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Abstract

This thesis investigates the microstructure of gold (Au) thin films on sapphire (a-Al203) and
zinc oxide (ZnO) substrates at varying deposition temperatures (room temperature, 50 °C,
100 °C, 150 °C, 200 °C, and 250 °C). The study focuses on the evolution of film morphology
and crystallographic texture dependent on the deposition temperature as well as the influence
of the substrate.

At elevated substrate temperatures during e-beam deposition, the additional thermal energy
provided to the atoms enables the film to grow in a more energetically favourable manner. This
can, for example, lead to a significant increase in grain size and the development of a preferred
crystallographic orientation. Gold (Au) films deposited on sapphire substrates tend to form a
pronounced (111) fibre texture at higher temperatures. When deposited on ZnO, an additional
in-plane orientation relationship (OR2) is favoured, indicating epitaxial growth which in turn,
leads to abnormal grain growth. On the other hand, elevated substrate temperatures can also
hinder nucleation and the coalescence of the film. The added thermal energy increases the
critical size required for stable nuclei, which in turn raises the critical film thickness (thickness
at which the film becomes continuous). This effect is particularly noticeable for Au films on
sapphire. On ZnO, where the Au film is mostly closed also at higher deposition temperatures
was associated to the strong orientation relation (OR2) between the film and substrate.
Additionally, post-annealing at 800°C for 5 minutes is performed to further investigate the
influence of the as-deposited microstructure on that evolving at elevated temperatures.
Interestingly, the initial deposition temperature of the thin film presents a significant influence
on the microstructural evolution at 800°C. It was generally found that deposition at higher
temperatures enhanced the thermal stability. The Au films on sapphire develop into
nanoparticles via solid-state dewetting whereas the resulting particle size decreases and the
particle density increases with increasing deposition temperature suggesting a correlation with
the pre-existing voids in the as-deposited films. For Au films deposited on ZnO at substrate
temperatures above 100 °C, which already exhibit epitaxial growth and abnormal grain growth
in the as-deposited state, the film remains nearly continuous after post-annealing and maintains
the OR2 orientation relationship. In contrast, films deposited at lower temperatures tend to
break up during annealing and exhibit a (111) fibre texture. Furthermore, at a deposition
temperature of 250 °C, a distinct dewetting mechanism is observed upon annealing at 800 °C:
hole formation initiates at the film-substrate interface, and the displaced material accumulates
on the surface in the form of hillocks.



Zusammenfassung

In dieser Arbeit wird die Mikrostruktur von Gold (Au) Dunnfilme auf Saphir- (a-Al.Os) und
Zinkoxid- (ZnO) Substraten bei variierenden Abscheidetemperaturen (Raumtemperatur, 50 °C,
100 °C, 150 °C, 200 °C und 250 °C) untersucht. Der Fokus der Studie liegt auf der Entwicklung
der Filmmorphologie und der kristallographischen Textur in Abhangigkeit von der
Abscheidetemperatur sowie dem Einfluss des Substratmaterials.

Bei erhohten Substrattemperaturen wéhrend der E-Beam-Abscheidung ermdglicht die
zusétzliche thermische Energie, die den Atomen zugefuhrt wird, ein energetisch ginstigeres
Wachstum des Films. Dies kann beispielsweise zu einer deutlichen VergréRerung der
Korngréfie sowie zur Ausbildung einer bevorzugten kristallographischen Orientierung flihren.
Goldfilme, die auf Saphir abgeschieden werden, zeigen bei hoheren Temperaturen eine
ausgepragte (111) Fasertextur. Auf ZnO-Substraten wird dartiber hinaus eine zusatzliche in-
plane Orientierungsbeziehung (OR2) bevorzugt, was auf epitaktisches Wachstum hinweist und
wiederum zu abnormalem Kornwachstum flihrt. Erhéhte Substrattemperaturen kénnen jedoch
auch die Nukleation und das Zusammenwachsen des Films behindern. Die zugefuhrte
thermische Energie erhoht die kritische Grolie stabiler Keime, was wiederum zur Erhéhung der
kritischen Filmdicke fuhrt, also der Dicke, bei der der Film durchgehend ist. Dieser Effekt ist
besonders bei Au-Filmen auf Saphir deutlich zu beobachten. Auf ZnO sind die Au Filme auch
bei hoheren Temperaturen noch Uberwiegend geschlossen, was auf die starke
Orientierungsbeziehung (OR2) zwischen Substrat und Film zurlickgefiihrt werden kann.
Zusétzlich wurde Post-Annealing bei 800 °C fiir 5 Minuten durchgefiihrt, um den Einfluss der
anfanglichen Mikrostruktur auf die Entwicklung bei erhohten Temperaturen weiter zu
untersuchen. Interessanterweise zeigt sich, dass die Abscheidetemperatur des Dinnfilms einen
signifikanten Einfluss auf die mikrostrukturelle Entwicklung bei 800 °C hat.

Es wurde allgemein festgestellt, dass eine hoéhere Abscheidetemperatur die thermische
Stabilitat der Filme erhoht. Die Au-Filme auf Saphir zersetzen sich im Zuge eines Solid-State
Dewetting-Prozesses in Nanopartikel, wobei die resultierende PartikelgroRe mit steigender
Abscheidetemperatur abnimmt, und die Partikeldichte zunimmt. Dies deutet auf einen
Zusammenhang mit bereits vorhandenen Léchern in den abgeschiedenen Filmen hin.

Fir Au-Filme, die auf ZnO bei Substrattemperaturen iiber 100 °C abgeschieden wurden und
bereits in diesem Zustand epitaktisches Wachstum sowie abnormales Kornwachstum zeigen,
bleibt der Film nach dem Post-Annealing weitgehend zusammenh&ngend und behélt die OR2-
Orientierungsbeziehung bei. Im Gegensatz dazu brechen Filme, die bei niedrigeren
Temperaturen abgeschieden wurden, wahrend des Heizens auf und zeigen eine (111)
Fasertextur. Daruber hinaus tritt bei einer Abscheidetemperatur von 250 °C ein verdnderter
Dewetting-Mechanismus bei 800 °C auf. Die Lochbildung beginnt an der Film-Substrat-
Grenzflache, und das verdrangte Material sammelt sich in Form von Hillocks an der
Filmoberflache an.
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1 Introduction
Gold thin films have long played a pivotal role in a wide range of electronic and photonic

applications. Their popularity is not only due to gold’s chemical stability and excellent
conductivity, but also due to the versatility with which its physical and structural properties
can be tailored. Crucially, many of the functional properties of these films, such as electrical
resistance, optical absorption, or catalytic activity, are directly linked to their microstructure.
Grain size, texture, crystallinity, and film continuity are not just incidental features, but central
parameters that govern performance [1], [2].

Among the numerous deposition techniques available, electron beam evaporation stands out as
a widely used and accessible method for fabricating polycrystalline gold films. However, the
growth of thin films is a complex process influenced by a variety of parameters, one of the
most critical being temperature. Substrate heating during deposition can significantly alter
early-stage processes like nucleation, grain growth, and surface diffusion. Despite its
widespread practical use, especially since most e-beam systems offer substrate heating as a
standard option, there remains a lack of systematic studies investigating how substrate
temperature during deposition affects the resulting microstructure of gold thin films
experimentally [3], [4], [5], [6].

Solid-state dewetting (SSD) describes the thermally induced transformation of continuous thin
films into discrete nanoparticles. This process is driven by the intrinsic metastability of
polycrystalline metal films, which possess high surface and interface energies. When such
films are heated to temperatures well below their melting point, they tend to minimize their
total energy by breaking up into isolated particles via diffusion mechanisms while remaining
in the solid state. While often regarded as an unwanted degradation phenomenon in thin film
applications, SSD has gained considerable attention as a straightforward and scalable method
for fabricating metal nanoparticles with tailored optical or catalytic properties [7], [8], [9], [10],
[11].

Yet, controlling the dewetting outcome, especially with respect to particle size, density, and
uniformity, remains challenging. While parameters like initial film thickness are known to
influence the final particle dimensions, some studies also suggest that the microstructural
characteristics of the as-deposited film, such as texture and grain size, can also play a crucial
role [11], [12].

The aim of this work is to investigate the influence of substrate heating during e-beam
deposition on polycrystalline gold films systematically. Therefore, 40 nm thick gold films are
deposited on ZnO and sapphire substrates at RT, 50°C, 100°C, 150°C, 200°C and 250°C. To
study the influence on the microstructural evolution at higher temperature, post-annealing at
800°C is performed on all samples.

In order to explore the impact of deposition temperature, the study begins with a discussion of
the fundamental principles of thin film growth and solid-state dewetting. This is followed by



an overview of the materials and methods employed, laying the groundwork for the
presentation and evaluation of the experimental results.



2 Fundamentals

A fundamental understanding of thin film growth and evolution is crucial for investigating how
processing parameters influence film properties. In particular, substrate temperature during
deposition plays a key role in determining the microstructure of polycrystalline thin films [2],
[13]. This section outlines the essential concepts that form the basis for analysing the impact
of thermal conditions on the growth and transformation of gold thin films.

2.1 Physical vapor deposition of thin metallic films

Thin metallic films are widely used in electronic, photonic, and micromechanical devices,
serving various functional purposes [2]. Different deposition techniques such as physical vapor
deposition (PVD), chemical vapor deposition (CVD), and solution-based methods are available
for fabricating these films. Each technique has specific advantages and limitations, and the
choice depends on the materials involved and the intended application [4].

In this work, thin metallic films were deposited using PVD, specifically electron beam
evaporation. Therefore, the following section presents the fundamental mechanisms and
parameters governing thin film growth via PVD.

2.1.1 Thin film growth
Generally, film formation consists of the fundamental processes nucleation, coalescence and
thickness growth (Figure 1).
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thickening /
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Figure 1: Fundamental processes nucleation, coalescence and thickening for thin film growth of polycrystalline
thin films [2].

Nucleation
Nucleation marks the onset of thin film formation and refers to the agglomeration of adatoms
into stable clusters. Initially, individual adatoms diffuse on the substrate and as they encounter
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each other, they may form small clusters. These clusters can dissolve, but when they persist
until reaching a critical cluster size a stable nucleus is formed. This critical cluster size is
determined by a balance between the energy gain from creating a new phase and the energy
cost associated with creating new surfaces and interfaces [2].

To describe this balance for the nucleation of thin films the capillary model is often
employed [2]. Under the assumption that the nuclei are three-dimensional spherical islands
with an isotropic surface energy, the equilibrium contact angle 6 is given by Young’s equation:

Y, =¥+ v, cos(0) 1)

with surface energy of the substrate v, surface energy of the island y, and interface energy v,
(Figure 2 a)).

¥s

Yi

Figure 2: Island with an equilibrated contact angle 0 for interface energy vi, surface energy yf and substrate surface
energy vs after Young’s equation (redrawn after [2])

The nuclei continue to grow as arriving adatoms are adsorbed. When they reach a cluster size
where a defined crystallographic structure emerges, certain orientations that minimize the
surface and interface energy of the island are preferred [2].

There are three different growth modes depending on the surface and interface energies of the
substrate and the material that determine the morphology of the film (Figure 3). At the
transition between nucleation and coalescence the growth mode of the film becomes apparent.
The first mode is the Frank-van Merwe mode, where the film forms layer by layer. Second is
the Volmer-Weber mode, where nuclei in form of separate islands form. Thirdly, a mix of both
may occur when a few monolayers form at the interface and then islands grow on top (Stranski-
Krastanov mode). For polycrystalline metallic thin films, the Volmer-Weber mode is typically
observed, leading to the formation of separated islands in the early stages [13].
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Figure 3: Nucleation growth modes for different surface coverages 6 in monolayers (ML). From left to right,
island growth (Volmer-Weber), layer plus island growth (Stranski-Krastanov) and layer by layer growth (Frank-
van der Merwe) [45].

Coalescence

Coalescence describes the process when the separated islands have grown enough to contact
an adjacent island. A grain boundary forms in between the islands as it has a lower energy than
the surfaces of the two islands. If one of the islands is energetically unfavourable due to size
or surface and interface energies, the more favourable island will grow on cost of the other
(Figure 4). This coarsening process is dependent on the surface self-diffusion and the grain
boundary self-diffusion but also on the energetic difference between the islands and the
deposition rate. Therefore, it is possible, but not mandatory that smaller islands disappear
during coalescence and the grain size increases. It was found that the typical (111) texture of
gold thin films that is observed even at room temperature deposition can be due to grain growth
during coalescence [2].

Figure 4: Grain growth during coalescence due to energetic differences of the islands [2].



Growth

When the islands are coalesced into a continuous network, the film has reached its critical
thickness [13]. Then the thickness growth process of the film begins through epitaxial growth
on already existing grains. The microstructural evolution of the film during this phase depends
largely on the mobility of the gain boundaries.

If grain boundaries remain mobile during deposition, grain coarsening can continue as the film
thickens, a behaviour characteristic of what is termed type 2 thickening. Conversely, if grain
boundaries are immobile, the grains tend to grow vertically, resulting in structures with high
aspect ratios; this is referred to as type 1 thickening (Figure 1) For polycrystalline gold thin
films, type 2 thickening is expected. [2].



2.1.2 Influence of the substrate temperature

During thin film growth many processes are temperature-dependent leading to a significant
influence of the substrate temperature on the microstructural evolution of the thin film [2].
The first temperature dependent process is the nucleation. The nucleation rate is given by

) X

I= IoRn*eXp (

with the constant I, Boltzmann constant k, substrate temperature T, deposition flux R, critical
cluster size n* and the energy required to form a cluster AG,+. This generally shows that the
nucleation rate decreases with increasing temperature. However, when the temperature
increases, the critical cluster size n* and AG -« increase which means that the temperature
dependence increases at higher temperatures [2].
Not only the nucleation rate but also the growth of the nuclei is dependent on temperature.
When an island has formed it can grow by adding atoms that are deposited directly on the island
or through adatoms deposited within the distance 6 from the island on the substrate (Figure 5).
The extent of the 6 area depends on the mean residence time t as well as the diffusivity for
adatoms, both being functions of the temperature. With increasing temperature, 3 can both
increase or decrease depending on the relation between enhanced surface diffusion and
desorption even though decreasing & is often observed. Experimentally, it has been shown that
nucleation stops when the J areas cover the entire surface [2].

Figure 5: Island adsorbs atoms that are deposited directly on top of it or within the distance 4 (redrawn after [2]).

For platinum, gold and silver deposited on rock salt and glass it was also observed that the
island density decreases with increasing temperature (Figure 6 a)) [14], [15].

The grain size at impingement di is a function of the nucleation rate I and the 6 area which are
both functions of temperature leading to an increasing grain size at impingement with
increasing substrate temperature. If dj increases, consequently the film thickness at coalescence
increases. This was confirmed by Chorpa et.al. [15] for silver on glass (Figure 6 b)) and also



by Golan et.al. [16] (gold on mica) where the film deposited at higher temperatures had
elongated holes whereas the film deposited at room temperature was continuous [15], [16].
Not only the grain size at impingement but also grain growth during coalescence and thickening
is expected to increase with increasing substrate temperature. Grain growth is dependent on
grain boundary self-diffusion and surface self-diffusion which are both temperature-dependent.
For normal grain growth, the mean grain size is not expected to become larger than three times
the film thickness. However, if larger grains are observed, usually also much smaller grains are
present leading to a bimodal grain size distribution [2], [16].
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Figure 6: a) Experimental data for platinum deposits on rock salt by Sumner; Logarithm of island spacing d,
over reciprocal temperature. The island density decreases with increasing temperature therefore larger islands
were observed [14], b) Experimental data from Chopra et.al.; critical film thickness over temperature for silver
deposited on glass [15].

As the temperature influences many of the processes occurring during thin film growth, for the
same material classes and homologues temperatures Tn (temperature divided by melting
temperature) similar microstructures emerge. These typical microstructures were classified in
so called zone models. The first zone model was discussed by Movchan and Demchishin in
1969 [17] and then further extended by Thornton in 1974 [18], Messier [19] and by Grovenor
in 1984 [20]. The different extensions differ mainly in the parameters that are considered which
is especially important for sputter deposition or transition structures in between zone 1 and
zone 2. Nevertheless, they all agree in their main findings (Figure 7) [2], [13], [18].

The zone model consists of three zones. The first zone describes the microstructure at low
homologues temperatures (Th < 0,3) and is dominated by shadowing effects due to low surface
and adatom diffusion. The shadowing leads to voided grain boundaries and a high surface
roughness resulting from the initial nuclei and preferential growth similar to the type 1



thickening (c.f. Figure 1) discussed above. Zone 2 refers to homologue temperatures in the
range of 0,3 < Th<0,5. In this range surface diffusion is the dominant mechanism resulting in
columnar grains and a smooth surface. The columnar grains grow by surface recrystallization
and the crystallites grow in preferred orientations. Additionally, the surface is faceted and the
grain diameter further increases with increasing substrate temperature. In the third zone that
covers homologues temperatures of 0,5 < T < 1, the microstructural evolution is mainly driven
by bulk diffusion. The characteristic forms of appearance are large equiaxed grains and bright
surfaces (Figure 7) [2], [13], [18].

However, it needs to be considered that the zone models are usually discussed for sputter
deposition and for thick films. Therefore, the temperature ranges of the zones may vary as e.g.,
Sanders defines the first range as Tn < 0,1 and the second range as 0,1 < Th< 0,3 [2].
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Figure 7: Schematic illustration of zone model of Movchan (left) and an extension with a transition zone T in
between zone one and two by Thornton (right) [13].

A study from Lansaker et.al. [21] compared the effect of substrate heating during deposition
with post-annealing at the same temperatures. Therefore, 5 nm gold were either sputtered on
SnO; substrates at elevated temperatures or annealed after room temperature deposition.

The film is not closed at room-temperature deposition. In both experiment series, the
consistency of the film decreases with increasing temperature. The structure yet differed quite
a lot as the features of the post-annealed samples are a lot bigger compared to the samples
deposited at the same temperature (Figure 8) [21].
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Figure 8: a) Au on SnO2 deposited at room temperature and at elevated temperatures b) deposited at room

temperature and post-annealed [21].
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2.2 Solid-State Dewetting

Due to their high surface to volume ratio thin films generally have very high surface energies
which is why they are metastable. Hence, at elevated temperatures thin films undergo dewetting
in the solid or crystalline state to reduce the system’s total energy until equilibrated particles
have formed - provided the temperature remains sufficiently high throughout the process [8].

2.2.1 Mechanism

Solid-state dewetting (SSD) typically initiates at pre-existing defects in the film, such as edges,
grain boundaries, or voids. The dominant mass transport mechanism driving this process is
surface self-diffusion. When SSD begins at a grain boundary, grooves form on the film surface
due to atom diffusion away from the grain boundary (Figure 9 a)). This grooving process
results in the formation of an elevated rim along the boundary. As atoms continue to diffuse
outward, a void nucleates and then further expands. The material that diffuses away from the
hole via surface self-diffusion forms an elevated rim around the hole. Consequently, a valley
develops behind this rim. In Figure 9 b), the self-surface diffusion mechanism is similar to that
in Figure 9 a) but initiates through edge retraction. The valley formed behind the rim leads to
the so-called pinch-off process, whereby the film separates into a wire and a new edge, allowing
the process to restart [8], [9], [10].

. rim roove valle
grain boundary 9 Y  hole
P /

/
grain [ Tinickness /V\——- \/\\\ ...........

substrate

pinch-off

Figure 9: Solid-state dewetting mechanism a) through grain boundary grooving [9] b) begins with edge
retraction and particle formation through pinch-off processes [10]

Nevertheless, holes in the film without surrounding rims have also been reported in various
studies [22], [23], [24]. In these cases, so-called hillocks, agglomerates of material on the film
surface, were observed, indicating the presence of an alternative dewetting mechanism. In
various studies, different influencing factors have been proposed to explain the appearance of
different dewetting mechanisms. Jacquet et al. [22] identified the atmosphere in which the
samples were heated as a critical factor influencing the mechanism. Hillocks occurred in
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oxygen-rich atmospheres [22]. In contrast, Shaffir et al. suggest that hillock formation occurs
when the interfacial energy exceeds the surface energy. Under these conditions, voids tend to
form at triple junctions at the interface rather than at surface grain boundaries (Figure 10 a)).
The material then diffuses along the interface or along grain boundaries and accumulates at
some distance from the nucleation site, forming isolated agglomerates (Figure 10 b)) [23], [24],
[25].

b)

-

Figure 10: a) Schematic illustration of void formation at the interface of film and substrate [25] b) dewetting
model for interface diffusion and hillock formation for iron on sapphire [23] c) experimental data from Shaffir
etl.al. for Au on YSZ; holes without rims, hillocks and void formation at the interface was observed [24].
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2.2.2 Particle formation

Regardless of which mechanism emerged in the early stages of the dewetting process, in the
later stages the film is always separated into islands that then further evolve towards their
equilibrium shape [25].

As the film retracts and voids expand, thin bridges of the material break apart leading to
separation of neighbouring regions. The process finally results in isolated segments that
subsequently evolve into compact particles as the system minimizes its surface and interface
energy (Figure 11) [10].

Figure 11: Pinch-off processes lead to the formation of wires which break apart into separated island that further
evolve into equilibrated particles.

If the islands have an isotropic surface their equilibrium state would be described by Young’s
equation (equation 1) which was already discussed for the nucleation process. However,
particles that have evolved out of a polycrystalline metallic thin film do have an anisotropic
surface energy. Such equilibrium shapes are described by the Wullf construction and the
Winterbottom construction which is an extension considering the interface energy between
particle and substrate [25].

Figure 12 is a schematic two-dimensional Winterbottom construction for an equilibrated
particle on a substrate. The vector yhk represents the surface energy for the particular direction
starting at the centre O, the so called Wullf point. The black continuous outline is the length of
yhki in every direction and the dashed hexagonal outline represents the equilibrium shape of the
particle. Hence, only the crystallographic planes with the lowest surface energy are expressed
resulting in the characteristic Wulff shape. For the Winterbottom construction the ratio of the
surface and interface energies needs to be considered. The relation is given by

& — Yi Y (3)
R2 V¢

where R; is the distance from Wulff point to substrate, R> the distance from Wulff point to

uppermost particle facet, yi is the interface energy, ys is the surface energy of the substrate and
vs IS the surface energy of the uppermost particle facet) [25].
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Substrate

Figure 12: Illustration of a Winterbottom construction for an equilibrated particle on a substrate [25].

There are several parameters that influence the dewetting process and the particle formation.
Generally, the choice of substrate and material, the film thickness and film morphology or the
annealing parameters like temperature and annealing atmosphere [7].

It is often described in literature that there is a linear correlation between the mean particle size
and the initial film thickness (Figure 13 a)) [7], [11]. However, the correlation between initial
grain size and mean particle size has not been investigated in detail. Haustrup et.al. [12] have
investigated the influence of different parameters like substrate choice, deposition temperature
and film thickness of gold films on thin film growth and solid-state dewetting. They propose
that with increasing initial mean grain diameter the mean nanoparticle diameter increases as
well (Figure 13 b)). However, it should be considered that other factors, such as the substrate
or film thickness, may have had a more dominant influence [12].
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Figure 13: a) Experimental data for Pt particles on FTO: linear correlation between film thickness and particle
size [11] b) Experimental data for Au on quartz, sapphire and silicon as well as different film thicknesses and
deposition temperatures: particle size increases with increasing grain diameter [12].
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2.2.3 Related Processes

At elevated temperatures SSD is not the only process that occurs to minimize the total energy
of the system. Additionally, grain growth and texture evolution processes are observable [26].
Grain growth does not only occur at elevated temperatures during deposition but also during
post-annealing processes as it reduces the energy by eliminating grain boundaries (Figure 14).
Grain growth and SSD are competing processes, and one does not exclude the other. Therefore,
grain growth may also influence the dewetting process. Furthermore, texture can decrease the
energy as the out-of-plane and in-plane orientations influence the surface and interface
energies. For fcc thin films like gold at elevated temperatures a strong (111) out-of-plane
texture is observed [26], [27].
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Figure 14: Grain size distributions of Pt film on sapphire annealed at 800°C for a) 1 minute b) 1 hour
c) 2 hours [26].

Just like for thin film growth at elevated temperatures it is likely that grains with a preferred
orientations grow on cost of grains that are energetically unfavourable. Atiya et.al. also
observed abnormal grains at the edges of holes and that these holes did not continue to expand.
It was suggested that grains that are energetically favourable stop the dewetting locally and
then grow into abnormal grains (Figure 15) [26].

a) Low-index OR
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b)
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v

c) Abnormal grain growth

Figure 15: Schematic illustration of abnormal grain growth of low index OR grains adjacent to holes [26].
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3 Materials and Methods

In this part the experimental methods and the material systems used in this work will be
presented.

3.1 E-Beam Evaporation

Electron beam evaporation is a physical vapor deposition (PVD) technique widely used to
fabricate high-purity thin films, offering precise control over material deposition and film
thickness. This method utilizes a focused beam of high-energy electrons to heat and evaporate
target materials under vacuum conditions. Electron beam evaporation can heat the target
material up to 6000 °C making it suitable for a large variety of materials [3].

In Figure 16 a schematic of the deposition process is illustrated. To prevent contamination the
filament is typically located next to or underneath the water-cooled crucible. Electrons are
emitted by applying a low voltage but high current to the filament. The emitted electrons can
be bundled through a cathode and accelerated through an anode. A magnetic field deflects the
electron beam on the target material under an angle of 270° or 180° degree depending on the
set up. When the electrons reach the material source different interactions take place including
backscattered electrons or X-rays. Nevertheless, a large part of the kinetic energy of the
electrons is converted to heat, melting and evaporating the target material locally. This is why
sweep coils are used not only to focus the beam on the target but also to move it around the
surface to provide a larger area and enable a more even evaporation. The substrate holder is
located above the crucible so the evaporated atoms can be deposited on the substrate [3].

-1kv
Substrate

Rod feed

Figure 16: Schematic set up for electron beam evaporation deposition. Electrons are emitted by the filament and
accelerated on the target material leading to evaporation of atoms or ions which then can be adsorbed on the
substrate surface [3].

In this work an E-Beam PVD HVB 130 by Winter Vakuumtechnik is used. The vacuum during
deposition was always below 2x10° mbar. The integrated substrate heater enables deposition
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at elevated temperatures up to 250 °C whereby the thermocouple is placed directly underneath
the substrate holder. The samples are produced in six batches, in each batch two sapphire and
two ZnO substrates, so there is one sample for the as-deposited state and one that can be used
for post-annealing. The first batch is deposited at room temperature (~20 °C) the following at
50 °C, 100 °C, 150 °C, 200 °C and 250 °C. The target temperature is set prior to deposition
and kept constant during the deposition of the 40 nm gold.

17



3.2 Rapid Thermal Annealing

For the post-annealing step the samples are heated with a rapid thermal annealer (RTA), a AS-
One 100 Rapid Thermal Processor by ANNEALSYS. The RTA enables heating rates of up to
200 °C per second and can reach temperatures up to 1250 °C. As the RTA is designed for
silicon wafers, the sample is placed on a silicon nitride wafer which is hold by quartz pins as
shown in Figure 17. The infrared halogen lamp furnace is located above the wafer and the
temperature is controlled by the pyrometer under the hole in the bedplate. If fast cooling is
requested the wafer can be dropped on the water-cooled bedplate [28].

In this experiment all samples are annealed at 800 °C for 5 minutes in nitrogen atmosphere
with a gas flow of 2000 sccm. After annealing the samples are cooled by fast-cooling. Before
the annealing starts, the chamber is flushed with argon and pumped three times to minimize
remaining air and insure an inert atmosphere during the annealing process. Furthermore, to
preclude variations all samples are annealed in one batch. During and after cooling no further
post-processing is performed.
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Figure 17: Schematic set up of RTA chamber for heating and fast cooling. A silicon wafer is hold by quartz pins,
the halogen lamp furnace is located above and the pyrometer for temperature control underneath [28].
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3.3 Au on sapphire and ZnO substrates

The substrates that are used are manufactured by CrysTec (Germany). The sapphire (a-Al2Oz3)
substrates are 5x5 mm in length and width, 0,5 mm thick and have a (0001) orientation with
K <0,1 °. The substrates are polished on one side whereupon the gold is deposited on this side.
The ZnO substrates are 5x5 mm in length and width, 0,33 mm thick and have a (0001)
orientation. The ZnO is also polished on one side, the polar Zn-ZnO side, which is used to
deposit the gold film on top.

Gold thin films can be used in various technological applications, such as plasmonics or
sensing. Gold crystallizes in a face-centred cubic (fcc) structure and often exhibits a (111)
texture if the substrate does not dictate something else (Figure 18). The surface energy of the
(111) surface of gold is 1,238 J/m? [29]. However, the microstructure of gold thin films is
dependent on the substrate [1], [16], [30].

Figure 18: fcc structure with planes with high atomic density (111), (100), (112) [30].

The gold on sapphire system is frequently reported in literature. For (0001) sapphire a preferred
(111) texture is often observed and becomes more pronounced at higher temperatures or by
using a seed layer. Epitaxy does not occur unless an interlayer is present [31]. When gold
nanoparticles are produced via SSD the equilibrated particles are highly faceted, single
crystalline and the uppermost facet is most likely to be (111) oriented (Figure 19). The interface
energy of (111) textured equilibrated gold particles on sapphire is 2,15 J/m2 [32]. However, if
the particles are not equilibrated, they are still faceted but elongated and may feature grain
boundaries [30], [31], [33], [34].
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Figure 19: a) SEM image of equilibrated gold particles on sapphire annealed at 1000 °C for 100 h [32] b) AFM
measurement of gold particles with grain boundaries that produce surface step [33]s ¢) (111) pole figure of gold
on sapphire [34].

Zn-ZnO substrates in contrast to sapphire have a polar surface. The gold film presents a (111)
texture out of plane on ZnO as well but, unlike sapphire, on ZnO epitaxy occurs at elevated
temperatures. Firstly, an alignment of <110>ay || <1010>,,, occurs which is in literature
referred as orientation 1 (OR1). Orientation 2 (OR2) is 30° rotated and is the alignment of
<110>aq || <1120>,, Dierner et al. [35] investigated the texture evolution of gold thin films
on Zn-ZnO. In the as-deposited state a (111) fibre texture is observable as well as a slight
tendency towards OR2. After annealing at 600 °C for 30 minutes OR1 and OR2 are present
even though OR2 is more dominant. However, some OR1 grains are conspicuous large
compared to grains with OR2. The sample that was annealed at 800 °C for 2 minutes differs
significantly as there are very large grains indicating abnormal grain growth and ORL1 is
exclusively present (Figure 20).

As-deposited 600 °C 30 min 800 °C 2 min

Figure 20: EBSD maps of Au films on polar Zn-ZnO substrate. As-dep. and annealing at 600°C have tendency to
OR2 whereas annealing at 800°C leads to expressed OR1 [35].
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3.4 Characterization methods

To investigate the samples different characterization methods are used. Scanning electron
microscopy (SEM) provides information about the surface and the microstructure as well as
grain size and texture especially in combination with electron back scattered diffraction
(EBSD). Atomic Force Microscopy (AFM) furthermore can quantify the size and depth of the
features and lastly scanning transmission electron microscopy (STEM) provides high
resolution information and is used for the characterization of cross-section lamellas.
Furthermore, energy-dispersive X-ray spectroscopy (EDX) can be used for chemical analysis.

3.4.1 Scanning Electron Microscopy & Electron Backscattered Diffraction

SEM

SEM is a widely used characterization technique for investigating sample surfaces at the
nanometre scale. The electron beam is focused onto the sample surface by a series of lenses
and scanned point by point across the specimen using a deflection system. During this process,
various interactions between the probe and the sample occur, which are detected by different
types of detectors, resulting in the formation of a detailed image [36].

The setup of a SEM is illustrated in Figure 21. Firstly, electrons are emitted by an electron gun
which in modern instruments are mostly field emission sources. The electron beam is
accelerated toward the anode and formed by electromagnetic lenses. The condenser lens forms
a parallel beam, and the objective lens focusses the beam into a probe on the sample surface.
Apertures can be used to block scattered electrons and limit spherical aberrations, and the scan
coils scan the electron probe over the specimen. In the specimen chamber the specimen is
mounted on the stage and different detectors are fixed or can be inserted. Generally, high
vacuum is required in the column and the chamber [36].

Figure 22 shows the possible interactions of the electron probe with the sample. Essentially,
the secondary electrons (SE) and backscattered electrons (BSE) are important for imaging.
Secondary electrons have a lower energy which is why they can only escape the material and
reach the detector if they are generated close to the surface. This is why, in the SE mode the
surface topography is visible. Backscattered electrons have a higher energy so they can come
from deeper areas underneath the surface. The BSE mode provides a mix of compositional and
topographic information. Atoms with a higher atomic number lead to a stronger backscattered
signal leading to a strong material contrast when imaging with BSE (Z-contrast). Additionally,
the BSE yield is dependent on the orientation of the crystal leading to the so-called channelling
contrast. Therefore, different materials but also different grains can be visible in the BSE mode
[36], [37].

In this work, for imaging a Zeiss GEMINI SEM 560 is used. Prior to imaging, the samples are
cleaned using a built-in plasma cleaner. Imaging is carried out with an acceleration voltage of
2 kV and a working distance of 2 mm.
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Figure 21: Schematic illustration of a scanning electron microscope. The electron beam is generated, formed by
several lenses and scanned by coils. The detectors are located in the specimen chamber [36].
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Figure 22: Schematic illustration of signals generated by electron probe by interacting with the material.
Secondary electrons that can be detected are generated close to the surface; however backscattered electrons can
come from deeper areas [49].
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EBSD

EBSD is a powerful technique to analyse the crystallographic orientations of a polycrystalline
film. The sample is tilted to 70° and an acceleration voltage of 10 kV is used. A direct detection
EBSD camera (Clarity Super, Ametek GmbH) is utilized for the measurements. The size of the
area and step size for the measurement are varied depending on the expected grain size for each
sample estimated beforehand by SEM imaging.

When an electron beam strikes a crystalline solid, it scatters in all directions, but some electrons
are scattered at the crystal planes at specific angles that comply with the Bragg equation:

A= 2~dhk1-sin(6) (4)

with wavelength A, spacing between lattice planes d, and the angle between incident beam
vector and lattice plane 6 (Figure 23 a)). Considering all vectors with an angle 6 they form two
opposing cones normal to the crystal plane which are the so-called Kossel cones (Figure 23 b)).
On a screen these Kossel cones are visible as lines that are called Kikuchi lines and since there
are always two cones, Kikuchi lines always appear in pairs, which is why they are also referred
to as Kikuchi bands. Figure 23 ¢) schematically illustrates the overall setup in the SEM. As the
angle 0 is typically very small and the detector only captures a small section of the Kossel cone,
the Kikuchi bands appear as straight lines on the detector, although they actually follow a
parabolic shape, as shown in Figure 23 b) [38].

The angular spacing between these lines is two times the Bragg angle and thus proportional to
the interplanar spacing of the crystal (see equation 4). Each pair of Kikuchi lines, or Kikuchi
band, corresponds to a specific crystallographic plane. The intersections of multiple bands
indicate zone axes, and the pattern reveals the crystal's angular relationships, including its
symmetry [39].

a) b) C)
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Figure 23: a) Bragg diffraction at lattice planes b) formation of Kossel cones [50] c¢) formation of Kikuchi-lines
[39].

EBSD on, especially as-deposited thin films can be challenging with conventional indexing
like Hough Indexing (HI), due to very small grains and a slight topography. The recorded data
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in this thesis is indexed using the spherical indexing (SI) method which is a modern approach
for determining crystal orientations from EBSD [39]. It utilizes the mathematical formalism of
the spherical harmonic transform (SHT) to represent EBSD patterns as continuous functions
on a unit sphere. Given an EBSD pattern f (8, ¢) where 0 and ¢ are the polar spherical angles,
the pattern is expanded into a series of spherical harmonics Y., (8, ) forming an orthonormal
basis on the sphere:

o+l (5)

£0.0= > > T'Yh.0)

1=0 m=-1

Here, T are the complex coefficients that capture the spatial frequency content of the pattern.
This decomposition allows for efficient and accurate comparison between the experimental
pattern and a database of simulated Kikuchi patterns, each represented in the same harmonic
space. Figure 24 a) shows a simulated Kikuchi pattern for gold at 10 kV. The Kikuchi pattern
in c) is the experimental measured pattern and b) is the best match from the comparison of the
SHT functions of the experimental and simulated pattern. Therefore, Sl is a highly accurate
approach that identifies the orientation rapidly compared to the dictionary indexing (DI)
approach [39], [40], [41].

Figure 24: Kikuchi-pattern Au 10 kV a) simulated pattern b) and ¢) matched simulated and experimental pattern
through spherical indexing.
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A common method for texture representation is the use of pole figures. To represent a crystal
plane, the intersection of the normal vector with a unit sphere is determined. This point is
referred to as a pole. The sphere with the poles is then mapped onto a plane using a
stereographic projection. The process works by positioning a virtual light source Q beneath the
sphere, which then projects the poles onto the plane (Figure 25 a)). If the poles are evenly
distributed, this indicates the absence of a preferred orientation (Figure 25 d)). If many poles
cluster in a specific area, a preferred orientation is present. For example, in a {111} pole figure
all poles represent (111) planes. If all poles are located around the centre of the pole figure it
shows that the crystals preferably exhibit (111) planes parallel to the surface which is referred
as fibre texture (Figure 25 b)). If a preferred in plane orientation (epitaxy) is present as well the
poles form clusters at the outside of the sphere (Figure 25 c)) [42].

Figure 25: a) Representation of crystallographic planes as poles and stereographic projection of the unit sphere
[42], (111) pole figures with b) fiber texture c) epitaxy d) random orientation.
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3.4.2 Atomic Force Microscopy

Atomic force microscopy is a general term for methods that rely on an atomic force sample-
probe interaction. It can be used to investigate the topography of a sample but also for electrical,
optical, magnetic and mechanical properties. In this work AFM is used to investigate the
topography of the samples quantitatively [43].

The general set up is illustrated in Figure 26. In this case the cantilever oscillates in the z-
direction usually through a piezo. For scanning the sample is moved relative to the stationary
tip but it is also possible that the tip scans over the stationary sample. To control the position
of the cantilever an optical system is used and connected through a feedback loop [44], [45].
The AFM can be operated in the contact mode where the tip and the sample are constantly in
contact or in the tapping mode. In this mode the cantilever oscillates in the z-direction at its
resonance frequency and taps along the surface. Additionally, AFM can be performed in
different environments like gas, liquid, ambient and vacuum depending on the application [44].

PSPD

A D A-B signal
LD c G

Pl
controller

V
)
Sample holder

X-Y scanner

|

Figure 26: Schematic illustration of an AFM set up. A cantilever scans the sample recording the topography [45].

In this work a Park System NX10 AFM is used. The AFM is operated in ambient atmosphere
in the tapping mode. The Z-scanner has a resolution of 0,015 nm and the XY-scanner has a
resolution of 0,05 nm. The tip has a radius of 8 nm limiting the lateral resolution. The
amplitude, scanning area and frequency are varied depending on the expected vertical and
lateral feature size of the sample.
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3.4.3 Scanning Transmission Electron Microscopy

In a scanning transmission electron microscope (STEM), a thin specimen is irradiated by an
electron beam accelerated at a voltage typically ranging between 100 and 500 kV. In this work
a Thermo Fisher Scientific Spectra 200 C-FEG TEM is used operating at 200 kV. The high
acceleration voltages result in short electron wavelengths, enabling a resolution well below one
nanometre. To allow electrons to pass through the specimen, it must generally be thinner than
100 nm [38].

In STEM, an electron probe with a diameter of approximately 0.2-5 nm is generated. The
electron beam scans the specimen in a raster pattern and collects signals point-by-point, similar
to SEM. STEM offers the advantage of simultaneous signal collection and enables high-
resolution imaging of the crystal lattice [38].
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Figure 27: Detector set up in STEM. Electron beam forms a small probe and scans the sample. The detectors are
arranged in annular geometry collecting signal from electrons that are scattered at different angles [38].

Figure 27 shows the typical detector set up for STEM. The contrast mechanism arises from the
dependence of electron scattering on the atomic number of the elements in the sample. Heavier
atoms, with higher atomic numbers, scatter incident electrons more strongly and at larger
angles compared to lighter elements (Z-contrast). To exploit this effect, detectors are arranged
in annular geometries that are sensitive to different scattering angles [38].

The Bright-Field (BF) detector primarily collects electrons that have undergone little to no
scattering. In contrast, the High-Angle Annular Dark-Field (HAADF) detector captures
electrons scattered at high angles, where the intensity of the scattered signal scales
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approximately with the square of the atomic number (« Z2), making HAADF imaging highly
sensitive to compositional variations at the atomic scale [38].

Consequently, BF and HAADF images are complementary: features that appear bright in BF
images tend to appear dark in HAADF images, and vice versa.

EDX

Energy dispersive x-ray (EDX) spectroscopy is a valuable technique for the chemical analysis
of specimens. Characteristic x-rays are produced as a secondary emission resulting from the
interaction between the incident electron beam and the atoms within the specimen. When an
atom is ionized by the electron beam, an electron from a higher energy shell transitions to fill
the resulting vacancy in an inner shell. This electronic transition leads to the emission of
characteristic x-rays with energies specific to the element involved. These x-rays can be
detected, and the energy and intensity of the corresponding peaks in the spectrum provide both
qualitative and quantitative information about the chemical composition of the specimen.
Since characteristic x-rays are generated whenever the electron beam energy is sufficient to
ionize the atoms, EDX is extensively employed in STEM as well as SEM [46].
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4 Result

In this part the experimental results will be presented.

4.1 Temperature dependent microstructure of as-deposited Au films

This study investigates the influence of substrate temperature during the deposition of thin
films, revealing a significant dependence of the microstructure of gold thin films on sapphire
and ZnO substrates, especially regarding the grain structure and texture. To examine this
relationship in detail, a series of measurements were conducted, the results of which are
presented in the following sections.

4.1.1 Au on sapphire

Grain structure

Figure 28 a) presents SEM images of 40 nm thick Au films deposited on sapphire substrates at
various temperatures. Each image consists of a split view, combining secondary electron (SE)
and backscattered electron (BSE) imaging taken at the same location.

At room temperature (RT), the SE image reveals a rough surface topography characterized by
small, similarly sized features. These structures initially appear to resemble small grains.
However, the corresponding BSE image provides a clearer distinction between surface
topography and the actual grain structure. The BSE image reveals the presence of both large
and small grains, indicating that the observed features in SE mode primarily reflect surface
topography rather than true grain boundaries. In BSE mode, the polycrystalline nature of the
film becomes evident, showing a mixture of very small grains, some of which are difficult to
distinguish individually and significantly larger grains, several times the size of the smaller
ones. The microstructure of the Au film deposited at 50 °C already exhibits notable differences
compared to the film deposited at RT. In SE mode, the surface features appear generally larger,
and unlike the RT sample, they also vary more significantly in size. Additionally, small
spherical structures, around 10 nm in diameter, are observed atop the grain-like surface
features. The BSE image suggests that some of these larger surface features correspond to
individual grains. However, certain large grains still exhibit multiple surface features, but larger
surface structures tend to form on larger grains. Overall, the film contains a higher number of
large grains, many of which are larger than those in the RT sample, and a reduced number of
small grains. At a deposition temperature of 100°C the surface structures look similar to those
that are observable in the 50°C sample. Comparing the SE and BSE image, the larger surface
structures in the SE image seem to be identical to the different grains in the BSE image. The
grain size increases compared to deposition at 50°C and there are significantly more large
grains and less small grains. Additionally, the film is not closed as some small round or slightly
elongated holes are observable along the grain boundaries. There are more of the small
spherical structures on top of the grains in the SE image and some grains are fully covered with
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them. However, there are also some grains that only have some of these structures on top. The
150°C sample exhibits more and significantly larger holes continuing along the grain
boundaries as well as a significantly larger grain size. Despite this, both large and small grains
are still discernible in the BSE image. Furthermore, there are small particles within the holes
of the film. In the SE image small spherical structures are present as well, but they are smaller
compared to the 100°C sample. The spherical structures seem to be more ordered and they
cover most grains entirely. The grain structure of the Au film deposited at 200°C looks similar
to the one deposited at 150°C. The elongated holes along the grain boundaries are more
extensive leading to less surface coverage of the thin film. The grain size of the larger grains
is similar but there are fewer small grains visible in the BSE image. At 250 °C, the Au film
becomes fragmented into distinct regions separated by elongated holes along the grain
boundaries encompassing multiple grains. The average grain size increases compared to the
200 °C sample. Numerous particles are observed within the holes, varying in size, with both
larger and smaller particles being present.

While the images already give a qualitative impression of increasing feature and grain size with
rising temperature, the mean surface feature size is determined more quantitative from the SE
images using the line intercept method (Table 1). The large surface features are considered and
the holes in the 100°C to 250°C are not excluded. The features size increases from 29 nm to
45 nm at 50°C and up to ~70 nm for the 150°C and 200° sample. Only for 250°C the mean
features size of the Au film decreases again to 62 nm.

In Figure 28 b) AFM maps of the Au film deposited at 200°C are compared to SEM images at
the same magnification. In the larger field of view measurement in i) the AFM map shows
similar sized round grain like structures that look different compared to the SEM image. The
size of the features is comparable to the size of some areas of the film separated by holes in the
SEM image. However, in ii) with a higher magnification the grain structure and size in the
AFM map fits to the SEM image, but the surface features in the SE image are not present in
the AFM map. The surface roughness Rq measured in the AFM is 2,5 nm.

Table 1: Mean feature size of Au films on sapphire measured with line intercept method from SE images.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Feature 28,7 45,27 52,52 66,82 70,82 62,36
Size (nm)
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Figure 28: a) SEM images of Au films on sapphire deposited at different temperatures. At low deposition
temperatures the film is closed and the grain size is and surface feature size is small. At higher deposition
temperature (>100°C) the film is not closed whereby the grain size further increases b) AFM measurements of
the Au film deposited at 200°C compared to the SEM images i) low magnification ii) higher magnification and
surface roughness; the AFM maps correspond well to the SEM images, but the holes in the film are not tracked
precisely.

Texture

In Figure 29 the IPF maps (a) and pole figures (b) of the Au films on sapphire measured via
EBSD are presented. In a) the IPF-z maps are at the top and the IPF-x maps at the bottom for
each deposition temperature. The grain boundaries are depicted as lines, with boundaries
exhibiting a misorientation greater than 10° shown in black, and those with a misorientation
less than 10° shown in red. In b) the (111), (110) and (112) pole figures for the RT, 100°C and
250°C sample are shown as well as the (0001), (1010)and (1020) pole figures for the sapphire
substrate at the bottom.

Generally, a fibre texture consisting of a strong (111) out of plane texture as well as a random
in-plane orientation is present in all samples. The pole figures in b) indicate no significant
change of the texture with increasing deposition temperature. Regarding the IPF maps the grain
structure looks similar to the BSE images as there are always large and small grains present
especially at lower deposition temperatures and there are larger grains at higher temperatures.
Additionally, the grain size is determined from the EBSD measurements (Table 2). The grain
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size at room temperature is around 40 nm and further increases up to ~80 nm for the 100°C
sample. The Au film deposited at 100°C, 150°C and 200°C have a very similar mean grain size
in EBSD. However, at 250°C the grain size is noticeably higher with around 150 nm on
average.

Table 2: Mean grain diameter of Au on sapphire measured by EBSD.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Grain 41,77 48,28 80,94 79,23 81,56 146,6

Diameter (nm)

b)

100°C

112

Al

250°C

A2

112

Figure 29: EBSD measurements of Au films on sapphire a) IPF-z maps (top) and IPF-x maps (bottom) b) pole
figures of RT, 100°C and 250°C sample and sapphire substrate. The films exhibit a (111) fibre texture and the
grain size increases with increasing deposition temperature.
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4.1.2 Auon ZnO

Grain structure

For Au on ZnO the measurement series in the SEM, analogous to those for sapphire, is
presented in Figure 30 a). At RT deposition of the Au film on ZnO the same microstructure as
on sapphire is present. In SE mode grain like topographic features can be observed. The grain
structures visible in BSE mode consists of many small grains and some noticeably larger grains.
Furthermore, at 50°C the microstructure of Au on ZnO resembles the one of Au on sapphire.
The SE image presents larger surface features with some small spherical structures on top as
well as smaller surface features that have a similar size to the ones on the RT sample. The
grains visible in the BSE image are larger than at RT deposition, but there are large and small
grains present. In the SE image of the Au film deposited at 100°C the surface features visible
are a little larger to the one observed at 50°C, but there are less smaller features. The larger
surface features also have the small spheres on top. Comparing the SE and BSE image, here
the surface features resemble the grain structure observable in BSE mode. However, it is
noticeable that the grains in the BSE image have a similar contrast, making it hard to distinguish
individual grains and already indicating strong in-plane texturing. The 150°C sample exhibits
a conspicuous different microstructure. In the SE image large sinuous surface structures
separated by grooves and spherical holes are present. Additionally, the film is fully covered by
the small spherical structures. Nevertheless, the BSE image indicates that the film is still closed
apart from a few small spherical holes. As the contrast between the grains in the BSE image is
very low, individual grains cannot be defined by eye. At a deposition temperature of 200°C the
microstructure is similar to the 150°C sample. The surface structures are even larger as there
are less grooves separating them, but there a many spherical holes. The spherical structures that
cover the entire surface of the film look uniformly and ordered. In BSE mode there is even less
contrast in the Au film, suggesting an even higher degree of ordering. It can be observed that
there are slightly more spherical holes than at a deposition temperature of 150°C. The Au film
deposited at 250°C exhibits smaller structures in the SE image compared to the film deposited
at 200°C. The grooves are significantly larger and small spherical particles in the grooves can
be observed. There are no spherical holes in the film but there are also more grooves. In the
BSE image no spherical holes can be observed, but the small particles are visible as they appear
to have a dark border around them. In contrast to the 150°C and 200°C sample the grooves in
the 250°C sample are also visible in BSE mode as they are a little darker than the Au film.
Again, the feature size for each sample is determined from the SE images using the line
intercept method (Table 3). The surface structures are measured and the holes are not excluded
from the measurement. At room temperature the features have a size of 25 nm. At a deposition
temperature of 50°C the features size increases to 46 nm. At 100°C and 150°C the feature size
is similar with 63 nm and 66 nm, but it increases up to 103 nm at 200°C. Lastly, for the Au
film deposited at 250°C the average feature size decreases again to 96 nm.
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Figure 30 a) presents the AFM measurements of the Au film deposited at room temperature
(1)) and the Au film deposited at 200°C (ii)) compared to the particular SE image. Comparing
both AFM maps to the SEM images the structures observable in the SEM are roughly
represented in the AFM maps. The surface roughness Rq in i) is 0,676 nm and in ii) it is
0,541 nm.

Table 3: Mean feature size of Au films on ZnO measured with line intercept method from SE images.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Feature 24 52 46,02 63,35 66,28 103,17 96,45
Size (nm)
a)

200 nm

200

@
&

200 nm

nm

1 pm 1 um

Figure 30: a) SEM images of Au films on ZnO deposited at different temperatures, the grain and surface feature
size increase with increasing deposition temperatures; the film is mostly closed, only in the 150°C and 200°C
samples small spherical holes are observable b) AFM measurements of the Au film deposited at i) RT and ii)
200°C compared to the SEM images, the surface roughness decreases from RT to 200°C deposition.
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Texture

The results of the EBSD measurements are shown in Figure 31. In a) the IPF-z maps (top) and
the IPF-x maps (bottom) are shown and the pole figures of the RT, 100°C, 250°C and the ZnO
substrate are presented in b).

At RT the pole figures indicate a (111) fibre texture even though the poles seem to be a little
off centre. At 50°C the IPF-z shows that a preferred (111) out of plane texture is present, while
in the IPF-x map no preferred in plane orientation can be observed. The Au film deposited at
100°C exhibits a clear (111) out of plane orientation, but also a preferred in plan orientation.
Most grains show OR2 and some grains with OR1 are present as well. The pole figure confirms
the primarily presence of OR2. From 150°C to 250°C the (111) out of plane and OR2 in plane
orientations become more and more pronounced, leading to a mazed bicrystal microstructure
consisting primarily of OR2, explaining also the similar contrast of all the grains observed in
the BSE images. The pole figure of the 250°C has very well-defined poles confirming a clear
epitaxial relation. Additionally, the grain boundaries depicted as black lines (misorientation >
10°) of the 150°C, 200°C and 250°C samples are all twin grain boundaries (60° misorientation).
The mean grain diameter is also determined using EBSD (Table 4). The grains sizes of the RT
and 50°C sample are similar with 52 nm and 53 nm. At 100°C the grain size increases up to 94
nm and then further to 166 nm at 150°C. From 150°C to 200°C the grains become significantly
larger as the grain diameter at 200°C is 505 nm. For the Au film deposited at 250°C the grain
diameter decreases to 379 nm.
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Figure 31: EBSD measurements of Au films on ZnO a) IPF-z maps (top) and IPF-x maps (bottom) b) pole figures
of RT, 100°C and 250°C sample and ZnO substrate. The RT and 50°C samples have (111) fibre texture, but from
a deposition temperature of 100°C a preferred in plane orientation (OR2) can be observed. The grain size increases
significantly at deposition temperatures of 150°C and above.

Table 4: Mean grain diameter of Au on ZnO measured by EBSD.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Grain 53,15 52,14 93,95 165,8 505,1 378,5

Diameter (nm)
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4.2 Microstructure evolution at 800°C

In this study, not only the influence of the substrate temperature during thin film deposition on
the Au film’s microstructure is investigated, but also its effect on the microstructural evolution
during subsequent post-annealing at 800°C in the RTA. The following section presents the
results concerning the microstructural development at 800°C.

4.2.1 Au on sapphire

Film Morphology

Figure 32 presents the SEM images of the post-annealed Au films on sapphire substrates. All
images are taken in BSE mode.

At 800 °C, the 40 nm Au film on sapphire undergoes SSD, evolving into discrete particles. A
clear influence of the initial deposition temperature on the resulting microstructure is observed,
with particle size decreasing as the deposition temperature increases (Figure 32). Additionally,
the particle density increases (c.f. Table 5).

The film deposited at room temperature evolves into large, elongated islands, with smaller
particles located between them. The mean particle size is 5.26 um. For the film deposited at
50°C, the overall morphology is similar; however, the elongated structures are thinner,
resulting in a reduced mean particle size of 1.33 um. At 100 °C, the microstructure changes
significantly. The particles are smaller and more uniform, with a mean size of 520 nm. While
some elongated features persist, most particles exhibit a more rounded and faceted
morphology. The morphology of the particles on the sample deposited at 150 °C resembles that
of the 100 °C sample, though the mean particle size further decreases to 320 nm. A broader
size distribution is observed, with both smaller and larger particles present. The particles are
uniformly faceted and typically round or slightly elongated in shape. This trend continues for
the sample deposited at 200 °C, where the mean particle size decreases slightly to 210 nm.

In contrast, the Au film deposited at 250 °C exhibits a markedly different particle morphology
and size distribution. The particles are significantly smaller, with a mean size of 70 nm. They
are generally not faceted and consist of a mixture of small, rounded particles and larger,
irregularly shaped particles.

Table 5: Mean particle size of Au on sapphire after post annealing dependent on the deposition temperature.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Particle 5,26 1,33 0,52 0,32 0,21 0,07
Size (um)
Particle Density 0,19 0,75 1,91 3,04 4,72 13,74
(um)
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Figure 32: SEM images of Au films on sapphire deposited at different temperatures and post-annealed at 800°C
for 5 minutes. All films evolved into particles; the particle size decreases with increasing deposition temperature.

Texture

The results of the EBSD measurements are shown in Figure 33, where a) are the IPF maps and
b) the pole figures of the RT, 100°C and 250°C samples as well as the sapphire substrate at the
bottom. It is noticeable that the texture of the particles is not dependent on the initial deposition
temperature of the film. All particles express a (111) fibre texture. In the IPF maps it is visible
that many data point are excluded from the evaluation due to a very low confidence index of
the measurement, located at the side facets of the particles. The number of excluded data points
increases with decreasing particle size due to the topography.
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Figure 33: EBSD measurements of Au films on sapphire after post-annealing at 800°C a) IPF-z maps (top) and
IPF-x maps (bottom) b) pole figures of RT, 100°C and 250°C sample and sapphire substrate. All particles have a
(111) fibre texture.
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4.2.2 Auon ZnO

Film Morphology

The SEM images of the post-annealed Au on ZnO samples are presented in Figure 34. These
images are taken in SE mode.

The samples deposited at RT and 50 °C exhibit elongated particles. The post-annealed film
deposited at 50 °C has a mean particle size of 1.4 um, whereas the RT-deposited film has a
smaller mean particle size of 0.5 um. For the sample deposited at 100 °C, the film undergoes
partial dewetting, forming interconnected elongated structures, while large continuous islands
remain. These islands display hole formation primarily along their edges, and only a few fully
separated particles are present. The sample deposited at 150 °C is nearly continuous, featuring
both large and small holes across its surface. Similarly, the 200 °C sample exhibits a closed
film, albeit with a greater number of holes. However, these holes are more uniformly sized and
slightly smaller than those observed in the 150 °C sample. At a deposition temperature of
250 °C, the film also appears nearly continuous, with significantly fewer and smaller holes
compared to the 200 °C sample. Additionally, rounded agglomerates of gold are observed on
top of the film surface. These agglomerates are uniformly distributed across the substrate.
The qualitative impressions gained by SE imaging was further quantified by segmenting the
images and extracting the covered area. The surface coverage of the gold film is 21% for the
RT sample and slightly decreases to 18% for the 50 °C sample. As the film becomes
progressively more continuous from 100°C to 250°C, the covered area increases
correspondingly. The highest coverage is achieved for the 250 °C sample, with a surface
coverage of 99.2%.

Table 6: Mean particle size and covered area of Au on ZnO after post annealing dependent on the deposition
temperature.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Particle 0,50 1,40 - - - -
Size (um)
Covered Area 21,0 18,07 46,48 95,96 95,66 99,20
(%)
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Figure 34: SEM images of Au films on ZnO deposited at different temperatures and post-annealed at 800°C for 5
minutes. The films deposited at RT and 50°C evolve into particles, at 100°C closed islands and dewetted areas
are present while at higher deposition temperatures the films remain closed with some holes. Additionally, on the
250°C sample hillocks can be observed on the surface of the film.

Texture

Figure 35 presents the EBSD measurements of the post-annealed Au on ZnO samples. In a) the
IPF maps are shown and in b) the pole figures of the RT, 100°C and 250°C and the ZnO
substrate are presented. All samples exhibit a preferred (111) out of plane orientation. The
particles on the RT and 50°C are not epitaxial even though OR2 is already slightly preferred
which can be observed in the pole figures especially. The 100°C sample exhibits epitaxy, but
has both OR1 and OR2. The large, closed island is OR1 whereas the dewetted fingers are OR2.
The 150°C to 250°C samples that have a nearly closed film only show OR2. Furthermore, these
samples exhibit twin grain boundaries only.

Additionally, the mean grain diameter of the samples with a closed film (150° to 250°C) is also
determined by EBSD. The 150°C and 200°C sample both have grain diameter of 2,3 um and
the 250°C sample has a grain diameter of 1,88 um.

Table 7: Mean grain diameter of Au on ZnO after post-annealing measured by EBSD.

Deposition RT 50°C 100°C 150°C 200°C 250°C
Temperature
Mean Grain - - - 2,30 2,30 1,88

Diameter (um)
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Figure 35: EBSD measurements of Au films on ZnO after post-annealing at 800°C a) IPF-z maps (top) and IPF-
x maps (bottom) b) pole figures of RT, 100°C and 250°C sample and ZnO substrate. The particles have a (111)
fibre texture, the 100°C sample has closed islands with OR1 and dewetted areas with OR2. The films deposited

at 150°C and higher temperatures exhibit OR2 only as well as very large grains.
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5 Discussion
In this section the results presented in chapter 4 will be evaluated and discussed.

5.1 Temperature control during E-beam deposition

This work focuses on the influence of temperature during deposition in the E-beam. Therefore,
it is essential to first consider how precisely the temperature can be controlled. In an ideal
experiment, the temperature would remain perfectly constant and could be measured directly
at the substrate surface. However, in the setup used here, this is unfortunately not feasible,
which means that several additional factors must be taken into account.

In these experiments, the temperature is not constant during deposition, but it does not deviate
more than 10 °C from the target temperature. The thermocouple used to measure the
temperature is placed underneath the substrate holder and the heater is located above the
substrate holder.

It is reported in several studies about evaporation at elevated temperatures that the measured
temperature at the thermocouple deviates from reality. Levlin et al. measured temperature
differences between the sides of the substrate of up to 75 K which demonstrates that the location
of the heater and the thermocouple relative to the substrate surface needs to be considered [5].
In another study, Belous et al. come to a similar conclusion as they mention that the temperature
the thermocouple measured provides an approximate impression only. Looking at the
temperature of the thin film during deposition it is observable that the film temperature scales
with the substrate temperature but is with about 400 K -500 K considerably higher [6].
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5.2 Influence of temperature during E-beam deposition of thin Au films

As presented in chapter 4 Result, the substrate temperature plays a crucial role in determining
the growth behaviour and microstructure of Au thin films on metal oxide substrates. The
following section analyses the resulting microstructure in relation to the substrate material and
deposition temperature.

One of the key findings is that both grain size and surface feature size increase with increasing
substrate temperature. This trend is illustrated in Figure 36, where a) and b) display the grain
and surface feature sizes of Au deposited on sapphire, while ¢) and d) show the same for Au
on ZnO. Surface features are evaluated from SE images, whereas grain size is determined via
EBSD, as described in chapter 4.1.1 Au on sapphire and chapter 4.1.2 Au on ZnO.

Grain growth at higher temperatures is expected, as both the initial grain size at impingement
and subsequent grain growth are temperature-dependent processes. At elevated temperatures,
the increased mobility and energy of incoming adatoms raise the critical cluster size for
nucleation while decreasing the nucleation rate. This leads to the formation of fewer but larger
nuclei in the early growth stages, resulting in a larger grain size at impingement. Additionally,
grain growth in later stages, driven by grain boundary and surface self-diffusion, is also
enhanced at higher temperatures, further promoting grain coarsening [2].

At room temperature and 50 °C, the microstructure of Au films on sapphire and ZnO is
relatively similar. However, with increasing substrate temperature, substrate-specific effects
become more pronounced. For instance, at 250 °C, the grain size of Au on sapphire reaches
approximately 140 nm, which aligns with the empirical observation that, in normal grain
growth, the grain size typically does not exceed three times the film thickness (here,
~40 nm) [2]. In contrast, the grain size of Au on ZnO at 200 °C reaches ~500 nm, indicative of
abnormal grain growth, a phenomenon also reported in literature by Dierner et al. [35] for Au
on ZnO systems after post-annealing. From 150 °C, the Au films on ZnO exhibit clear epitaxial
growth, accompanied by a more uniform and significantly larger grain size. This suggests a
strong substrate influence, where the epitaxial relationship promotes abnormal grain growth,
consistent with reports of similar behaviour after post-deposition annealing [35].

The grain size distribution for Au on sapphire consistently shows a bimodal character. At
higher deposition temperatures, the population of larger grains increases, while smaller grains
progressively disappear. This behaviour can be attributed to energetic considerations as
reducing grain boundary area minimizes the total system energy [2]. Additionally, grains with
favourable orientations grow at the expense of less favourable ones to lower the surface energy
of the film [2], a process accelerated by enhanced atomic mobility at elevated temperatures. At
lower temperatures, limited atomic mobility slows this coarsening process, resulting in a
greater number of small grains [2].
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For Au films on sapphire, a comparison of grain size and surface features reveals a discrepancy
at RT, where surface morphology does not reflect the underlying grain structure. In contrast,
at elevated deposition temperatures, the visible grooves and steps in SE images correspond
well with grain boundaries. For Au on ZnO, surface topography reflects the grain structure
only at 50 °C and 100 °C. At higher temperatures, the grain size exceeds the scale of surface
features, indicating that the observed structures in SE images represent topography rather than
grains. However, since grain size and feature size are obtained through different methods and
surface features include holes the values are not directly comparable, and surface feature size
is likely underestimated.

The second key finding is that films deposited at elevated temperatures are not fully closed, as
shown in Figure 36 e), suggesting that the critical thickness required for continuous film
formation increases with temperature. This effect is distinct in the Au films on sapphire. While
the average grain size of Au on sapphire is similar at 100 °C and 150 °C (Figure 36 c), the
overall film coverage decreases significantly with increasing temperature (Figure 36 €). Voids
form along grain boundaries and grow with temperature, indicating that the critical thickness
exceeds 40 nm beyond 100 °C. This is consistent with a reduced nucleation density at higher
temperatures, which is commonly observed due to increased adatom mobility. A smaller
number of islands and potentially a reduced 6-zone at higher temperatures means that more
material is required to achieve film closure [2], [16]. As a result, some islands fail to impinge,
leaving voids, especially at grain boundaries. At 200 °C and 250 °C, these voids become larger,
and at 250 °C, isolated islands are present.

In the case of ZnO, Au films deposited at 150 °C and 200 °C are also not fully closed, as
depicted in Figure 36 b). However, in contrast to the sapphire samples, the holes are small and
spherical and are not clearly discernible located along grain boundaries, indicating a different
growth mechanism. Notably, the Au film on ZnO appears more continuous at 250 °C, lacking
the clear holes seen at lower temperatures, instead, spherical particles are observed.
Nevertheless, SE images reveal significantly wider and deeper surface grooves, which are even
faintly visible in BSE images, suggesting a more pronounced topographical variation.

The observation that Au films exhibit a lower covered area on sapphire compared to ZnO at
elevated deposition temperatures, and consequently a higher critical thickness, can be well
explained by comparing the texture of the Au films on both substrates. Figure 37 a) and b)
compare the (111) pole figures of Au films deposited at room temperature (top), 250 °C
(middle), and the respective substrates (bottom) for sapphire and ZnO. As noted earlier, the Au
films on ZnO exhibit an epitaxial relation at elevated temperatures leading to abnormal grain
growth which stabilizes the film compared to the Au films on sapphire. According to literature,
two orientation relationships (ORs) are typically observed for Au on ZnO: OR1 and OR2.
Jedrecy et al. [47] found for Ag on ZnO (similar fcc structure to Au) that OR2 is geometrically
favoured due to the alignment of densely-packed atomic rows. This alignment reduces lattice
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mismatch strain through the formation of a long-range coincidence lattice, typically with a
periodic match every 8 ZnO and 9 Ag unit cells. OR2 also places metal atoms directly over Zn
rows, which is energetically more favourable than the bridge-like positions found in the rotated
OR1 orientation. As a result, OR2 minimizes interfacial energy and promotes the growth of
relaxed, well-ordered islands, making it the geometrically preferred epitaxial orientation.
Dierner et al. [35] observed for Au on ZnO that at lower temperatures, OR2 is favoured, while
OR1 tends to dominate after post-annealing at 800 °C. Here, at 100 °C, OR?2 is already the
predominant orientation, although a small fraction of grains still adopts OR1. From 150 °C
onward, only OR2 is observed.

Additionally, at 100 °C, the grains are relatively small, and high-angle grain boundaries
dominate. At higher substrate temperatures, the grains become significantly larger and are
primarily separated by twin or low-angle grain boundaries, both of which are energetically
more favourable [2], [48]. Hence, the development of a pronounced crystallographic texture
can reduce the total energy of the film by minimizing surface, interfacial and grain boundary
energies [2]. On ZnO substrates, this effect contributes to enhanced thermal stability and a
reduced critical thickness at elevated temperatures compared to sapphire. This suggests that
textured, epitaxial growth supports earlier film closure, even in the presence of increased
adatom mobility.

On sapphire a (111) fibre texture is observed. However, the out-of-plane (111) orientation
becomes increasingly pronounced with higher substrate temperatures. This is further illustrated
in Figure 37 c), which shows the pseudo-rocking curves of the (111) pole figures for Au on
sapphire. From room temperature to 100 °C, the peak intensity increases and the peak width
narrows, indicating an increasingly well-defined texture. Between 100°C and 250 °C,
however, the intensity decreases and the peak broadens, likely due to the presence of voids in
the film, which influence the measurement. Despite this, the (111) fibre texture becomes
generally stronger with increasing deposition temperature, lowering the total energy of the film.
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Figure 36: Grain size and features size of Au on sapphire (cyan) (a), ¢)), the grain and feature size increases with
due to increases grain growth at higher temperatures; grain size and surface feature size of Au on ZnO (magenta)
(b), d)), strong increase in grain size, indicating abnormal grain growth at higher deposition temperatures due to
epitaxial growth of the film, feature size increases, but is a lot smaller than grain size; covered area of as-dep films
e), Au films on ZnO remain mostly closed whereas covered area of Au on sapphire decreases, indicating a lower
critical thickness of Au on ZnO at elevated temperatures that also correlates with the epitaxial growth of the films.
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Figure 37: a) PF Au on sapphire RT, 250°C and sapphire b) PF Au on ZnO RT, 250°C; the texture at RT is

similar, but at elevated temperatures the influence of the substrate becomes more dominant as on ZnO the films

grow with a preferred in-plane orientation (OR2) c) pseudo rocking curves of (111) PF of Au on sapphire, a (111)

fibre texture is present in all samples, but the peak sharpens since the fibre texture becomes more pronounced with
increasing deposition temperatures.

Thin film growth at elevated temperatures

To gain deeper insight into the growth behaviour of Au on ZnO, cross-sectional lamellas of
samples deposited at RT and 200 °C were examined using STEM. Figure 38 a) shows the cross-
section of the Au film deposited at RT, while Figure 38 b) presents the film grown at 200 °C.

The RT-deposited film exhibits an average thickness of 38 nm, closely matching the intended

40 nm. In the magnified region to the right, grain boundaries are traced in red. The grains
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exhibit a non-columnar morphology, instead resembling the so-called Type 1 thickening
described in literature [2]. This growth type is characterized by immobile grain boundaries and
limited coarsening after film coalescence. These observations are consistent with the
expectations from zone models: at low homologous temperatures (zone 1), limited adatom
mobility and strong shadowing effects dominate growth, resulting in a grain structure that
largely reflects the initial nuclei. Although energetically favourable grains may grow
preferentially, the restricted grain boundary mobility hinders the elimination of less favourable
orientations consistent with the EBSD measurements presented in Figure 37. Consequently,
the film exhibits irregular grain boundaries and high surface roughness [13], [18]. This
increased roughness is confirmed by SE imaging and AFM measurements for the RT film. In
contrast, the film deposited at 200°C (Figure 38 b)) exhibits a distinctly different
microstructure. It appears highly uniform, with no clearly resolved grain boundaries. Due to
the channelling contrast in BSE mode grains with similar orientations appear in a similar shade
[37]. Unlike sapphire, all grains have a similar orientation (OR2), so they cannot be
distinguished from the BSE images. The film thickness remains 38 nm, indicating that
deposition temperature does not influence the final thickness under these conditions. Surface
grooves observed in SE images are also visible in the cross-section and do not fully penetrate
the film, they reach a depth of approximately 10 nm. Aside from these grooves, the surface
appears flat, in agreement with the AFM results, which show a reduced roughness compared
to the RT sample. However, the AFM measurements do not resolve smaller features or detect
the holes visible in SE images. This limitation is attributed to the AFM tip geometry since the
cantilever tip has a diameter of 16 nm, while the holes observed have diameters of
approximately 20 nm, and many grooves and features are below 10 nm in width, thus, below
the resolution limit of the tip.

The uniform grain structure, reduced surface roughness, and significantly larger grain size all
suggest that film growth at 200 °C corresponds to zone 2 in the structure zone model. In this
regime, surface diffusion becomes the dominant mechanism, promoting grain growth through
surface recrystallization and leading to the development of a columnar structure [13], [18]. The
small spherical structures observed at elevated temperatures may be recrystallized islands
forming on the grain surfaces. Their increasing regularity with temperature supports this
hypothesis.

Given that the 150 °C sample exhibits similar characteristics to the 200 °C film, a progression
of growth regimes can be proposed: RT growth corresponds to zone 1, 50 °C and 100 °C
represent a transitional regime (with limited recrystallization and some enhanced grain
growth), and from 150 °C onward, growth clearly aligns with zone 2 characteristics.

An additional feature of the 200 °C lamella is a void with an hourglass shape, featuring a small
Au particle at the interface. This may explain why some spherical holes seen in SE images are
not visible in BSE imaging. When the hole narrows and retains Au at the interface, it may not
be detected in standard SEM modes. Interestingly, voids are consistently found beneath surface
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grooves. Some contain small agglomerates of material, similar to the particles observed in the
250 °C sample, where larger grooves and distinct surface particles are clearly visible. Such
particles are also present in the 200 °C sample but are mostly covered by the continuous Au
film. The consistent positioning of voids beneath grooves suggests a distinct closure
mechanism. Unlike on sapphire, closure on ZnO may initiate near the middle of the film. This
would leave grooves at both the surface and the interface. It is conceivable that surface features
originally correspond to discrete islands that first coalesce centrally. Due to the epitaxial
relation with the substrate, which imposes both in-plane and out-of-plane orientation, grain
boundaries might not necessarily persist after island impingement.

However, this hypothesis does not fully explain the absence of holes in the BSE image of the
250 °C sample, whereas such holes are clearly present at 150 °C and 200 °C.

a)

b)

10 nm

S Surface and interface grooves
50 nm

Figure 38: STEM images of cross section lamellas of Au on ZnO deposited at a) BF images of RT with cut-out
where grain boundaries are marked in red; the grains do not grow columnar but exhibit a grain structure similar
to type 1 growth b) DF image of 200°C with surface and interface grooves marked in purple and hole marked in
green, an hourglass shaped hole with a particle in the middle can be observed as well as hols at the interface of
the film. The surface grooves are located above the holes at the interface indicating that the film closed at first in
the middle of their thickness.
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5.3 Effect of post-annealing at 800°C on the microstructure of thin Au films

Since the substrate temperature during deposition effects the microstructure of the thin film,
the microstructural evolution at 800°C is also influenced by the initial deposition temperature.
In the following sections the microstructure exhibited after post-annealing will be discussed
with reference to the as-deposited microstructure.

5.3.1 Au on sapphire

Figure 39 a) and b) present the data from 4.2.1 Au on sapphire. In a) the particle size is
compared to the particle density whereas in b) the particle size is compared to the initial grain
size of the as-deposited Au films.

It is clearly visible that with increasing initial grain size of the as-deposited film the particle
size decreases constantly whereas the particle density increases. This finding disagrees with
the literature where Haustrup et al. [12] found that the particle size increases with increasing
initial grain size. However, in literature it is assumed that the film is closed. Here, the covered
area of the film decreases with increasing substrate temperature which affects the dewetting
process. The films deposited at 100°C, 150°C and 200°C have similar initial grain sizes, but
the covered area of the as-deposited samples decreases noticeably (Figure 36 €)). However, the
decreasing covered area corresponds with the decreasing particle size. In Figure 39 c) a BSE
image of the Au film deposited at 250°C (left) and the corresponding sample after post-
annealing imaged in SE mode at the same magnification (right) are shown. As described before,
the as-deposited film is still separated into islands leading to a further decrease in covered area
whereas the initial grain size increases (Figure 36 c) and e)). Comparing the isolated areas of
the as-deposited film with the particles it is conspicuous that the size and shape is similar.
Therefore, it leads to the assumption that the particles directly form from the separated areas
in the as-deposited film as the film retracts and the pre-existing voids expand at 800°C. Since
the decreasing covered area corresponds with the decreasing particle size, it indicates that the
dominant factor for the particle size is not the initial grain size, but the pre-existing voids in the
as-deposited films.

Additionally, it must be considered that multiple competing processes occur at elevated
temperatures. On one hand, grain growth takes place, which minimizes the grain boundary
energy [2]. In this context, grains with a more energetically favourable orientation ((111) fibre
texture for Au on sapphire) tend to grow at the expense of less favourably oriented grains,
leading to their elimination [2], [31]. On the other hand, surface and interface energy
minimization of the film occurs via SSD, where grain boundaries or pre-existing voids act as
initiation sites [8]. Consequently, in the RT as-deposited films, it is likely that the initially small
and unfavourably oriented grains were first consumed by growing, favourably oriented grains
before SSD progressed and led to the breakup of the film into isolated regions. In contrast,
films deposited at elevated temperatures already exhibit larger grains and a more favourable
texture in the as-deposited state. Furthermore, for films deposited above 100 °C, the dewetting
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process can initiate at pre-existing voids, whereas films deposited at RT or 50 °C are initially
continuous. If voids must first form via grain boundary grooving during the SSD process, as is
the case in closed films, film breakup is delayed compared to films where voids are already
present and merely expand. This delay allows for more extensive grain growth prior to the
onset of SSD in the low-temperature-deposited films. In contrast, SSD can proceed further in
the same time frame in films deposited at elevated temperatures, likely limiting additional grain
growth. As a result, the particles formed from films deposited at higher temperatures are more
equilibrated and it may also contribute to their smaller particle size.

However. the fact that the particles evolving from the film deposited at 250°C are not strongly
faceted, in a different way from the Au films deposited at 100°C to 200°C, highlights that these
particles are still related to the initial film (Figure 39 c)). In Figure 39 d) the change in covered
area before and after post-annealing (A covered area = covered area before post-annealing —
covered area after post-annealing) depending on the deposition temperature of the film is
presented. It is noticeable that the change in covered are decreases with increasing deposition
temperature. As noted earlier, the pre-existing voids are expected enable faster dewetting.
However, the decrease in change of the covered are and the visible resemblance between the
film deposited at 250°C and the corresponding particles, could also indicate an increase in
thermal stability of the film with increasing deposition temperature. This could be due to a
more energetically favourable initial state of the film (larger gain size, fibre texture) slowing
the dewetting Kinetics even though pre-existing voids are present.
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Figure 39: a) particle size and density depending on the deposition temperature b) particle size compared to initial
grain size of as-dep film; the particle size decreases while the particle density increases with increasing initial
deposition temperature and grain size, indicating that the grain size here is not the determining factor for the
particle size ¢) BSE image of Au on sapphire deposited at 250°C and SE images after post-annealing at the same
magnification, the particles evolved from the separated island in the as-deposited film, leading to the assumption
that the pre-existing voids influence the particle size d) A covered area (covered area before post-annealing —
covered area after post-annealing) before and after post-annealing decreases indicating an increase in thermal
stability of the film at 800°C.

Lansaker et al. [21] compared the effects of heating during deposition and post-annealing of
thin sputtered Au films. At RT deposition the film is not closed. Interestingly, the morphology
that evolves from heating during deposition exhibits noticeably smaller structures whereas
post-annealing leads to larger islands and voids. Although the microstructure was not analysed
in detail in this study, the observed behaviour aligns well with the findings presented here.
Heating during deposition, leads to fewer nuclei, which below a certain film thickness cannot
coalesce into a continuous film. This results in the formation of smaller islands at higher
temperatures instead of a closed film. In contrast, during post-annealing, SSD occurs, whereby
voids either form or, as in this case, pre-existing voids grow as the film continues to retract.
These observations indicate the presence of two distinct mechanisms leading to different
microstructural outcomes. When both approaches are combined, as done in this study, heating
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during deposition can be used strategically to tailor the particle size after post-annealing or to
reduce the required annealing time, since larger defects are already present in the film.

The EBSD measurements of the post-annealed samples presented in Figure 33 show that the
particles on all samples have a (111) fibre texture which is independent of the initial deposition
temperature of the film which corresponds to literature [34].

The particles on the substrate lead to shadowing effects which is why data points with a low
confidence index after spherical indexing are excluded. With increasing particle density, the
shadowing gets worse which is why more data points need to be excluded. This leads to poor
quality of the measurements, especially of the 250°C sample.

Summing up, the post-annealing experiments of Au films on sapphire indicate an enhanced
thermal stability of the as-deposited film at higher deposition temperatures; even though the
films are not closed due to an increase of the critical thickness with increasing deposition
temperature. The increasing critical thickness leads to smaller particles after SSD as the process
starts at pre-existing defects whereas the initial grain size of the as-deposited film is not a
dominant factor if there are pre-existing voids in the film. Generally, the particle size can be
tuned by changing the deposition temperature.
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5.3.2 Auon ZnO

At 800 °C, the microstructure of Au films deposited on ZnO at varying temperatures exhibits
distinct temperature-dependent phenomena. In contrast to sapphire substrates, the particle and
grain sizes of post-annealed Au films on ZnO increase with deposition temperature, reflecting
the influence of the initial grain size. The observation of particles at lower deposition
temperatures and a mostly continuous film at higher deposition temperatures suggests that the
thermal stability of Au thin films improves with increasing substrate temperature during
deposition. Additionally, the deposition temperature significantly affects the texture evolution
of the films, which correlates with the morphology observed after annealing. Finally, the
microstructure of the as-deposited films governs the dewetting mechanisms that occur during
post-annealing.

Figure 40 a) compares the initial grain size of the as-deposited samples with the particle size
and grain size of the post-annealed films. In contrast to sapphire, the particle size on ZnO
increases with increasing initial grain size for the RT and 50 °C samples, even though the as-
deposited microstructures on both substrates are comparable. The film deposited at 100 °C and
annealed at 800 °C exhibits a mixed morphology consisting of closed islands and dewetted
areas; therefore, neither a particle nor a grain size can be reliably determined. For deposition
temperatures of 150 °C and 200 °C, the grain size of the post-annealed films is significantly
larger than that of the as-deposited ones. At 250 °C, however, both the as-deposited and post-
annealed grain sizes decrease compared to lower deposition temperatures. As with Au on
sapphire, the surface coverage of the Au films after annealing generally increases with
increasing deposition temperature as presented in Figure 40 b).

As discussed previously for the as-deposited Au films on ZnO, the epitaxial relationship that
forms at elevated deposition temperatures plays a crucial role in the microstructure evolution
during film growth and it also influences the microstructural changes occurring during
annealing at 800 °C. At RT and 50 °C, the Au films exhibit no preferred in-plane orientation
or abnormal grain growth. Consequently, the films evolve into particles via SSD mechanism
and exhibit a (111) fibre texture like the Au films on sapphire. However, the particles formed
at RT are smaller than those at 50 °C. Since the film morphology is similar to that on sapphire
but the particle size evolves differently, this suggests that the ZnO substrate has an additional
influence on the morphology, independent of the overall film structure.

At a deposition temperature of 100 °C, the film consists of large islands with orientation
relationship OR1 and dewetted finger-like regions with OR2. The as-deposited film is mainly
characterized by OR2, but a few OR1 grains are also present. The mean grain size is 94 nm,
and no twin boundaries are observed. At 800 °C, ORI is expected to be present and abnormal
grain growth is expected for ORL1 grains [35]. This is consistent with the observation that OR1
grains remain as large, continuous islands after annealing. In contrast, areas exhibiting OR2
undergo dewetting, which indicates that OR2 is less stable at elevated temperatures. A
comparison of the microstructure and texture before and after annealing suggests that grains
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oriented in ORI have grown significantly at 800 °C due to their energetic favourability.
However, since OR2 was the dominant orientation in the as-deposited film and only a few
grains exhibited OR1, OR2 remains dominant even after annealing. OR2 grains do not undergo
abnormal growth; instead, they dewet. This behaviour may also be attributed to the higher grain
boundary energies associated with grains in the as-deposited film.

Au films deposited at 150 °C, 200 °C, and 250 °C exhibit exclusively OR2 after post-annealing.
These films remain largely continuous with some holes, and their grain sizes are significantly
larger than in the as-deposited state. At first glance, this seems to contradict the findings for
the 100 °C sample, where OR2 underwent dewetting. However, a more detailed analysis of the
as-deposited microstructures reveals that already here a mazed bicrystal microstructure was
present, and the grain boundaries consisted mainly of low-energy configurations such as twin
or low-angle boundaries.

These findings suggest that a reorientation from OR2 to OR1 is unlikely. This interpretation is
supported by the 100 °C sample, where OR1 was already present in the as-deposited state and
thus capable of growing during annealing. Furthermore, the presence of abnormally large
grains and energetically favourable grain boundaries in the 150 to 250 °C samples suppress
SSD. Atiya et al. [26] reported that abnormal grains hinder the dewetting process. This
observation aligns with the fact that films exhibiting abnormal grain growth in the as-deposited
state remain continuous after annealing at 800 °C. Nevertheless, the presence of holes suggests
that grain growth in OR2 grains does not completely prevent dewetting. Grain growth and SSD
appear to be competing processes at elevated temperatures. In the 100 °C sample, SSD was
dominant in OR2 grains, while OR1 grains grew. Reports in the literature show that OR1 grains
forming at 800 °C typically do not undergo dewetting, further supporting the notion that OR2
is thermally less stable [35]. However, at deposition temperatures of 150 °C and above, the as-
deposited microstructure is already sufficiently stable such that epitaxy-driven grain growth
substantially slows the dewetting process.
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Figure 40: a) Initial grain size compared to particle size/ grain size after post-annealing of Au on ZnO b) Particle
size and covered are of post-annealed Au on ZnO films. The particle size (RT, 50°C) and grain size (>100°C)
increases, the grain size after post-annealing is significantly larger than the as-deposited grain size. The covered
area increases with initial deposition temperature, indicating a higher thermal stability, especially when abnormal
OR2 oriented grains were already present in the as-deposited film (films deposited at 150°C and above).

A closer examination of the holes in the 150 °C, 200 °C, and 250 °C samples, as shown in
Figure 41 a), reveals distinct morphological differences. SE images of holes in each sample
show that the 150 °C and 200 °C films feature pronounced raised rims surrounding the holes.
This characteristic morphology is typical of classical SSD, where material is redistributed away
from the hole via surface diffusion and accumulates at the edges[8]. The presence of raised
rims is therefore a clear indicator of SSD activity driven by surface self-diffusion. The
nucleation of holes is likely defect-driven, as small voids are already present in the as-deposited
films. These pre-existing defects may have acted as initiation sites for dewetting during
annealing at 800 °C. Fewer small spherical holes are observed in the 150 °C sample compared
to the 200 °C film, resulting in the formation of fewer but larger holes in the former and more,
smaller holes in the latter. Since grain boundaries in these films are mainly twin and low-angle
boundaries, which are energetically stable, hole nucleation at grain boundaries is unlikely.

In contrast, the 250 °C as-deposited film does not exhibit spherical holes like the 150 °C and
200 °C films. After annealing, the film contains significantly smaller holes without raised rims.
Furthermore, hillocks are visible on the surface, as shown in Figure 41 b). These two
observations suggest that dewetting in this case proceeds via a different mechanism, not driven
by surface self-diffusion. Rather, mass transport likely occurs through alternative paths such as
interfacial diffusion along the film—substrate interface or via grain boundary diffusion.
Consequently, no raised rims form; instead, the redistributed material accumulates at some
distance from the hole edge, forming hillocks [23], [24], [25].

The formation of holes in thin films without raised rims has been addressed in several studies.
Shaffir et al. [24] demonstrated that this dewetting mechanism occurs when the interface
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energy exceeds the surface energy. Their study found that hole nucleation in such cases does
not occur at grain boundaries or surface defects, but rather at triple junctions at the film—
substrate interface. Cross-sectional analysis revealed that holes grow upward from the
interface, with voids located at the film—substrate interface.

For the 250 °C sample, no pre-existing holes are visible in the as-deposited film that could
serve as precursors for SSD during annealing at 800 °C. In addition, grain boundary grooving
is unlikely due to the prevalence of low energy grain boundaries and abnormal grains. The
epitaxial nature of the film contributes to its structural stability. Thus, it is plausible that the
energetically least favourable sites for hole nucleation are located at the interface.

a)

150°C

60 nm

Figure 41: SEM images of a) holes in Au on ZnO after post-annealing deposited at 150°C and 200°C with rims
and 250°C without rims, indicating the presence of different dewetting mechanisms. The holes with rims are
typical for dewetting via self-surface diffusion whereas the absence of rims indicate dewetting via interface
diffusion b) hillocks on Au on ZnO deposited at 250°C after post-annealing i) overview ii) higher magnification;
hillocks are typically observed with holes without rims and therefore indicate dewetting via interface diffusion as
well.

To investigate this further, a cross-sectional lamella of the post-annealed Au film deposited at
250 °C was analysed using STEM, as shown in Figure 42. Figure 42 a) presents an overview
image. The average film thickness is 39 nm, excluding the hillocks, confirming that the film
thickness remains unchanged after annealing. VVoids are visible at the film—substrate interface,
including a large central hole that nearly penetrates the entire film, as well as additional holes
beneath the hillocks. In Figure 42 b), the film thickness at the edge of a large hole is measured
to be 40 nm, confirming the absence of a raised rim, which correlates with the presence of
hillocks and interfacial voids. The large number of interfacial voids explains the extensive
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hillock formation observed on the film surface. The hillock analysed in Figure 42 c) has a
diameter of 455 nm and a height of 38 nm relative to the original film thickness. An interface
between the hillock and the underlying film is also visible.

The STEM analysis thus confirms that a dewetting mechanism similar to that described by
Shaffir et al. [24] is active in the 250 °C sample. Voids nucleate at the film—substrate interface,
and material diffuses along this interface or along grain boundaries, subsequently
agglomerating as hillocks on the film surface.

The hypothesis that the interface energy is higher than the surface or grain boundary energy is
supported by analysis of the 200 °C as-deposited cross-section, where voids are also observed
at the interface even before annealing. However, while the as-deposited film of the 250 °C
sample exhibits pronounced surface grooves (Figure 36 b)), annealing results in a smooth
surface with interfacial voids. This suggests that the film is fully closed at 800 °C before or
concurrently with the onset of dewetting, again indicating a competition between grain growth
and dewetting in this system. This conclusion is consistent with the observation that the grain
size both before and after annealing is smaller in the 250 °C sample compared to the 200 °C

%)
=3
@

b)

40 nm

Figure 42: HAADF STEM images of cross-section lamella of post-annealed Au on ZnO deposited at 250°C a)
overview with hillocks and holes forming at the interface b) film at the edge of a hole c¢) close up of a hillock. The
cross-section confirms the absence of rims around the holes and the hole formation at the interface, typically
observed with hillocks. The appearance of this alternative dewetting mechanism could indicate that the interface
energy is higher than the surface energy, leading to hole nucleation and material transport at the interface, not the
surface.

455 nm 77 nm




5.3.3 Substrate reaction ZnO with Au thin film

In the Au films deposited on ZnO at temperatures between 150 °C and 250 °C, post-annealing
at 800 °C results in the appearance of dark particles in SEM images, visible in both SE and
BSE modes (Figure 43 a)). In the sample deposited at 150 °C, large particles can be observed
at the edges of some holes, while smaller particles are present across all samples all over the
films. The fact that these particles appear dark in BSE imaging suggests that they are not
composed of gold. To investigate this, EDX measurements are carried out in the SEM on the
150 °C sample, presented in Figure 43 b).

Point analyses are performed on a large particle at the edge of a hole, on the gold film and on
the exposed substrate within the void. The measurements show clear signals of Au, Zn, and O
at the particle, whereas the Zn peak is barely visible on the Au film. On the exposed substrate,
only Zn and O are detected. These results clearly indicate that the substrate has reacted with
the Au film, and that Zn or ZnO has diffused through the film and accumulated on its surface.
However, according to the literature, ZnO is considered stable in contact with gold at 800 °C
in nitrogen atmosphere [35].

Comparing the exposed substrate areas in the dewetted samples deposited at room temperature,
50°C, and 100°C (Figure 43 c)) reveals that the substrate appears porous in all cases,
indicating a chemical reaction may have occurred there as well. Moreover, the degree of
substrate degradation increases from RT to 100 °C, with a higher density of holes observed at
elevated deposition temperatures. This suggests that the deposition temperature may influence
the reactivity between Au and ZnO during subsequent annealing at 800 °C. Alternatively, it is
also possible that the interface had already reacted prior to annealing, though this cannot be
confirmed, as the substrate is completely covered in the as-deposited films.

However, Dierner et al. [35] did not report any reaction after annealing the exact same material
system at 800°C. Given that the substrate deposited at room temperature exhibits only limited
signs of degradation after post-annealing, it is conceivable that such effects remained
undetected in the previous study.

Given the observed reaction, it is plausible that some of the phenomena observed in the system
such as texture development and dewetting are influenced by this interfacial interaction.
Consequently, some of the assumptions regarding the influence of the substrate temperature on
the behaviour of Au on ZnO may not hold true in light of the reactivity between the two
materials.
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400_nm 200 nm

200 nm : 200 nm

Figure 43: a) SEM images of particles on Au surface i) at the edge of a large hole b) on the film; the particles
appear darker than the film in SE and BSE mode indicating a different chemical composition b) EDX point
measurements on a particle, the substrate and the Au film clearly show a higher Zn peak on the particle than on
the film c) Substrate after post-annealing of Au films deposited at RT, 50°C and 100°C; the substrate surface is
clearly damaged and the damage increases with increasing initial deposition temperature.
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5 Conclusion and Outlook

This work set out to determine how substrate temperature impacts thin film growth and, in turn,
the resulting microstructure. The findings reveal a clear interplay between deposition
conditions and the as-deposited film properties, but also highlight how these initial states
influence the film’s thermal stability and morphological evolution upon annealing at 800 °C.
On both sapphire and ZnO substrates, increasing the deposition temperature leads to a
noticeable enlargement of grain size and a more uniform grain structure. This behaviour is
consistent with the structure zone model, indicating a transition to Zone 2, characterized by
competitive grain growth and enhanced surface diffusion, occurring already at approximately
150 °C. On sapphire, the grains exhibit a pronounced (111) fibre texture, which becomes more
distinct with increasing temperature. However, the films are not closed showing increasingly
larger voids at elevated deposition temperatures, suggesting a higher critical thickness required
for continuous film formation. On ZnO, a different trend is observed. At deposition
temperatures above 100 °C, a strong orientation relationship OR2 emerges, which promotes
abnormal grain growth. This grain growth behaviour appears to support the formation of more
continuous films compared to sapphire under similar conditions, indicating a lower critical
thickness on ZnO. Nevertheless, small spherical voids are still observable at 150 °C and 200 °C.
Notably, the film deposited at 200 °C exhibits hourglass-shaped holes, suggesting that
coalescence of growing islands occurs in the middle of the film thickness, rather than at the
substrate interface or the surface. This mechanism likely contributes to the deep surface
grooves observed in these films.

Thermal annealing at 800 °C serves as a key method to evaluate the thermal stability and
transformation pathways of the as-deposited microstructures. On sapphire, all samples
transform into nanoparticle structures after annealing. Interestingly, the particle size decreases
with increasing deposition temperature, likely due to the presence of pre-existing voids in the
as-deposited films boosting SSD kinetics. Despite this, the thermal stability improves with
deposition temperature; for instance, the grain structure of the film deposited at 250 °C remains
partially intact after annealing.

In contrast, Au films on ZnO demonstrate a more complex evolution. Films deposited at low
temperatures tend to dewet and form particles or isolated islands after annealing. At higher
deposition temperatures (>100 °C), the films remain largely continuous, with only occasional
large holes, indicating enhanced thermal stability, greater even than that observed on sapphire
for similarly deposited films. The resulting particles also exhibit a (111) fibre texture similar
to those on sapphire. The film deposited at 100 °C features large islands with OR1 and finger-
like dewetted structures with OR2, implying that OR1 is the energetically preferred orientation.
However, films that initially exhibited OR2 and abnormal grain growth retain this orientation
after annealing and do not undergo dewetting. This behaviour likely results from the stability
of the abnormally large grains and the associated low-energy grain boundaries.
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A particularly distinct behaviour is observed in the Au film deposited on ZnO at 250 °C. Post-
annealing results in the formation of hillocks, and the absence of rims around the large holes,
along with interfacial hole formation, suggests an alternative dewetting mechanism. Rather
than surface diffusion, the dominant mass transport mechanism appears to be grain boundary
or interfacial diffusion. This implies that the film's defects are energetically unfavourable at the
interface, especially given the absence of pre-existing voids prior to annealing.

A further complication is the apparent reaction between Au and ZnO upon annealing. The ZnO
substrate appears porous post-annealing, and Zn or ZnO-rich particles are observed on the
surface of the Au films. While the exact role of this reaction in influencing film behaviour is
not yet fully understood, it may have contributed to some of the phenomena observed on ZnO.

To gain deeper insight into the growth and dewetting behaviour of Au thin films on sapphire
and ZnO, further studies are essential. Improved control and precise calibration of the substrate
temperature during e-beam deposition are critical to ensure reproducibility and reliability. A
systematic thickness series could offer valuable information on the transition between different
film growth regimes and help to capture early-stage morphological changes.

Moreover, varying annealing parameters such as temperature and time will allow a more
detailed understanding of how the as-deposited microstructure governs subsequent thermal
evolution. In-situ heating experiments could provide real-time data on morphological and
crystallographic transformations during annealing.

Overall, Substrate heating during deposition presents a versatile and easily implemented
parameter to tune the film microstructure and its thermal stability. As such, it is a highly
promising tool that merits further investigation, both to understand fundamental mechanisms
and to optimize thin film properties for targeted applications.
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