and propagate over a distance in a given direction in space
[28]. Depending on the orientation and behaviour of the electric field, light is defined
by different polarisation states. The two extremes are fully polarised light, in which the
electric field traces a well-defined ellipse over time, and unpolarised light, in which the
electric field orientation is completely disordered. Everything between these two states
is quantified by the degree of polarisation p. Once light encounters a surface, the plane
of incidence, defined by the incident ray and the surface normal, determines how the
polarisation state interacts with that surface. Relative to this plane, p-polarised light
(p for parallel) has its electric field oscillating parallel to the plane of incidence, while
s-polarised light (from the German senkrecht, meaning perpendicular) has its electric
field oscillating perpendicular to it. The reflectance of each polarisation component is
governed by the Fresnel reflection coefficients, which for s- and p-polarised light are given
respectively by [28]:
ny cos 8; — ny cos b;

= 2.4
s n1 cos 0; + no cos 6y (2.4)

N9 cos 0; — nq cos 6y

_ 2.5
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where n1 and ng are the refractive indices of the incident and transmitting media, 6; is
the angle of incidence, and 6, is the angle of refraction as given by Snell’s law. Since
rs and r, differ in both magnitude and phase, s- and p-polarised light experience dif-
ferent reflectance values, Ry = |rs|? and R, = |rp|?, as well as different phase shifts
upon reflection. Taking the average of the two polarisation states therefore yields a
reflectance between Ry and R,. Unpolarised light, containing equal contributions of all



field orientations, can equivalently be treated as an equal mixture of s and p compo-
nents, such that its reflectance corresponds to the same average [13]. This distinction is
central to the two optical characterisation techniques employed in this work. In spec-
trophotometry, the ability to select between s, p, or unpolarised illumination allows the
polarisation-dependent reflectance of the mirror surface to be probed selectively, pro-
viding sensitivity to surface condition and thin film coatings that would otherwise be
obscured in a polarisation-averaged measurement.

2.3.2 Spectroscopic Ellipsometry

Ellipsometry uses polarized light to characterize thin-film and bulk materials. It mea-
sures the changes in polarization of the incident light due to its interaction with the
sample structure. In ellipsometry, the distinction between s and p is used more directly:
the technique measures how a surface modifies the polarisation state of reflected light.
This difference is in the reflection of the s and p components that carries information
about the optical properties and thickness of thin film layers on the surface. The mea-
surement is typically expressed as two values ¥ and A. The measured data is then
analyzed to determine material properties of interest, based on the changes induced in
the optical constants.

Since ellipsometry does not directly measure film thickness or refractive index, the mea-
sured ¥ and A spectra are fitted using an optical model representing the substrate and
deposited layers. The optical response of each layer is described through the complex
refractive index 7 = n + ¢k, while the layer thickness d is included as an additional
fitting parameter. Transparent dielectric films can be described using a Cauchy disper-
sion model, whereas absorbing materials may require oscillator-based models such as
the Tauc-Lorentz model. The agreement between the measured and modelled spectra is
evaluated using the Mean Square Error (MSE), with lower MSE values indicating better
agreement between model and experiment. In this work, ellipsometry is primarily used
to determine the thickness d and refractive index n of the deposited ALD coatings on
silicon reference substrates.

2.3.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe microscopy technique capable of
characterizing surface morphology with nanometre resolution. Unlike optical microscopy,
AFM does not rely on the interaction of light with the sample, but on the interaction
forces acting between a sharp probe tip and the sample surface. These forces arise from
the balance between long-range attractive van der Waals interactions and short-range
repulsive forces caused by the overlap of the electron clouds of the tip and sample [29].
By monitoring these interactions while scanning across the surface, a three-dimensional
topographical map of the sample can be reconstructed.



In dynamic force operation, the cantilever oscillates continuously at its characteristic res-
onance frequency. As the oscillating tip approaches the sample surface, the interaction
forces modify its oscillation behaviour. A laser beam reflected from the backside of the
cantilever onto a position-sensitive photodetector continuously monitors these changes,
while a feedback loop adjusts the vertical position of the scanner to maintain constant
imaging conditions. The recorded height adjustments are subsequently converted into a
topographical representation of the investigated surface.

Besides providing qualitative information on the surface morphology, AFM enables the
extraction of quantitative roughness parameters, such as the root-mean-square rough-
ness (Sq). Consequently, AFM is widely employed for the characterization of thin films
and coatings, where changes in surface morphology, grain structure, cracks, pinholes,
and other defects can be correlated with deposition processes and material performance.

2.3.4 Scratch Testing

Scratch testing is a mechanical characterization technique used to evaluate the adhesion
and failure behaviour of thin films and coatings. During the test, a progressively increas-
ing normal load is applied while an indenter moves across the coated surface. As the
applied load increases, stresses develop within the coating and at the coating—substrate
interface, which can eventually lead to cracking, delamination, or complete coating fail-
ure.

The onset of these failure events is described by characteristic critical loads, generally
denoted as L1, Leo, and L.3z. The first critical load, L., is associated with the onset
of coating failure and is commonly used as an indicator of adhesion. Subsequent critical
loads correspond to progressively more severe damage and may increasingly involve co-
hesive failure within the coating or deformation of the underlying substrate.

The measured critical loads depend not only on the coating-substrate adhesion, but
also on parameters such as coating thickness, the mechanical properties of the coating
and substrate, indenter geometry, and loading conditions. Scratch testing therefore pro-
vides a comparative measure of coating adhesion and mechanical stability rather than a
direct measurement of the interfacial adhesion energy.

2.4 Electrochemical Characterization

Previously discussed characterization techniques such as reflectance measurements and
AFM provide information on the optical performance and surface morphology of pro-
tective coatings. However, they do not directly evaluate the electrochemical stability
of the coating in a corrosive environment. Electrochemical characterization therefore
complements these methods by assessing the barrier performance of the coating against
electrolyte penetration. In this work, two complementary electrochemical techniques
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were employed: potentiodynamic polarization (E-j) measurements and EIS. Together,
these techniques provide information on the corrosion behaviour and protective perfor-
mance of the investigated coating systems. [30, 31, 32]

2.4.1 Potentiodynamic Polarization Measurements

Potentiodynamic polarization is one of the most commonly used electrochemical tech-
niques for evaluating the corrosion behaviour of metallic materials and protective coat-
ings. During the measurement, the potential of the working electrode (WE) is swept
at a constant scan rate with respect to a reference electrode (RE) while the resulting
current density is continuously recorded. The obtained current density-potential (E-j)
curve provides information on the electrochemical behaviour of the investigated system.

[30]

From the polarization curve, characteristic parameters such as the corrosion potential
(Ecorr) and corrosion current density (jeorr) can be determined. In addition, many pro-
tective oxide coatings exhibit a passive region, characterised by a low and nearly con-
stant current density over a range of applied potentials. Lower current densities and
a broader passive region generally indicate improved corrosion resistance and enhanced
barrier performance. [31]

2.4.2 Electrochemical Impedance Spectroscopy

EIS is a non-destructive electrochemical technique used to evaluate the barrier proper-
ties of protective coatings over a wide range of frequencies. A small sinusoidal voltage
perturbation is applied to the electrochemical system and the resulting current response
is measured. The ratio between the applied voltage and measured current defines the
impedance of the system, which varies with frequency. The electrochemical behaviour
can further be interpreted using equivalent electrical circuits composed of electrical el-
ements such as resistors and capacitors, representing the physical processes occurring
within the coating and at the coating—substrate interface. [32, 31]

EIS data are commonly represented either as Nyquist or Bode plots. Since only Bode
diagrams are discussed in this work, the interpretation focuses on the impedance mag-
nitude (|Z]) and the phase angle as a function of frequency. These plots provide infor-
mation on the dielectric behaviour of the coating, the resistance to charge transfer, and
consequently the effectiveness of the coating as a corrosion barrier. Higher impedance
together with a phase angle closer to 90° generally indicate improved barrier properties
and enhanced protection against electrolyte penetration.
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3 Experimental Methods

This chapter describes the fabrication and preparation procedures of the investigated
substrate systems and thin-film coatings, as well as the implemented characterization
and durability testing methods.

3.1 Substrate

The objective of this work is the development and evaluation of protective ALD coat-
ings for metallic mirrors. Since the performance of such coatings depends strongly on
the underlying substrate, a representative set of optical mirror materials was selected
and prepared prior to the coating experiments. The substrates were designed to cover
both a silicon reference surface and metallic mirrors commonly employed in industrial
optical applications, allowing the performance of the protective coatings to be evaluated
on substrates exhibiting different optical and chemical properties.

3.1.1 Substrate Materials and Architecture

All substrates were fabricated on 4-inch silicon wafers supplied by Si-Mat. Silicon was
selected as the base material due to its excellent surface quality, dimensional stability,
and widespread use in semiconductor and optical manufacturing. Furthermore, sili-
con substrates provide a well-defined and reproducible platform for thin-film deposition
and subsequent characterization. To create the different mirror systems investigated in
this study, metallic coatings were deposited onto the silicon wafers at the Ostschweizer
Fachhochschule (OST) using evaporation processes. In addition to an uncoated silicon
reference substrate (S0), three metallic mirror architectures were fabricated:

S0: Si/SiOy

S1: Si/SiO2/Ti (25 nm)/Ag (150 nm)
o S2: Si/SiO2/Al (150 nm)

S3: Si/SiO2/Ti (25 nm)/Pt (200nm)/Au (375 nm)
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Figure 3.1: Schematic representation of the investigated substrate systems. The silicon
reference substrate (SO) together with the three metallic mirror architectures (S1-S3)
fabricated at OST served as the starting substrates for the subsequent ALD coating
investigations.

For the silver and gold mirror architectures, a thin titanium adhesion layer was intro-
duced between the oxide surface and the reflective metal. Such adhesion-promoting
layers are commonly employed because noble metals generally exhibit poor adhesion to
oxide surfaces. The titanium layer improves the mechanical stability of the coating stack
and reduces the likelihood of delamination during handling, coating, and testing. For
the gold substrate, an additional platinum layer was incorporated between titanium and
gold according to the mirror fabrication route employed at Ostschweizer Fachhochschule
(OST). Following mirror fabrication at OST, the wafers were additionally characterized
using a KLA P-17 surface profiler to determine the residual stress introduced by the
deposited mirror stacks through wafer curvature measurements. These measurements
provide a baseline of the substrate stress state prior to the deposition of the protective
coatings and may serve as a reference for future investigations of stress evolution follow-
ing ALD deposition.

The selected mirror materials represent three of the most widely used metallic coatings
for optical applications while exhibiting different optical and chemical characteristics.
Their different susceptibilities to oxidation and chemical attack provide a representa-
tive platform for evaluating the effectiveness of protective oxide coatings under various
degradation conditions.

3.1.2 Laser Dicing and Sample Preparation

After fabrication of the metallic mirror wafers, individual samples were produced by laser
dicing at the Ultra-Precision Manufacturing Laboratory (UPM) of RhySearch. Laser
cutting was selected because it enables accurate separation of samples while minimizing
mechanical stresses that could otherwise damage the deposited metallic films. Several
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sample dimensions were evaluated during the planning stage, including 10 x 10 mm?,

15x15 mm?, and 20 x 20 mm?. The final dimensions had to provide sufficient surface area
for coating deposition and characterization while simultaneously maximizing the number
of samples obtainable from a single wafer. A sample size of 15 x 15 mm? was identified as
the most suitable compromise. The wafers were diced from the non-polished backside by
guiding the laser precisely along the predefined cutting lines at a moderate translation
speed. Particles generated during cutting were largely removed by the vacuum extraction
system inside the cutting chamber, while any remaining loose particles were removed
after dicing by dry blowing with nitrogen. This geometry provided adequate space
for optical, topographical, and chemical characterization while maintaining convenient
handling during ALD processing and environmental testing. Furthermore, the selected
dimensions enabled the extraction of a sufficiently large number of samples from each
4-inch wafer, supporting the extensive experimental matrix investigated in this work.

3.2 Characterization Procedures

The primary objective of the protective coatings developed in this work is to improve
the chemical durability of metallic mirrors while preserving the optical performance of
the underlying substrates. Consequently, the characterization was not limited to evalu-
ating the deposited coatings, but also included the determination of the initial optical
and mechanical properties of the uncoated substrates. These baseline measurements
served as references for all subsequent comparisons and were further used to establish
and optimize the characterization procedures employed throughout this work. Particu-
lar emphasis was placed on assessing how the deposited coatings influence the optical
performance of the mirrors, with the aim of identifying coating architectures that pro-
vide sufficient chemical protection while maintaining the reflectance as close as possible
to that of the uncoated substrates. The following sections describe the implemented
characterization methods and their role within this evaluation.

3.2.1 Ellipsometry Modeling

Ellipsometry was initially applied to the characterization of the starting substrates in
order to establish a suitable optical model for the determination of ALD coating thick-
ness and refractive index. The silicon reference substrate Sy was first analysed, allowing
the thickness of the native silicon oxide layer to be determined as 12.96 A, using the
Cauchy model, with maximum variation of 0.1 A. The simple dielectric structure of the
silicon substrate enables a reliable optical model with a low Mean Square Error (MSE),
providing a suitable reference for subsequent ALD depositions.

An attempt was also made to determine the optical properties of the metallic start-
ing substrates. However, the modelling of these samples becomes considerably more
complex due to the multilayer mirror architecture and the additional modifications in-
troduced during mirror fabrication at OST. The increased number of fitting parameters
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results in a highly sensitive model, where small changes in individual parameters can
lead to large variations in the fit and the resulting MSE. Consequently, the thickness
and optical constants of the metallic mirror stacks cannot be determined with the same
accuracy as for the silicon reference substrate. Therefore, the thickness measured on
the simultaneously coated silicon reference substrate was taken as representative for the
corresponding deposition on the metallic mirror substrates.

For this reason, the silicon substrate was used throughout this work to calibrate the
deposition thickness and refractive index of the ALD coatings. Comparison between the
measured and target values allowed a rapid verification of successful deposition. In cases
where significant deviations were observed, samples could be excluded from further, more
time-intensive characterization techniques before additional experimental effort was in-
vested. For the nanolaminate coatings, the measured refractive index further provided
an initial indication of whether the deposited layer composition corresponded to the
intended material combination and layer ratio before subsequent characterization was
performed.

3.2.2 Reflectance Measurements

Reflectance measurements were performed using a PHOTON RT Spectrophotometer
Model 0252 (EssentOptics), capable of measuring the spectral reflectance and trans-
mittance of planar optical components over a selected wavelength range from 210 nm
to 1700 nm. Prior to each measurement series, an automatic instrument calibration was
performed to establish the light source intensity and normalize the optical response of the
system for the selected measurement geometry. This calibration was repeated approxi-
mately every two hours throughout the experimental campaign to ensure measurement
stability. The sample was positioned flat against the sample holder, allowing perpen-
dicular illumination through the measurement slit. The final measurement parameters
adopted throughout this work are summarized in Appendix Table A.1.

To establish a reproducible measurement protocol, different measurement settings were
evaluated using the uncoated silicon reference substrate. The influence of the polar-
ization state was first investigated in order to determine the most suitable acquisition
mode. Since none of the investigated materials exhibit polarization-dependent optical
properties, the use of purely s- or p-polarized light was excluded for the subsequent
evaluation. Nevertheless, both polarization states were measured, allowing comparison
between averaged polarized (p+s) and unpolarized measurements. The calibration pro-
cedure is presented for the silicon reference substrate in Figure 3.2a and 3.2b, while the
corresponding measurements performed on the Ag, Al, and Au mirror substrates are
reported in the Appendix.

Comparison of the different polarization modes gives the expected characteristic re-

flectance spectrum of silicon for all measurement methods. Since no significant differ-
ences were initially visible, a zoomed analysis was performed. This revealed unexpected
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different light polarizations on Si different light polarizations on Si

Reflectance [in %]
Reflectance [in %]
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223 Unpolarized I S-polarized 2253 Unpolarized B S-polarized
HE Avg (P+5S) I P-polarized H Avg (P+5) B P-polarized
(a) 730-770 nm (b) 970-1010 nm

Figure 3.2: Reflectance measurements of uncoated silicon substrates for all polarization
states at (a) 730-770nm and (b) 970-1010 nm.

deviations for the unpolarized measurements within two wavelength ranges. To verify
the reproducibility of these observations, the measurements were repeated, resulting in
four data sets for each polarization mode. The repeated measurements confirmed the
observed differences between averaged polarized (P+S) and unpolarized measurements.
Consequently, averaged polarized (P+S) light was selected for all subsequent reflectance
measurements.

The influence of the spectral sampling pitch on measurement precision and acquisi-
tion time was subsequently evaluated by comparing sampling pitches of 2nm and 5 nm.
Although no significant differences were observed over the complete wavelength range,
a detailed analysis was performed at the three laser harmonics (355 nm, 532nm and
1064 nm), enabling a direct comparison of the measurement repeatability at the most
relevant wavelengths.

From the collected data, the extracted values were summarized in a table to facili-
tate comparison. The absolute difference between the two sampling pitches remained
below 0.1 % at all three investigated wavelengths. The calculated errors indicate that the
5nm sampling pitch exhibits slightly larger variability only in the UV range, while both
sampling pitches provide comparable precision at 532nm and 1064 nm. Since the UV
range is of lower relevance for the present work and a 5 nm sampling pitch considerably
reduces the measurement time, this setting was selected for all subsequent reflectance
measurements.
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Figure 3.3: Comparison between unpolarized and averaged polarized reflectance mea-
surements for uncoated silicon substrates based on four repeated measurements to ensure
reproducibility at (a) 730-770nm and (b) 970-1010 nm.

In addition to the short-term repeatability, the long-term stability of the selected mea-
surement settings was evaluated by repeating the measurements on different samples
originating from the same wafer at one-week intervals. The complete analysis is re-
ported in the Appendix, while the extracted deviations are summarized in Table 3.1.

Table 3.1: Extracted reflectance deviations for both spectral sampling pitches at the
investigated wavelengths for short- and long-term time intervals.

Wavelength A (in 355 532 1064
nm)
Error (in %) — 2 0.006 0.005 0.007
nm sampling pitch
Error (in %) — 5 0.033 0.006 0.005
nm sampling pitch
Error (in %) — 5 0.041 0.006 0.008

nm sampling pitch
(long-term)

AL = [i50m — /12 nm 0.079 0.030 -0.091

The extracted error values were primarily used for the reflectance—power analysis, en-
abling the influence of the substrate pre-clean and oxygen plasma treatments to be
evaluated while accounting for the measurement uncertainty. This provides greater con-
fidence when comparing measurements performed on different substrates and over the
extended time period of the experimental campaign.
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3.2.3 Atomic Force Microscopy

Surface morphology and roughness measurements were performed using a CoreAFM sys-
tem (Nanosurf) operated in dynamic force mode. AFM was employed throughout this
work as a complementary characterization technique to the reflectance measurements,
providing localized, high-resolution information on the surface morphology of the inves-
tigated substrates and coatings.

All measurements were acquired using identical imaging parameters of 256 points per
line and an acquisition speed of 0.78s per line. To determine an appropriate scan size
for the different substrate systems, scans of 0.5 x 0.5 um?, 2.5 x 2.5 ym?, and 5 x 5 yum?
were initially performed on all substrates. Increasing the scan area resulted in higher
measured roughness values, as larger surface areas capture a greater fraction of the un-
derlying morphology. Based on this evaluation, scan sizes of 0.5 x 0.5 um? for the silicon
reference substrate and 5 x 5 um? for the metallic mirror substrates were selected for the
initial substrate characterization. Since different scan areas were used for the silicon and
metallic substrates, the resulting S; values cannot be compared directly between these
substrate types, as the measured roughness depends on the investigated scan area.

The acquired topographic maps were evaluated both qualitatively and quantitatively.
Surface morphology was assessed through visual inspection of the AFM images, while
the root-mean-square roughness (S,) was extracted as the principal quantitative param-
eter for comparison between the investigated surfaces.

During the subsequent coating investigations, AFM primarily served as an additional
characterization method to complement the reflectance measurements. Whereas re-
flectance measurements provided the principal evaluation of coating performance over
the complete substrate surface, AFM was employed to investigate localized morpho-
logical changes introduced by the deposited nanometre-thick ALD coatings. For these
measurements, a scan size of 0.5 x 0.5 um? was preferentially used, as it allowed fine
structural modifications, changes in grain morphology, and the occurrence of local de-
fects to be resolved with higher detail. This additional information was subsequently
correlated with the optical characterization and the protective performance of the inves-
tigated coating systems.

3.3 Pre-Cleaning and Plasma Surface Preparation

To ensure reproducible surface conditions prior to ALD deposition, all substrates were
subjected to an Ar/Hy plasma pre-cleaning step. The objective of this treatment was
to remove surface contaminants while promoting surface activation before film growth.
The process was applied to all four substrate types and systematically varied to identify
parameter regimes suitable for a universal pretreatment prior to coating deposition.
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3.3.1 Process Parameters

The choice of an Ar/Hs plasma was motivated by the inert nature of argon and the
need to avoid further oxidation of sensitive metallic surfaces, particularly silver mirrors.
In contrast to oxygen-based plasma cleaning processes, the selected gas mixture enables
surface cleaning while minimizing the risk of additional oxide formation.

No conventional wet-solvent cleaning was performed prior to the plasma treatment.
The metallic mirror substrates were freshly deposited by PVD at OST and subsequently
stored under cleanroom conditions before processing. The silicon reference substrates
were likewise handled and stored under cleanroom conditions.

The plasma process was performed at an electrode temperature of 150 °C and a cham-
ber pressure of 20 mTorr, with a wall temperature of 110 °C. Before plasma exposure,
the samples were preheated for 15 min and the plasma gas flow was stabilized for 30 s.
A total Ar/Hy flow of 100 sccm was used. The process was systematically varied in
terms of plasma power, hydrogen concentration, and treatment duration. Plasma power
ranged from 50 to 400 W, while the Hy fraction was varied between 2%, 4%, and 20%.
The standard plasma exposure time was 60 s, which was reduced to 30 s for the most
aggressive condition of 400 W and 20% Hy. A post-plasma purge of 60 s was applied
after each treatment.

3.3.2 Characterization

The effects of the plasma treatments were evaluated using optical reflectance measure-
ments and AFM. Reflectance spectra were acquired over the full spectral range from the
UV to the IR, and additionally evaluated at a fixed wavelength of 532 nm as a refer-
ence point for direct comparison between process conditions. For this evaluation, the
measurement uncertainties determined during the spectrophotometer calibration were
propagated throughout the analysis and are considered in the results section.

AFM measurements complemented the optical characterization by assessing plasma-
induced changes in surface morphology and roughness. Quantitative comparison was
based on the root-mean-square roughness (S;), together with qualitative inspection of
the surface topography. Since plasma treatments directly modify the substrate surface,
scan sizes were selected according to the characteristic morphology of each material, us-
ing 0.5 x 0.5 um? for silicon substrates and 5 x 5 ym? for the metallic mirror substrates.

3.4 Mitigation of Oxygen Plasma Effects

As previously mentioned, ALD can be executed in two deposition modes: TALD and
PEALD. In this work, PEALD is of particular interest for two reasons. First, certain
materials, such as SiO9, require plasma to achieve the desired film properties. Second,
PEALD enables deposition at lower temperatures, which is advantageous when working

20



with temperature-sensitive substrates that may not withstand the higher temperatures
typically associated with thermal ALD processes.

However, the use of PEALD also introduces a fundamental challenge, as oxide deposi-
tion processes rely on oxygen plasma. The reactive oxygen species generated during the
plasma step can interact with the substrate surface, particularly in the case of oxidation-
sensitive metallic mirrors such as silver. This interaction can lead to undesired surface
modifications and degradation of optical performance. Consequently, a mitigation strat-
egy must be developed to ensure compatibility between oxygen-plasma-based PEALD
processes and sensitive optical substrates.

3.4.1 O, Plasma Sensitivity Study

In order to evaluate oxygen-induced substrate modifications, all substrates were sub-
jected to an Oz plasma process at 150 °C for 30 s while varying the plasma power
(50 W, 150 W, and 400 W). This study was conducted to establish a baseline under-
standing of the substrate response to oxygen plasma exposure prior to film deposition.

Following plasma exposure, the substrates were evaluated using optical reflectance mea-
surements over the full spectral range from the UV to the IR, as well as by AFM analysis
to assess modifications in surface morphology and roughness.

3.4.2 Engineering of Protective Interlayers

Following the oxygen plasma sensitivity study, a mitigation strategy based on protective
interlayers was investigated. The objective was to introduce a thin barrier layer between
the substrate and subsequent PEALD coatings, thereby limiting direct interaction be-
tween reactive oxygen species and the substrate surface while maintaining the optical
performance of the metallic mirrors as close as possible to the untreated condition.

The development of the interlayer system was carried out in three stages. First, the
thickness of a thermally deposited Al,Og interlayer was optimized. Second, different
interlayer materials were compared using the selected thickness. Finally, the resulting
coating systems were evaluated through optical, morphological, and mechanical charac-
terization.

3.4.2.1 Interlayer Thickness Optimization

The first step of the mitigation strategy consisted of introducing thin AlyO3 interlayers
deposited by thermal ALD at 150 °C. This approach provides conformal film growth
while avoiding additional plasma exposure during interlayer deposition. Furthermore,
Aly03 is known to exhibit reliable and uniform growth behavior even at very low film
thicknesses, making it suitable for the investigated application.
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To determine a suitable interlayer thickness, a balance between optical losses introduced
by the interlayer itself and the degree of protection against oxygen plasma exposure had
to be established. Interlayer thicknesses of 2 nm, 4 nm, and 8 nm were investigated.
Each interlayer configuration was subsequently exposed to oxygen plasma under condi-
tions identical to those used in the sensitivity study. Optical reflectance measurements
and AFM characterization were then performed to evaluate the influence of interlayer
thickness on optical and surface properties.

3.4.2.2 Interlayer Material Comparison

Following the thickness optimization study, a comparison of different interlayer materials
was performed. While thermally deposited AloOs provides a plasma-free encapsulation
route, alternative materials may offer different optical and mechanical characteristics.
For this reason, AIN deposited by PEALD was selected as an alternative interlayer
material. In contrast to oxide deposition processes, AIN growth relies on an NHg plasma
environment and therefore does not expose the substrate to oxygen during interlayer
formation. This makes AIN a promising alternative for comparison with AloOs. Both
interlayer systems were deposited using the selected thickness and subsequently exposed
to identical Oy plasma conditions. Their performance was evaluated through optical
reflectance measurements and AFM characterization.

3.4.2.3 Mechanical Evaluation of Interlayer Materials

To further evaluate the suitability of the investigated interlayer systems for complete
coating stacks, additional measurements were performed after deposition of a represen-
tative 100 nm Aly O3 layer on top of each interlayer configuration (4 nm AloO3 and 4 nm
AIN) for all substrate types.

Adhesion was first assessed qualitatively using a tape test. This consisted of covering
approximately half of the coated substrate with 3M Scotch Tape and applying uniform
pressure to ensure proper contact with the surface. The tape was then removed with a
rapid pull while the substrate was held in place, allowing a preliminary assessment of
coating adhesion.

For a more detailed comparison, scratch testing was performed on all substrates us-
ing an Anton Paar NST3 equipped with a Diamond Wedge Blade indenter (tip radius
r = 20 pm) mounted on the High Load Cantilever HL-359. Scratches were generated
over a distance of 1 mm while increasing the applied normal load from 3 mN to 350 mN.
Failure events were identified through changes in penetration depth and verified by op-
tical inspection of the resulting scratch tracks. The resulting critical loads were used to
compare the adhesion performance of the investigated interlayer systems.
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3.5 Single-Layer ALD Coatings

The first stage of the coating development focused on the investigation of single-layer pro-
tective coatings deposited by PEALD. Prior to coating deposition, a preliminary chem-
ical etching screen was performed on the uncoated substrates to identify the substrate-
etchant combinations that produce measurable surface modifications, thereby reducing
the number of subsequent coating depositions and characterizations. Two etchants were
selected based on their use in the literature for similar protective coating studies and their
known interaction with the investigated mirror materials. HCIl and potassium hydrox-
ide (KOH) solutions were prepared from 12 M HCI (37 wt%) and 11.7M KOH (45 wt%)
stock solutions, respectively. Two concentrations were prepared for each etchant:

« HCL 1.40M (5wt%) and 2.87 M (10 wt%)
« KOH: 0.93 M (5 wt%) and 1.94 M (10 wt%)

This preliminary screen established that only Ag and Al substrates exhibited measurable
corrosion from HCI exposure, while Si and Al substrates were susceptible to KOH.
The gold substrate showed no measurable response to either etchant and was therefore
excluded from the single-layer coating investigation. It was however re-introduced in
the nanolaminate deposition study, where the focus shifts to a broader coating stack
evaluation.

3.5.1 Single-Layer Deposition Parameters

Based on optical industry requirements, identified through a review of relevant literature
and past project experience, only a limited number of oxide materials were considered as
candidates for single-layer protective coatings. Five oxide materials (AloOs, TiO2, SiOq,
HfOq, Tag0s5) exhibiting different optical and functional properties were selected based
on characteristics such as refractive index, chemical stability, and mechanical integrity.
These differences motivated their selection as suitable candidates for the comparative
screening.

All coatings were deposited by PEALD using the Oxford Instruments FlexAL® II sys-
tem at a deposition temperature of 150 °C. This temperature was selected based on a
review of prior ALD depositions carried out at RhySearch, which identified the 150—
200 °C window as compatible with the GPC and refractive index requirements of all
five oxide materials under plasma-enhanced conditions. An additional motivation for
plasma-enhanced mode at 150 °C was the planned installation of a second ALD system
at RhySearch, which operates primarily within this process window, making 150 °C the
natural choice for future process transferability.

Prior to coating the mirror substrates, a dedicated deposition run was performed on
a silicon reference substrate to determine the GPC of each material under the selected
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process conditions. The resulting thickness distribution across the substrate was evalu-
ated to assess deposition uniformity, and the extracted GPC was subsequently applied
to achieve a target thickness of 50 nm on all mirror substrates. This thickness was cho-
sen as a standard starting point for the protection screening, providing sufficient barrier
coverage while keeping optical interference effects manageable.

Table 3.2: Experimental matrix for single-layer coatings, combining material system,
total deposition thickness, and process temperature. The highlighted column (50 nm,
150°C) indicates the starting condition used for screening.

Single layer materials 10 nm, 150°C 50 nm, 150°C 100 nm, 150°C

Aly,O3
TiO,
Si04
HfO9
TasO5

3.5.2 Chemical Resistance Testing

To perform the chemical resistance etching experiments, coated substrates were im-
mersed in 25 ml of the selected etchant solutions for durations of 10 minutes and 30 minutes
for single-layers and 30 minutes and 90 minutes for nanolaminate coatings. Both HCl and
KOH were tested at concentrations of 5wt% and 10 wt%. Care was taken during sam-
ple handling to ensure reproducible immersion conditions: each substrate was handled
exclusively at the same corner during insertion and removal and placed vertically within
the solution, so that any delaminated material would fall to the bottom and not influence
further etching of the sample surface.

Reflectance measurements were acquired before and after immersion for each substrate-
etchant combination at set times, allowing a direct comparison of spectral changes as
a function of exposure duration and etchant concentration. In addition to spectral re-
flectance, visual inspection of the substrate surface was performed at each time point to
assess macroscopic surface modifications such as discolouration, delamination, or visible
etching attack.

3.6 Nanolaminate ALD Coatings

Building on the nanolaminate concept introduced in Section 2.2.4, the investigated pa-
rameters were organized in an initial experimental matrix combining the material system,
individual layer thickness ratio, and total nanolaminate thickness. Since the final ma-
terial pairings were selected only after evaluation of the single-layer coatings, the two
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constituent materials were initially denoted as Oxide A and Oxide B. Four layer thickness
ratios were considered for each pair: 1nm A : 1nm B, 5nm A :5nm B, 4nm A : 1 nm
B, and 1 nm A : 4 nm B. Figure 3.4 schematically illustrates the investigated coating
architectures considered throughout the nanolaminate optimization. A total thickness
of 50 nm was selected as the initial screening condition to remain consistent with the
starting thickness used for the single-layer coatings, as summarized in Table 3.3. Follow-
ing this screening, the most suitable nanolaminate architecture was further investigated
at total thicknesses of 25, 50, and 100 nm in order to evaluate the influence of coating
thickness.

Figure 3.4: Schematic representation of the investigated single-layer and nanolaminate
coating architectures. From left to right, the structures represent the Oxide A single
layer, the Oxide A-rich 4:1 nanolaminate, the 1nm A:1nm B nanolaminate, the 5nm
A:5nm B nanolaminate, the Oxide B-rich 1:4 nanolaminate, and the Oxide B single layer.
The schematic illustrates both the variation in relative material contribution and, for
the symmetric 1:1 compositions, the influence of the individual layer thickness. Within
each supercycle, Oxide A is deposited first and Oxide B second. The drawings are not
to scale.

Table 3.3: Initial experimental matrix for nanolaminate coatings, combining the indi-
vidual layer thickness ratio, total deposition thickness, and process temperature. The
highlighted column (50 nm, 150°C) indicates the starting condition used for screening.

Nanolaminate

. 10 nm, 150°C 50 nm, 150°C 100 nm, 150°C 500 nm, 150°C
architecture

lnmA /1nmB
4nm A /1nomB
IlnmA /4nmB
5nm A /5nmB

3.6.1 Material Pairing Strategy

The material combinations were selected based on the outcome of the single-layer pro-
tection screening described in the previous section. The individual oxides were compared
according to their ability to retain reflectance after exposure to the corrosive media and
according to the surface modifications observed during the etching experiments. The
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materials showing the most promising performance according to the reflectance mea-
surements and visual inspection were carried forward for combination into nanolaminate
stacks. Based on this evaluation, two oxide pairing systems were selected for nanolami-
nate fabrication.

3.6.2 Layer Thickness Ratios and Deposition Parameters

For each selected material system, four individual layer thickness ratios were investi-
gated: Tnm A:1nm B, 5nmA:5nmm B, 4nm A:1nm B, and 1 nm A : 4 nm
B. Oxide A denotes the material deposited first within each supercycle, directly onto
the underlying surface or preceding supercycle, while Oxide B denotes the material de-
posited subsequently. One complete sequence consisting of the selected thickness of
Oxide A followed by the selected thickness of Oxide B was defined as one supercycle.
The supercycle was repeated until the target total nanolaminate thickness was reached.
The deposition parameters of the two constituent oxides were adopted from the corre-
sponding single-layer processes. The growth per supercycle was determined from the
growth per cycle of the two individual oxides and their respective layer thickness con-
tributions. The specific deposition times applied for each material and nanolaminate
architecture are reported in the Appendix.

Following deposition, the nanolaminate coatings were characterized by ellipsometry to
determine coating thickness and refractive index, by AFM to evaluate surface morphol-
ogy and roughness, and by spectrophotometry to assess reflectance. The coatings were
subsequently subjected to chemical resistance testing using 10 wt% HCL. At this stage,
the nanolaminates were deposited on all four substrate systems because the objective was
to evaluate the protection provided by the complete coating architectures rather than
to perform an additional substrate—etchant screening. This enabled direct comparison
between the two material combinations, between the investigated layer thickness ratios
within each combination, and across the different substrate systems.

3.7 Electrochemical Characterization

Electrochemical characterization was performed by the OST as a complementary eval-
uation of the coating systems previously compared through reflectance measurements
and visual inspection. The measurements were not employed as the primary screening
method, but as an additional means of assessing whether the selected single-layer and
nanolaminate coatings also exhibited favourable electrochemical stability and barrier
performance.

The coated silver samples were stored under vacuum prior to measurement and mounted
onto a copper plate. Since the deposited oxide coatings are electrically insulating, elec-
trical contact between the metallic substrate and the copper plate was established using
silver paint. For both electrochemical techniques, the exposed sample area was 0.85 cm?,
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the coated sample served as the WE, and a platinum sheet was used as the counter
electrode (CE). The remaining components of the electrochemical setup were adapted
according to the respective measurement, as illustrated schematically in Figure 3.5a and
3.5b.

RE

Ag/AGCI2 RE
Ag/AgCI2
-Luggin )
Capillary -Luggin
Potentiostat Capillary
Potentiostat
Capacity 10 nF
m
" — B
WE
(Sample) WE
(a) Electrochemical impedance spectroscopy (b) Potentiodynamic polarization configura-
configuration. tion.

Figure 3.5: Electrochemical configurations employed at OST. For both techniques, the
coated sample served as the working electrode (WE) and a platinum sheet as the counter
electrode (CE). The reference-electrode (RE) configuration and electrolyte were adapted
to the respective measurement.

3.7.1 Electrochemical Impedance Spectroscopy

EIS was performed in 250 mL of 0.1 M citric acid at pH 5.2. This comparatively mild
electrolyte was selected to evaluate the intrinsic barrier response of the coatings without
intentionally inducing rapid chemical degradation. The Ag/AgCl RE was coupled to a
platinum wire connected in series with a 100 nF capacitor.

Before each impedance measurement, the open-circuit potential (OCP) was monitored
for 20 min to allow stabilization of the electrochemical system. The impedance response
was subsequently measured over a frequency range from 10°Hz to 2mHz using a si-
nusoidal perturbation amplitude of 10mV. The OCP was compared before and after
the measurement to verify that no substantial change or degradation of the coating
had occurred during EIS. The results were evaluated using the Bode representation of
impedance magnitude and phase angle as a function of frequency.
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3.7.2 Potentiodynamic Polarization Measurements

Potentiodynamic polarization measurements were performed in 250 mL of 0.1 M HCI to
evaluate the coating response under a more aggressive chloride-containing environment.
For this configuration, the Ag/AgCl RE was positioned in a Luggin capillary close to
the exposed sample surface.

The OCP was monitored for 5 min before the potential sweep was initiated. For the
comparison of the different single-layer materials and nanolaminate layer ratios, the
polarization curves were recorded using a scan rate of 0.1 mV s~!. For the separate
comparison of the different total nanolaminate thicknesses, a scan rate of 1 mV s~}
was used. Since the scan rate influences the measured polarization response, results
obtained using the two different scan rates were not directly compared quantitatively.
Comparisons were therefore restricted to samples measured under identical scan-rate
conditions. The resulting current density—potential curves were evaluated qualitatively,
where lower current densities indicate reduced electrochemical activity and improved

protective behaviour.
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4 Results

4.1 Baseline Characterization of Metallic Substrates

Prior to the deposition of protective coatings, the untreated substrates were character-
ized by reflectance measurements and AFM to establish a baseline for the subsequent
evaluation of the coating systems. Throughout this chapter, the reflectance spectra of
the untreated substrates are represented by a dashed black line. To facilitate compar-
ison between the different substrate materials, a consistent colour scheme is adopted:
purple for silicon, blue for silver, green for aluminium, and orange for gold. Variations
introduced by subsequent processing steps are indicated by lighter or darker shades of
the respective substrate colour.

The preliminary chemical etching study further confirmed the different chemical sta-
bilities of the investigated metallic mirrors. Gold remained inert under all investigated
etching conditions, whereas silver and aluminium exhibited measurable degradation fol-
lowing exposure to HCl. In contrast, silicon and aluminium were susceptible to KOH.
The observed degradation manifested through changes in visual appearance, delamina-
tion of the metallic coating from the silicon substrate, and modifications of the reflectance
spectra. These findings established the substrate—etchant combinations employed for the
subsequent evaluation of the protective coatings.

4.2 Influence of Ar/H, Plasma Pretreatment

As described in Section 3.3, an inert Ar/Hg plasma pretreatment was introduced prior to
all subsequent ALD processes in order to clean and activate the substrate surface while
minimizing surface modifications. The influence of the pretreatment was first evaluated
independently by combining optical reflectance measurements with AFM characteriza-
tion. Since only minor changes are observed over the full reflectance spectra (reported
in the Appendix), the discussion focuses on the reflectance at 532 nm as a representative
comparison parameter. The untreated sample (0 W) serves as the reference, while the
plasma power was varied between 50 W and 400 W under the conditions described in
Section 3.3. The corresponding measurement uncertainties, determined during spec-
trophotometer calibration (Table 3.1), are included to assess the significance of the
observed reflectance changes. Representative AFM topography images together with
the corresponding root-mean-square roughness (S;) complement the optical analysis by
providing localized information on surface morphology. The S, values are reported as
a supplementary quantitative parameter, since isolated surface features can dispropor-
tionately influence the calculated average roughness.

Starting with the silicon substrate (Figure 4.1), only slight changes are observed over the

investigated plasma power range. The highest reflectance is obtained at 50 W, although
the values measured at 0 W, 50 W and 100 W overlap within their respective uncertain-
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ties. A decrease becomes visible at 200 W and remains at a similar level for 300 W and
400 W when considering the measurement uncertainties. Overall, the reflectance varia-
tion remains below 0.1 %, consistent with the expected limited influence of the plasma
treatment on the dielectric silicon surface, which was received directly from the manufac-
turer and handled exclusively under cleanroom conditions. Likewise, the AFM images
reveal almost no modification of the surface morphology. The only noticeable difference
is the slightly more granular appearance of the 50 W and 100 W samples, reflected by
the increased S; value of the 50 W measurement. Since this behaviour is not reproduced
for higher plasma powers, it is most likely associated with local sample variability rather
than a systematic plasma-induced effect. Overall, the plasma pretreatment does not
induce measurable morphological restructuring of the silicon surface.
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Figure 4.1: Influence of the Ar/Hs plasma pretreatment on the silicon substrate. The
reflectance at 532 nm is shown as a function of plasma power together with the corre-
sponding measurement uncertainty. Representative AFM topography images and the
associated S, values are shown for each plasma condition.

Reflectance at 532 nm [in %]

For the silver substrate (Figure 4.2), a more pronounced dependence of the reflectance on
plasma power is observed. Only the 50 W treatment results in an increase in reflectance
compared to the untreated sample, whereas higher plasma powers lead to a decrease,
although no monotonic trend is apparent. The AFM images are consistent with these
optical observations. Compared to the untreated surface, the 50 W plasma treatment
produces a noticeably smoother morphology, while increasing plasma power leads to
the formation of larger surface islands and progressively modifies the surface structure.
These morphological changes are accompanied by reflectance variations approaching an
order of magnitude larger than those observed for the silicon substrate.
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Figure 4.2: Influence of the Ar/Hs plasma pretreatment on the silver substrate. The
reflectance at 532 nm is shown as a function of plasma power together with representative
AFM topography images illustrating the corresponding morphological evolution.

For the aluminium substrate (Figure 4.3), the largest scatter in reflectance is observed,
with a maximum variation of almost 1.5% between the untreated substrate and the
200 W plasma treatment, making it difficult to identify a clear correlation with plasma
power. In contrast, the AFM images provide additional insight into the observed optical
variations. The initially rough surface becomes noticeably smoother following the 50 W
treatment, while the large crystalline structures visible on the untreated substrate be-
come considerably less pronounced after exposure to 50 W and subsequently to 100 W.
At higher plasma powers, new surface structures emerge. Although the S, values vary
considerably between the investigated conditions, the qualitative evolution of the surface
morphology indicates that the extent of the structural modifications does not increase
monotonically with plasma power.
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Figure 4.3: Influence of the Ar/Hjy plasma pretreatment on the aluminium substrate.
The reflectance at 532 nm is shown together with representative AFM topography images
for the investigated plasma powers.

Finally, the gold substrate (Figure 4.4) exhibits the smallest modifications among the
investigated metallic mirrors, consistent with the high chemical stability of gold. The
50 W treatment results in the highest reflectance, whereas the remaining plasma powers
produce values close to the untreated reference. Apart from the 50 W condition, the

31



corresponding error bars overlap substantially, indicating only minor differences between
the investigated plasma powers. Similarly, the AFM images reveal only limited changes
in surface morphology, as the fine surface features remain largely preserved after plasma
exposure. Isolated structures appear for individual conditions (for example at 200 W),
but these are more likely associated with local defects or isolated surface features than
with systematic plasma-induced modifications. Overall, the surface morphology remains
essentially unchanged over the investigated plasma power range.
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Figure 4.4: Influence of the Ar/Hs plasma pretreatment on the gold substrate. The
reflectance at 532 nm is shown together with representative AFM topography images for
the investigated plasma powers.

Based on the combined optical and topographical evaluation, the pretreatment param-
eters for all subsequent ALD processes were selected. Since the objective of the Ar/Hs
plasma pretreatment is to activate and clean the substrate surface while minimizing
substrate modification, both the preservation of optical performance and the retention
of the original surface morphology were considered. Among the investigated conditions,
50W, 2% Hs, and 60s consistently provided the highest reflectance for three of the four
substrates while limiting the morphological changes observed by AFM. These parame-
ters were therefore adopted as the standard pretreatment throughout the remainder of
this work and are only modified for the dedicated O2 plasma experiments discussed in
the following section.

4.3 Oxygen Plasma-Induced Damage on Metallic Substrates

Unlike the inert Ar/Hy plasma pretreatment discussed previously, oxygen plasma is di-
rectly involved in several plasma-enhanced ALD processes and therefore represents an
unavoidable process step for oxide materials such as SiO,. Consequently, the influence
of oxygen plasma on the substrate itself was first investigated, with particular empha-
sis on the expected oxygen sensitivity of the silver substrate. This study establishes
the reference condition against which all subsequent interlayer mitigation strategies are
evaluated.
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The substrates were exposed to an Oy plasma for 30s at 150 °C while varying the plasma
power between 50 W, 100 W and 150 W. The resulting influence on the optical proper-
ties of the substrates is summarized by the reflectance spectra shown in Figure 4.5.
Figure 4.5 highlights the markedly different response of the investigated substrates to
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Figure 4.5: Reflectance spectra of the investigated substrates before and after Oy plasma
exposure at different plasma powers.

oxygen plasma. Silicon and gold remain largely unaffected over the investigated spectral
range, whereas aluminium exhibits only moderate variations, primarily within the UV
region. In contrast, silver undergoes a pronounced reduction in reflectance extending
from the UV into the visible wavelength range, due to the silver oxidation. This be-
haviour is further supported by the visible browning of the silver surface after plasma
exposure, indicating a substantially higher oxygen sensitivity than that observed for the
remaining substrates.

Since the oxygen-induced degradation is most pronounced for silver, the subsequent
analysis focuses primarily on this substrate. Silicon is retained as a reference substrate
for film growth, whereas the effectiveness of the proposed mitigation strategy is assessed
through the improvements achieved on silver. To correlate the optical degradation with
changes in surface morphology, the reflectance at 532nm is evaluated together with
representative AFM topography images, analogous to the previous Ar/Hy plasma study.

33



@
&
L

E

65 o)

Plasma Power [in W]

Figure 4.6: Reflectance at 532nm as a function of oxygen plasma power for the silver
substrate together with representative AFM topography images after plasma exposure.
The pronounced reduction in reflectance is accompanied by substantial modifications of
the surface morphology.

Already the lowest investigated plasma power of 50 W results in a pronounced decrease in
reflectance, exceeding 25 % at 532 nm compared to the untreated substrate (Figure 4.6).
Increasing the plasma power to 100 W and 150 W introduces only comparatively small
additional changes, indicating that the majority of the oxygen-induced degradation oc-
curs during the initial plasma exposure. The optical degradation is accompanied by
substantial modifications of the surface morphology. Compared with the untreated sam-
ple, the AFM images reveal the formation of pronounced spike-like surface features
following plasma exposure. Although these structures become slightly more pronounced
with increasing plasma power, the differences between the three investigated plasma
conditions remain small compared with the transition from the untreated substrate to
the plasma-treated samples. This behaviour is likewise reflected by the S, values, which
increase markedly after plasma exposure before remaining at a similar level for higher
plasma powers. Collectively, these observations indicate the high oxygen sensitivity of
silver and show that even the mildest investigated oxygen plasma conditions lead to
substantial optical and morphological degradation.

4.3.1 Development of a Protective Al,O3 Interlayer

Having established the oxygen sensitivity of the silver substrate, a mitigation strategy
based on a thin protective interlayer was investigated. Thermal ALD was deliberately
selected for the interlayer deposition in order to introduce the protective barrier without
exposing the substrate to additional plasma during its growth. Since AloOs3 is one of
the most established ALD materials and exhibits highly reproducible growth behaviour
with only minor process variations, it was selected to evaluate the feasibility of the in-
terlayer concept. At this stage, the objective was not to optimize either the interlayer
thickness or the material itself, but rather to determine whether a thin dielectric barrier
can reduce the oxygen-induced degradation observed on silver.
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A 2nm Al,Ogz interlayer was therefore deposited on both silicon and silver prior to
oxygen plasma exposure. Silicon was retained as the reference substrate to monitor the
optical influence of the additional dielectric layer while allowing accurate determination
of the deposited film thickness. Silver served as the primary substrate for evaluating the
protective performance against oxygen plasma. Following deposition, the effectiveness
of the interlayer concept was assessed by optical reflectance measurements.
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(a) Reflectance spectra of the silicon substrate be-
fore and after deposition of a 2nm AlyO3 interlayer
followed by O2 plasma exposure.
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(b) Reflectance spectra of the silver substrate be-
fore and after deposition of a 2nm Al2Os interlayer
followed by O2 plasma exposure.

Figure 4.7: Reflectance spectra of silicon and silver after introducing a 2nm thermally
grown AlsOg interlayer prior to oxygen plasma exposure. Silicon serves as a reference
substrate to evaluate the optical influence of the interlayer itself, whereas silver illustrates
its ability to mitigate oxygen-induced reflectance losses.

Figure 4.7 compares the reflectance spectra of silicon and silver after introducing the
2nm Al,Og interlayer. As expected, the additional dielectric layer introduces only a
minor reduction in reflectance before plasma exposure. Following oxygen plasma treat-
ment, the silicon substrate exhibits no significant differences between the investigated
plasma powers, indicating that the interlayer has only a limited influence on the optical
response of the dielectric substrate. In contrast, the silver substrate shows a clear im-
provement compared with the untreated reference presented in the previous section. The
introduction of the AlsOj3 interlayer noticeably reduces the oxygen-induced reflectance
loss, particularly within the UV region where the degradation was previously most pro-
nounced. Although the initial optical performance is not fully recovered, the spectra
demonstrate that even a 2nm interlayer provides measurable protection against direct
oxygen plasma exposure. These results motivate a systematic investigation of different
interlayer thicknesses to identify the optimum compromise between minimizing optical
losses introduced by the interlayer and maximizing protection against oxygen-induced
degradation.
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Figure 4.8: Comparison of thermally deposited AlsOgs interlayer thicknesses on silicon
(left column) and silver (right column). Each subplot compares 2nm, 4nm and 8 nm
AlyOj3 interlayers with the corresponding uncoated substrate under identical plasma con-
ditions: without Oy plasma exposure (a, b), after 50 W Oz plasma exposure (c, d), and
after 150 W Og plasma exposure (e, f). The figure illustrates the influence of interlayer
thickness on the optical response and allows identification of the optimum compromise
between minimizing interlayer-induced optical losses and maximizing protection against
oxygen-plasma-induced reflectance degradation.

The effectiveness of the selected interlayer thicknesses is further confirmed after exposure
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to a 150 W oxygen plasma, where the 2 nm interlayer still exhibits noticeable reflectance
losses, whereas the spectra obtained for the 4nm and 8 nm interlayers remain almost
identical to those measured after the 50 W plasma exposure. However, the increased
oscillation amplitude observed for the 8 nm interlayer demonstrates that this thickness
introduces additional optical modulation without providing a measurable improvement
in protection compared to the 4 nm interlayer.

Overall, this evaluation demonstrates that a 4nm AlyOgs interlayer provides the most
appropriate compromise between preserving the optical reflectance and protecting the
silver substrate against oxygen plasma. Consequently, this thickness was selected for all
subsequent interlayer investigations.

4.3.2 Comparison of Interlayer Materials

After selecting an interlayer thickness of 4 nm, the next step was to determine the most
appropriate interlayer material. The thermally deposited 4nm AlyOg interlayer, which
had been used throughout the thickness optimization, was compared with a 4nm AIN
interlayer deposited by PEALD. Although AIN exhibits optical properties comparable to
those of AlOg, it differs fundamentally in its deposition process. In contrast to PEALD
of Aly0Os3, where the plasma is based on oxygen, AIN deposition employs an ammonia
(NH3) plasma. This difference in the process recipe allows the use of PEALD instead of
TALD without causing oxidation of the substrate.

As an initial comparison, this study was again limited to the silicon and silver sub-
strates in order to accurately determine the deposited film thickness by ellipsometry on
silicon while evaluating the protective effect of the interlayers on the silver substrate.
Both interlayer materials were first evaluated by optical reflectance measurements to
determine whether significant optical differences would arise.

On the silicon substrate, the presence of the interlayer introduces the expected reduc-
tion in reflectance, which is slightly more pronounced for AIN due to its higher refractive
index. In contrast, almost no difference is observed on the silver substrate. This is partic-
ularly evident in the enlarged view, where the spectra of the AloO3 and AIN interlayers
almost completely overlap, differing only by minor local deviations. Since reflectance
alone did not provide sufficient evidence to distinguish between the two candidate in-
terlayer materials, an additional comparison was made by considering the surface mor-

phology.
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Figure 4.9: AFM topography comparison of the investigated interlayer systems. The
untreated substrates are compared with substrates coated with a 4 nm Al;Oj3 interlayer,
a 4nm AIN interlayer, and the complete coating stacks consisting of 100nm AlyOs3
deposited on top of each interlayer. The comparison allows evaluation of the influence
of the interlayer material on the surface morphology before mechanical adhesion testing.

The AFM measurements reveal that both interlayer materials modify the surface mor-
phology compared to the untreated substrate. A further comparison was performed after
deposition of a 100 nm Al,Oj3 single layer on top of the two different interlayers. Following
deposition, the surface roughness increases for both coating systems. Nevertheless, the
coating stack employing the AlyOg3 interlayer consistently exhibits a smoother and more
homogeneous surface than the corresponding AIN system. Although the Sq values do
not fully support this observation, the qualitative comparison of the topography images
provides a more meaningful assessment, since isolated features may strongly influence
the numerical roughness values. While these observations favor the AloOg interlayer,
they are not sufficiently conclusive to select the material based on morphology alone.

Since the 100nm AlyOj3 single layer had been deposited on all substrate types using
both interlayer materials, two coating stacks were available for adhesion evaluation:

e 100nm AlyO3/4nm AlyOgz Interlayer (IL)/substrate

e 100nm Al;O3/4nm AIN Interlayer (IL)/substrate.

The interlayer materials were therefore further evaluated based on their adhesion per-
formance, as this represents an important factor for subsequent coating depositions and
the overall stability of the multilayer stack. A Scotch tape test was first performed as a
rapid qualitative screening method. Adhesive tape was firmly applied to approximately
half of each coated sample before being removed with a rapid pull. No visible coating
damage or delamination was observed for either interlayer material on any substrate.
Consequently, the tape test confirmed that all investigated coating systems exhibit sat-
isfactory adhesion, but it did not allow further differentiation between the two interlayer
candidates.
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Figure 4.10: Representative nanoscratch measurement for the coating stack employing
a 4nm AlpOg interlayer. The applied load increases continuously from 3 mN to 350 mN
over a scratch length of 1 mm. The identified critical loads are highlighted and correspond
to distinct failure events occurring during scratching.

Since the Scotch tape test did not reveal measurable differences, nanoscratch testing was
employed as a quantitative adhesion evaluation. During the measurement, a diamond
wedge indenter was drawn across the sample surface while the applied normal load in-
creased continuously from 3 mN to 350 mN over a scratch length of 1 mm. Failure events
were identified from changes in penetration depth together with optical inspection of
the scratch track. Figure 4.10 shows a representative measurement together with the
identified critical loads, which are highlighted by circles. The first critical load, L¢1, was
selected as the most relevant comparison parameter, since it corresponds to the onset of
failure at the coating—substrate interface, whereas the subsequent critical loads are less
suitable for evaluating interlayer adhesion because they are increasingly influenced by
failure mechanisms occurring within the coating or the bulk substrate.

Table 4.1 summarizes the critical loads obtained for all investigated substrates. For
every substrate, the coating stack containing the AlyOg3 interlayer exhibits a higher first
critical load than the corresponding AIN system. The improvement is particularly pro-
nounced for the aluminium and gold substrates, while silicon and silver likewise show
consistently higher L.; values when employing the AlyOj3 interlayer. In contrast, the
subsequent critical loads L. and L.3 do not exhibit a similarly consistent trend be-
tween the two interlayer materials across all substrates. Since these later failure events
are increasingly influenced by cohesive coating failure and substrate deformation, they
were considered supplementary information rather than primary indicators of interlayer
adhesion.
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Table 4.1: Critical loads obtained from nanoscratch measurements for coating stacks
employing either a 4nm Al,Os or a 4nm AIN interlayer. The first critical load L is
used as the main comparison parameter for evaluating adhesion at the coating—substrate
interface.

Critical loads measured by application of force through nanoscratch test

Substrate Si Ag Al Au

Interlayer o AIN  ALO; AIN  ALO; AIN  ALO; AIN
material

Lo (mN) 17442 15657  14.36 8.23 26.04 15.87 46.42 27.08

Lc2 (mN) 265.40 240.25 142.50 95.08 231.04 228.72 91.35 167.68
Lcs (mN) 296.67 268.24 292.41 295.56 269.21 252.53 237.45 182.29

Overall, the combined optical and topographical investigations demonstrate that optical
reflectance alone is insufficient for selecting the optimum interlayer material. While AFM
already indicates a slight advantage for AloO3, the quantitative nanoscratch measure-
ments clearly identify the thermally deposited 4 nm AloO3 interlayer as the mechanically
superior solution.

4.4 Single-Layer Protective Coatings

Following the optimization of the pre-deposition procedure, including the Ar/Hy plasma
pretreatment and the selection of the interlayer thickness and material, the research
moved towards protective single-layer coatings deposited by PEALD.

Unless stated otherwise, all coating systems discussed in the following sections were
deposited following the optimized process route consisting of substrate cleaning with a
50W, 2% Hy Ar/H, plasma pretreatment for 60s and deposition of a 4nm thermally
deposited AlyOj3 interlayer. Since these process steps remained identical for all investi-
gated coatings, they are not explicitly mentioned for every deposition. Any deviations
from this standard process flow are highlighted.

As discussed in both the methods and results sections of the preliminary etching study,
only substrates exhibiting measurable degradation were considered for single-layer coat-
ing evaluation. Consequently, HCI resistance was investigated only on silver and alu-
minium substrates, whereas KOH resistance was evaluated on silicon and aluminium.
Therefore, only these three substrates were coated and subsequently etched for each
single-layer material. This process was carried out for 30 and 90 min exposure times,
after which two complementary methods were used to evaluate the results.

Reflectance measurements before and after chemical exposure provided a first screen-
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ing evaluation of the protective performance of the investigated single-layer coatings.
Since many coating systems exhibited no changes or only minor spectral variations,
the complete reflectance spectra are provided in the Appendix. The main results are
summarized using the grading system shown in Table 4.2. Hereby, the grading system
consists of scores ranging from zero to three, with a score of three corresponding to
no measurable degradation, whereas a score of zero indicates complete coating failure,
with the substrate itself eventually being etched. One example is the aluminium mirror,
where complete removal of the alumina layer leaves only the underlying silicon substrate
exposed.

Table 4.2: Reflectance-based grading of 50 nm single-layer coatings after chemical ex-
posure. A score of 3 indicates no measurable degradation, while 0 indicates complete
coating failure or substrate exposure.

50nm Al,O3; 50nm SiO, 50 nm TiO, 50 nm HfO; 50nm Ta,O5

HClI KOH HCI KOH HCI KOH HCI KOH HCl] KOH

Si - 0 - 2 - 3 - 3 - 3
Ag 1 - 3 - 3 - 3 - 2 -
Al 1 0 3 3 2 2 2 2 2 1
Total 2 0 6 5 5 5 5 5 4 4

This allowed a first reduction of suitable coating materials, whereby SiOs, TiOs, and
HfO, exhibited the most favorable overall behaviour and were therefore highlighted in
green in the summary table. Due to the broad outcome of the reflectance evaluation,
a further method was combined to filter the candidates even further. An additional
visual inspection was therefore performed after etching, allowing effective protection
against the aggressive chemical environments to be evaluated by observing the amount
of delamination occurring on the deposited single layers. Hereby, this may range from
smaller isolated spots to larger flakes. In order to make this evaluation more tangible, the
top right corner of the samples was never taken into consideration during the evaluation,
as this was the location where the sample was handled with tweezers and the resulting
mechanical force in combination with the chemical environments would represent an
additional external influence.

41



Table 4.3: Visual inspection of 50nm single-layer coatings after chemical exposure.
Green cells indicate coating systems that showed no visible degradation or delamina-
tion after etching.

50nm Al,Oj3 50 nm SiOs 50 nm TiO, 50 nm HfO, 50 nm Tay05

HCl] KOH HCI KOH HCI KOH HClI KOH HCI KOH

Si
Ag
Al

The visual inspection confirmed the trends observed from the reflectance analysis while
additionally revealing localized degradation mechanisms that were not always apparent
from optical measurements alone. For acidic environments, AloO3 and TiO5 exhibited
the most favorable behaviour. Under alkaline conditions, SiO9, TiO9, and TasO5 showed
the most favorable visual appearance after KOH exposure.

Since the final material selection aimed to balance both optical performance and chemical
stability, combining both evaluations allowed the material selection for the subsequent
nanolaminate study to be reduced to SiOs, TiO2, and HfOs. In addition, the testing
environments for the subsequent nanolaminate evaluation were reduced to 10 wt% HCI,
due to the too mild effects observed at lower concentrations, and because the most rel-
evant results for future company projects originated from the evaluation of silver and
aluminium substrates.

4.5 Nanolaminate Protective Coatings

Following the single-layer evaluation, the materials selected for nanolaminate fabrica-
tion were SiOq, TiO9 and HfO5. Since TiO9 and SiOy showed the most favorable over-
all behaviour during both the reflectance and visual evaluations, they were selected as
the primary nanolaminate candidate, while HfOs and SiOy were selected as the second
nanolaminate combination.

Unless stated otherwise, all coating systems discussed in the following sections were
deposited following the optimized process route consisting of substrate cleaning with a
50W, 2% Hy Ar/H, plasma pretreatment for 60s and deposition of a 4nm thermally
deposited Al,Og interlayer. Since these process steps remained identical for all investi-
gated coatings, they are not explicitly mentioned for every deposition. Any deviations
from this standard process flow are highlighted.

The investigated nanolaminate architectures consisted of alternating oxide layers re-
peated until a total thickness of 50 nm was reached. Four different layer thickness ra-
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tios were investigated for both material systems: 1 nm:1nm, 5nm:5nm, 4nm:1 nm and
1nm:4nm. By controlling the material contribution within a pair, these ratios require
a different number of supercycles to reach the final coating thickness.

A first evaluation of the nanolaminate deposition was performed directly after coating
using ellipsometry. In addition to determining the deposited thickness, the measured
refractive index was compared with a theoretical effective refractive index estimated
from the relative contributions of the two constituent oxides. The theoretical single-
layer refractive indices used for this comparison were ngjo, = 1.46, ntio, = 2.40, and
nyufo, = 2.02. at 632nm.

For a layered medium with a periodicity much smaller than the wavelength of the incident
light, the optical response can be described using an effective-medium approximation.
Rather than averaging the refractive indices directly, the dielectric functions of the con-
stituent materials are combined. The resulting layered medium is uniaxially birefringent,
with the ordinary and extraordinary refractive indices given by

ng = fan’y + fonk (4.1)
" »

n; ny Ny

where f4 and fp represent the relative thickness contributions of the two oxides
within one supercycle, and n4 and np their respective refractive indices. For the sym-
metric 1 nm:1 nm and 5 nm:5 nm architectures, both oxides contribute equally, whereas
for the asymmetric 4 nm:1 nm and 1 nm:4 nm architectures, the contributions are 80%
and 20%.

Table 4.4 compares the calculated ordinary and extraordinary refractive indices with
the refractive index and coating thickness obtained from the isotropic ellipsometric fit.
Since an isotropic optical model was employed, the fitted refractive index is expected to
lie between the calculated n, and n, values. This is the case for six of the eight inves-
tigated nanolaminate architectures. The two exceptions correspond to the 5 nm:5 nm
architectures, which also exhibit the largest deviations from the targeted coating thick-
ness. This behaviour is likely related to the correlation between refractive index and
thickness in the ellipsometric fit rather than to a physical refractive-index shift. The
comparison constrains the average optical composition of the coatings but does not con-
firm the presence, continuity, or internal structure of the individual nanolaminate layers.
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Table 4.4: Comparison between the coating thickness and refractive index obtained from
ellipsometric fitting and the calculated ordinary (n,) and extraordinary (n.) refractive
indices of the investigated nanolaminate architectures. The calculated values were ob-
tained using ngio, = 1.46, ntio, = 2.40, and npro, = 2.02 at A = 632 nm. The
ellipsometric spectra were fitted using an Isotropic Cauchy model.

Ratio d [nm] Ad [nm] Ne o Nmeasured

S lmmlnm 5313 +3.13  1.764 1.986  1.960
Q 5nm:5 nm  46.46 354  1.764 1.986  2.020
5’ 4nm:1 nm  51.69 +1.69 2.073 2.244 2.259
B 1lnm4nm 51.63 +1.63 1562 1.690  1.641
S 1nm:dlnm  50.04 +0.04 1673 1.762  1.734
Q 5nm:5 nm  42.32 -7.68 1.673 1.762  1.773
§ 4 nm:1l nm  48.64 -1.36 1.857 1.921  1.929
s

1 nm:4 nm  54.13 +4.13 1.535 1.588 1.564

Like for the single-layer coatings, reflectance measurements and visual inspection were
selected as the primary evaluation methods. However, compared to the single-layer coat-
ings, the nanolaminates resulted in significantly smaller reflectance changes, making the
evaluation considerably more challenging. In several cases, no measurable degradation
could be identified after 30 minutes exposure and only minor spectral variations were
observed even after 90 minutes. Consequently, the evaluation was performed at multiple
time points, allowing for a more detailed evaluation of degradation progression. Com-
parison between the two nanolaminate systems was first performed to identify the more
suitable material combination overall,, followed then by comparing the individual layer
thickness ratios within the same material combination.

A particularly important observation concerns the aluminium substrates. During the
single-layer evaluation, severe bubbling and localized coating detachment occurred rapidly
after HCI exposure. The nanolaminate architectures substantially delayed the onset of
this behaviour and reduced the spatial extent of the affected regions. Depending on the
investigated architecture, bubbling was either completely suppressed during the investi-
gated immersion period or reduced both in density and size. This observation strongly
suggests that the nanolaminate architecture improves the barrier properties of the coat-
ing system beyond what can be achieved by the corresponding single-layer coatings
alone.
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Table 4.5: Reflectance-based grading of 50nm TiO3/SiO2 nanolaminates with differ-
ent ratios of TiO2:SiO5 layer thickness on different substrates after 30 min exposure
to 10 wt% HCI, evaluated with a grading system from 0 for drastic changes to 3 for
no/minimum changes.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3 3
Ag 3 3 3 3
Al 2 2 3 2
Au 3 3 3 3
Total 11 11 12 11

Table 4.6: Reflectance-based grading of 50nm TiO3/SiO2 nanolaminates with differ-
ent ratios of Ti09:SiOy layer thickness on different substrates after 90 min exposure
to 10wt% HCI, evaluated with a grading system from 0 for drastic changes to 3 for
no/minimum changes.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3 3
Ag 3 3 2 3
Al 2 1 3 2
Au 3 3 3 3
Total 11 10 11 11

The reflectance evaluation already reveals clear differences between the two investigated
nanolaminate systems. For the TiOy/SiO2 nanolaminates, almost no measurable degra-
dation is observed after 30 min exposure to 10wt% HCI. Independent of the selected
layer ratio, all substrate-coating combinations are associated with the maximum score of
three, while only minor reductions were observed on the aluminium substrate for three of
the four investigated architectures. Even after extending the immersion time to 90 min,
the overall behaviour remains largely unchanged, as most issues are still connected to
the aluminum substrate, and only one additional substrate—coating combination exhib-
ited measurable degradation compared to the 30 min evaluation. This indicates that the
coating system provides stable protection over prolonged exposure times.
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Table 4.7: Reflectance-based grading of 50nm HfO/SiO2 nanolaminates with differ-
ent ratios of HfO5:SiO9 layer thickness on different substrates after 30 min exposure
to 10wt% HCI, evaluated with a grading system from 0 for drastic changes to 3 for
no/minimum changes.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3
Ag 3 2 1 2
Au 3 1 3 3
Total 9 9 10 11

Table 4.8: Reflectance-based grading of 50nm HfO3/SiO2 nanolaminates with differ-
ent ratios of HfO2:Si02 layer thickness on different substrates after 90 min exposure
to 10wt% HCI, evaluated with a grading system from 0 for drastic changes to 3 for
no/minimum changes.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3 3
Ag 3 2
Al 2 3
Au 1 3
Total 7 7 4 9

In contrast, the HfO2/SiO2 nanolaminates exhibit significant degradation already after
30min exposure. Reflectance losses become visible on all metallic substrates and are
particularly pronounced for aluminium, where scores of zero or one are assigned already
after shorter times, indicating severe coating degradation or complete coating failure.
The prolonged immersion time of 90 min further confirms this trend and highlights the
inferior protective behaviour of this material combination. In several cases the measured
reflectance approaches that of the uncoated metallic substrate, indicating that the coat-
ing was fully removed during the etching process.

Although the TiO2/SiO2 nanolaminate clearly outperforms the HfO5/SiOy system, Al-
though the reflectance evaluation already identifies TiO2/SiO2 as the superior material
combination, it does not allow a definitive selection of the optimal layer ratio within this
system., as reflectance is always averaged over a wider surface. The total scores differ
only slightly between the investigated architectures and several ratios achieve nearly
identical results even after prolonged exposure.Since the differences remain sufficiently
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small, an additional evaluation criterion becomes necessary, allowing to get further in-
formation to conclude the study more specifically. The visual inspection provided a
substantially stronger differentiation between the investigated architectures than the re-
flectance measurements, as the whole surface can be taken into consideration using a
grading system based on the spatial extent and severity of visible degradation. Local-
ized delamination, flaking and substrate bubbling become visible even in cases where the
reflectance spectra remain largely unchanged, providing a more complete and detailed
full-picture.

Table 4.9: Visual grading of 50 nm TiO2/SiOy nanolaminates after 30 min exposure to
10 wt% HCI. The scores account for visible degradation such as delamination, localized
failure and substrate bubbling.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3 3
Ag 2 3 2 3
Al 2 2 3 2
Au 2 2 1 3
Total 9 10 9 11

Table 4.10: Visual grading of 50 nm TiO3/SiO2 nanolaminates after 90 min exposure to
10 wt% HCI.

1nm:1 nm 5 nm:5 nm 4 nm:1 nm 1nm:4 nm
Si 3 3 3 3
Ag 2 2 1 3
Al 1 1 2 1
Au 0 1 0 3
Total 7 7 6 10

A first comparison for the material combinations confirms the evaluations made based
on the reflectance. Overall scores are better when comparing 30 minutes of the two
material systems, as well as after 90 minutes etching time. Going into further analysis,
the visual evaluation confirms the excellent behaviour of the 1nm:4nm architecture of
the TiO2/SiO2 nanolaminate system, as the score assigned after 30 minutes is repeated
also after 90 minute etching, keeping a stable grading over the whole evaluated immersion
period. The 5nm:5 nm architecture showed comparable behaviour during short exposure
times but exhibited increased degradation after prolonged immersion, particularly on
aluminium substrates. The 1 nm:1 nm and 4 nm:1 nm architectures likewise showed good
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overall protection performance but experienced major delamination after 90 minutes of
etching, as the coating on the gold mirror was fully removed.

Table 4.11: Visual grading of 50 nm HfO3/SiO2 nanolaminates after 30 min exposure to
10 wt% HCL.

1nm:1nm 5 nm:5 nm 4nm:1 nm 1nm:4nm
Si 3 3 3 3
Ag 3 2 3 2
Al 2 2 2 3
Au 1 1 2 2
Total 9 8 10 10

Table 4.12: Visual grading of 50 nm HfO5/SiO2 nanolaminates after 90 min exposure to
10 wt% HCL.

1nm:1 nm 5 nm:5 nm 4nm:1 nm 1nm:4 nm
Si 3 3 3
Ag 2 2
Al 1 2
Au 1 1
Total 7 5 5 8

The overall evaluation confirms also here less effective protection from the HfO9/SiOq
nanolaminates, as overall more severe degradation occurred on multiple samples and
it becomes more difficult to identify good substrate-coating combinations. For the
HfO2/Si0O2 nanolaminates, a similar trend can be observed when going into further
analysis, with the 1 nm:4 nm architecture again producing the highest overall scores af-
ter the full etching period, while being evaluated similar to other ratio systems after
shorter times.Severe delamination is also here found on the gold mirror, but also on the
alumina, with major delamination occurring.

Overall, both evaluation methods consistently identify the TiO2/SiO2 nanolaminates
as the superior material combination. Furthermore, increasing the relative SiOy frac-
tion within the stack generally improves the protection performance, with the 1nm
TiOs : 4nm SiOs architecture exhibiting the best overall behaviour. Consequently, the
TiO2/Si02 nanolaminate employing the 1 nm:4 nm layer ratio was selected as the most
promising coating architecture and was therefore carried forward for the subsequent
optimization of total nanolaminate thickness.
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4.6 Electrochemical Characterization

Following the optical and visual evaluation of the investigated coating systems, electro-
chemical characterization was performed as an add-on validation of the selected nanolam-
inate architectures. Unlike the previous characterization techniques, which primarily
evaluate optical performance and surface delamination, electrochemical measurements
provide direct information on the barrier properties of the coatings against electrolyte
penetration and corrosion. Since these measurements were intended to complement the
previous results rather than to establish the coating selection, only the most promis-
ing material combination (TiO2/SiO2) was investigated. The electrochemical evaluation
first compares the influence of the nanolaminate layer ratio at a constant total thickness
of 50 nm, followed by the influence of the total coating thickness for the selected 1nm
TiOy : 4nm SiO9 architecture.

4.6.1 Influence of the Nanolaminate Layer Ratio

The potentiodynamic polarization curves of the investigated single-layer and nanolami-
nate coatings are presented in Figure 4.11. The measurements were carried out in 0.1 M
HCI in order to maintain a chemically comparable acidic and chloride-containing envi-
ronment to the HCI corrosion experiments previously used for coating evaluation, while
a lower HCI concentration was selected for the electrochemical measurements in order
to avoid damage to the electrochemical setup and reference electrode.

Among the investigated nanolaminate architectures, 1nm TiO2 : 4nm SiOy (Mix 4)
exhibits the lowest current densities over the measured potential range and therefore the
most protective behaviour among the investigated coating systems. 1nm TiOs : 1nm
SiOg (Mix 2) likewise exhibits lower current densities than Mix 1 and Mix 3, although its
current increases more strongly with applied potential. 5nm TiOy : 5nm SiO2 (Mix 1)
and 4nm TiOz : 1nm SiOy (Mix 3) show comparable behaviour to the TiOq single layer,
with a sharp increase in current density occurring relatively close to the OCP.

The SiO9 single-layer coating exhibits a continuous increase in current density with
increasing applied potential, indicating active dissolution under the investigated HCI
conditions. The TiO2 coating similarly loses its protective behaviour at relatively low
polarization potentials. Although Mix 4 still shows an increase in current density and
therefore does not remain completely passive in the aggressive environment, its lower
electrochemical activity compared to the remaining coatings indicates the highest resis-
tance among the investigated systems.
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Figure 4.11: Potentiodynamic polarization curves of the investigated 50 nm single-layer
and nanolaminate coatings measured in 0.1 M HCI. Lower current densities indicate
reduced electrochemical activity and improved corrosion resistance. Measurements were
performed at OST.

The E—j measurements therefore support the previous optical and visual evaluation,
where the 1 nm TiO2/4 nm SiOy nanolaminate was likewise identified as the most promis-
ing coating architecture. Notably, the 1 nm TiO2:4 nm SiOs nanolaminate also exhibits
lower current densities than the SiOs single-layer coating, indicating that its improved
electrochemical performance cannot be attributed solely to the high SiOs fraction, but
is also associated with the nanolaminate architecture. To further evaluate whether the
corresponding electrochemical barrier response follows the same trend, the coatings were
subsequently compared by EIS under the milder conditions of 0.1 M citric acid at pH 5.2.

The corresponding Bode plots are presented in Figure 4.12. All investigated 50 nm
coating systems exhibit comparatively high impedance magnitudes, approximately be-
tween 3.0 x 107Q and 2.0 x 103Q), indicating generally favourable barrier properties.
The principal differences between the coatings are therefore observed in the phase-angle
response rather than in the absolute impedance magnitude. A phase angle approaching
90° over a broad frequency range corresponds to a predominantly capacitive response
and therefore to a coating behaving more closely as an insulating dielectric barrier. The
TiO, single-layer coating exhibits the broadest capacitive region and approaches ideal
dielectric behaviour more closely than the remaining investigated systems. In contrast,
the SiO9 coating exhibits two distinguishable time constants together with lower phase
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angles, indicating a less ideal capacitive response. According to the EIS analysis, this
behaviour may be associated with a higher defect density, increased porosity, or greater
dielectric heterogeneity within the coating. Since EIS cannot distinguish between these
contributions, complementary characterization is required to correlate the electrochem-
ical response with specific structural features. The nanolaminates likewise exhibit two
characteristic time constants. Their high-frequency response remains relatively constant
between the different nanolaminates and can be attributed to the barrier response of the
coating. In contrast, the low-frequency time constant varies depending on the investi-
gated nanolaminate architecture.

Mix 1 and Mix 3 show similar phase responses, including a phase minimum around 1 Hz,
whereas Mix 2 exhibits a more homogeneous response approaching a single-time-constant
system. Mix 4 exhibits a shifted and more pronounced low-frequency response. Accord-
ing to the EIS analysis, this behaviour may be associated with increased electrochemical
heterogeneity arising from defect-related processes, electrolyte/substrate charge transfer,
or a broader distribution of relaxation times associated with the repeated TiO2/SiOq
interfaces. Since EIS cannot distinguish between these contributions, the exact origin
of the low-frequency response cannot be identified from the impedance measurements
alone. Detailed structural characterization of the individual layers and interfaces would
further help determine whether this response is primarily governed by the local layer
composition or by the interfaces within the nanolaminate.
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Figure 4.12: Bode plots of the investigated 50 nm single-layer and nanolaminate coatings
measured in 0.1 M citric acid at pH 5.2. The impedance magnitude (lines) and phase
angle (triangles) are shown as a function of frequency. Measurements were performed
at OST.

While EIS alone does not identify the structural origin of the different phase responses,
the high impedance values confirm that all investigated coatings provide substantial bar-
rier resistance. Considered together with the potentiodynamic polarization results, EIS
therefore provides complementary information on the barrier behaviour of the investi-
gated coatings rather than an independent ranking of their corrosion resistance.

4.6.2 Influence of the Total Nanolaminate Thickness

Following the comparison of the different layer ratios, the influence of total coating
thickness was investigated for the selected 1nm TiOs:4nm SiO, architecture at total
thicknesses of 25, 50, and 100 nm.

The potentiodynamic polarization curves are presented in Figure 4.13. The 25 nm coat-
ing exhibits an early increase in current density, indicating active dissolution at relatively
low polarization potentials. The 50 nm coating shows the most favourable polarization
response. In contrast, the 100 nm coating also exhibits a continuous increase in current
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density and fails earlier than expected from its greater thickness alone.
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Figure 4.13: Potentiodynamic polarization curves of the selected 1nm TiO2:4 nm SiOq
nanolaminate for total coating thicknesses of 25, 50, and 100 nm measured in 0.1 M HCI.
Measurements were performed at OST.

The thickness-dependent polarization results must, however, be interpreted with care.
The 25nm and 100 nm samples had previously undergone EIS measurements, whereas
the 50 nm sample used for polarization had not, although no major changes are assumed
due to this. The lower OCPs measured for the 25 nm and 100 nm coatings indicate that
interaction with the electrolyte had already occurred during the preceding EIS measure-
ments. Consequently, the poorer polarization response of the 100 nm coating cannot
be attributed exclusively to coating thickness, and fresh, previously unexposed samples
would be required for a fully equivalent comparison.

The EIS measurements provide additional information on the barrier response as a
function of coating thickness. The corresponding Bode plots are shown in Figure 4.14.
Increasing the coating thickness shifts the phase response towards higher frequencies to-
gether with a small increase in impedance magnitude. This is expected, since impedance
is inversely proportional to coating capacitance, which decreases with increasing film
thickness.
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All investigated coatings maintain comparatively high impedance values at low frequen-
cies, around 6 x 107 2, indicating good barrier properties with limited electrolyte access
to the underlying silver substrate. However, the phase response shows that the coatings
do not behave as ideal dielectric barriers. Two characteristic time constants can be dis-
tinguished, one around 300 Hz and a second in the low-frequency region around 10 mHz.
Although the maximum phase angle approaches approximately 85°, the relatively nar-
row capacitive region indicates a finite coating response rather than purely capacitive
blocking over the complete frequency range.

The low-frequency response further changes with total coating thickness. The 25nm
coating exhibits the broadest low-frequency peak, whereas the 100 nm coating shows the
most pronounced decrease in phase angle. Consequently, increasing the coating thick-
ness does not simply produce a thicker barrier layer. Instead, the observed differences
suggest that increasing thickness may also introduce changes in the coating microstruc-
ture, such as differences in defect density or grain-boundary structure. More detailed
microstructural investigations would be required to confirm these observations.
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Figure 4.14: Bode plots of the selected 1nm TiO2:4nm SiOs nanolaminate for total
coating thicknesses of 25, 50, and 100 nm measured in 0.1 M citric acid at pH 5.2. Mea-
surements were performed at OST.
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Overall, the electrochemical characterization complements the coating evaluation ob-
tained from reflectance measurements and visual inspection. The potentiodynamic po-
larization measurements provide direct comparison of the corrosion resistance under an
aggressive HCI environment, whereas EIS evaluates the electrochemical barrier response
under milder conditions without intentionally driving the coatings towards degradation.
For the layer-ratio comparison, the electrochemical measurements support the favourable
performance of the SiOg-rich 1nm TiO2/4 nm SiO2 nanolaminate. For the total thick-
ness comparison, the results indicate that coating thickness influences both corrosion
resistance and barrier response, while also highlighting the importance of identical sam-
ple histories when comparing electrochemical measurements. Considering the combined
optical, visual, and electrochemical characterization, the 50nm 1nm TiO2:4nm SiO9
nanolaminate remains the most favourable overall coating architecture investigated in
this work.
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5 Discussion

5.1 Development of an Optimized Protective Coating Pro-
cess

The development of protective coatings for metallic mirrors requires balancing two
equally important requirements: corrosion resistance and preservation of optical per-
formance. Unlike many conventional protective coatings, a coating providing excellent
chemical stability alone is insufficient if it significantly alters the reflectance of the mir-
ror. This trade-off strongly influenced the experimental strategy. Increasing the coating
thickness generally improves the barrier against corrosive environments, but a thicker
coatings also modifies the optical response through interference effects and may increase
the residual stress within the coating stack. Excessive stress can reduce coating adhesion
and promote delamination, ultimately compromising both the mechanical integrity and
the optical performance of the system. Rather than maximizing the coating thickness,
the objective was therefore to identify the compromise between thickness capable of pro-
viding sufficient protection while preserving the characteristic reflectance of the metallic
mirrors.

Before investigating protective coating materials, the preparation process itself had to
be optimized. The Ar/Hs plasma pretreatment was introduced to remove surface con-
tamination while minimizing unwanted modification of the substrate surface. Compared
with oxygen-based plasmas, the inert Ar/Hs atmosphere successfully preserved the op-
tical properties of all investigated substrates while providing suitable surface conditions
for subsequent ALD deposition.

The largest challenge for PEALD was already known prior to deposition of oxide materi-
als. Among the investigated substrates, silver exhibited by far the highest sensitivity to
oxygen exposure, showing a pronounced decrease in reflectance even under the mildest
plasma conditions. Since silver represents one of the most important mirror materials
for optical applications, preventing oxygen-induced degradation became a prerequisite
for the subsequent coating development. This challenge was addressed through the in-
troduction of a thin thermally deposited AlsOgs interlayer. Depositing the interlayer
by thermal ALD prevented the substrate from being exposed to oxygen plasma during
the initial growth cycles while simultaneously providing a continuous protective barrier
for all subsequent PEALD depositions. Al,O3 was selected for the initial investigation
due to its well-established ALD process and its ability to form uniform and conformal
films already at very small thicknesses. The optimization of the interlayer thickness
demonstrated that 2nm did not provide sufficient protection against oxygen plasma,
whereas 4nm and 8 nm resulted in comparable protection of the silver substrate. Since
the thicker interlayer introduced a greater influence on the optical properties without
providing additional protection, 4nm represented the optimum compromise between
maintaining reflectance and ensuring sufficient barrier performance. Finally, comparison
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between Al,Os and AIN interlayers showed that both materials produced comparable
optical behaviour. However, the superior adhesion observed for coating systems em-
ploying the AlsOg interlayer after deposition of a 100 nm single-layer coating identified
Al5O3 as the more appropriate solution.

Consequently, the optimized process established throughout this work consists of a 50 W
Ar/H, plasma pretreatment with 2% Ha for 60 s, followed by a 4 nm thermally deposited
AlyOg3 interlayer prior to deposition of the functional protective coating. This optimized
process formed the foundation for the subsequent evaluation of single-layer and nanolam-
inate coating architectures.

Several limitations should nevertheless be considered when interpreting the results of this
work. The internal structure of the nanolaminate coatings was not directly validated by
structural characterization such as TEM, and the presence and continuity of the nomi-
nal individual layers therefore remain to be confirmed. Furthermore, the electrochemical
measurements were performed under different measurement conditions, limiting direct
quantitative comparison between the different data sets. The S, values obtained for
the different substrate materials cannot be directly compared because different AFM
scan areas were used. Finally, although silver exhibited pronounced degradation during
oxygen-plasma exposure, the underlying chemical nature and degradation mechanism of
this response were not investigated.

5.2 From Single-Layer Coatings to Nanolaminate Archi-
tectures

The single-layer coating study demonstrated that none of the investigated oxides simul-
taneously fulfilled all the requirements for the protection of metallic mirrors. Although
several materials exhibited excellent performance under specific conditions, each coating
also presented limitations when evaluated from both an optical and a visual perspective.
Consequently, the transition from single-layer coatings to nanolaminates was not only
motivated by the existing literature, but also by the experimental observations obtained
throughout this work.

An important outcome of the single-layer evaluation was that reflectance measurements
alone were insufficient to identify the most suitable protective coating. Since reflectance
measurements evaluate only the optical response along the illuminated measurement
area, localized coating degradation or delamination may remain undetected when the
overall optical response is only slightly affected. The complementary visual inspection
therefore proved essential, allowing localized failure mechanisms to be identified over
the entire sample surface. Combining both characterization techniques enabled a more
reliable ranking of the investigated materials and ultimately led to the selection of SiOa,
TiO9, and HfOs for the subsequent nanolaminate investigation. While SiOg, TiOs,
and HfO, exhibited the most favourable overall performance, none of them consistently
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provided the highest resistance under all investigated conditions. Similarly, AloO3 and
TasO5 were excluded despite exhibiting favourable behaviour in specific cases, as both
materials showed pronounced optical losses after chemical exposure. These observations
demonstrate that selecting a single oxide inevitably represents a compromise between
competing material properties.

Rather than searching for a single material capable of satisfying all requirements, nanolam-
inates offer the possibility of combining the properties of different oxides within one

coating architecture. As discussed in the theoretical background, the introduction of

multiple interfaces interrupts the continuous propagation of defects and pinholes that

may form during thin-film growth. Consequently, direct pathways for electrolyte pene-

tration become less probable, while the alternating layers increase the effective diffusion

path through the coating. In addition, combining materials with different optical, chem-

ical, and mechanical characteristics allows the overall coating performance to be tailored

beyond the capabilities of the individual constituent oxides.

The single-layer screening therefore demonstrated that the investigated oxides should
not be regarded as competing alternatives, but rather as complementary materials with
different strengths and limitations. This observation is consistent with the concept of
nanolaminate coatings introduced in the theoretical background, where alternating ma-
terials are expected to compensate for the shortcomings of the individual oxides while
combining their favourable properties. Consequently, the subsequent stage of this work
focused on optimizing the nanolaminate architecture through systematic variation of the
layer thickness ratio and the total coating thickness.

5.3 Optimization of the Nanolaminate Architecture

Following the selection of the most promising oxide materials, the influence of the
nanolaminate architecture was investigated by varying both the individual layer thick-
ness ratio and the total coating thickness. Unlike single-layer coatings, nanolaminates
introduce additional design parameters, allowing the contribution of each constituent
material to be adjusted while maintaining the overall coating thickness.

The investigated layer thickness ratios (1 nm:1 nm, 5 nm:5nm, 4 nm:1 nm, and 1 nm:4 nm)
were selected to evaluate how the relative contribution of each oxide influences the overall
coating performance. While the symmetric architectures provide an equal contribution
from both materials, the asymmetric ratios allow one material to dominate the coating
behaviour while still benefiting from the complementary properties introduced by the
second oxide. This approach enabled the influence of both the material combination and
the relative layer thickness to be assessed systematically.

Among the investigated architectures, the SiOs-rich nanolaminates consistently provided
the best overall performance. This observation agrees with the excellent behaviour of
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SiO2 during the single-layer screening and indicates that the favourable barrier proper-
ties of SiO9 remain dominant within the nanolaminate architecture. At the same time,
the addition of TiOy or HfOy further improved the coating performance by combining
the advantageous properties of both materials. This role of the architecture is particu-
larly evident in the electrochemical characterization, where the 1 nm TiOs:4 nm SiOq
nanolaminate exhibited lower current densities than the SiOs single-layer coating de-
spite containing a smaller overall fraction of SiOs. In particular, the 1 nm TiO2:4 nm
SiOs architecture achieved the most favourable balance between maintaining the optical
properties, limiting delamination, and improving the resistance against chemical attack.

A likely explanation for the superior performance of the SiOs-rich architectures is re-
lated to the different microstructural behaviour of the constituent oxides. PEALD SiOs
is expected to remain predominantly amorphous, whereas TiO9 can develop crystalline
regions, for example anatase, under the applied deposition conditions. Grain boundaries
associated with crystalline TiO2 may act as preferential diffusion pathways for aggressive
species through the coating. In SiOs-rich nanolaminates, the TiOs layers are thinner
and are repeatedly interrupted by amorphous SiO2, which may suppress the forma-
tion of continuous crystalline regions and therefore reduce the probability of continuous
grain-boundary diffusion paths. This provides a plausible explanation for why the 1 nm
TiO2:4 nm SiOq architecture outperformed the 4 nm:1 nm and 5 nm:5 nm architectures.
More generally, this behaviour is consistent with the classical nanolaminate barrier con-
cept, in which repeated interfaces interrupt continuous transport pathways through the
coating.

The total coating thickness was likewise found to influence the coating performance.
While thinner coatings reduce optical interference effects, they may not provide suf-
ficient protection against aggressive environments. Conversely, increasing the coating
thickness beyond 50 nm did not result in a clear improvement in the optical or visual
evaluation, while simultaneously increasing the likelihood of stress accumulation within
the coating stack. Although the electrochemical characterization suggested improved
barrier properties for thicker coatings, these improvements were not reflected by the
optical and visual assessments. Since preserving the optical performance represents one
of the principal objectives of this work, the 50 nm nanolaminate was identified as the
most suitable compromise between protection and optical preservation.

The electrochemical measurements further supported the conclusions obtained from the
optical characterization. Although EIS was primarily employed as a complementary
validation technique, the investigated nanolaminates exhibited trends consistent with
the reflectance and visual evaluations. In particular, the TiOs-rich and SiOs-rich ar-
chitectures could be differentiated based on their impedance response, with the 1nm
TiO2:4nm SiO2 nanolaminate again exhibiting the most favourable overall behaviour.
The agreement between the optical, morphological, and electrochemical characterization
techniques therefore increases the confidence in the selected coating architecture.
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Overall, the results demonstrate that the optimization of nanolaminates extends beyond
the selection of suitable materials alone. The relative layer thickness and the total coat-
ing thickness both play an important role in determining the final coating performance.
By systematically optimizing these parameters, a SiOg-rich TiO2/SiO2 nanolaminate
with a total thickness of 50 nm was identified as the most promising protective coating
investigated within this work.

5.4 Limitations

Although the developed coating process and nanolaminate architecture showed promis-
ing performance, several limitations of the present study should be considered when
interpreting the results.

A principal limitation concerns the structural characterization of the nanolaminate coat-
ings. The individual layer thicknesses and sequences discussed throughout this work
represent the nominal deposition architecture and were not directly verified by struc-
tural techniques such as transmission electron microscopy (TEM) or X-ray reflectometry
(XRR). Ellipsometry provides information on the total coating thickness and average op-
tical response, but cannot confirm the presence, continuity, or sharpness of the individual
layers and interfaces. Consequently, interpretations relating the improved barrier per-
formance to the nanolaminate interfaces or microstructure remain hypotheses until the
internal coating structure is directly characterized.

A further limitation arises from the ellipsometric and AFM characterization. Because
reliable ellipsometric modelling of the metallic mirror stacks was not possible, coating
thickness and refractive index were determined from simultaneously coated silicon ref-
erence samples and assumed to be representative of the corresponding coatings on the
metallic substrates. In addition, different AFM scan areas were employed for silicon and
the metallic mirrors. The resulting S, values can therefore be used to evaluate changes
within a given substrate system, but should not be directly compared between all sub-
strate materials.

The electrochemical characterization also contains limitations regarding direct compa-
rability. Different scan rates were used for the potentiodynamic polarization measure-
ments performed for the layer-ratio and total-thickness comparisons, and these data sets
should therefore not be quantitatively compared with each other. Furthermore, the 25
and 100 nm samples used for the thickness-dependent polarization measurements had
previously undergone EIS measurements, whereas the 50 nm sample had not. Differ-
ences in sample history may consequently contribute to the observed response. EIS and
potentiodynamic polarization were additionally performed using different electrolytes
and should therefore be regarded as complementary evaluations of barrier performance
rather than directly equivalent measurements.
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Finally, the mechanisms responsible for some of the observed degradation remain unre-
solved. In particular, oxygen-plasma exposure produced pronounced optical and mor-
phological changes on silver, but the chemical nature of this degradation was not in-
vestigated directly. Similarly, changes in electrochemical response with nanolaminate
architecture and thickness cannot yet be related unambiguously to specific microstruc-
tural features. Dedicated chemical and structural characterization would therefore be
required to establish these mechanisms. Moreover, the durability evaluation was based
primarily on accelerated chemical exposure and selected electrochemical conditions. The
long-term stability of the optimized coating under representative service environments
therefore remains to be demonstrated.
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6 Conclusions

6.1 Key Findings

This work developed and optimized PEALD oxide coatings for the protection of metal-
lic mirror substrates while preserving their optical performance. The first step was the
optimization of the surface preparation, where an Ar/Hy plasma treatment at 50 W,
2% Hs, and 60 s was identified as the most suitable condition, introducing only minor
optical and morphological changes.

Silver was found to be by far the most oxygen-sensitive substrate, with its reflectance at
532 nm decreasing by more than 25% after only 30 s exposure to a 50 W Oy plasma. To
mitigate this effect, a thermally deposited AloO3 interlayer was introduced. A thickness
of 4 nm provided protection, causing less optical interference. Furthermore, nanoscratch
measurements showed higher first critical loads for AloO3 than for AIN on all investi-
gated substrates.

The subsequent coating screening showed that SiOg, TiO2, and HfOs were the most
promising single-layer materials. Their combination into nanolaminates further im-
proved the coating performance. TiO3/SiO2 nanolaminates outperformed the corre-
sponding HfO5/SiOy systems, with the SiOg-rich 1 nm TiO2:4 nm SiO9 architecture
showing the most favourable overall behaviour. Considering chemical resistance, opti-
cal preservation, and electrochemical performance together, a total coating thickness of
50 nm provided the best overall compromise. Potentiodynamic polarization and EIS
measurements supported this ranking and further indicated that the improved perfor-
mance is related not only to composition, but also to the nanolaminate architecture.

Overall, the optimized process consists of a 50 W Ar/Hs pretreatment, a 4 nm thermally
deposited AlsOj3 interlayer, and a 50 nm nanolaminate composed of 1 nm TiO2:4 nm
SiO2. This coating architecture represents the most promising protective system identi-
fied within the scope of this work.

6.2 Possible Future Work

Further work should first focus on validating the internal structure of the nanolaminates.
XRR and cross-sectional TEM are required to confirm the periodicity, continuity, and
interface quality of the nominally 1 nm layers, while XRD would help establish the crys-
tallinity of the constituent oxides. This is particularly important for verifying whether
suppression of continuous TiOs grain-boundary pathways contributes to the improved
performance of the SiOs-rich architectures.

The degradation mechanism of silver under Oz plasma should also be investigated in
more detail, for example by XPS. In addition, repeated nanoscratch measurements would
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improve the statistical reliability of the adhesion comparison, while quantitative extrac-
tion of Eeorr and jeorr from the polarization data would provide a more complete elec-
trochemical evaluation.

Finally, the optimized coating should be tested under more application-relevant condi-
tions, including representative mirror geometries, thermal cycling, damp-heat exposure,
and laser-induced damage threshold (LIDT) measurements. These investigations would
provide the structural and long-term validation required for practical optical applica-
tions.
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Appendix

Table A.1: Measurement parameters used for all reflectance measurements performed
with the PHOTON RT Spectrophotometer Model 0252 (EssentOptics).

Parameter Value
Measurement mode Reflectance
Start wavelength 210 nm
End wavelength 1700 nm
Sampling pitch 5 nm
Averaging count 20
Smoothing mode

Manual mode

Sample stage angle 8°
Detector angle 16°
Detector auto displacement  Flat
Detector displacement 0.20 mm
Sample thickness 1.10 mm
Refractive index (n) 1.52

Slit width 170 pm / 120 pum
Spot size 6.0 mm
Polarization Averaged (P+S)

Deuterium light source

Enabled
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Figure A.1: Reflectance reproducibility of the silicon substrate. Subfigures (a)—(c) show
short-term repeated measurements, while (d)—(f) show long-term measurements per-
formed at one-week intervals on different samples from the same wafer. Error bars are
based on the standard deviation.
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Figure A.2: Reflectance reproducibility of the silver-coated substrate. Subfigures (a)-
(c) show short-term repeated measurements, while (d)—(f) show long-term measurements
performed at one-week intervals on different samples from the same wafer. Error bars
represent one standard deviation.
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Figure A.3: Reflectance reproducibility of the aluminum-coated substrate. Subfigures
(a)—(c) show short-term repeated measurements, while (d)—(f) show long-term measure-
ments performed at one-week intervals on different samples from the same wafer. Error
bars represent one standard deviation.
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Figure A.4: Reflectance reproducibility of the gold-coated substrate. Subfigures (a)—(c)
show short-term repeated measurements, while (d)—(f) show long-term measurements
performed at one-week intervals on different samples from the same wafer. Error bars
represent one standard deviation.
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Reflectance Spectra per Substrate after Different Ar/H,; Plasmas
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Figure A.5: Reflectance spectra of Si, Ag, Al, and Au substrates after Ar/Hs plasma
treatment under varying process conditions, including power, hydrogen concentration,

and exposure time.
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Table A.2: Surface roughness S, of Si, Ag, Al, and Au substrates as a function of
Ar/Hs plasma power. The untreated values correspond to the reference surface roughness
measurements, while all plasma-treated samples were exposed using 2% Hs for 60s.

Plasma power Surface roughness S, [nm]

(W] Si Ag Al Au
0 0.105 4.68 36.31 2.56
50 0.859 12.96 31.79 2.88
100 0.136 7.11 23.58 4.82
200 0.129 10.08 38.07 4.90
300 0.157 12.17 37.70 4.77
400 0.149 6.49 28.63 5.08

Table A.3: Surface roughness S, of Si, Ag, Al, and Au substrates as a function of O,
plasma power. Plasma-treated samples were exposed for 30s at 150 °C.

Plasma power Surface roughness S, [nm]
[W] Si Ag Al Au
0 1.675 1.68 7.93 2.56
50 0.136 9.99 27.60  2.58
100 0.179  10.89  21.53  4.80
150 0.277  11.05  37.99 548
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Figure A.6: Reflectance comparison of 4 nm AlyO3 and 4 nm AIN interlayers on silicon and silver
substrates under different oxygen plasma exposure conditions. The rows correspond to no Os
plasma exposure, 50 W, 150 W, and 400 W O plasma exposure, respectively.



Protection Screening from HCI by Single-Layer Coatings on Ag

Effect of HCI Etching on Ag Reflectance

50 nm Al,05 / 4 nm A,03 / Ag Etching in 5% and 10% HCI
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Figure A.7: Reflectance-based protection screening of the silver substrate protected by different
50 nm single-layer oxide coatings during HCI exposure. The uncoated Ag substrate provides the
reference response to HCI, while the Al;Os3, SiO2, TiO2, HfO5, and TayO5 coatings illustrate

the influence of the individual oxide materials on the preservation of the optical properties of the
silver mirror.
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Protection Screening from HCI by Single-Layer Coatings on Al

Effect of HCI Etching on Al Reflectance 50 nm Al,03 / 4 nm Al,O3 / Al Etching in 5% and 10% HCI
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Figure A.8: Reflectance-based protection screening of the aluminium substrate protected by dif-
ferent 50 nm single-layer oxide coatings during HCI exposure. The uncoated Al substrate provides
the reference response to HCI, while the Al;0s3, SiOg, TiO2, HfO2, and TasO5 coatings illustrate
the influence of the individual oxide materials on the preservation of the optical properties of the
aluminium mirror.
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Protection Screening from KOH by Single-Layer Coatings on Si

Effect of KOH Etching on Si Reflectance 50 nm Al,03 / 4 nm Al,03 / Si Etching in 5% and 10% KOH
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Figure A.9: Reflectance-based protection screening of the silicon substrate protected by different
50 nm single-layer oxide coatings during KOH exposure. The uncoated Si substrate provides the
reference response to KOH, while the AlsOg3, SiOg, TiOg, HfO5, and TasO5 coatings illustrate

the influence of the individual oxide materials on the preservation of the optical properties of the
silicon mirror.
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Protection Screening from KOH by Single-Layer Coatings on Al

Effect of KOH Etching on Al Reflectance 50 nm Al,03 / 4 nm Al,03 / Al Etching in 5% and 10% KOH
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Figure A.10: Reflectance-based protection screening of the aluminium substrate protected by
different 50 nm single-layer oxide coatings during KOH exposure. The uncoated Al substrate
provides the reference response to KOH, while the Al;O3, SiOs, TiOg, HfO5, and TayO5 coat-

ings illustrate the influence of the individual oxide materials on the preservation of the optical
properties of the aluminium mirror.
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Protection Screening against HC1 by TiO,/SiO, Nanolaminate
Coatings on Si
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Figure A.11: Reflectance-based HCI protection screening of 50 nm TiO5/SiO9 nanolaminate coat-

ings with different individual layer thickness ratios on silicon. All nanolaminates were deposited
on a 4nm Al;Oj interlayer.
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Protection Screening against HC1 by TiO,/SiO, Nanolaminate
Coatings on Ag
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Figure A.12: Reflectance-based HCI protection screening of 50 nm TiO5/SiO9 nanolaminate coat-

ings with different individual layer thickness ratios on silver. All nanolaminates were deposited
on a 4nm Al;Oj interlayer.
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Figure A.13: Reflectance-based HCI protection screening of 50nm TiO3/SiO2 nanolaminate
coatings with different individual layer thickness ratios on aluminium. All nanolaminates were

deposited on a 4nm Al,Oj interlayer.



Protection Screening against HC1 by TiO,/SiO, Nanolaminate
Coatings on Au

g
g

00
80 80
¥ ¥
£ 60 £ 60
2 2
3z %0 E 40
5 5
2 &
20 20
0 0
00 600 800 1000 1200 1400 1600 00 600 800 1000 1200 1400 1600
Wavelength [in nm) Wavelength in nm)
. Uncoated Au W ML unetched - Uncoated Au W N unetched
1 S0nmTio;/Au  EEE NL etched 30 min in 10% HCI £ S0 nmTio;/Au  EE NLetched 30 min in 10% HCl
50 nm Si0; /Ay 3 NL etched 90 min in 10% HCI 50 nm 5i0; /Ay [ NL etched 90 min in 10% HCl
100 100 —_—mmm - - -e
80 80
¥ g
£ 60 £ 60
s ]
& %0 3 %0
B Nl
& &
20 20
0 o
aco 600 800 1000 1200 1400 1600

400 600 800 1000 1200 1400 1600

Wavelength [in nm) Wavelength (in nm)

= Uncoated Au = N unetched

1 50 nmTi0; /Ay EEE NL etched 30 min in 10% HCI
50 nm si0; /Au [0 NL etched 90 min in 10% HCI

- Uncoated Au = N unetched
£ S0 nmTio;/Au B NLetched 30 min in 10% HCI
50 nm si0z /Au [ NL etched 90 min in 10% HCI

(¢) 4nm TiOs / 1nm SiO,. (d) 1nm TiOs / 4nm SiO,.
Figure A.14: Reflectance-based HCI protection screening of 50nm TiO3/SiO2 nanolaminate

coatings with different individual layer thickness ratios on gold. All nanolaminates were deposited
on a 4nm Al;O3 interlayer.
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Figure A.15: Reflectance-based HCI protection screening of 50 nm HfO5/SiO2 nanolaminate coat-
ings with different individual layer thickness ratios on silicon. All nanolaminates were deposited

on a 4nm Al;O3 interlayer.
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Figure A.16: Reflectance-based HCI protection screening of 50 nm HfO5/SiO2 nanolaminate coat-

ings with different individual layer thickness ratios on silver. All nanolaminates were deposited
on a 4nm Al;O3 interlayer.
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Figure A.17: Reflectance-based HCI protection screening of 50 nm HfO5/SiO2 nanolaminate

coatings with different individual layer thickness ratios on aluminium. All nanolaminates were
deposited on a 4nm Al,Oj interlayer.
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Figure A.18: Reflectance-based HCI protection screening of 50 nm HfO5/SiO2 nanolaminate

coatings with different individual layer thickness ratios on gold. All nanolaminates were deposited
on a 4nm Al;O3 interlayer.
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